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Increasing traffic congestion and a shortage ofl$usvailable to build new roads
are forcing the transportation infrastructure todiion at its maximum capacity. The
limited road space available on congested urbaetstretworks in major cities in the
United States as well as other parts of the waorddably in Eastern Asian countries,
represents a challenge to transportation planmetsraffic engineers. The available road
space is typically partitioned according to a vigrif modes: exclusive lanes for
bicycles, buses, parking lanes, etc. The curead space allocation for most urban road
networks has been modified throughout the yeamutiir a process of incremental
changes, each tailored to meet a specific dematarespond to a specific change at the

time.



The questions in this research are: Is there atavayovide a solution to reduce
congestion with minimum resources such as pavemarkings and traffic signs?
Should different modes of transportation be inctuoleroadway lane designation? What
are the best possible scenarios that would pravieldest measures of effectiveness?
And how can transportation professionals provideraprehensive analysis to
stakeholders to allow them to make an informedglecifor lane-use allocation in urban

transportation networks?

The approach in this study consists of investiggtimat relationships exist
between the lane-use allocation on one hand anuatfie flow, traffic speed,
environmental impact, safety impact, mobility, amtessibility on the other. Since not
all of the objectives can be transformed into glsimonetary dimension, a multi-
objective decision-making framework is used to caregifferent road-allocation
scenarios. This method is employed to incorparaittiple and conflicting objectives
into a process where all of them are given credesgardless of how well they can be
estimated in monetary terms. Further, the sugdetgeision-making method includes
charts as visual tools to help decision-makers tstaed the results of each objective
when corresponding to a specific scenario. Theareh provides a unique application
for a multimodal analysis and a decision-makinghuodtnot influenced by decision-
makers’ input, and contributes to the transpontatiommunity efforts to improve

corridor and network efficiency.
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Chapter I: INTRODUCTION

1.1. Background

The transportation infrastructures in some majoe<iall over the world are
functioning at their maximum capacity (at certamds of the day), or at a level that
roads cannot sustain (Thomson, 2002). The proldegatting worse due to the
continuous increase in travel demand and the gip@a&funds available (among other
constraints) to build new roads. The limited repdce available on congested urban
street networks represents a challenge to traregpmrtplanners and traffic engineers.
Although constructing new capital facilities remajart of the solution to congestion
and mobility problems, efficient operation of théaeilities plays an equally important
role (Gayle, 2003). There is also the inabildaybuild enough lanes to address
congestion because of high costs of constructiorrigiht-of-way, environmental
concerns, and community concerns.

Road space allocation among different users milgyt @ major role in improving
the efficiency of roadways in terms of moving vééscand people, encouraging fuel
conservation, and thus improving air quality, amcteasing overall accessibility and
mobility. Shifting user modes from autos to alegive modes of transportation such as
bicycles and buses, among other modes, can preuitie help in relieving traffic
congestion and improving the environment. Thig c@mmon goal for major cities
around the world (Primitivo, 2002).

For example, urban areas nationwide in the Unitge<s such as the Washington,

D.C. metropolitan area, experience severe congesiibe data collected for 2000 by the



Texas Transportation Institute revealed that theshrgton region remained among the
worst three places to drive, in a country wheregestion periods generally are getting
longer (Thomson, 2002). The institute continueday that all across the nation the
penalty for making rush hour trips is greater,ficafongestion periods are longer, and
the number of streets and highways that are coagéshigher. An article in the “Better
Roads” publication (Consdorf, 2003) revealed thatTexas Transportation Institute, in
its 2002 Urban Mobility Study, estimated that thvemll costs of congestion are $68
billion a year, and that 61 percent of urban ppatarterials are congested during peak
travel times. Transit officials continue to debadeat combination of programs would
improve things.

Other than the United States, countries in Asid, rastably Vietnam, Thailand,
India, Indonesia, China, The Philippines, SingapBangladesh, Cambodia, Taiwan,
Japan, and Hong Kong suffer from major congestivin{itivo, 2002). The gap between
supply and demand is widening, and is aggravatdtidopoor quality of existing
infrastructure. The problem is more serious indigs where the negative externalities
of transportation, such as traffic congestionpaitution and traffic accidents, are
significant. Lack of institutional capability amapacity is often cited as among the
causes for the worsening situation. It is in #risa that this research can make a
significant contribution.

If we assume that infrastructure improvement willays follow an incremental
expansion path (limited availability of constructicesources alone assures this), then

lessons about how that path does or does notdeawl éfficient final solution are very



valuable. In fact, simply having a process defibgdvhich to make these assessments is
an important contribution.

The current road space allocation for most urban reetworks has been modified
throughout the years through a process of incremhehtinges, each to meet a specific
developmental demand requirement, to mitigate tleeteof a change in land use, or to
improve a specific demand for a specific time. éalquestions are addressed in this
study and include: did these incremental changgs fo the most efficient road
allocation for the various transportation modesgyfior it? Is there a way to provide a
solution to reduce congestion with minimum resosiggch as pavement markings and
traffic signs? Should different modes of transpiwtabe included in roadway lane
designation? What are the best possible scen&adsvould provide the best measures of
effectiveness? And how can transportation profesdsoprovide a comprehensive
analysis to stakeholders to allow them to makenéosrmed decision for lane-use
allocation in urban transportation networks? Femtthe study investigates what are the
relations between the lane-use allocation on ond had traffic flow, traffic speed,
environmental and safety impacts, mobility, andeastility on the other hand. The
lane-use allocation can be described as the disiwit of the public right-of-way
available between the two curbs on each side ofdhe& among mixed-traffic lanes,

exclusive bus lanes, bicycle lanes, and on-straddimy lanes.

Specifically, this study describes an effort toelep a decision method that can
be used to justify and design different lane-usecations in an urban street network. It
is an effort to bring together the disciplinesrainisportation planning and traffic

engineering and to reduce congestion with benigauees where possible, such as



pavement markings and traffic signs. The cordefduggested method to achieve this
goal consists of comprehensive evaluation and casguaof different alternatives of

lane usage among variable modes of transportation.

An approach taken to solve similar problems ingast consisted of focusing on
one objective: to minimize total “cost,” where @levant outcomes were monetized.
This study suggests that part of this evaluationtmperformed by computing some of
the cost associated with each alternative, bubther part should depend on evaluating
non-monetary factors such as mobility, accessjbditvironmental impact, and safety

impact associated with each alternative.

The total monetary cost includes the operating foystach mode of
transportation and the costs incurred by users;iwini each case depends largely on the
average travel speed of the selected transportatame. A traffic simulation model is
applied to generate traffic data for different altgives and to estimate the average travel
speed for each lane-use alternative. The trdfiiw &nd speed data are compared and the
total travel time is calculated. Once the totavél time and delays for each mode of
transportation are determined for each alternathesy are used to determine the cost of

delays.

The traffic simulation model applied in this studyWwISSIM (2004) - a
microscopic, time step and behavior-based simulatiodel developed to model urban
traffic and public transit operations. This softejadesigned for multimodal analysis,
allows the integration of all relevant modes ohgportation into one consistent network

model. Other than the average travel speed fdr saxle, the output of this software



includes travel time, delays, and other measuredfettiveness. The measures of

effectiveness (MOES) are used to compare alterstiv

It should be noted here that since each alternhtigea different lane-use
allocation, the average speed for each transpontatiode will change and thus, the
travelers’ decision on mode of transportation caaigght change as well. This issue
affects the number of travelers using each modeanportation. For example, some
travelers might consider biking to work if bicydénes are more available and less
congested than mixed-traffic lanes or bus landforts were made to develop a model
combining modal split and equilibrium assignmestyél be noted in chapter two.
Because this remains an open field of study, withiraber of models vying for
acceptance, and perhaps new ones forthcomingnttisod refrains from choosing a
method to integrate these steps. Instead, the caot@ous process of using VISSIM to
do the microsimulation-assignment models is suggestiong with the application of a
sensitivity analysis to provide information abobtinges in the performance of the
transportation system when the traffic flow of mranore modes of transportation

changes.

Other than comparing the operating costs and teeafalelays, to achieve a
more comprehensive evaluation of alternatives,ddécgperation, environmental and
safety impacts, mobility, and accessibility areaiensidered in the evaluation. Bicycle
operation is evaluated by using the Bicycle Coniyilitir Index developed by the Federal
Highway Administration (FHWA, 1998). Mobility isvaluated by quantifying person-
miles or by calculating the travel time neededei@ch a specific point of attraction such

as a Central Business District (CBD). Accessipiktevaluated by quantifying the



number of people who can reach this CBD withinecd period of time.
Environmental impact is assessed by comparing @miskata generated by different
models for each alternative. Emissions are cdledlasing Mobile6 (2003), a method
authorized by the Environmental Protection Agertely4), which will be described in
chapter four. Safety impact is evaluated by usimgccident prediction algorithm

described in section 3.4.6.

Since there is no single way to measure transpamtaerformance that is both
convenient and comprehensive (Litman, 2003), thudysinvestigates the possibility of
using a multi-objective decision-making framewarkdietermine how it can be applied to
decide on which alternative is better than anoiheelation to: reducing costs and
delays, improving safety, mobility, accessibilitydaair quality, and reducing pollutants.
One important feature of the multi-objective demismaking approach is its capability of
allowing many intangible objectives that are difficto express on an absolute numerical
scale to be considered without the need to conlrertinits into a monetary scale. The
application context is that of real decision-malagsessing real alternatives, so the tools

are aimed at a level of practicality appropriatetfat setting.

1.2. Research Objectives

The main objective of this study is to develop aisien-making process that
allows officials and stakeholders to make an infatiae choice for a lane-use allocation
scenario in an existing urban transportation nékwdre network includes mixed-traffic
lanes, exclusive bus lanes, bicycle lanes, andreetgarking lanes. This issue is

connected to developments review, permits, andenptins performed by local



government agencies. Although the study can benebed to include sidewalks and
pedestrians, this research is limited to the engstiaved surface between curbs. The
ideal solution is the one that provides less oVerat for users and road system, less
travel time and delays, better air quality, betitaffic safety conditions, and better overall
mobility and accessibility. It is not expectedwawver, that all objectives would be
achieved simultaneously.

Another objective for the study is to provide aige between transportation
planning and traffic engineering, demonstrating tbgether, they can present a solution
for a common problem: road congestion. Often,estnansportation planners do not
consider some potential traffic operation probleasng the planning phase and traffic
engineers frequently blame some of the congestiobl@ms on poor design. This
objective is achieved in this study by using aficafimulation software platform during
the planning phase in an effort to improve traffperations, and the attempt to fully
include engineering assessments in the decisigmosufools offered to decision makers.

The study also suggests and encourages the uséeoémt travel options in a
congested network, and looks into increasing sdfgtyeparating bicycles from buses
and from motor vehicles. The recommended simulaftware allows the integration
of those different modes of transportation.

Finally, an objective of the study is to developdfic charts demonstrating how
different scenarios of lane allocation, i.e. diéier lane-use and lane-width, for a specific
road-width, can affect costs, road capacity, delagd the environment. The charts are
developed by using the results obtained from ttiearne of each scenario’s performance

and they show the impact of the trade-offs in repdee allocation among different



modes of transportation. They are then presentsthkeholders in the form of a survey
so they can make a final decision on their pretealéernative. Field-testing a suite of

those performance measure charts is a part obkpextive.

1.3. Organization

Chapter two of this research describes previousarel and related literature. In
the third chapter, the methodology, and the tas&swere performed to develop the
suggested method are presented. Chapter fourde®a numerical example where the
proposed process is applied, and chapter five preslee study assumptions and
limitations. The research ends with a conclusioth general recommendations,

including those for future research.



Chapter II: LITERATURE REVIEW

2.1. Overview

Several topics of interest are connected to tliearch and this chapter highlights
some of the work done previously in the differezlated fields. For example, since this
study deals with exclusive bus lanes and bicyalesaresearch related to exclusive lanes
and their effects as well as lane-use researcknergl is presented. It also includes
research performed in measuring mobility and ado#isg a few multimodal network
equilibrium models, and multimodal simulation cortggyrograms, one of which is used
in this research. Finally, some review is inclufl@dmeasuring environmental and
safety impacts, and for applying multi-objectiveiden-making techniques to solve
similar transportation problems. The role of tiberature review here is to provide
insights of previous research efforts in severaharmelated to this study while exploring

the most promising method to solve the current jgrab

2.2. Exclusive Bus Lanes

One of the options available when designating trirees in an urban
transportation network is to consider exclusive lamgs. This section presents literature
about exclusive bus lanes and methods to measeireprformance.

Several studies and papers have been published ebdusive lanes for special
purposes, e.g., for buses, carpools, high-occupagiaigles (HOV's) and bicycles;
however, not much has been written on generalitiaginto a road-space allocation

problem. The use of bus lanes might be justifieden the grounds that bus lanes allow



more efficient bus services, and buses represeim@ortant mode of transportation,
especially since they can potentially carry morgspagers than automobiles. The use of
buses as a transportation mode has several othantages: a) It decreases the need for
private vehicles and thus relieves vehicular tcagbngestion in the downtown area
through efficient use of right-of-way, b) it inceess roadway capacity during peak
periods and provides a minimum level of access$yhid individuals without access to
vehicles, c) it provides an affordable, and for pnpaople necessary, alternative to
driving, d) it is less stressful and can be congenhand faster than driving, and e) it is
also essential for some students and senior c#iz€n the other hand, when bus lanes
are justified on the grounds of safety and efficigrsince buses do not interact or
conflict with other modes of transportation in thése, the space taken away from mixed
traffic can create congestion due to capacity camgs and it can lead to an inefficient
use of travel time for the mixed traffic.

This section describes several exclusive bus-lamkes conducted for street
networks in the United States, India, and Southedpwhere exclusive bus lanes on
urban networks were evaluated by comparing coldettefic data before and after

implementation. It also highlights studies evahgtransit performance measures.

2.2.1. Bus Lanes Studies

Erdman and Panuska (1976) performed a study tdifg@md measure the impact
of exclusive bus lanes on a two-directional roadwii two lanes in each direction in
the Baltimore metropolitan region. Even thougloautbile total trip time increased and

bus total trip time decreased after the implememaif the exclusive lanes, it was
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determined that the trip from home to work durihg tnorning peak period, for example,
would still take the average commuter more thapé&@ent longer if he/she used the bus
rather than a passenger car. This time did ndudeceither the time necessary to travel
from the house to the bus stop or the waiting tain#he bus stop. The authors concluded
that for the majority of the time the bus lane @ovo be detrimental to both automobile

and bus movements, insofar as travel time was cnade

After exclusive bus lanes were introduced for ih& time in Delhi, India, in
1976, Sarin et al. (1983) responded to the DelaffitrPolice request to evaluate the
functioning of exclusive bus lanes in Delhi. Theady revealed that the system failed and
that this was mainly due to the non-complianceoaflrusers; consequently, it was
discontinued in 1981. A similar challenge willdily face most third world countries

unless traffic laws are strictly followed and ercied.

Unlike the two previously mentioned studies in whéexclusive bus lanes did not
help reducing congestion, Choi and Choi (1995) cotet their study in South Korea
and concluded that the bus-lane use was succeddieltravel time for buses was
significantly reduced, a modal shift from car tslwas estimated to be more than 12%,
and accident rates were reduced. The succesglofese bus lanes was partially

attributed to public acceptance, which can diffedely from one country to another.

Another bus Rapid Transit study was conducted ist@&a MA, for the Silver
Line BRT service (lvany, 2004). The 60-foot longsbs were running on 5-minute
headways, and the average daily traffic (ADT) wa®Q@0 on a one-lane road in each

direction. On-street parking was a key elemerthefcommunity’s acceptance of the
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project: “From a traffic engineering standpoing #limination of the on-street parking
would have been ideal in reducing traffic confliated allowing even wider sidewalks for
pedestrian amenities. However, this was unacckptabthe residences and businesses
along the corridor.” The bus lane was also usedbimycles and traffic making right
turns. Community acceptance allowed the transiept to move forward. Ridership
was higher than expected and traffic operationsréorsit have been relatively smooth

for both the bus service and for general traffic.

The studies in this section show that public aceg of exclusive bus lanes,
road-users’ compliance and enforcement are impofaators upon which exclusive bus
lanes can be successful. It should also be nbtcekclusive running ways and traffic
signal pre-emption can help delivering patrons naffieiently (Kimbler, 2005). Bus
rapid transit operations can also be optimizeddiggiGlobal Positioning System (GPS)
technology to locate and announce bus arrival tinfdss would significantly improve

the quality, ease of use and reliability of the.bus

2.2.2. Bus Performance Measures

Bus performance measures are limited in this stadys average speed, travel
time, delay, and the associated costs. It shoailddbed, however, that bus performance
measures include a wide variety of different meesuelated to the operator, the
passenger, and the vehicle operation. The Higl®apacity Manual (HCM, 2000)
identifies several transit performance measureslay include the travel time (total trip

time), hours of service, extent of service (routeesnof service), reliability (on-time
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performance), accessibility (service coverage)ept&thn environment and amenities,
transit information, transfers, cost, and appearamzl comfort.

Kittelson and Associates (1999) conducted a stadyvaluate performance
measures for an urban transit network. The folhganeasures were identified:
frequency (every 15 minutes for example), spareofise (hours of service), reliability
(on-time), loading (percentage of loading capaciyd travel speed (including dwell
time, stops, and delays).

Also Fu, Saccomanno, and Xing (2005) evaluatedirauoality of service by
developing a comprehensive quality-of-service indaiked Transit Service Indicator
(TSI). A sensitivity analysis to the proposed Ti&is applied to a realistic traffic corridor
under a set of hypothetical service design optiddsnsitivity analysis to travel time
variation showed 14 percent difference in TSI betwthe constant demand case and
high demand variation case. For the sensitiviglysis to traffic congestion, the
proposed TSI was higher when the traffic congestian higher, even if the transit
service remained the same. More investigationr@esmmended to examine this

outcome.

2.3. Exclusive Bicycle Lanes

Bicycles represent the primary mode of transpanteith congested cities in
Europe and Asia. They also have significant ugbenUnited States especially in
college towns. In recent years, bicycle lanes Hmomme much more common than a
decade ago. Several local jurisdictions haveesdad include them in their planning

process and several bicycle master plans havedstablished in urban communities.
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The Maryland State Highway Administration startedarporating bicycle lanes in new
projects, even those related to intersection imgmoents. As an example, bicycle lanes
were considered in the concept design plan recentiyared to upgrade the intersection

of MD28/MD586/MD911 in Rockville, Maryland (MSHA,(®6).

The National Bicycling and Walking Study (2004) s ten-year-status report,
showed how bicycling is getting more attentionhia tast decade. The spending of
federal transportation funds on bicycling and wadkmodes rose from $6 million in
1990 to $238 million in 1997. Under the TranspiwtaEquity Act for the 2% Century
(TEA-21) passed by the Congress in 1998, the féttrarasportation funds on bicycling
and walking improvements rose from $204 milliorLB08 to $422 million in 2004. The
study also showed that the concept of using bisyatea mode of transportation has
become more acceptable and realistic to peopleychng trips increased from 1.7

billion in 1990 to 3.3 billion in 2001 (National ldeehold Travel Survey - 2003).

The report concluded by pointing out that the tpamation community came a
long way from 1990, when the FHWA Administratoreed to bicycling and walking as
“the forgotten modes,” to 2001 during a speechveedid by the Secretary of
Transportation, Norman Mineta, to participantshat National Bike Summit on March
27, 2001: “Bicycle and pedestrian facilities andgrams are an integral part of our
nation’s transportation system for the'Zlentury.” He also pledged full support of the

Department of Transportation.

It should also be noted than in 2005, the SafepAntable, Flexible, Efficient

Transportation Equity Act: A Legacy for Users (SAFEA-LU) bill was signed. It
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guaranteed $244.1 billion to fund highways, highwafety, and public transportation
totaling. SAFETEA-LU represents the largest surfimaasportation investment in the
United States’ history. It establishes $370 milltbrough 2009 to continue a
recreational trail program to develop and mainteaiis for recreational purposes. Also,
$100 million fund was appropriated through 200%uttd pilot projects to construct a

network of non-motorized transportation infrastuwetfacilities. (SAFETEA-LU, 2005)

This section describes several bicycle-relatedarebeprojects, which include: 1)
bicycle performance measures, 2) bikeway master giladies in different US cities, and

3) bicycle facilities and operational analysis exsé.

2.3.1. Bicycle Performance Measures
Two major performance measures for bicycles emeirgéte last few years:

bicycle level of service (BLOS) and the bicycle gatibility index (BCI).

a. Bicycle Level of Service

The “Level of Service” (LOS) is a widely used framwk to describe conditions
for a mode of travel in a transportation systeror $everal decades, the LOS has been
used for motor vehicles and it is usually basedwerage speed and travel time for
motorists traveling on a specific road. In the@89methodologies for bicycle level of
service were developed and used by several citifgeiUS. It should be noted that LOS
measures for motor vehicles are different thangHhosbicycles. Bicycle LOS depends

more on the level of comfort and safety a bicyaigperiences while riding a bicycle.
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Landis et al. (1997) conducted the first studyeawealop a statistically calibrated
bicycle-quality or level of service model basedpanceptions from bicyclists traveling in
actual urban traffic and roadway conditions in Urfetropolitan areas. The model was
developed after evaluating over 150,000 miles afisoand streets across North America.
The bicycle level of service (BLOS) model providegalue that reflects the effect on
bicycling suitability or compatibility due to seaifactors. Those factors include traffic
volumes per lane, posted speed limit, percentagpeaiy trucks, pavement conditions
and lane width available for bicycles. The modsd b high multiple correlation
coefficient (R = 0.73), and reveals that pavement-surface camditand striping of
bicycle lanes are important factors in the qualitgervice. During a statewide
application in Delaware, the model was enhancedtzaé® increased to 0.77. Below is
the equation used to calculate the Bicycle Levé&@ivice (BLOS) model, along with the
definitions of factors:

BLOS= 0.507 In Yohs/Ln) + 0.199SR (1+10.38HV)2+ 7.066 (1PRs)2— 0.005

(We)2+ 0.760

where:

Volis = volume of directional traffic in 15 minutes ADRT x D xKd) / (4 xPHF)

ADT = Average Daily Traffic on the segment

D = Directional Factor

Kd= Peak to Daily Factor

PHF = Peak Hour Factor

Ln = Total number of directional through lanes

SR = effective speed limit = 1.1199 I6/ - 20) + 0.8103,
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whereSh is the posted speed limit
HV = percentage of heavy vehicles (as defined irl€8 Highway Capacity
Manual)
PRs = FHWA'’s 5-point pavement surface condition rating
We = average effective width of outside through lane:
We =W — (10 ft xOSPA if W=0,

=W+ W (1 -2 xOSPA ifW>0&Ws=0

=W +W -2 (10 ftxOSPA  if W > 0,Wps> 0

and a bicycle lane exists.

where:
Wt = total width of outside lane (and shoulder) pagem
OSPA-= fraction of segment with occupied on-street payk
W = width of paving between outside lane stripe atge of pavement
Wps= width of pavement striped for on-street parking
W = effective width as a function of traffic volume
Wy = W, if ADT > 4,000 vehicles/day

=W (2 — 0.00025 ADT), if ADT < 4,000 vehicles/day, and if the

street/road is undivided and un-striped.
Bicycle Level of Service ranges are associated leitbl of service designations
as shown imable 1
This model has been applied in several bicycle ptadies including the ones
recently completed for the City of Rockville in M#gand, and the District of Columbia.

For example, on Nelson Street in the City of Roll&gyMD, the BLOS improved from C
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to B after bicycle lanes were installed. The BLi@$his model is a function of the

bicycle-lane width.

Table 1. Bicycle Level of Service and LOS Scores

Level of Service Bicycle LOS Score
A <1.50
1.51-2.50
2.51-3.50
3.51-4.50
451 -5.50
>5.50

M| m 9 O @

b. Bicycle Compatibility Index:

The Bicycle Compatibility Index (BCI) was developeygthe Federal Highway
Administration (FHWA, 1998) and focuses on evalugtihe compatibility or suitability
of bicycle travel along existing roads based orvaay conditions and traffic operation
factors. It incorporates both geometrics and dpmral variables important to cyclists
while riding on roads in the presence of motor gkehiraffic.

The BCI model was developed by using perspectivaatk than 200 participants
rating 67 sites with respect to how comfortableytfel while riding. It predicts the
overall comfort level rating for a bicyclist. ledends on several factors, including the
number of through lanes, curb-lane width, presemecewidth of bicycle lane, posted
speed limit, 8% percentile speed, curb lane and other lane(syweduper hour, % heavy
trucks, % right-turning vehicles, exposure to pagkfon-street, occupancy, parking time
limit), and type of development area. Currentlgaoes not include intersection LOS for

bicycles, but this part is under development byRloegida Department of Transportation.
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The BCI method uses a multi-variable regressiomida to calculate a value that
provides a linkage with traditional LOS designasipA through F, with A being the best
conditions and F being the worst. This value rarggtween one and six, where one
indicates that a bicyclist experiences an extreroeigfortable level of riding and six
indicates that the bicyclist is “extremely unconédie” riding in those conditions. The
R? value for the model was 0.89, indicating that 8ecpnt of the variance in the index is
explained by the variables included in the modeshould be noted that the BCl model
is for mid-block street segments only as the ratithg not account for major intersections
along the routes. Below is the equation used lmutzte the Bicycle Compatibility Index
(BCIl) model, along with the variable definitionsidaadjustment factors.

BCl=3.67 —0.96BL — 0.4BLW- 0.49&€ LW+ 0.00ZLV + 0.0000OLV +

0.025PD+ 0.506°KG — 0.26 AREA+ AF

where:

BL = presence of a bicycle lane or paved should&®>m;no =0, yes =1

BLW= bicycle lane (or paved shoulder) width(to the nearest tenth)

CLW= curb lane widthm (to the nearest tenth)

CLV = curb lane volumeph in one direction

OLV = other lane(s) volume — same directiquh

SPD= 85" percentile speed of traffkm/h

PKG = presence of a parking lane with more than 30gmroccupancyyo = 0,

yes=1

AREA-= type of roadside developmengsidential = 1, other type =0

AF =ft + fp + frt
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where:

ft = adjustment factor for truck volumes

fo = adjustment factor for parking turnover
frr = adjustment factor for right-turn volumes

Adjustment factors are presentedliable 2 below.

Table 2. BCI Adjustment Factors

Hourly Curb Lane
Large Truck Volume* ft

>120 0.5
60 - 119 0.4
30-59 0.3
20-29 0.2
10-19 0.1

<10 0.0

* - Large trucks are defined as all vehicles witha more tires.

Parking Time

Limit (minutes) fp
>15 0.6
16 - 30 0.5
31-60 0.4
61 -120 0.3
121 - 240 0.2
241 — 480 0.1
> 480 0.0




Hourly Right-

Turn Volume* frt
> 270 0.1
<270 0.0

* - Includes total number of right turns into drivays
or minor intersections along a roadway segment.

Table 3below shows bicycle compatibility index rangesoassted with levels of

service designations and compatibility level queis.

Table 3. BCI Ranges Associated with LOS and Compigility Levels

Level of Service BCI Range Compatibility Level
A <1.50 Extremely High
B 1.51-2.30 Very High
C 2.31-3.40 Moderately High
D 3.41-4.40 Moderately Low
E 4.41 - 5.30 Very Low
F >5.30 Extremely Low

The BCI method was applied in different studieshsas the South Carolina East
Coast Greenway Route (Davis et al., 2005). Sihed3C| was developed for urban and
suburban roadway segments, the authors had to taghalysis procedure for
comparative evaluation for rural roadways.

The BCI procedure seems to be most suitable fdieygpin this research due to
the fact that it depends on several factors tteatansidered as variables in this study.

These factors include the number of through laoed-lane width, presence and width
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of bicycle lane, and the 8%ercentile speed. Moreover, the model has avelgtigh
R? value of 0.89.

The BLOS model also has a high Wlue, although the two cannot be compared
directly, since the dependent variables are notthxthe same, are qualitative in nature,
and we don’t have complete information about hogvahbjects were instructed before

reporting their assessments.

2.3.2. Bicycle Master Plans:
Several jurisdictions have recently developed b&yeaster plans. This

subsection presents some of the work performelisrfield.

Rockville Bicycle Master Plan:

The City of Rockville, Maryland, USA, adopted thRiKeway Master Plan”
(2004) on April 26, 2004. Its purpose is to owdlmvision for improving bicycling in the
city over a 10-year period. Other than generallgiines and recommendations, the
study indicates that bicycle LOS scores were catedl for over 100 roadway segments.
The results also indicate that a number of roadwaise proposed bikeway network are
comfortable for typical bicyclists without bicydi@nes or paths. BLOS was used as a
factor in the analysis, and width constraints weken into consideration. The challenge
in this study is that not very many streets in Raékwere built wide enough to
accommodate new bicycle lanes. The proposed bikee@vork was mostly based on

connecting roadway segments between the city cantédifferent locations around the
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city limits, and to connect different points withime city with each other. No bicycle
demand model was generated for this plan.

Studies performed within this effort showed thatyble conditions have been
improved by changing lane striping. The bicychleeleof service was improved from “D”
to “C” when the vehicular travel lanes were narrdwe add bicycle lanes. Field
measurements also showed that th& @&rcentile speeds decreased from 39 mph to 34
mph after the changes were made. Although thi&lde®i considered a result of
interaction between bicycles and vehicles, and tpsesents a reduction in the traffic
flow, it could also be considered an improvemerttaéfic safety. The bicycle level of
service model used in the study is identical toBlaycle Level of Comfort Model used
by the Maryland Department of Transportation (2a@2neasure bicycling suitability on
state-owned roadways in the Twenty Year Bicycle Badestrian Access Master Plan

(MDOT, 2002).

Washington, DC, Bicycle Master Plan:

The draft of this master plan was published in A1@004, and the final plan was
completed in April 2005 (District of Columbia BidgcMaster Plan, 2005). Toole Design
Group was the prime consultant for the developroétiie District of Columbia Bicycle
Master Plan, which included the analysis of exgtonditions for nearly 500 miles of
the District's roads and the identification of atenetwork of on-road improvements
based on existing conditions and public input. Biwycle Master Plan also included
policy and design guidelines and general goalsracoimmendations such as improving

and expanding the bicycle route system and progidinycle facilities on roadways.
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Similar to Rockville’s Bikeway Master Plan, the posed bicycle network for the
District of Columbia was more focused on estabfigha system that connects different

locations around the city.

Philadelphia Bicycle Plan

A set of design guidelines was published for thigalelklphia Bicycle Plan.
BLOS was also used for this plan, and before-atel-8L.OS analysis was conducted for
streets where bicycle lanes were recommendedinfnaly results showed an increase
in bicyclist's comfort level when bicycle lanes ewexdded. A final Master Plan report for

Philadelphia was not published.

Bicycle Master Plan in Baltimore, MD:

In early 2005, through a conversation with Mr. lkedurphy, the lead traffic
engineer for the City of Baltimore, Maryland, USAwas found that the City was about
to start working on a bicycle master plan. Theesaonsultant who worked on the
bicycle master plans for both the City of Rockvdied the District of Columbia, Toole
Design Group, is currently conducting the studyt. Murphy also stated that due to
limited funds, the scope of this study was expeat#do exceed the scope of work
performed in Rockville or the District of Columbidhis means that the study would
include general guidelines and recommendationsante BLOS for the city streets, but
with no application for bicycle demand models oalgsis of its impact on traffic flow.

Only information about existing BLOS would be aaéike.
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2.3.3. Bicycle Facilities and Operational Analysi®esearch:

This subsection provides an overview of researcidgoted in reference to
bicycle operational analysis, bicycle facilitidseir relation with bicycle commuting, and

network connectivity for bicycling.

In a review of the basic research in bicycle tafitience, traffic operations, and
facility design, Taylor and Davis (1999) preseretbmprehensive review of published
basic research in bicycle traffic science. Resesgltated to this study included topics in
reference to traffic flow at intersections, capgaeaihd level of service for bicycle lanes,
computer simulation and geometric design concesnl as bicycle facility width.

The only study referring to traffic flow at intecd®ns was Ferrara and Lam
(1979). The authors of that study conducted oladienval experiments on bicycle-
automobile mixed-traffic behavior at intersectior capacity and level of service for
bicycle lanes, the authors referred to a study bgnlet al. (1998), who evaluated
bicycle-lane capacity and LOS by treating bicyeleds as a one-way separate path. The
study, however, did not take into account the axtdon among cyclists, motor vehicle
traffic, and other adjacent roadway factors sucthagpresence of parking. Lastly, in
reference to the geometric design (e.g., bicyadifiawidth), the authors referred to the

AASHTO’s Guide for the Development of Bike Facé#i (1999).

In an effort to evaluate the potential impact ofifiag the portion of non-
motorized vehicles from sharing travel space withtarized vehicles, Hossain and
McDonald (1998) conducted a study in Dhaka, Bareglad Traffic data were collected
and a micro-simulation model was developed for shigly. The result was a 30%

reduction in corridor travel time for motorized wehs, which indicates there is a benefit
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(at least for motorized traffic) for splitting meoitped and non-motorized vehicles into

separate lanes in Dhaka.

In the field of bicycle facilities, Krizek and Jason (2004) studied the effect of
facility access on bicycling behavior and estimdtezrleffect of household proximity to a
bicycle facility on the propensity for bicycle us€he results showed that subjects living
less than 400 meters from an on-road facility hatstically significantly increased
tendencies for bicycle use compared with subjéatsg more than 1,600 meters from an
on-road facility. Due to the fact that some fastimfluencing the choice to ride a bicycle
were not included in this study, the authors caergd the results not to be overly

promising for bicycle planners and advocates.

While looking at bicyclists’ preferences when usingycle facilities, Tilahun,
Krizek, and Levinson (2004) looked into bicycligrformance when it comes to the use
of trails for their commute. In this study, thdlaars found that bicyclists were willing to
travel up to twenty minutes more to switch fromusmmarked on-road facility with side
parking to an off-road bicycle trail, with smallgnanges associated with less dramatic
improvements. Although the use of bicycle trasl®utside the scope of our research, it
is interesting to find that bicyclists have a diffiet perspective than motorists when it
comes to travel time versus safety.

In the same area of interest, Dill and Carr (2@@8)ducted an analysis to confirm
that higher levels of bicycle infrastructure areigigely correlated with higher rates of
bicycle commuting in major U.S. cities. Data weodlected in 43 cities using the 2000
Census release data, and included Washington, miCBaltimore, MD, where the

percentage of bicycle commuters were 1.42% andf,.2éspectively. The analysis did
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not indicate, however, the existence or directiba cause-effect relationship between
cycling and infrastructure.

In the field of bicycle-automobile mixed trafficaylor (1998) examined lowering
automobile speeds and adjusting the intersectiole ¢gngth to improve conditions for
bicyclists, and to provide more progression fobmiodes of transportation. He
developed a mathematical program to generate nmudtaprogression design, and in an
example, demonstrated an improvement caused bgasicrg the cycle length by 25
percent. In order to achieve this multimodal pesgion, it was assumed that both modes
would not interfere with each other (e.g. presesfdacycle lane or wide curb lane). Itis
recommended, however, to assess the trade-offebgrtincreasing automobile delay and
improving progression for bicycles. In the samseezch, Taylor examined the gap
acceptance for both motorists and bicyclists whessing intersections, and the behavior
of bicyclists when being alerted of a yellow chamngerval, indicating that they need
more time than motorists, and thus, different meshaf providing the signal change
warning. These are details that are perhaps nangieided in microscopic simulation
models that include bicycles, because this is agaasearch area. In time, as many of
these details as are reliably understood shoulddmporated, and simulation models
should be assessed in part on their inclusion cf glements.

In an effort to measure network connectivity forymling and walking, Dill
(2004) conducted a study and found that increasedank connectivity could reduce
travel distances for all modes, and provide a widage of routes to choose from. Four
measures of connectivity for bicycling and walkingre applied to the Portland, Oregon

regional network: street network density, connéctede ratio, intersection density and
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link-node ratio. Although all four measures weosifively correlated, they did not
consistently assign the same level of connectiaitya tract. More research was
recommended.

In the same area of research, while assessing Biywe facilities, Krizek and
Roland (2004) studied the factors affecting discrities of on-street bicycle lanes in
urban settings. The purpose of this paper wasiderstand better the severity of the
instances where separate on-street bicycle fasilénd and to determine the bicyclists’
discomfort when encountering such instances. Tumysdentified a few elements that
contribute to higher levels of discomfort suchasel-discontinuity on the left side of the
street and having parking after the discontinuitiis research suggests that the
continuity of bicycle facilities is important.

Several studies also pointed to benefits of usiogches as a mode of
transportation. In a research paper presente.trdaeiﬂj Annual Meeting of the
Transportation Research Board, Washington, D.GzeKr(2004) identified bicycling
benefits, which include social transportation béagtongestion, air quality, energy),
user transportation benefits, social benefits Qilty and option value), user safety
benefits, user health benefits, and agency berisdits right-of-way preservation. As a

conclusion, it was suggested that benefits shoelddtimated on a regional scale.

This section reviewed different topics in bicyassearch such as bicycle
performance measures, bicycle facilities, and begperational analysis studies. The
section identified tools applied to measure bicy®egormance such as the BLOS and the
BCI. It showed that separating non-motorized Velicsuch as bicycles, and motorized

vehicles is beneficial, and adding exclusive bieyahes has a potential effect on
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vehicle’s speed. It also highlighted the benefftestablishing bicycle lanes, especially
when they are connected in a bicycle network. IBinthe section provided examples of
bicyclists’ preference as they would choose a longete to switch to a more
comfortable bicycle facility. Those are importamtifications for allowing bicycle lanes
in urban transportation networks, as shown by tbekwonducted by local jurisdictions
to incorporate bicycles in their master plans. ragkes included cities like the District of

Columbia, Rockville, and Baltimore, Maryland, USA.

2.4. Mobility and Accessibility

Important factors that should be considered whanmphg an urban
transportation network are the mobility and acd®hi of all the modes of
transportation in the network or transportationtesys Mobility is the freedom or ease of
movement that people experience when traveling fotaoe to place. It represents the
movement of people or goods and assumes that argaese in travel mileage or speed
benefits society. A transportation system needsimmadal transportation and/or

alternative routes to reach destinations to prothéegreatest level of mobility.

In a publication by the Federal Highway Adminiswat(FHWA, May 2003),
mobility was defined as the ability to access gpsésvices, and destinations. The report
described the United States as a very mobile naltio2000, Americans traveled more
than 2.7 trillion vehicle miles, almost triple tiaehicle miles traveled in 1970 (Highway
Statistics, 2004). Mobility focuses on how longgikes to get from point A to point B,

the availability of travel choices, and travel tinediability. The report went on to
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describe that improving mobility can be achieveddnjucing congestion and creating
mode choices. Increasing mobility is a benefiteafuced congestion and improving

mobility often yields emission benefits as well.

Ease of travel, convenience, and travel time ansiderations in mobility. They
are affected by the system’s LOS, which is affettgthe system’s capacity and
efficiency. When demand exceeds capacity, LOSrmes;| travel times increase and

mobility is impaired.

The United States Census (2000) showed that 87cemeof workers got to work
by private vehicles, 3.1 percent by bicycle/wall§ gercent by bus/trolley bus and 1.6
percent used the subway. It also showed thatwbeage length of commuting increased

by 14 percent from 22.4 minutes in 1990 to 25.5ut@a in 2000.

In a study to estimate the benefits of differenbiity enhancements (Schrank,
2002), the author recommends that cities needd@uwbverse set of solutions to deal
with reducing congestion and improving mobilityorse of these solutions include
traffic signal coordination, HOV lanes, and pulit@nsportation. After analyzing 75
urban areas, the report shows that public tranapoint accounted for almost 40 percent
reduction of total delays in very large areas (@arillion population, such as the San
Francisco/Oakland area in California, USA) and I&dcent for large urban areas (over
1 million and less than 3 million population, swashthe Baltimore area in Maryland,
USA). The HOV reduction in hours of delay wasmstied to be around 0.9 percent.

The data used for this study were the travel tspeed and passenger volume data.
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Some of the data could be estimated from routedsds and passenger-loading

information could be collected by public transpbdia systems.

The Texas Transportation Institute (2005) preparstudy to identify the keys to
estimating mobility in urban areas, and dividedriability measures in two groups: one
related to the traveler and the other relateddorador or a region. The mobility
measures related to the traveler mainly consistéceel time and delays, and the area

mobility measure focused on congestion.

In conclusion, it is recommended for this studyreasure mobility in a
transportation network by quantifying person-mikes-miles and travel speeds. Those
measures are good indicators for mobility and heréxtent of congestion. In case of a
corridor study, where those measures might notigeoa good indication of a mobility
level, it can be measured by determining the trée needed to reach a specific

attraction from a specific point.

Accessibility refers to the ability to reach dediservices, activities or
destinations. Improving accessibility also bemsedivciety, and mobility is one way to
achieve this goal. Accessibility to a city centgfiers to the ease of access major
downtown destinations such as courthouse, posteoftibrary, City hall, downtown
entertainment area, employment centers or governagamcies. Barnes and Davis
(1999) suggested that measuring accessibilityssregl to evaluate how well a
transportation system accomplishes its objectivaaking it possible for people to

access destinations. The report recommends thef aeeessibility as a framework to
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compare different systems, modes, and combinatibpslicies. The report did not

define, however, a method to measure accessibility.

Wadell and Ulfarsson (2003) suggested that maagtie travel time to the
CBD, employment or to population could serve asgronal accessibility measure. This
method, however, is more suitable for use whenimigalith a transportation network.
Graphs and Geographic Information System (GIS) ncapsshow contour lines

identifying different areas with different levelsaxcess to a specific destination.

Accessibility can be measured by quantifying thembar of households that are
connected to a specific center of attraction thiobigycle lanes, bus lanes or other mode
of transportation. It can also be measured byrohetéeng the number of people who can
reach a destination such as a CBD within a spewffie-period, such as 15-minute

period, using a specific mode of transportation.

2.5. Environmental and Safety Impacts

The environment and safety impacts are two essewiiaponents when
evaluating a transportation project. Some reseasel a unit environment cost and a
unit accident cost to determine the environmemédlsafety impacts on different traffic
alternatives. An example will be provided latethrs chapter two, section six. Other
efforts were made to better predict them and tosomestheir economical impact, and

they are presented in this section.
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2.5.1. Environmental Impact

Several environmental factors can be impacted tibgresportation project and
they include, but not limited to, disturbance ofthaeds and streams, disturbance of
wildlife and plant life, noise impact, impact omthuse, and impact on air quality
(temperature, odors, pollutants, and air movemesince this research deals with an
existing road, the impact on wetlands, streamg]lifig, and plant life is not considered in
the study.

Land use and transportation systems are interaatidenterdependent. The two
systems feed each other and possibly impact eheh, dtowever, the change can be
slow. This topic is further discussed in chaptee.f This study assumes a given uniform
land use mix across the corridor or network, amddtore, the impact on land use is not
considered, and the study limited the environmeact on the air quality and emission
rates.

This section highlights some of the efforts madedonect a relationship between
transportation and its effect on air quality. he tareas of motorized transportation
modes, emission models such as MOBILEG6 (2003)haiged by the Environmental
Protection Agency (EPA) - estimate pollutants idahg hydrocarbons (HC), carbon
monoxide (CO), and oxides of nitrogen (Cand were used to evaluate the
environmental impacts of different transportatitteraatives (Sivanandan and Rakha,
2004). It should be also noted that several tatnulation models such as Synchro,
CORSIM and VISSIM (2004) generate reports with feeahsumption and emissions

rates.
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In an effort to analyze regional transportation krdl development policies,
Rodiev (2005) used MEPLAN, the integrated land arsa transportation model. NO
emissions results were obtained from the DTIM2 BMFAC7F emissions models.

Another example - where the environmental impa& twansportation project
was investigated - took place in the City of SyssUNew York, USA. A congestion
mitigation and air quality fund was obtained to eley a design to reconstruct Clinton
Square in an effort to promote economic developmadriie improving the air quality of
the area. To measure air quality improvementd) B@ and N®@were measured and
they were reduced by approximately 15 percent @fe] 2005). In the United
Kingdom and Australia, volatile organic compound®(C) are also measured. VOCs are
some of the main precursors of ground level ozamgch are toxic to plants and can
cause breathing difficulties in humans (Environm&géncy, 2006).

It should be also noted that some efforts were ni@@waluate the positive
impact on the environment when people use non-nzemode of transportation
instead of the motorized modes. For example, Kr{2604) reviewed and interpreted
literature that evaluates the economic and soeiaéfits of bicycle facilities and
proposed methods for their estimations. The papethed on the environmental benefits

in the areas of energy and air quality.

2.5.2. Safety Impact
Traffic safety is one of the most important facttirat should be taken into
consideration during the design phase of any ti@amsion project. The World Almanac

and Book of Facts (1996) revealed that motor-vehichshes were one of the ten leading
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causes of death in the United States and Americans $72 billion in crash costs every
year. The social costs are obviously very higiwvaels. Those facts lead to the need of
an effective solution to evaluate traffic safety.

Although a full research could be devoted to thempry causes of traffic crashes
and work related to traffic safety, this sectiomyaddresses the most relevant efforts
made to evaluate and predict the safety impachefdesign over the other, as well as the
importance of the lane-width variable in accidemdiction models. A subsection has

been also dedicated to bicycle safety in specific.

a. Traffic Safety

Huang et al. (2002) analyzed a specific case ofaihe configuration allocation.
They compared the effects on crashes and injufiesamging road lane-configuration
from a four-lane undivided road into three lan@&ge concept of this change in lane
configuration was called a “Road Diet.” In the ngeenario, a middle center turn lane
was created and the fourth lane was convertedddteycle lanes. The study consisted
of collecting and comparing crash data before diet the treatment. The authors
concluded that a significant reduction (6 percentrash frequencies was achieved, but
road diet conversions did not affect crash ratesegerity of type. The safety
disadvantage of the original scenario of the 4-larael is that drivers can change lanes to
pass slower vehicles, which can potentially inceesideswipe crashes. Safety
advantages of the modified configuration includdueng vehicle speeds and vehicle

interactions during lane changes - which potentiedluld reduce the number and severity
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of vehicle-to-vehicle crashes, and improving petkstsafety since there are fewer lanes

to cross and traffic is slower.

The concept applied in the road-diet study is sintib the concept applied in this
research because it entertains the idea of modifyie pavement marking to provide a
different lane configuration for a road, and thgaleating the impact of this change.
The road-diet study, however, limited the evaluatmthe safety impacts, while this
research is much more comprehensive. An impoféandr also not considered in this
study is the effect of road-diet concept on trafiierations and capacity. The authors
acknowledged, however, that if the average dadffitr (ADT) is above 20,000 vehicles,
there is a greater likelihood that traffic congasstivould increase. More research was

also recommended to study the factors attributingwer speeds, fewer conflicts, etc.

There were also some contradictory conclusions vitheame to analyzing
crashes at signalized intersections. While anatykypes of collisions and evaluating
crash data at signalized intersections, Kellet.¢R806) concluded that the most
important factor when determining the number ofgstdan/bicycle crashes was whether
the right-turn lane is channelized on the majodro@he study also showed that traffic
volumes and speed limits were not found to be Baamt factors. On the other hand,
Chin and Qudus (2003) and Liu and Young (2004) kmied that the traffic volumes are
the most important factor in predicting crashe$soAOh et al. (2004) found that speed
limits are important for the total number of craslas well as other specific types of
crashes.

Zegeer et al. (1981) found that, for two-lane roagsy the number of crashes

decreased with lane-width increase up to 12-fdtdr ¢hat, the crash rates increase.
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Tying safety with mobility, Litman (2004) found thempirical evidence indicates that
each percentage reduction in total vehicle mileage area reduces crashes by 1 to 1.4
percent, all else being equal. Shifting vehicéréd from congested roads to less-
congested conditions tends to reduce crashes dngiaises crash severity due to higher
vehicle speeds (Litman, 2004). Mobility managen{@&navel Demand Management) can
be a cost effective traffic safety strategy.

A crash prediction model could be very useful tenitfy the contribution of road
geometrics on the crashes. Earlier models pretittie number of accidents as a random
variable that takes values with probabilities faling the Poisson distribution with
exponential function guaranteeing a positive mefaor. example, Dart and Mann (1970)
used linear regression models to explain the ceasheouisiana and calculated that
cross slope and poor drainage were important factor

More recently, negative binomial models have bessdun accident modeling to
allow for additional variance representing the effef more variables. An example of
this kind of accident prediction models, preseritgedhe Federal Highway
Administration (1999), is described below. Pashpat al. (2000) recommended an
empirical Bayesian approach to take into accousdles history, instead of the Poisson
“memoryless” process to produce better models.piDesfforts made in this field by
Miaou and Lord (2003), Qin et al. (2004), and Miaoul Song (2005), the most common
models used for crashes remains the traditionatinegbinomial distribution (Lord,
2006).

It should be noted that an accident prediction rhizdeore reliable if based on

accident data collected for as many years as desaila similar site while accounting for
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the influence of factors changing year-to-year (Land Persaud, 2000). Therefore, it is
always recommended to apply the model that is reoitable to the site understudy. In
this research, the role of a prediction model ista@stimate the number of accidents,
but to perform a safety impact comparison amonigigift lane-configuration scenarios
for the same transportation network.

The accident prediction model presented by the faéétghway Administration
(1999) was developed with negative binomial regossanalysis for data from 619 rural
two-lane highway segments in Minnesota and 712wagdsegments in Washington.
These roadway segments including approximatelyQlkh3 (700 mi) of two-lane
roadways in Minnesota and 850 km (530 mi) of roagwa Washington. The database
available for model development included 5 yearaaaident data (1985-1989) for each
roadway segment in Minnesota and 3 years of actaa (1993-1995) for each
roadway segment in Washington. The model predietddtal non-intersection accident
frequency for any roadway segment for which thepwhdent variables shown in the
equation below are known. The number of predietadents was a function of the lane
width.

The report concluded that the developed accidaettigiion algorithm appeared
to be a useful tool for predicting the safety parfance of rural two-lane highways. This

model is described below:

Accident Prediction Model:

This section presents the base model for the atcptediction algorithm. The

base model is presented for roadway segments amouicleg signalized intersections.
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Base Model for Roadway Segments

Although the base model for roadway segments weslaoged for the states of
Minnesota and Washington in separate studies by &fod) Bared (1998), the base model
presented below can be used as a reference to congaaway segments in different
states:

Npr = EXPOexp(0.6409 + 0.138BTATE- 0.0844.W - 0.0598W+ 0.066&RHR+

0.008DD) (EWH exp(0.0450DE@) (WV; exp (0.465/))(EWG, exp(0.104&R)))

where:

Nbr = Predicted number of total accidents per year oardqoular roadway segment;
EXPO = Exposure in million vehicle-miles of travel per yea(ADT)(365)(L)(10°);
ADT = Average daily traffic volume (veh/day) on roadwagmsient;

L = Length of roadway segment (mi);

STATE = Location of roadway segment (0 in Minnesota, 1 iasiWngton);

LW = Lane width (ft); average lane width if the two ditiens of travel differ;

SW = Shoulder width (ft); average shoulder width if tihv® directions of travel
differ;

RHR = Roadside hazard rating; this measure takes integees from 1 to 7 and

represents the average level of hazard in the ia@svironment along the
roadway segment;
DD = Driveway density (driveways per mi) on the roadwagment;

Whi = Weight factor for thé" horizontal curve in the roadway segment; the

proportion of the total roadway segment lengthesented by the portion of
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thei™ horizontal curve that lies within the segment.€Teights, WK must
sum to 1.0.);

DEG = Degree of curvature for th& horizontal curve in the roadway segment
(degrees per 100 ft);

WV, = Weight factor for th¢™" crest vertical curve in the roadway segment; the
proportion of the total roadway segment lengthesented by the portion of
thej™ crest vertical curve that lies within the segméfihe weightsWV,
must sum to 1.0.);

Vv = Crest vertical curve grade rate for jfecrest vertical curve within the
roadway segment in percent change in grade per @Dft) = ¢o-gia|/;;

Roadway grades at the beginning and end of'tveijtical curve (percent);

Gir G2

lj = Length of thg™ vertical curve (in hundreds of feet);

WG = Weight factor for th&™ straight grade segment; the proportion of thd tota
roadway segment length represented by the porfitimed™ straight grade
segment that lies within the segment. (The weigMg,, must sum to 1.0.);

and

Absolute value of grade for thé' straight grade on the segment (percent).

GR«

The variables in the model are set to the followngninal or base conditions

(default values):

Roadside hazard ratinQMHR = 3

Driveway density[DD) = 3 driveways /km (5 driveways/mile)

Horizontal curvature = none
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Vertical curvature = none

Grade = Level (0 percent)

In this case, the base model in the equation rexliace

Nor = (ADT) (L) (365) (10°) exp (0.8833 — 0.0846W — 0.0591SW

Base Model for Four-Leg Signalized Intersections
The base model for four-leg signalized intersedispresented below:
Nbi = exp(-5.46 + 0.68 ADT; + 0.20n ADT, - 0.40LT - 0.018PLT + 0.11G +
0.026PT + 0.04ND;)
where:
Nbi = Total intersection-related accident freey for any four-leg signalized
intersection
ADT; = Average daily traffic volume (vehicles/day) on thajor road
ADT, = Average daily traffic volume (vehicles/day) on thenor road
LT = Presence of protected left-turn sigrielge on one or more major-road

approaches; = 1 if present; = 0 if not present

PLT = Percentage of minor-road traffic that tuefsat the signal during the morning
and evening hours combined

G = Grade rate for all vertical curves &tseand sags) within 76 m (250 ft) of the
intersection along the major and minor roads

PT = Percentage of trucks (vehicles with ntben four wheels) entering the

intersection for the morning and evening peak heamsbined
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ND: = Number of driveways within 76 m (250 ft)tbe intersection on the major
road.

This model was developed with negative binomingtession from data for 49
four-leg signalized intersections, 18 in Califoraiad 31 in Michigan during a three-year
period (1993-1995). The formula can be simplifrdten the following variables in the
model are set to the following nominal or base @ors (default values):

Presence of protected left-turn signal ph&g9 € No left-turn phase

Percentage of minor-road traffic turning Ie®(T) = 28.4 percent

Grade rate for vertical curves within 76 m (250adftxhe intersection) = No

vertical curves

Percentage of trucks entering the intersecti®r € 9.0 percent

Number of driveways within 76 m (250 ft) of theandection on the major road

(ND,) = 0 driveways

With the nominal or base valueslof, PLT, G andPT given above, the base
model reduces tolNy; = exp(-5.73+ 0.6dn ADT; + 0.20n ADT))

From one point, the issue is simple because regwahicle mileage should
reduce crashes. From another point, it is compéoause there are other travel impacts
that have various impacts on crash rates and $gveri

All the above-mentioned studies in predicting thenber of accidents and their
estimated costs had potential use in this rese@neim assessing safety impact for each
alternative. The accident prediction model, spealify the one for roadway segments, is
the most adequate to apply in this study becasdernmula is a function of the lane

width, which would be useful for comparing the diffnt scenarios in this study.
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b. Bicycle Safety

Since traffic safety is an important factor in thaluation process, safety of non-
motorized modes of transportation such as bicy;lespart of this factor, should also be

considered. This subsection highlights bicyclesafesearch.

In this field, Kroll and Ramey (1977) studied tH&eets of bicycle lanes on
drivers and bicyclists’ behavior, and McHenry andllace (1985) evaluated the wide
curb lanes as shared lane bicycle facilities. Sthdies found that drivers made fewer

wide swerves or close passes when passing bicyolisstreets with bicycle lanes.

Another bicycle safety study was conducted by Haeked Stewart (1997) to
evaluate shared-used facilities for bicycles antomeehicles. They found that a 3-foot
bicycle lane provides sufficient space for bicycdesl autos to interact safely. It was

determined, however, that a 4-foot lane would lherdar cyclists.

A study was also conducted in San Francisco (Akaring & Design, 2004)
researching bicycle safety, and specifically thaereti-lane pavement markings. The
study concluded that the markings increased tharnttis of cyclists from parked cars as
well as the distance between cyclists and passhghles. The critical evaluation is that
the distribution of the distance between cyclistd parked vehicles narrowed. Although
the average did not change dramatically, cycligiag closest to the parked cars moved

further away.

Finally, Van Houten and Seiderman (2005) researtlogdpavement markings
influence bicycle and motor vehicle positioninghid study was conducted in

Cambridge, MA. They found out that before bicylelees were constructed, when
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motorists were asked about what made them moseastayclists on the street, the most
common response was: “nothing.” After bicycle lam&allation, the most common

answer was “the bicycle lane.”

These studies support qualitative motivations foydle lanes, but the literature is
silent on more quantitative results that might bedufor prediction. This is not
surprising; this type of modeling is difficult evéor motor vehicle safety impacts, which
is a vastly busier research space. It is concltldadpavement marking identifying a
bicycle lane, and the width of this lane, play & lia improving bicycle safety. Those
factors are included in the BCI formula as desctibarlier, and therefore, the best that

can be done in this proposed method is to use @Gadevaluate bicycle safety.

2.6. Lane-use-related research

So far the studies mentioned in the previous sestomly evaluated the
implementation of exclusive lanes and their eftactravel time. These studies did not
actually develop a method to justify and desigfedént lane-uses in a congested urban

street network.

In an effort to develop a macroscopic methodolagyfban transportation
planning and policy analysis, Schonfeld (1977) usedtivariate optimization techniques
to choose among a wide range of alternatives. sty analyzed options such as traffic
management, vehicle design, service policy, pridimgncing and regulations options,

and touched on space allocation for different fpanmtion modes. However, some of
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the model limitations included the omission of impat modes such as bicycles and

local street buses, as well as safety impact.

In a search for the optimal road space allocationrag competing transportation
modes, Xu (1993) used the total cost of a roaceaygtiser time costs, operating costs,
and other costs) for comparison. A logit model wasd for modal split and the planning
software MINUTP (1991) for trip assignment. Ondlad shortcomings of this study is
that bicycles and vehicles were modeled in sepati®orks due to lack of information
in reference to the relationship and interactiotwieen bicycles and vehicles. Although
many factors determine the road capacity suchmesdyarea, existence of parking
activity, lane width and heavy vehicles (Federajtivay Administration, 2003), Xu’s
study considered lane width to be the only variabldetermine lane capacity.
Accessibility and mobility were not measured in sfedy and environmental impact was
not considered at a satisfactory level; a unit mrnent cost per vehicle-mile was
included in the total cost. Accident impact wasoatonsidered as an accident rate for
each mode multiplied by the total distance travélgdhis mode. Better assessments can

be applied such as predicting accident occurremica $pecific lane configuration.

In an effort to estimate how adding a high-occuparehicle (HOV) lane, high-
occupancy toll (HOT) lane, or a mixed flow laneato existing freeway affects delay,
Dahlgren (2002) constructed a model to estimatellaage in delays when adding a new
lane on a freeway. The author used a logit marlektimate the probability that a
particular individual will use an HOV lane. Thsa common method of assigning trips
to modes, but it does not acknowledge the feedlmagkthat is generated. The

attractiveness of the modes is affected by the@igeswhich is in turn affected by their
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attractiveness. As mentioned before, this dissentaises sensitivity analysis as a first

step towards understanding these interactions.

The only known effort to develop quantitative madf@r justifying bus-lane
design alternatives, based on the average peregl time for all road users, was
presented by Gan et al. (2003). They considdreaverall average person travel time
under two treatments: with and without a bus-dahe. The CORSIM simulation model
was used to generate data from different alteraatand to estimate the bus and non-bus
travel speeds under these alternatives. CORSIMewer, does not simulate bicycle

lanes.

In an ongoing study, Kuhn et al. (2003) investighissues surrounding the
efficient operation of managed lanes using varmperating strategies to develop a
managed lanes manual. The objective of this sttty help the Texas Department of
Transportation make informed planning, design, @merational decisions when
considering these facilities for their jurisdict'onThe study’s objective is similar to the
one that needs to be achieved in this researckpettat it focuses on major freeway
projects in Texas and includes HOV and HOT larleshould be also noted that the
managed lanes study in Texas is scheduled for adiaplin 2007.

Finally, it should be noted that there is a relatitip between the lane width and
the roadway capacity. A FHWA report (2003) recomdes a procedure for estimating

highway capacity, which was based on an adjusteeniagaon flow rate:
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Capacity =S N fw favf, fa PHF

The adjustment factor for lane width)(is calculated as follow:

fw=1+ W-12)/30
W = Lane width (minimum 8 feet and maximum 16 feet)

The formula suggests that for each foot, more €8 than 12-foot lane, the lane
capacity increases or decreases by 3.33 percepeatvely. This concept should be
taken into consideration when identifying differéarte-use scenarios since allocating a

specific width for a travel lane will impact thenkcapacity.

2.7. Combining modal split and equilibrium assignrent model

Conventional planning models consist of four stejpga generation, trip
distribution, mode choice, and route assignmeitte Mode choice allocates trips among
several modes of transportation and an assignmedéins then solved for each mode of
transportation. One criticism of this processhet it is a sequential process, while most
users in reality choose the mode and the routeeatdme time. Thus, some research

efforts have been devoted to this concept whileetind network equilibrium.

As mentioned in chapter one, different lane-useages are expected to affect
the average speed for each transportation modehasgdthe travelers’ decision on mode
of transportation choice and route assignmentxgreaed to change as well. A model
combining modal split and equilibrium assignmenulgdoe very useful in this research.
However, this is a very complex topic and a rekaflodel is not yet available. The topic
deserves to be studied under separate researchnaed reliable model is available, it

would be an important tool to use in this decisioaking study. Meanwhile, it is

47



suggested to use sensitivity analyses as an abbegtution to determine the effect of
the traffic flow change of one or more modes ofggortation on measures of

effectiveness.

Although this topic of combining mode choice andiglrium assignment is not
utilized in this study, especially since the caselgis dealing with a corridor rather than
a transportation network, some of the efforts madais field are included in this
literature review because they could be incorpadrate similar research in the future,
where a network equilibrium is necessary.

Abdulaal and Leblanc (1979) developed a methoa@donbining modal split and
equilibrium assignment models in which users casosk modes and routes,
simultaneously. This model was developed by extend@/ardrop’s (1952) route choice
principle — which assumes that travelers choosedhi with minimum disutility — to
include mode choice as well. Although the advaataitgtheir combined models over
existing models was not proven, preliminary reswi#se encouraging. Three years later,
Leblanc and Abdulaal (1982) extended their studgoimbine their model with
interdependent travel impedances. During thisysttiee authors recognized the fact that
different kinds of travelers perceive the time-doatieoff differently, and thus included
distinct groups of travelers in the model. The pidths the advantage of recognizing the
interaction between distribution, mode split ansigiament phases. As an extension of
such concept, efforts were made to combine digidbumode split and assignment
(Florian and Nguyen, 1978), and furthermore, Safwat Magnanti (1988) combined

them with trip generation.
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Maruyama et al. (2001) claimed that all of the asaowentioned models were
rarely applied to real-world transportation systembkey developed a combined modal
split/assignment model for the Tokyo Metropolitarea in order to evaluate relevant
transport policy. The mode choice — between aamaoktrains — was based on the use of a
logit model and the modal split/assignment moded feamulated using a mathematical
problem as suggested by Sheffi (1985).

Another study in multimodal network equilibrium wasrformed by Oketch
(2000). The author introduced a modeling appraactable for mixed traffic streams
with nonstandard vehicles such as motorcycles chesy three-wheeled vehicles and
pedestrian-pulled carts in major streets with fagtdfic. This is an important reference
work for scenarios involving international applicais of the proposed method. The
model adopts a detailed lateral movement modelopgaach in which both longitudinal
and lateral motions of a vehicle are included. Trioelel was calibrated using data from
Nairobi, Kenya, and yielded reliable results. Huer since the data used to test the
model contained a low presence of nonstandard keshit is not known if the model
would be reliable if the traffic is composed ofigthnumber of these types of vehicles.

Another model was developed by Wu and Lam (2008)ang Kong where
modal split and stochastic assignment models wardmed for congested networks
with motorized and non-motorized transport modesthis study, the non-motorized
modes, such as walking, served to compliment nedririps, e.g. transit passengers
having to walk to reach transit stops. Althoughonaed modes were represented by the
transit mode only and the non-motorized modes negeesented by the walking mode

only, the interaction between walking and trandes was taken into account. The
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authors concluded that further studies were recamaext to assess this method when
applied to real-world, large-scale transportatiebworks.

In a recent correspondence with one of the autlitorss learned that the model
was extended to include four modes: auto, bus;anahd walking. It was further
explained that as the commonly used modes in Hamgkare auto, walking and
multiple-transit modes, the model did not addrésshicycle mode.

As mentioned at the beginning of this section, cmmnly modal split and
equilibrium assignment is a topic of ongoing reskaand any attempt to do it would
represent a thesis contribution in its own rigiecause the field is not mature, it would
be inappropriate to simply choose one of the prielany models and apply it. The
preferred approach, taken in this dissertatiotg fecus on related and supporting ideas
from sensitivity analysis that do not rely on asyimenodeling assumptions, and thus can
be studied with greater confidence. The drawbatkourse, is that this approach does

not “solve” the equilibrium assignment problem.

2.8. Multimodal simulation software

An essential step to evaluate the performance ptransportation network is to
predict how its different modes would function atdvhat level they would operate.
Travel speeds and delays are among the indicatieeded to perform this kind of
evaluation. Traffic simulation software emergedha last decade as a powerful tool to
provide such evaluation and this section highliglmtsie of them.

As mentioned earlier, the CORSIM (1998) simulatodel was used in previous

research to generate traffic data and to estimateltspeeds. Although CORSIM is one
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of the most widely used and accepted models itthiged States in the recent years, it
does not provide one important feature neededisnsthidy, bicycle lane simulation.

De Cea et al. (2003) presented a computer paclagedaped by the government
of Chile under the name of “ESTRAUS” to simulate thperation of alternative network
configurations and evaluate strategic developmiamtsgfor urban transportation systems.
The model is able to consider a variety of demandets and trip assignment behaviors,
including multiple user classes and combined trawadles that interact on the same
network. It considers the effects of congestiorttenroad network as well as in each
public transportation service network. Althougk thodel included a metro network, a
shared taxi network, and combined modes such a®sfes and shared taxi/metro, it did
not include a bicycle mode. The model also assuaiecthicles would compete for the
same common road capacity, with the exception@gettclusive bus lanes and the metro
lines. The bus lanes were coded in separate laridthe metro lines operated over an
independent network.

Another software system designed for travel demmaadeling for multimodal
analysis is VISUM (2004). It allows users to integ all relevant modes of
transportation, including bicycles, into one cotesis network model. One of the
assignment procedures offered by VISUM is the agtimal equilibrium, fulfilling the
strict Wardrop (1952) definition. VISSIM is a migcopic traffic simulation model for
multimodal traffic flows including cars, buses,dks, and bicycles. In partnership,
VISUM and VISSIM help to analyze the effectivene$sransportation alternatives
including mode shift, regional route choice, anémgional impacts. VISSIM was the

platform chosen for this study since it providdgstad features needed in this research. It

51



should be noted that typically, micro-simulatiorita@re is used to simulate operations
but not optimize traffic signal timing and netwargerations. Therefore, a combination
of software can be used to analyze a transportatistem: For example, Synchro for
capacity analysis and signal optimization and VM &r detailed micro-simulation of
the network. Several studies applied this combnanh their analysis such as a case
study by Mosseri, Hall, and Meyers (2004) of OcBarkway in New York.

PARAMICS is another software tool that was alsosid@red for this study. In a
comparison between VISSIM and PARAMICS, Choa, Milamd Stanek (2001) noticed
that although PARAMICS is developed by a Scottisinpany and VISSIM by a German
company, they are increasingly used the US. Theyery similar in so many ways as
they generate simulation results better matchielg tonditions and traffic engineering
principles than other software. VISSIM, howevsrriore flexible in measuring delays
since it can measure it between any two pointeemetwork versus total delay only for
PARAMICS.

Milam and Choa (2002) also showed that VISSIM’sigetime is slightly less
than PARAMICS’. They pointed out that VISSIM istpdased for routing decisions
compared to PARAMICS’ link-based, and that VISSI&hanclude more multi-
operations such as the rail transit and bicyc\dSSIM’s explicit bicycle model allows
for the following:

a) Bicycles behave similar to regular vehicles, aretreated the same way as

other vehicle types. The user may define how lb&syase the lane (e.g., in
the middle of the lane, or to the right/left sided how to yield to other

vehicle types or to pedestrians at various spe&ts means that the
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b)

d)

bicycle can be modeled, and allow other vehiclgzass in the same lane if
defined lateral clearances are met. This theoapmicable through a road
segment as well as at intersections where bicysidsvehicles are
performing turning movements.

Bicyclists also are bound to the car-followingdels that regular vehicles
use such as reaction to stopped cars. They apomd to signal indications
similar to regular vehicle types, or not, as deteed by the user.

Bicycles use the space that is left besides otlgicles (or besides other
bicycles) within a lane. PARAMICS can only letiayxle follow another
vehicle in the lane. It must do a lane change &3 jy.

In reference to "storage" of bicycles waitingatd light, bicycles fill out
the space very tightly, i.e., they do not queudikgcars where one is
waiting behind the other and each car needs omaesggf a lane. In
VISSIM, bicycles can work like PARAMICS when bicgsl are modeled
like cars. The software has been used in Beiftgna, where bicycle
traffic with extremely high volumes had been model& was also found
that the development of VISSIM 's particular bi@qlow model had been
result of the market entry in China. China's tcafingineers had requested
the bicycle model. VISSIM is recommended for stisdy, as it will be

described in section 3.4.3.
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2.9. Decision Making

A national survey conducted by The Urban Transpioriavionitor (Rathbone,
2004) among transportation professionals showedrdiic engineers, transportation
planners, and transit professionals often intesditt elected officials on transportation
issues. Some of the issues provided by the regpdsitb the survey included traffic
congestion, bicycle lanes and bicycle paths, pgrlisafety and geometric improvements,
transit operations and improvements, and enviromahésues. All of these issues are
important to this research, and require transportgirofessionals and elected officials to

make decisions.

While reviewing literature for decision-making apts, two topics were
investigated; the Pareto Frontier Concept and thiémmodal decision-making

framework.

2.9.1. Pareto Frontier Concept

In an effort to learn about the equity issues watspect to bicycles, transit, and
the Pareto Frontier Concept, two studies relatediisaneously to the Pareto Frontier and
transportation were reviewed: one in referencartquality and the other to highway
management activities.

Sampson, Guttorp, and Holland (2001) monitoredjaality in network design
using Pareto Optimality methods for multiple objpeetcriteria. In this paper, it was
explained that one design could dominate anoth&gdaef all its numerical criteria

values are equal to or less than those of the sedesign. A design that is not
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dominated by any other design is said to be Pangimal, and the Pareto optimal set is
the set of all Pareto optimal designs.

The authors concluded that the Pareto optimal desatrulations provide an
effective way to make decisions in the context aftiple objectives since it allows better
understanding (compared with optimization of a ragiterion) of the trade-offs

necessary to obtain greater relative efficiencgioen criteria.

In the other paper presented by Fwa, Chan and H@o®), the authors
acknowledged the fact that a decision process waebin highway management activities
required a multi-objective consideration to addtégscompeting requirements of
different objectives. Solutions obtained from $@agbjective analysis are sub-optimal
with respect to ones derived from multi-objectivenfiulations. A genetic-based
algorithm was developed to identify better solusithy comparing the relative strength of
the generated solutions with respect to each chdopted objectives. All non-
dominated solutions represent the Pareto FronfiBe optimization process continues
seeking new solutions to improve this frontier Latset of globally non-dominated
solutions is found. This is the Pareto optimalaset it defines the Pareto optimal
frontier. Although different objectives were idéietd in this study, the optimization
problem dealt with monetary units for all objec8y& minimize the maintenance cost.
This obviously simplifies the challenge, but miglot be the best method to use in our
research, which deals with several objectives different units. Furthermore, the
condition of being non-dominated in a multi-dimemsl space is quite weak, so
identifying the Pareto Frontier, while clearly dewsing the losing alternatives, may

nonetheless yield an enormous number of candidaaestill have to be considered.
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2.9.2. Multi-Objective Decision-Making

The multi-objective decision-making framework alktine incorporation of
multiple and conflicting objectives into a procedsere all of them are equally
considered regardless of whether they can be dsiihiid monetary or non-monetary
terms. Tzeng and Chen (1993) used multi-objecte@sion-making and non-linear
programming techniques to generate a series ofnfenier solutions. They combined a
weighing method with pair-wise comparison to ob&icompromise solution for the flow
pattern. This method was applied on the Taipevast system to evaluate travel time,
air pollution, and traveled distance, and to deteenoptimum flow patterns. They
concluded that when non-traffic related factorsemaken into account, the approach was
more reasonable and suitable than conventionabappes. A weakness of this method
is that it allows the analyst to represent hisfleling toward improving one objective at
the cost of another before the final result ofdhalysis is determined and presented to

the decision-makers.

A few transportation investment projects have aksed the multi-objective
decision-making approach - as presented by Chowdfian, and William (2002) - to
choose the alternative that best provides the gifejebjectives. Their multi-objective
decision support framework consisted of identifyoigectives, selecting measures of
effectiveness (MOES), identifying their values,ntfying sets of alternatives, and then
selecting the best alternative by applying methmah as the multi-attribute utility

method or the minimum tolerance method.

The multi-attribute utility method is based onitigifunctions. A utility function

represents the relationship between the utility thiedattribute values. This method
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consists of: a) developing a utility graph to detee a utility for each known value of
an attribute, b) identifying a single utility fumah to create a mathematical relationship
between each attribute and corresponding utilitglatermining the weight of each
attribute to determine the relative importanceasfreattribute, and d) calculating the
overall utility for each alternative. The alteriwatwith the highest score or utility is the

most preferred solution.

The minimum tolerance method is similar to the maifribute utility method
except that it ranks alternatives based on themrmim tolerance values of selected
criteria rather than the maximum utility value. eTimethod shows the urgency of a
project with respect to the tolerance values, winggiresent the difference between actual
conditions and acceptable or standard conditidvegative tolerance values of a project
criterion indicate a higher sense of urgency relabethe program. This method consists
of: a) identifying the goal value based on polidyectives, b) calculating the individual
tolerance value for all criteria, c) scaling thietance value to zero, and d) summing the
tolerance scale values for all criteria for eadhrabtive. The alternative with the lowest

total tolerance value is the recommended solution.

The multi-attribute utility method and the minimuaterance method were
considered for this research due to the fact tieatytpe of the decision problem here is
discrete, i.e., a finite number of the decisioermatives can be pre-defined. They were
not selected, however, because they are highgntalipon decision-makers input. If the
attribute weights are not accurate, the outpuhefdecision-making process will not be

valid.
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In another approach presented by Chowdhury and2@06), the authors
suggested a tool based on multi-objective anafgsiaiding investment decisions using a
set of objectives and constraints. This decisi@king analysis framework used the
constraint multi-objective programming tool. Itedonot provide a single solution or
alternative, rather a set of best alternatives fatimvailable options. This method
consists of identifying the objectives, selectitigraatives, selecting MOEs, formulating

a constraint model, solving the constraint modedl selecting the preferred alternative.

Examples of the objectives in this case includeimizing cost of delays, and
increasing mobility, accessibility, and traffic egf. Examples of MOEs include vehicle-
hours of delay, vehicle-miles traveled, bicycle L@8d emission rates. During the
phase of solving the constraint model, a valueetmh alternative is calculated. After
determining the lower and upper bounds, the comstn@odel is formulated. The multi-
objective problem is then transformed into a siraggective problem using the constraint
method. One of the objectives is chosen as thengry objective” and all other
objectives are formulated as constraints. Aftening an optimization algorithm with
different constraint values, best alternativesideatified. Objective values are then

transformed into a 0-to-1 scale.

The results can be effectively communicated withdbcision-makers using a
value path graph. The graph presents the objeftthaion values and trade-offs among
objectives so the decision-makers could make annméd decision. This approach is not
influenced by decision makers’ input, and therefggdetter than the multi-attribute
utility approach which is highly reliant upon thingut. A modified version of this multi-

objective method is suggested for this researcteasribed in chapter three. The
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advantage of this method is that it is not influsshby decision-makers’ input, and a
decision can be made pending on the objectivesatieainost important for the decision-

makers to achieve at the time when the decisiomaide.

2.10. Summary of Literature Review

Chapter two sheds some lights on a variety of vpoekiously performed in
several fields related to this research. It presithsights of previous efforts in those
areas while exploring the most promising methosiai@e the problem.

Those areas include studies about exclusive lawdsuSes and bicycles and their
performance measures. The chapter includes waf@rpeed to assess the
environmental and safety impacts when implemerditrgnsportation system, as well as
methods to measure mobility and accessibilityaldb highlights some lane-use research,
in addition to work performed in combining modalisand equilibrium assignment
models to assess the possibility of including thomecepts in the study. Multimodal
simulation computer programs were also providedelsas some literature review
related to applying multi-objective decision-makieghniques to solve similar
transportation problems.

The role of literature review was to provide thedan which this research was
built. The topics discussed in this chapter |leathé research methodology and the tasks
that need to be performed to implement the decisiaking method for roadway lane

designation. This next step is presented in chdptee.

59



Chapter lll:. RESEARCH METHODOLOGY and TASKS

3.1. The Purpose of the Study

This study develops a decision method that carsbd to justify and design
different lane-use allocations in an urban stre¢tvork. It is an effort to determine a
way to identify a lane-allocation scenario that cantribute to reduce congestion and
improve efficiency with minimum resources, suctpasement markings and traffic
signs. The core of the suggested method to aclthevgoal consists of identifying
different alternatives of lane usage and evaludtiegoutcome of each alternative. The
method involves the application of traffic simutatisoftware, assessment of the
performance of different modes of transportatiod summarizing the results in

appropriate form to be presented to decision-makers

In this chapter, the research methodology is ptesgefllowed by a detailed
description of the tasks performed to conduct thdys It is beneficial to begin this

chapter by highlighting the performance measurkede® to this study.

3.2. Performance Measures

Performance measures are the primary tools fortqaavely assessing the
impact and achievements of plan implementationeyTgrovide a framework within
which data that are generated and collected camdsented in a meaningful way. They

are results-oriented, meaning they are focusedss@saing the outcomes or effectiveness
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of a specific scenario or alternative. They aespnted to decision makers for

evaluation, and for the purpose of this study fthlewing measures could be included:

a. Traffic Congestion Measures

Traffic congestion can be measured in differentsvaly could be reflected by
measuring the occupied miles of travel as a peagentf total vehicle-miles traveled,
road level of service (LOS) and volume-to-capagitg) ratio, vehicle-hours of delay, or
by measuring the percentage of transit mode shaoewidors. High levels of occupied
miles of travel can indicate that the system isap#rating efficiently. In reference to
road LOS and v/c ratio, Tumlin et al. (2005) idéatl 0.80 as low (free-flow conditions)
and 1.20 as high (congested conditions). Findily percentage of transit mode-share is
the ratio of transit person trips to total persapston congested facilities during a peak
hour, and it is favorable to have a higher perggnts transit mode-share.

Delay is also an important factor to be measurednadssessing traffic
congestion. Travel time and delay time are commeasures used to assess congestion.
For example, they were included in the measuresiata in the Eugene-Springfield
Area TransPlan study (LCOG, 2002). Travel time anerage delay are the measures

applied in this research.

b. Vehicle Miles Traveled and Trip Length Measures

Measuring vehicle miles of travel and the averaigeléngth (shorter is better) are

also two ways to assess the efficiency of a netwditkey are more beneficial to use in a
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network study — rather than a corridor study - vehezhicles have different options of

paths to reach the same destination.

c. Mode Choice Measures

One important factor to evaluate when assessimjeticiency is mode share,
which is the number of trips taken by non-auto nso@eher than vehicles). A higher
number represents a more efficient road, assurheighe passenger density on other
modes is higher than it is for autos.

More specific assessments to each mode of trardmortinclude BLOS (Landis,
et al. 1997), and BCI (FHWA, 1998) for bicyclesnélof the two bicycle performance
measures, the BCI, is applied in this study, asrilesd in detail in chapter two. Transit
performance measures such as frequency, spanvafesaeliability, loading, and travel

speed were also mentioned in the previous chapter.

d. Environmental Measures

Environmental factors concerning wetlands and steedisturbance, wildlife and
plant life disturbance, as well as land use, atesimople to measure. On the other hand,
noise levels and vehicle emissions are some atdhemon environmental measures.
Vehicle emissions such as carbon monoxide represemasure of air quality impact,
and obviously lower emissions are better for tharenment. Vehicle emissions (CO,

NOx, and VOC) were measured in this study to agbessnvironmental impacts.
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e. Transportation System Measures

While the previous set of performance measuresatfti impacts of the region’s
demand for transportation, the following performanteasures reflect impacts of the
region’s supply of transportation, and they inctude

1. Ratio of bikeway miles to arterial and colleatales

2. Percentage of roadways in fair or good conulitpyovides a summary of the

overall pavement condition of the region’s roadways

3. Percentage of households within ¥4 mile of aditastop.

4. Percentage of households with access to 10tentransit service.

5. Parking: In areas where low competition betwearking and travel demand

exists, it is preferred to maintain all parking.h&v this competition increases,

limited parking removal or significant parking rexion is recommended.

These measures are not applied in this study bed¢dhagoad conditions and
households data are not included in the scopeeoftiidy. Those measures, however,
can be considered for a more comprehensive tratajoor planning analysis for an

urban network.

3.3. Design of the Study/Research Methodology

The method proposed to allocate the limited roatspn a congested urban
street network among different lane-uses consfstieweloping a model that helps
selecting the configuration that provides the loestome. An ideal, but not realistic

outcome, would provide the lowest travel time fibm@odes of transportation, the highest
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Bicycle Compatibility Index for bicycles, the beéetal mobility and accessibility, and
best safety and environmental impacts. Sincenbtgossible to achieve an optimal
solution for each of the study’s objectives, a mroltfjective decision-making framework
is applied with the understanding that, where pheess is applied to an actual decision-

making event, some subjective preference must atéiy lead to a single choice.

This section describes the research methodolotjgwed by a section describing
the tasks required to implement the suggested rddthdemonstrate an application for

this method, and a case study is provided in tixé cteapter.

The research methodology starts by selecting agegohent or an urban
transportation network, and several different gaedane-use allocation scenarios are
identified. In general, this step should be adhtewhile taking into consideration the
policies of the jurisdiction’s master plan, in t&a to road classification and role, as
well as the guidelines - related to lane widthdentified in the Policy on Geometric
Design of Highways and Streets (AASHTO, 2001) dredGuide for the development of

bicycle facilities (AASHTO, 1999).

Traffic data are collected and they include: cotrtene configurations,
distribution of modes across the lanes, free flpeesl, existing traffic flow numbers for
each transportation mode per hour, and occupaneyaorapassenger cars as well as
buses. Other collected data include traffic cdrdevices, road characteristic data, and

transit information (frequency, stops, etc.).

A micro-simulation software package - VISSIM (20043 used to model existing

traffic conditions and to determine the averageedgder each travel mode. The model is
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then applied to other alternatives with differesaid-lane allocations. During the
modeling phase, one of two important factors shbveldonsidered. The first factor is
the impact of a new alternative on the travel sgeedifferent modes. The outcome of
VISSIM, which provides the average travel speecerh mode, should answer this
qguestion. The other factor is: since it is expddhat some users would choose a new
mode of transportation, as a reflection of the seanario of lane-use, which might
potentially create new congestion patterns, howthd change in mode choice affect the
performance of the transportation system? To angwsequestion, a sensitivity analysis
is suggested to provide an understanding of hovmbeel responds when mode choice
changes in response to change of travel speethe lfuture, a reliable travel demand
model could be useful in projecting mode choice ende assignments as reflection of

the lane-use configuration.

Using the average speed results, users’ cost, sletast, and operating costs for
the different transportation modes are calculatether measures of effectiveness for
bicycle performance, safety, environmental impaibility, and accessibility are also
evaluated. These measures include the Bicycle @bhilty Index (BCI), the number of
predicted accidents corresponding to a specifie mfiguration, emissions rates, the
travel time needed to reach a specific attractiomfa specific point, and the number of
people who can reach a Central Business DistriBD(Gwithin a specific time period.

The multi-objective decision-making framework igohged to incorporate the
multiple objectives into a process where all oihth&re considered regardless of whether

they can be estimated in monetary or non-monetagd. The results are then presented
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to decision makers, and they choose the prefeoeumisio after evaluating the

performance measures of all objectives.

3.4. Tasks

This section describes the tasks performed to dpuble proposed method after
selecting a specific urban network. These tastiside: 1) identifying the different
alternatives for the road allocation among diffétgpes of lanes; 2) collecting traffic
data; 3) applying a traffic simulation model; 4pgjng the BCI for bicycles; 5)
computing travel speeds, cost of delays, and apgrabsts; 6) measuring mobility and
accessibility; 7) evaluating environmental and saii@pacts; 8) making a decision to
choose the preferred alternative; and finally 9)drecting final sensitivity analysis, if

needed.

3.4.1. ldentifying Different Alternatives

The different alternatives for allocating the raghce among the different lane
uses are identified using the following equality:

NmWm + NbWb + Newe + Npwp = W2, where

nm andwm are the number and width of mixed-traffic lanespectively

nb andwo are the number and width of exclusive bus lanes

nc andwe are the number and width of bicycle lanes

np andwp are the number and width of on-street parkingdane

W = total available road width
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This equality represents the available space ofdhd in one travel direction.
The widths of each lane type should be within gyeaacceptable by traffic standards
such as the Policy on Geometric Design of Highwaays Streets (AASHTO, 2001). The
number of bus, bicycle, and on-street parking lamesild only take the value of zero or
one. It should also be taken into considerati@n #htravel lane could replace a
combination of an on-street parking and a bicyateelduring different times of day.
Finally, to value the continuity through the netwdor particular lane types, an effort
should be made to apply the same lane-allocatienas® to all segments of the same

road.

3.4.2. Collecting Traffic Data

Traffic data are collected at each road in an usiseet network during several
periods of the day: morning peak period, evenirekpeeriod, and during non-peak
hours. A study could be limited to demonstrate ohiinese periods. The traffic data
include: the free flow traffic speed, number ohiates, buses and bicycles per hour, and
occupancy rates for both passenger vehicles aresbugansit information, road
characteristics, and traffic control data shoukbdle collected to best simulate the
existing conditions of traffic operations on thecgon of the road. Traffic control data
include pavement markings identifying lane-use lané configuration, traffic signs such

as stop signs, speed limit signs, and traffic digmang and phases.
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3.4.3. Applying a Traffic Simulation Model

The use of VISSIM (2004) model is suggested in shisly to generate data for
different alternatives. This model is recommenfigdhe following reasons: a) It has a
microscopic simulation model capable of modelintadied design features and
visualizing traffic animation, b) its parameterv@deen calibrated to US conditions, c)
it can analyze a wide range of traffic, geometnd aontrol conditions, and produces a
relatively rich set of performance measures, @) tapable of modeling bus operations
including different bus routes and bus stationfinwias network, e) it is a comprehensive
software system designed for multimodal analysitusing bicycle lanes, f) it allows the
integration of all relevant modes of transportaiiaio one consistent network model, and
g) other than the average travel speed for eaclenibd output of this software includes
other measures of effectiveness such as totalltiiave, delays, and emissions that could

be used to compare alternatives.

3.4.4. Applying the BCI for Bicycles

This task consists of calculating the Bicycle Cotiiplty Index (BCI) for each
scenario. BCI is the bicycle performance measasebed earlier to be applied in this
study. The general equation to calculate the BEe&ch scenario is as follow:

BCl=3.67 — 0.96BL — 0.4BLW- 0.49& LW+ 0.00ZLV + 0.0000LV +

0.025PD+ 0.506°KG — 0.26/ AREA+ AF
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3.4.5. Computing Travel Speeds, Cost of Delays, @@®perating Costs

The next step is to compute the user cost, delsty and the operating costs for
each mode of transportation. The users’ cost dipkamgely on the average speed of the
corresponding mode of transportation, which is oindae software outcomes. The users’
cost could be limited to the time they spend inttaasportation system, or could be
extended to include wait time, fare cost for trgreand operating cost for private vehicles.
The cost of delays for users is computed by myitgl the total delay time users
experience while traveling within the corridor by estimated average hourly user time
value.

The travel value of time is highly variable (Smetllal., 2005) and depends on
several factors, which include the type of tripyv&l conditions, traveler preferences,
mode of transportation, and time of day. For eXammeople with full time jobs
traveling during peak periods on congested roadwayscrowded buses tend to have a
higher time value, and therefore, are willing ty paore for travel time compared to
retired or unemployed people. An example of a lotnavel time value is a recreational
drive or train trip where people enjoy the expere(Mokhtarian, 2005)

Travel time values can be estimated differentlydifierent portions of a trip.

The US Department of Transportation (1997) useddhawing travel time values for
evaluating transportation projects (per person-mod©97 U.S. Dollars): in-vehicle time
$8.90, out-of-vehicle time, $17.00, and commertiatk, $16.50. In another example,
TransFund New Zealand (1998) uses standard triaweMalues with detailed
instructions for applying the following values (898 NZ Dollars per hour) for travel

work purpose: $21.30 for auto driver, $19.25 fght commercial driver, $15.80 for
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heavy commercial driver, and $21.30 for cyclistigstrian, and bus passenger. Those
values are reduced during non-peak periods by 50%edestrians, cyclists, and
standing bus passengers, by 66% for auto anddmhinercial drivers, and by 75% for
auto passengers and seated bus passengers.

The operating cost for each mode of transportasa®etermined by multiplying
the total number of miles traveled by each modéadselated unit operating cost. This
unit cost is determined through collecting finahdata about fleet maintenance costs
available from a local government jurisdictiongliire study case, maintenance costs were
obtained from the City of Rockville, Maryland, USAuel cost for idle time is also
calculated. More details about the operating dhdg costs are presented in chapter

four, section 5.

3.4.6. Measuring Mobility and Accessibility
As Litman (2003) concluded that there is no sirgglavenient and comprehensive
way to measure transportation performance, measumobility and/or accessibility is

one of the challenges facing this study.

a. Mobility

Mobility refers to the movement of people or good#$e increase in travel
mileage or speed is perceived to benefit socibtycase of a transportation network,
mobility can be measured by quantifying person-siten-miles and travel speeds. It

can also be measured by determining the travel ni@eeled to reach a specific attraction
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from a specific point. The latter method is apgblie this study as will be described in

the next chapter where a case study is demonstrated

b. Accessibility

Accessibility refers to the ability to reach dediservices, activities or
destinations. Improving accessibility also bemsedciety, and mobility is one way to
achieve this goal. As mentioned earlier, theresakeral ways to measure accessibility.
Determining the number of people who can reacleaip destination within a specific
time-period, such as a 15-minute period, usingegifip mode of transportation, is more
practical and suitable for application in this stud

One issue here is that both mobility and accessiltiétter represent a network
system rather than a specific route. Therefolstier assessment of mobility and

accessibility can be made for an urban networkeratian a section of a road.

3.4.7. Evaluating Environmental and Safety Impacts
Although the environmental and accident cost caadbenated using unit
environment cost and unit accident cost, this stahsiders more accurate methods of

measuring the environment and safety impacts.

a. Measuring Environmental Impact
Methods proposed by Krizek (2004) to estimate araduate the economic
benefits of bicycle facilities, and emission modgtplications such as MOBILEG6 (2003)

were investigated. It has been determined thapapimg emissions generated by the
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MOBILE6 model for each scenario is a reasonableagmh in this study. For each
average travel speed generated by VISSIM (2004)ethission model’s run provides
emission rates for carbon monoxide (CO), oxidesitobgen (NQ), and volatile organic
compounds (VOC), among other emissions. VolatilgaDic Compounds are one of the
main precursors of ground level ozone, which isdéx plants and can cause breathing
difficulties in humans (Environment Agency, 200&)r each scenario, emission rates
are accumulated for all vehicles including emissites from idling. A total number for
CO, NOx, and VOC generated from the transportagimtem is calculated for each

scenario.

b. Measuring Safety Impact

Accident prediction models were investigated talprethe number of potential
accidents corresponding to each alternative. The@elsuggested to be applied in this
study is the one presented by the Federal HighwdayiAistration (1999) for roadway
segments where the number of predicted accideat$uisction of the lane width, as
described in the previous chapter. The model de=sttifor a four-leg signalized
intersection can also be used. However, it doégwtude variables for lane widths, but
rather for left-turn movements, presence of pretdeft-turn signal phase on the major
road, percentage of trucks, number of driveways tieaintersection, and average daily
traffic volume on both the major and minor roads.

Bicycle safety is also considered when assessiiegysanpact. As mentioned in
the previous chapter, research showed that theeexis of a bicycle lane contributed to

safety improvement; drivers make fewer wide swewlen passing bicyclists on streets
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with bicycle lanes. Bicycle lanes also influenagyble and motor vehicle positioning,
and increase motorist awareness of cyclists osttieet. Since it is not possible to
guantify safety impacts for cyclists in this studys reasonable to apply the results

obtained when computing the BCI to assess bicyadfktyg as previously suggested.

3.4.8. Making a Decision

Several objectives have been identified for theeaech, including but not limited
to: reducing costs and travel time, improving miopeénd accessibility, increasing safety,
reducing emissions, and improving bicycle operatigach of these objectives is
determined for each suggested alternative whemuated, but many of them, such as
improving air quality, cannot be transformed intsirrgle monetary dimension.
Therefore, a multi-objective decision-making franoekvis employed to incorporate the
multiple and conflicting objectives into a procedsere all of them are equally
considered regardless of whether they can be dsiihia monetary or non-monetary

terms.

The suggested multi-objective decision-making framwrk is a modified version
of the method proposed by Chowdhury and Tam (2p8&gented in the previous
chapter. The suggested method consists of idergithe objectives, selecting lane
configuration scenarios, selecting MOEs, calcutathre values of MOEs for each
scenario, and transforming the values into a O@@<cale. The scenario scoring the
highest value among the other scenarios receiv@pé@ent while the other scenarios
receive a value less than 100 percent and corrdepbio the performance level at the

same objective. The results are then presentdddision-makers in the form of charts
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demonstrating the result of each objective whenesponding to a specific scenario.
Different charts are provided to emphasize theltedspecific objectives (travel time
and delays for example), and one comprehensivé chardemonstrate a summary of all
objective performances.

This suggested method differs from the one preddmnteChowdhury and Tam
(2005) since it eliminates the constraint modelstéad, the limits of each performance
will be presented as the top and bottom valuesch ®bjective’s result accumulated
from the outcome of all considered scenarios. Qédmeefits of this modified method are
twofold; first, there is no real benefit of knowitige optimal value of one objective
unless it is a possible value associated with dnleeoidentified scenarios. Second, this
is a simplified method that has a better chancapptication in the real world. It is
unlikely that transportation planners and/or engisevould have the tools and resources
to formulate and solve a constraint model. Tramsfiog the performance values into a
relative comparison, and presenting them in thefof charts, is more likely to be
achieved with available resources. As mentionelieeathis method is not influenced by
decision-makers input, and a decision can be maddipg on the objectives that are

most important for the decision-makers to achigwb@time when the decision is made.

3.4.9. Conducting Final (Sensitivity) Analysis
Sensitivity analysis can be conducted, if needeéyrther analyze the results and
to provide an understanding of how the model redparhen input are changed. The

input change in this study could be the mode cha@enumber of passengers per auto
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and per bus, the number of passenger vehicless baise bicycles, lane width, and user

time value.

3.5. Summary of Research Methodology

In this chapter, an overview of the performancesuszs was provided and a
detailed description of the research methodology prasented. Tasks required to
perform the suggested decision method for roadaag tesignation were discussed.
The tasks include: 1) identifying the differenteahatives for the road allocation among
different types of lanes; 2) collecting traffic daB) applying a traffic simulation model;
4) applying the BCI for bicycles; 5) computing tehgpeeds, cost of delays, and
operating costs; 6) measuring mobility and accd#gil/) evaluating environmental and
safety impacts; 8) preparing charts and makingcesaba to choose the preferred
alternative; and finally 9) conducting final sensty analysis, if neededFigure 1
summarizes the suggested procedure to performettision-making method for roadway

lane-use designation among the variable modeswo$portation.

There are two different ways this method can beleyeg. First, when the
potential scenarios are limited to a small numbkiscenarios can be evaluated and the
results presented to the decision-makers. Thideaapplied in studies for short
corridors, relatively small networks, or narrow daays where the options are limited.
Second, in case of large networks, where large euamiscenarios can be generated
automatically, a method of assigning weights tortteasures of effectiveness, such as
the analytical hierarchy process (AHP) can be applBaaty, 1980). This process

incorporates both qualitative and quantitativedestbased on priorities set by decision-
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makers, and simplifies complex decisions to a 6ehe-on-one comparisons (Tighe and
Smith, 2005).

The AHP consists of setting up the hierarchy foonires, comparing
characteristics of each factor, establishing porector, conducting a pair-wise
comparison of scenarios/alternatives, establishimgity vectors for alternatives in
priority matrices, and obtaining the overall rartkof alternatives. This process was
applied to make a recommendation for the best p@tetion system management in the
town of Bremen (Boulter, 1999).

Although it is not specifically recommended to apthie AHP in the proposed
method in this research, since it includes inpatfistakeholders, it might be necessary to
apply in some cases to narrow the number of saenaribe evaluated in a

comprehensive way.
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Figure 1. Tasks required to perform the decision-raking method for roadway lane

designation
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Chapter IV: NUMERICAL EXAMPLE AND RESULTS

In this chapter, a numerical example is presenteer&the suggested method to
assess lane-use allocation among a variety ofevialoldes is applied. The example is for
an existing section of a roadway adjacent to ttdeAtood Mall, located at 3000 184
Street, SW, Lynnwood, Washington, USA. The origmadel of this section was
prepared as a VISSIM demonstration for a trafficwdation in an urban roadway. The
model was modified with different lane configuraisoto present different scenarios to be
compared. The section is approximately 1.3 moeg land includes six major signalized
intersections and three bus stops in each direckagure 2 shows the starting and
ending points of the traveled section.

While presenting this numerical example, the taidscribed in the previous
chapter were followed in the same order: 1) idgmmtg different alternatives for the road
allocation among different types of lanes; 2) adlley traffic data; 3) applying a traffic
simulation model; 4) applying the BCI for bicyclég;computing travel speeds, cost of
delays, and operating costs; 6) measuring mobilityneasuring accessibility; 8)
evaluating environmental impact; 9) evaluating saif@pact; 10) making a decision to
choose the preferred alternative; and finally Idnducting final sensitivity analysis, if

needed.

4.1. Identifying Different Alternatives
The different alternatives for allocating the ragéhce among the different lane

uses were identified using the following equalisydescribed earlier:
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Figure 2 - Travel Section (NB & SB)
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NmWm + NbWb + NcWe + Npwp = W2,
This equality represents the available space ofdhd in one travel direction.
Since scenarios include mixed traffic, exclusiveyble, and exclusive bus lanes, three
random scenarios were chosen for a road widilV ef52 feet (26 feet in each direction)
as shown irFigures 3, 4, and 5
1. Two 13-foot mixed-traffic lanes
2. One 12-foot mixed-traffic lane and one 14-faatlasive bus lane

3. Two 10.5-foot mixed-traffic lanes and one 5-fbatycle lane

Although scenarios are usually limited to a handfubptions, in some cases -
where the road is relatively wide - a dozen or npw&ential options might be possible.
Some form of automated scenario generation coukd umeeful future research idea,

although it is difficult to replace the human judgmb and experience that normally leads

to those choices.

Figure 3 - Lane Configuration for Scenario # 1
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Figure 4 - Lane Configuration for Scenario # 2
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Figure 5 - Lane Configuration for Scenario # 3
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4.2. Traffic Data

Existing traffic data for flow, speed, road chaeaistics, and traffic control
devices were applied for each scenario. The becfolv rate in this example is 16
bicycles per hour, and the bus flow rate is 12 by hour for all three scenarios.
Although the traffic flow on the main road consistapproximately 1,500 vehicles per
hour, only 60 passenger vehicles make the fullitrijne corridor from the upstream
point (A) to the downstream point (B) shown in figl2 for the northbound traffic.
VISSIM uses routes instead of turning movementstatsections, and the input is in
origin-destination format. Only those vehiclesttpass over both the starting and ending
points are captured. The occupancy rates for busgsehicles were estimated to be 20
and 1.2 passengers per vehicle, respectively. Rloaccteristics and traffic control data
were also incorporated in this example to best kitauhe existing conditions of traffic

operations on this section of the road.

4.3. Applying a Traffic Simulation Model

As mentioned earlier, the traffic simulation softe’&/ISSIM was the model
selected to generate data for the different scesapplied in this study. The software
allows the integration of the different transpadgatmodes available in this example into
one consistent network model. Detailed output®fah scenario are provided in
Appendix A. The raw numbers coming from the output includedl times, delays,
average standstill time per vehicle, and averagesgper vehicle for each mode of
transportation. Speed data are also collectdur@ different points as shownkigure

6.
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Figure 6 - Data Collection Points for Speeds
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Tables 4 through 7summarize some of the average outputs of seuanalof the
model for each scenario, and include average tspegtd, average travel time, and
average delay for each mode of transportation. tihwel time is the time spent in the
corridor from point (A) upstream to point (B) dowream. The average travel speed is
the distance traveled between point (A) and pd@t divided by the total travel time,
and the delay time is the difference between thertttical (ideal) travel time and the real
travel time. The theoretical travel time is thaeithat would be required if there were no

other vehicles, no signal controls, and no othgpssin the corridor or network.

Table 4. Summary of the VISSIM Output for Scenario#1; Two 13-foot Mixed-

traffic lanes

Average Travel Average Travel Average Delay
Scenario # 1 Speed (mph) Time (seconds) (seconds)
Passenger Vehicle 22.55 203.0 63.6
Bus 14.96 306.0 87.1
Bicycle 13.15 348.1 51.7

The table above summarizes the results of sce#ariowhich consists of two 13-
foot mixed traffic lanes. It shows that althougtspenger vehicles and buses share the
same lanes, buses are slower when averaged oventireeroadway. This occurs
because buses have to stop to load and unloadngasse The average travel speed for
bicycles is slightly less than the one for buséshould be noted here that the average
travel speed shown in the table is the total texvelistance (6,714.6 feet) divided by the

total travel time, which includes both moving adting times.
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Table 5. Summary of the VISSIM Output for Scenario#2; One 12-foot Mixed

Traffic Lane and one 14-foot Exclusive Bus Lane

Average Travel Average Travel Average Delay
Scenario # 2 Speed (mph) Time (seconds) (seconds)
Passenger Vehicle 18.79 243.8 104.5
Bus 14.71 311.3 91.0
Bicycle 12.80 357.7 61.5

Table 5summarizes the results of scenario #2, which stssif one 12-foot
mixed-traffic lane, and one 14-foot exclusive basd. It shows that by separating the
mixed traffic from buses, mixed traffic sufferedrn using one lane instead of two. The
average travel time for mixed traffic increasedird03.0 to 243.8 seconds (20 percent
increase). Bicycles in this scenario were traggliith the buses in the exclusive bus
lane, and their average travel time increased ®g&conds (2.8 percent). Their average
speed, however, was slightly less than the caseesfario # 1.

The interesting outcome of this scenario is thidtoalgh buses have their
exclusive lane, their average delay increased 8@ to 91.0 (4.5 percent), and the bus
travel time was nearly unchanged. It increaseohfam average of 306.0 seconds in
scenario # 1 to 311.3 seconds in scenario # Ayy.&.7 percent. This could be explained
by the fact that the benefit of having an exclusius lane was offset either by the
interaction between buses and bicycles sharingdhe lane, or the right-turn
movements performed by the mixed traffic, which Wdotause the buses to stop more
frequently. It could also be an indication thathrs road section, buses are not
influenced by passenger vehicles, and the exclusigdane did not make much

difference for buses’ travel performance.
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In order to further investigate the reason behimsl tesult, a new scenario (# 2b)

was applied. This scenario is identical to sc&r2, except that bicycles were not

included. This new scenario resulted in the oushmown inTable 6 below.

Table 6. Summary for Scenario #2b; similar to Sceario #2 without Bicycles

Average Travel

Average Travel

Average Delay

Scenario # 2b Speed (mph) Time (seconds) (seconds)
Passenger Vehicle 17.4 263.2 125.4
Bus 14.7 311.8 92.6

In summary, the results of scenario # 2b confirtied the mixed traffic is
suffering from traveling in one lane instead of twbhe average travel time for buses did
not improve in this scenario compared to scena@owhich included bicycles. Another
model run for this scenario provided an averageetrime of 307.4 seconds, which is
within 1.2 percent of the original result generabgdscenario # 2. Therefore, it is most
likely that the interaction between bicycles anddsudid not have impact on the buses’
travel time, and it is most probably that the egila bus lane is not justified in this case
since it did not help the buses and, at the same, thad negative impact on passenger
vehicles.

Table 7 below shows the outcome of running the model w@bnario #3, which
consists of two 10.5-foot mixed-traffic lanes ame &®-foot bicycle lane. Scenario # 3 -
compared to scenario # 1 - has a small effect sagrayer vehicles and buses. The
average travel time increased by 3.0 seconds tosd.5 percent) and 7.9 seconds for

buses (2.6 percent). Another important note islibth the bicycle average travel time
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and average travel speed did not change much bweegh the bicycles have their own
exclusive lane in this scenario. Also, there wgizraximately a 5.7 and 4.1 percent
increase in the average delay for passenger vetadlé for buses, respectively. For any
project with a set of alternatives, this type oélgsis and discussion is possible. The
nature of the differences in outputs tends to batine, although the magnitudes of the
changes need the thorough analysis to qualify atelyt Importantly, however, there
are “winners” and losers” with each scenario, dresé must be considered against one
another in order for a decision to be made. Thiisb& further discussed later in this

chapter under section 11.

Table 7. Summary of the VISSIM Output for Scenario#3; Two 10.5-foot Mixed

Traffic Lanes and one 5-foot Exclusive Bicycle Laa

Average Travel Average Travel Average Delay
Scenario # 3 Speed (mph) Time (seconds) (seconds)
Passenger Vehicle 22.23 206.0 67.2
Bus 14.59 313.9 90.7
Bicycle 12.90 355.0 58.8

Visual tools tend to be very powerful at illumimagidifferences and tradeoffs in
performance measures. To this end, charts werdajgad to summarize the results of
the analysis described above. The charisgares 7, 8 and Qrovide comparisons of
scenarios for the average speed, average travel &ind average delay time for each

transportation mode in each scenario.
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Figure 7. Average Speed Comparison
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Figure 8. Average Travel Time Comparison
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Figure 9. Average Delay Time Comparison
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4.4. Applying the BCI for bicycles

As mentioned earlier, the Bicycle Compatibilitydex (BCI) is the bicycle
performance measure applied in this study to etalilee compatibility or suitability of
bicycle travel along the roadway understudy. Usheggeneral equation, previously

described in section 2.3.1, to calculate the BC€Efch of the three scenarios resulted in

the following outcome:

BClI=3.67 - 0.96BL — 0.4BLW- 0.49& LW+ 0.00ZLV + 0.0000LV +

0.025PD+ 0.506°KG - 0.26/AREA+ AF

Scenario # 1:

BCI = 3.67 — 0.966(0) — 0.41(0) — 0.498(4.0) + 0.08RE2) + 0.0004(1209/2) +

0.022(41.98) + 0.506(0) — 0.264(0) + (0) = 4.05
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Scenario # 2:

BCI=3.67 — 0.966(0) — 0.41(0) — 0.498(4.3) + 0.0Q2(10.0004(1161) +
0.022(37.8) + 0.506(0) — 0.264(0) + (0) = 2.85

Scenario # 3:

BCl=3.67 — 0.966(1) — 0.41(1.5) — 0.498(3.2) + 0.0020/2) + 0.0004(1199/2)

+0.022(39.7) + 0.506(0) — 0.264(0) + (0) = 2.81

From the results above, it is clear that scenaBds the lowest BCI, a value of
2.81, which is equivalent to a level of serviceaGnoderately high compatibility level.
The BCI for scenario # 2 was a close second withlae of 2.85, also equivalent to a
level of service C. Scenario #1 had the highelstevaf 4.05, equivalent to a level of
service D, a moderately low compatibility index,iarhis approximately 42 and 44
percent higher that the related values for sceadid and # 3, respectively.

This result was expected since scenario # 3 inslatieexclusive lane for the
bicycles, and therefore, provides a high BCI. disviollowed by scenario # 2 where
bicycles and buses share a wide lane, and firelhgrrower shared-lane — for scenario #
1 - was the least favorable for bicyclistsigure 10 shows the BCI comparison for the

three scenarios.

4.5. Computing Travel Speeds, Cost of Delays, a@perating Costs
The average travel speed was computed earlief~{gaees 7) for each mode of
transportation. To compute the users’ cost, tlezage travel time was simply multiplied

by an estimated average hourly user time valug06fgkr hour. It should be noted here
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that the users’ cost in this example is limitedh® time spent in the transportation

system between points A and B. A more detailedyarsacould take into consideration
the time spent from door to door to include wantdi e.g. at the bus stop, and walking
time. Vehicle operating cost could be added tauders’ cost, as it will be explained in

the next few pages.

Figure 10. BCI Comparison

BCI Comparison
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Scenario # 1:

Users’ cost for auto user = (203.0/3600) x $20/ho6d..13
Users’ cost for bus user = (306.0/3600) x $20/o$d.70
Users’ cost for bicycle = (348.1/3600) x $20/hou%£93
Scenario # 2:

Users’ cost for auto user = (243.8/3600) x $20/ho@d..35

Users’ cost for bus user = (311.3/3600) x $20/ho8$i.73
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Users’ cost for bicycle = (357.7/3600) x $20/hou$1£99

Scenario # 3:

Users’ cost for auto user = (206.0/3600) x $20/hofd.14
Users’ cost for bus user = (313.9/3600) x $20/o81.76

Users’ cost for bicycle = (355.0/3600) x $20/hoE97

The results of the users’ costs for the differentes of transportation (shown is
Figure 11) reflect the results obtained from the averagal toavel time that users spent

in the corridor from point (A) upstream to point)(@ownstream.

Figure 11. Users’ Travel Cost Comparison
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The average travel time includes the time whemitbde of transportation is

moving in addition to the delay time when it isgtong/idling. It is noted that in
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scenario #2, the users’ cost for auto users isoxppately 19 percent higher than the
related values for the other two scenarios.

In order to distinguish the cost of delay, the s'sdelay cost was also calculated.
The computation is similar to the one applied ttaobthe total user cost. In this case,
the estimated average hourly user time value igiphield by the average delay time users
experience while traveling within the corridor ieatl of the average travel time. The

result is as follow:

Scenario # 1:

Users’ delay cost for vehicle user = (63.6/360@R&/hour = $0.35
Users’ delay cost for bus user = (87.1/3600) x 820/ = $0.48
Users’ delay cost for bicycle = (51.7/3600) x $20/h= $0.29
Scenario # 2:

Users’ delay cost for vehicle user = (104.5/36082&/hour = $0.58
Users’ delay cost for bus user = (91.0/3600) x 820/ = $0.50
Users’ delay cost for bicycle = (61.5/3600) x $20/h= $0.34
Scenario # 3:

Users’ delay cost for vehicle user = (67.2/3608R&/hour = $0.37
Users’ delay cost for bus user = (90.7/3600) x 820/ = $0.50

Users’ delay cost for bicycle = (58.8/3600) x $20/h= $0.33

The results of the users’ delay costs for the mbffié modes of transportation

reflect the results obtained from the average ditag that users spent in the corridor
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from point A upstream to point B downstream. lbsld be noted here that in scenario
#2, the users’ delay cost for auto users is apprately 66 and 57 percent higher that the
related values for scenarios # 1 and # 3, respgti¥igure 12 presents a comparison of

users’ delay cost for each mode of transportatonife three scenarios.

Figure 12. Users’ Delay Cost Comparison

Users' Delay Cost Comparison

0.6
0.55

0.58

o
o

0.45

o
D
I

0.35 4

Delay Cost ($/User)

o
w

029

0.25

Autos Buses Bicycles

Mode of Transportation

——Scenario # 1 Scenario # 2= == *Scenario # $

The operating cost for each mode of transportasaetermined by multiplying
the total number of miles traveled by each modédselated unit operating cost. This
unit cost is determined through collecting finahdata about fleet maintenance costs
available from a local government agency: the GitiRockville, in Montgomery County,
Maryland, USA. Table 8below summarizes operational costs for differepesyof
vehicles as an average of total cost spent duatendar year (2005) for different types

of vehicles. More details of operational costsatached irAppendix B.
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Table 8. Vehicles’ Operational Costs per Mile

Vehicle Type Repair | Maintenance | Fuel Total Operational
($/mile) | ($/mile) ($/mile) | Cost ($/mile)
Sedan 0.137 0.030 0.111 0.278
Police Cruiser 0.214 0.020 0.203 0.436
Pickup <5000 GVW | 0.220 0.029 0.144 0.393
4 x 4 Sport Utility 0.216 0.037 0.133 0.385
Minivan 0.237 0.025 0.166 0.428
Bus 0.426 0.026 0.290 0.742

Although these data are not from the same jurignfics the case study, this is
irrelevant. The point is that such data exishatjurisdiction level and anyone applying
these methods could determine them.

Since this case study is only comparing scenarmog corridor, and there is only
one route from point (A) to point (B), the distanicaveled between the two points is the
same for all vehicles. The operational cost comsparwould be more meaningful in
case of a network when drivers can choose diffexaites and thus, travel different
distances, which would produce different operati@oats. It can also be applied to
compare different scenarios with different traffmws for each mode of transportation
since the operation cost of a passenger vehiddsssthan that of a bus.

In order to compare operational costs for the téffie scenarios in this case study,
the operational costs during the travel are addehe costs of idle timeTable 9

summarizes the average idle time for each unitaderof transportation for each of the
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three scenarios. The average idle time (seconas)culated by multiplying the average

number of stops per vehicle and the average siliritisé per vehicle (seconds),

obtained from VISSIM’s outputs.

Table 9. Average Idle Time per Mode of Transportabn (in Seconds)

Total Idle Time
per Unit Mode of
Transp. (Seconds)

Passenger Vehicle
(Avg. Idle time x
Avg. # of stops)

Bus
(Avg. Idle time x
Avg. # of stops)

Bicycle
(Avg. Idle time x
Avg. # of stops)

Scenario # 1 35.8x2.4=85.92 25.0x1.7=425 36.1 x 2.68890
Scenario # 2 43.4x2.74=118.9 24.6x1.74=4238 46.8 x 3:0311.8
Scenario # 3 39.3x25=98.25 29.5x 2.1 =61.95 40.2 x 2H)8.5

Fuel expenses - during idling - per vehicle pgr tan be calculated assuming a
typical vehicle burns about 1 gallon of gasolineidéng hour (GPS Fleet Solutions,
2006), for a cost of $3/gallon, which was the U8amal’s average price in August 2006
(USA Today). Of course, fuel costs change oveetiand some agreement would have
to be reached among the involved parties as to amappropriate value would be. For
future projects, this could be a point of some enhbn, and one could perform
sensitivity analysis with respect to fuel priceyon full sets of analyses that are identical
except for competing choices of fuel price. Irstbiudy, the cost of fuel used during
idling was added to the operational cost duringdliag and the total operating costs of
autos and buses traveling between upstream pojrar{é downstream point (B) were

calculated as follows:
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Scenario # 1:

Operating cost for autos: [$3 (85.92)/3600 + 0.27183] * 60 autos = $26.0
Operating cost for buses: [$3 (42.5)/3600 + 07423] * 12 buses = $12.0
Total operating cost: $38.0

Scenario # 2:

Operating cost for autos: [$3 (118.9)/3600 + 0.27183] * 60 autos = $27.6
Operating cost for buses: [$3 (42.8)/3600 + 0743] * 12 buses = $12.0
Total operating cost: $39.6

Scenario # 3:

Operating cost for autos: [$3 (98.25)/3600 + 0.27183] * 60 autos = $26.6
Operating cost for buses: [$3 (61.95)/3600 + 07428] * 12 buses = $12.2

Total operating cost: $38.8

It is noted that the operating cost for an autsaanario # 2 is approximately 6.2
and 3.8 percent higher that the related valuesdenarios # 1 and # 3, respectively. The
comparison for buses did not show more than 1.@goédeviation among all three
scenarios. For the total operating cost, sceadias approximately 4.2 and 2.1 percent
higher than scenario #1 and scenario # 3, resgdgtiFigure 13 shows a comparison of

total operating cost for both autos and busesdoh @f the three scenarios.

4.6. Measuring Mobility
As mentioned previously, mobility can be calculabydjuantifying the travel

time needed to reach a specific point of attracsioch as a CBD. By reviewing the
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travel time results of the three scenarios, the¥ohg summarizes the total travel time

used by 60 autos, 12 buses, and 16 bicycles teltb@iween upstream point (A) and

downstream point (B):

Total Travel Time for scenario # 1: (60 x 203)12  306) + (16 x 348.1)

= 21421.6 vehicle-seconds = 5.95 veHicers

Total Travel Time for scenario # 2: (60 x 243.8)12 x 311.3) + (16 x 357.7)

= 24087 vehicle-seconds = 6.69 vehiderh

Total Travel Time for scenario # 3: (60 x 206.0)12 x 313.9) + (16 x 355.0)

= 21807 vehicle-seconds = 6.06 vehiderh

Figure 13. Total Operating Cost Comparison
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The results shown suggest that scenario #2 hdsdhest total travel time,
approximately 12.4 and 10.4 percent higher thateleted values for scenarios # 1 and #
3, respectively. Since this is the time used leyshme number of autos, buses and
bicycles to travel the same distance, it is clkat the longer travel time is caused by the
delay, and is a negative factor when assessinglityahithis caseFigure 14shows a

comparison of mobility for each of the three scersain terms of travel time in hours.

Figure 14. Mobility Comparison
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The meaning of the specific locations (A) and (Bjhis case study is not
important. The point is that any measure of mgbiias to be given context, and one
way to do this is to pick - for the specific siteder study - a location for which it is

appropriate to measure travel times.

99



4.7. Measuring Accessibility

Accessibility can be evaluated by quantifying tlwentver of people that can reach
a specific point of attraction such as a CBD ipec#fic amount of time. In order to
calculate this quantity for the example provideatadvere collected at a specific point
(point # 13, as shown in figure 6) for each oftimee scenarios for the northbound
traffic. This point is close to the end of therabor, which should give a good indication
of the rate by which vehicles are accessing tha flestination.

In scenario # 1, data collected at this point shtbthat 84 autos, 3 buses, and 2
bicycles crossed this point during the first 906os&ls of the data collection period. This
is compared to 80 autos, 3 buses, and 1 bicycleckmario # 2, and 88 vehicles, 3 buses,
and 2 bicycles for scenario # 3.

To compare the three scenarios, the total nuioeersons crossing data
collection point #13 during the one-hour period aceumulated, taking into
consideration the estimated numbers of passenfér&/auto, 20/bus, and 1/bicycle).

The results were as follows:

Scenario #1: (84 + 106 + 104 + 110)*1.2 + 12*205*¥11= 740 persons.
Scenario #2: (80 + 97 + 90 + 108)*1.2 + 12*20 + 13*703 persons.

Scenario #3: (88 + 96 + 100 + 93)*1.2 + 12*20 + 16*708 persons.

The results for accessibility suggest that scerad@rovides the highest number

of persons accessing a specific point at the ernldeo€orridor, followed by scenario # 3.

It should also be noted that the result is noedéht during each of the four 15-minute
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periods independently, as scenario #1 has consisfgovided high number compared to
the other two scenariogigure 15shows a comparison of accessibility for the three

scenarios in terms of number of trips for autokbrodown into four 15-minute periods.

Figure 15. Accessibility Comparison
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Similar to what was previously mentioned when asisgsmobility, accessibility
can be better assessed in a case of a network th#mea corridor because each
passenger and mode of transportation will haverigtyeof route choices to reach a
specific point of attraction. In a transportatimetwork, similar method can be used to
measure accessibility. The analyst should alssidenquantifying the number of
households that are connected to the center aictitin through bicycle lanes, bus lanes

or other mode of transportation
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4.8. Evaluating Environmental Impact

The environmental impact is assessed by companmgseon data generated by
MOBILES6 (2003) for each alternative. MOBILEG, a d&b authorized by the
Environmental Protection Agency, can provide emissates for both idling time and
traveling time. The emissions due to idling arlewated for autos and buses by
multiplying the their respective idling times byetldling emission rate. It is the product
of the average number of stops, the average sthids¢ per vehicle, and the number of
vehicles. The emissions generated during traned aire calculated for each segment of
the corridor by multiplying the emission rates (ge#mile) related to the mean speed on
this segment by the vehicle-miles traveled @&ppendix C for a sample of a Mobile6
run for one of the average speeds). Emission ttefapplied in this study are those for
Montgomery County, Maryland, USA, and are provitdgdhe Motor Vehicle
Department, reflecting the different mix of vehgleensed in the countylable 10
summarizes the emission rates for idling and favdling at different speeds (10 mph to
32 mph), andrable 11below summarizes the rates calculated for thestbeenarios.

The results indicate that the emission rates fenago # 1 were the least,
followed very closely by emissions (VOC and NOxherated by scenario # 3. The
emissions resulting from scenario # 2 were cleauntye than those of the other two
scenarios in all three categories. For examp&eWVAC rates for scenario # 2 were
approximately 15 percent more than those for seesat. The NOx and CO rates were
approximately 4 and 6 percent more than the relaéues resulting from scenario # 1.
Figure 16 shows a comparison of the environmental impatgnms of grams of

emissions generated for each scenario.
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Table 10. Emission Rates for Idling and for Traveling at Different Speeds (10 mph to 32 mph)

Emission Rates - Speed (mph)
(gms/mi) Id];“ﬂi) 10 11 12 13 14 15 16 17 18 19 20
VOoC 7.3781 0.5268 0.4897 0.4587 0.4326 0.4101 0.3907 0.3716 0.3549 0.3399 0.3266 0.3146
CO 33.0512 4.7347 4.4940 4.2934 4.1237 3.9783 3.8522 3.7268 3.6163 3.5179 3.4299 3.3508
NOx 3.1603 0.8775 0.8399 0.8085 0.7819 0.7592 0.7394 0.7201 0.7030 0.6879 0.6743 0.6621
PM2.5 0.0439 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176 0.0176
502 0.0196 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078
Emission Rates Speed (mph)
(gms/mi) 21 22 23 24 25 26 27 28 29 30 31 32
VOoC 0.3046 0.2955 0.2872 0.2796 0.2726 0.2663 0.2605 0.2551 0.2501 0.2454 0.2409 0.2367
CO 3.2954 3.2451 3.1992 3.1571 3.1183 3.0996 3.0824 3.0664 3.0514 3.0374 3.0472 3.0562
NOx 0.6509 0.6406 0.6312 0.6227 0.6148 0.6082 0.6021 0.5964 0.5910 0.5861 0.5836 0.5812
PM2.5 0.0176 0.0176 0.0175 0.0175 0.0175 0.0175 0.0176 0.0175 0.0175 0.0175 0.0175 0.0175
502 0.0078 0.0078 0.0079 0.0079 0.0079 0.0079 0.0079 0.0079 0.0079 0.0079 0.0079 0.0079

Emission Rates

Idling (gms/hr)

(gms/mi) Auto Bus
YOC 7.9442 2.3110
Co 33.1779 | 32.1368
NOx 2.1043 55.9068
PM2.5 0.02%6 0.5373
502 0.0180 0.0400
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Table 11. Environmental Impact Comparison

VOC (grams) | NOx (grams) | CO (grams)
Scenario # 1 285 646 3,318
Scenario # 2 327 673 3,502
Scenario # 3 286 648 3,301

Figure 16. Environmental Impact Comparison
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4.9. Evaluating Safety Impact

To evaluate the three scenarios taking into coraiba the different lane widths,
the accident prediction algorithm described in ¢bathree is applied. It should be noted
here that although this model was generated fal two-lane highways, it was applied
in this study to compare results, which are effétte different lane widths, and not

necessarily to predict the actual number of acdglr each of the three scenarios.
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Using a value of 10,000 vehicles/day for the ADAd 4.3 miles foL, the
equation is simplified t®ly, = (4.745) exp (0.8833 — 0.0848V— 0.0591SW), and the
predicted number of total accidents per year orctingdor under study is as follows for
each scenario:

Scenario #1: (4.745) exp (0.8833 — 0.0846 x 1359 x 0) = 3.8

Scenario #2: (4.745) exp (0.8833 — 0.0846 x 12059 x 0) = 4.1

Scenario #3: (4.745) exp (0.8833 — 0.0846 x 1(MPD591 x 0) = 4.7

It is noted that in scenario #3, the predicted neindd accidents is higher by
approximately 15 and 24 percent than the relatdgegdor scenarios # 2 and # 1,
respectively. The narrower lane is the main faattecting this result.

In reference to the intersections, the model diesdrearlier for a four-leg
signalized intersection is not applied in this csisgly since it does not include variables
for lane widths, but rather for factors that have $ame value for each scenario. These
factors include left-turn movements, presence ofgmted left-turn signal phase on the
major road, percentage of trucks, number of drivsaeear the intersection, and average
daily traffic volume on both the major and minoads.

A factor that was also considered when assessietysand the predicted number
of crashes is the number of stops experiencedllbtsaakportation modes throughout the
corridor for each scenario. It is reasonable exlmt that the increase in the number of
stops is positively related to the potential numiferear-end accidentslable 12below
summarizes the number of stops experienced byaalsportation modes for each of the

three scenarios.
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Table 12. Average Number of Stops for Each Mode dfransportation

Average Number of Stops/Vehicle

Autos Buses Bicycles
Scenario#1 2.4 1.7 2.6
Scenario#2 2.7 1.45 3.33
Scenario#3 2.5 2.1 2.5

It is noted that scenario # 1 experienced the astage number of auto stops,
followed by scenario # 3. Although it is very Wkaly that the bicycles or buses would
experience rear-end accidents, it should be nbedhe highest average number of stops
for buses and bicycles were experienced by sce#idiand scenario # 2, respectively.

From the above, it looks that so far, scenariop#al/ides the best impact on
safety since it has the lowest predicted numbeaicoidents and the least number of stops.
However, having bicycles in their own exclusivedahould improve safety for bicycles
and reduce the interactions and conflicts betweéeyctlists and motorists. Therefore, a
category of bicycle safety was added to this amaktgspoint out the factor of bicycle
safety.

As suggested in the previous chapters, since tistirexof pavement marking
and the width of bicycle lane are important factorassess bicycle safety, the BCl is
applied to assess bicycle safety for each scen&noking at the three scenarios in this
case study, it is reasonable to say that the Huesario, which includes a 5-foot bicycle
lane, is the safest of the three scenarios forchstg and for motorists from the point of
the interaction between them. The second sceshaold also be favorable for bicyclists
from a safety point of view since they share thedraith buses only on a 14-foot lane,

which is a very wide lane. It should be noted thatresults obtained when the BCI was
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applied matched this result as the third scenaas ranked first among the three
scenarios, followed by the second scenario andittze first scenario was ranked last.

Figure 17 summarizes the safety impact for each scenarghbwing a
comparison of average number of stops for auteslipted number of total accidents per
year along the corridor, and the BCI (for bicychéety) for each of the three scenarios.
Scenario # 1 provides the best safety impact faomeehicles and scenario # 3 for
bicycles.

Figure 17. Safety Impact Comparison
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4.10. Making a Decision

A multi-objective decision-making framework is emoypéd to incorporate the
multiple objectives into a process where they #recually considered regardless of
whether they can be estimated in monetary or nonetaoy terms. The suggested multi-

objective decision-making framework for this stymhgsents the data in a form that
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would be used for such an endeavor. Charts weygaped for presentation to decision-
makers demonstrating the result of each objectivenacorresponding to a specific
scenario. In one comprehensive chart, where gdlctibes are presented, each objective
value is transformed into a scale of 0-100. Td¢enario scoring the highest value among
the other scenarios receives 100 percent whiletiier scenarios receive a value less
than 100 percent and correspondent to the perfareniawel at the same objectives. The
advantage of this method is that it is not influsshby decision makers’ input, which
consists of assigning a weight for each objecte®ie the final results are presented.
By applying the suggested method, a decision candzke pending on the objectives that
are most important for the decision-makers to acha the time when the decision is
made.

Tables 13 and 14resent a summary of the objective results invalees and in
percentages, respectively. The same informatiaisis provided graphically iRigure
18. The results show that the performance leveld &oobjectives favor scenario # 1. It
was clear that the major weakness of this scematlee bicycle-related objectives (BCl,
and thus, bicycle safety). Scenario # 3 clearine® second overall, with best results in
three objectives and levels of performance withpeécent or less of the leading scenario
in 14 other objectives. The major strengths of #aenario are the bicycle-related
objectives, and its major weakness is its highesdipted number of accidents. Scenario
# 2, which provides the worst performance in 13afuhe 19 measured categories,
comes in last place. It should be noted, howdhat,scenario # 2 provides good results

for all bus-related objectives and comes closersgfor BCI and bicycle safety.
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Table 13. Summary of Objectives' Results

Avg. travel time [ Avg, travel time | Avg, travel time| Average Delay | Average Delay | Average Delay User Travel Cost| User Travel Cost| User Travel Cost| Operating Cost [ Operating Cost Environmental | Environmental | Average Number of | Bicycle
for auto for bus for bicycle for auto for bus for bicycle BCI for auto for bus for bicycle for autos for buses Mobility Accesgsibility | Impact (CO) | Impact (NOx) | Number of | Predictible Safety
(Seconds) (Seconds) {Seconds) (Seconds) {Seconds) (Seconds) ($) ($) ($) (%) ($) (Hours) {Trips) (gms) (gms) Auto-stops Accidents
Scenario # 1 203 306 348 63.6 §7.1 51.7 4.05 1.13 1.7 1.93 26.04 11.99 5.95 740 3318 646 2.4 3.8 69
Scenario # 2 244 311 358 104.5 91 61.5 2.85 1.35 1.73 1.99 27.63 12.01 6.69 703 3502 673 2.7 4.1 98
Scenario # 3 206 314 355 67.2 90.7 58.8 2.81 1.14 1.74 1.97 26.65 12.19 6.06 708 3301 647 2.5 4.7 100
Table 14. Summary of Objectives' Results (in Percentage - 100%b being best)
Avg. travel time [ Avg. travel time | Avg, travel time| Average Delay | Average Delay | Average Delay User Travel Cost| User Travel Cost| User Travel Cost| Operating Cost [ Operating Cost Environmental | Environmental |  Average Number of | Bicycle
for auto for bus for bicycle for auto for bus for bicycle BCI for auto for bus for bicycle for autos for buses Mobility Accessibility | Impact (CO) | Impact (NOx) | Number of | Predictible Safety
(Seconds) (Seconds) (Seconds) (Seconds) (Seconds) (Seconds) ($) ($) ($) (%) ($) (Hours) (Trips) (gms) (gms) Auto-stops | Accidents
Obj. # 1 Obj. #2 Obj. #3 Obj. # 4 Obj. #5 Obj. # 6 Obj. # 7 Obj. #8 Obj. #9 Obj. # 10 Obj. # 11 Obj. # 12 Obj. # 13 Obj. # 14 Obj. # 15 Obj. # 16 Obj.#17 | Obj.#18 |Obj.#19
Scenario # 1 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 69.4% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 99.5% 100.0% 100.0% 100.0% 69.0%
Scenario # 2 83.2% 98.4% 97.2% 60.9% 95.7% 84.1% 98.6% 83.7% 98.3% 97.0% 94.2% 99.8% 88.9% 95.0% 94.3% 96.0% 88.9% 92.7% 98.0%
Scenario # 3 98.5% 97.5% 98.0% 94.6% 96.0% 87.9% 100.0% 99.1% 97.7% 98.0% 97.7% 98.4% 98.2% 95.7% 100.0% 99.8% 96.0% 80.9% 100.0%
Figure 18. Summary of Performances for the Three Scenarios
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It should also be noted here that although alldj@aives are important, it is not
necessary to present them all to decision-makessdier to allow them choosing their
preferred scenario. Several factors are expeoteadltience the decision of which
objectives to be evaluated, such as the specikcants of the decision-makers, the

purpose of the project, and its location.

4.11. Variability of the Results

As mentioned in the previous section, the resualtgeineral show that the
performance levels for scenario # 1 are higher thase of the other two scenarios,
except for the BCI, and thus, bicycle safety. Secen# 2 has the lowest performance
levels for auto-related objectives, and scena@ds the highest BCI and the lowest
safety level of performance. It should be notexyéver, that although some of the
results are clearly in favor of a specific scenarn@nother, some results for objectives’
performance levels are statistically indistingulslea Table 15provides the sample
means and standard deviations of all objectivespawed in this study.

The table shows that examples of objectives witfop@ance levels that are
statistically indistinguishable across scenariatuide travel time for bicycles, travel
speed for buses, and auto and bus-operating cOsier objectives, such as travel time
and delay for autos, provide similar results farsrios # 1 and # 3, and clearly low
performance levels for scenario # 2. Another eXaropa clear poor performance is in
scenario # 1 for the BCI, while the other two sc@sprovide similar results with a
slight advantage for scenario # Bigures 19and20 provide this information graphically
and illustrate some objectives with clear winnarsg] others with results statistically

indistinguishable.
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Table 15. Means and Standard Deviations for Stud@bjectives

Obijective Scenario # 1 Scenario # 2 Scenario # 3
Mean | Std. Dev. Mean | Std. Dev.| Mean | Std. Dev.

Travel Time (auto) | 203.0 2.6 243.8 6.2 206.0 2.0
Travel Time (bus) 306.0 8.1 311.3 4.7 313.9 4.8
Travel Time (bike) 348.1 4.0 357.7 7.3 355.0 5.6
Travel Speed (auto)| 22.6 0.3 18.8 0.5 22.2 0.2
Travel Speed (bus) | 15.0 0.4 14.7 0.2 14.6 0.2
Travel Speed (bike) | 13.2 0.2 12.8 0.3 12.9 0.2
BCI 4.05 0.04 2.85 0.02 2.81 0.01
Mobility 5.95 0.06 6.69 0.10 6.06 0.03
Accessibility 740 27.2 703 13.9 708 20.5
Auto User's Cost ($)| 1.13 0.01 1.35 0.03 1.14 0.01
Bus User's Cost ($) | 1.70 0.05 1.73 0.03 1.74 0.03
Bike User's Cost ($)| 1.93 0.02 1.99 0.04 1.97 0.03
Accidents 3.83 0.05 4.07 0.09 4.68 0.09
Auto Operating Cost| 26.04 0.32 27.63 0.42 | 26.65 0.29
Bus Operating Cost | 11.99 0.08 12.01 0.10 12.19 0.11
VOC (Grams) 285.0 8.7 327.1 8.4 286.1 7.5
NOx (Grams) 646.2 20.1 673.0 7.1 647.5 14.2
CO (Grams) 3,318.4 104.2 3,502.2 51.3 3,300.7 75.1

4.12. Growth in Demand

As a follow up to the previous section, more anadysere performed to assess

possible changes in the ranking of scenarios iriutuge. An annual 2 percent growth in

demand was projected, and the three scenariosevaheated for 10 and 20 years into

the future, with a total growth of approximately &2d 49 percent, respectivelyable

16 provides the detailed measures of effectivenasséoh objective for the 10-year and

20-year analyses.
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Figure 19. Variability for Travel Time for Autos and Bicycles
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Figure 20. Variability for BCl and Predicted Number of Accidents
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Table 16. Measures of Effectiveness for the 10-yeand 20-year Projections

10 Years 20 Years
Objective Scenario # 1/Scenario # 2|Scenario # 3|Scenario # 1|Scenario # 2|Scenario # 3
Travel Time (auto) 216.3 456.4 217.9 365.6 608.1 311.5
Travel Delay (auto) 77.7 319.8 80.2 226.4 468.2 173.3
[Travel Time (bus) 331.5 425.5 318.2 476.9 521.4 418.6
Travel Delay (bus) 110.1 204.6 96.8 256.5 301.5 197.9
Travel Time (bike) 372.9 483.4 357 515.3 532.2 336.7
Travel Delay (bike) 75.5 185.7 60.3 216.7 234.6 73.5
Travel Speed (auto) 21.2 10.0 21.0 12.8 7.5 15.0
Travel Speed (bus) 13.8 10.8 14.4 9.7 8.8 11.0
Travel Speed (bike) 12.3 9.5 12.8 9.0 8.6 14.1
BCI 4,17 2.38 2.94 4.14 2.36 2.85
Mobility (Veh.-hours 7.8 13.6 7.7 15.0 21.4 12.1
Accessibility 854 740 846 914 776 893
Auto User's Cost ($) 1.20 2.54 1.21 2.03 3.38 1.73
Bus User's Cost ($) 1.84 2.36 1.77 2.65 2.90 2.33
Bike User's Cost ($) 2.07 2.69 1.98 2.86 2.96 1.87
Accidents 4.66 5.07 5.76 5.80 6.24 7.13
IAuto Operating Cost 33.3 80.8 33.8 91.0 211.0 59.8
Bus Operating Cost 15.4 16.8 15.0 28.4 26.7 22.3
VOC (Grams) 353 525 352 578 623 509
NOXx (Grams 790 869 776 1126 984 1013
CO (Grams) 3976 4650 3950 5355 5019 5068
Idle time (auto) 44.3 109.4 46.8 116.0 178.7 73.2
# stops (auto) 2.5 8.2 2.6 6.3 13.3 4.8
Total Idle Time (auto 112.1 891.6 120.7 779.0 2380.3 364.2
Idle Time (bus) 42.5 57.7 31.8 113.1 102.6 66.7
# Stops (bus) 2.5 3.9 2.1 6.2 6.1 4.8
Total Idle Time (bus) 106.3 222.1 68.1 733.8 621.8 329.5

a)

Ten-year Growth

From the table above, the measures of effectiveioeskse ten-year growth show

that scenario # 1 continues to provide better tesin scenario # 2 in all categories,

except for the BCI. In fact, due to the substamierease in travel times for all modes of

transportation in scenario # 2, the gap betweemvtbescenarios substantially increases.

The same can be said when comparing scenario & 2amario # 3, since the latter
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consistently provides higher levels of performamoeept for the BCI and safety
measures, where scenario # 2 provides better mesaslirshould be noted that the
improvement in the BCI for scenario # 2 is duehi® slower traffic flow in this scenario.

When comparing scenarios # 1 and # 3, a slightg#g&nnoticed in the buses and
bicycles’ travel times and delays, as well as fobitity, where scenario # 3 starts to
show a small advantage over scenario # 1. Onttiex band, scenario # 1 still provides
best results in safety, and scenario # 3 providestter BCI than scenario # 1.

In summary, the ten-year growth shows that scesfaBatarts to have a slight
advantage over scenario # 1 in almost all categ@xeept for safety, and scenario # 2
starts to experience substantial delays for alhtbees of transportationFigures 21

and22 summarize some of those results.

Figure 21. Average Travel Time Comparison for thelO-Year Projection
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Figure 22. Safety Impact Comparison for the 10-YaaProjection
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b) Twenty-year Growth

The measures of effectiveness for the twenty-yeawth did not change much
from the ten-year growth results for the BCI anfésameasures. However, the 49
percent increase in traffic flow has negatively aofed scenario # 1 the most. The travel
times and delays have increased for all modesaokportation for all three scenarios, but
more so in the case of scenario # 1. This lattenario continued to provide better
results than scenario # 2 for auto-related objestibut the gap decreased in the bus and
bicycle-related objectives. When compared to stera3, scenario # 1 was behind in
all objectives, except for safety impact. In tidey2ar analysis, it was clear that scenario
# 3 is the best scenario in this case. This cbaldxplained by the fact that when traffic
is highly congested, it is beneficial to separhterton-motorized from the motorized

vehicles. This is in support of the study condddig Hossain and McDonald (1998) as
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described earlier in chapter tweigures 23and24 summarize some of the related

results.

Figure 23. Average Travel Time Comparison for the20-Year Projection
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In conclusion to this section, transportation pknsrshould have a responsibility
of projecting a reasonable growth rate in demaatwould best fit the location under
study and the expected new developments in themedihis rate should be applied in
the proposed method to allow assessing the perfarenaf the different scenarios in the
future. Figure 25summarizes the travel time comparison for curteitic flow, and for
the 10 and 20-year projections for all three sadesarlt is clear that in 10 years, scenario
# 2 will performed poorly, and in 20 years, scema i3 will have the edge over scenario

# 1, while scenario # 2 will continue to provide flbwest performance measures.
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Figure 24. Safety Impact Comparison for the 20-YaaProjection
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Figure 25. Average Travel Time Comparison for théd, 10, and 20-Year Projections
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4.13. Conducting Sensitivity Analysis

A sensitivity analysis was conducted to provideuaderstanding of how the
model responded when inputs were changed. Somhe afiput change in this study
include mode choice, number of passengers peraaat@er bus, number of autos, buses,
and bicycles, user time value, fuel cost per galéord lane width. Examples of
sensitivity analysis provided in this chapter itdul) mode choice; 2) autos and buses’
occupancy; 3) lane-width analysis; and 4) numbdrusies and number of bicycles.

For the first two analyses, only the occupancy nemslchange, but not the total
number of vehicles (autos, buses and bicyclesg ofjectives affected in those two
cases are limited to the users’ costs for travdlfandelay. Since the cost of delay is
included in the total cost of travel, the usersstsmf travel are compared for all three
scenarios. Although the numbers of vehicles atehanging in the third analysis as
well, the travel time is influenced by the changdaine width. In the fourth analysis,
where numbers of buses and bicycles are changanfprpnances for all objectives are

expected to change. The travel time is the fo€w®mparison for the last two analyses.

Mode Choice Analysis

For the mode choice analysis, the total numberlsspngers moving from the
upstream point (A) to the downstream point (B) doetschange. This number was
assumed at the beginning of the case study to b@&dsengers (60 autos x 1.2
passengers/auto + 12 buses x 20 passengers/biegn e same 312 vehicle passengers
use different modes of transportation, it is fotimak for a similar occupancy for autos

and buses, scenario # 1 provides the least usatsfollowed closely by scenario # 3,
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and scenario #2 was further behind them. It is alown that when more passengers
occupy a bus, the performance of scenario # 2ugers’ costs — improves, in relation to
the other two scenarios. For example, when comg@adhie total users’ costs, including
the operating cost, in the case of 5 passengetgyity an auto and 1 occupying a bus,
the cost for scenario # 2 was approximately 17Xhdercent higher than the user’s cost
for scenario # 1 and scenario # 3, respectivalyhen the number of passengers
occupying an auto and a bus were 1 and 21, respBgtihe user’s cost for scenario # 2
was only about 4 and 2 percent higher than thefoostenarios #1 and #3, respectively.

It was also clear that Scenario # 1 was still thetlscenario among the 3
scenarios, regardless if users decided to charmgectioice of mode of transportation, as
long as the same number of vehicles on the roadatidhange Figure 26 andTable 17
summarize the results of the mode choice sensitarnalysis.

Figure 26. Sensitivity Analysis for Mode Choice
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Table 17. Sensitivity Analysis for Mode Choice: Same 312 Vehicle-Passengers With Different Mode of Transportation

Scenario #1

Scenario #2

Scenario # 3

Total cost

Total cost

Total cost

Case # # Passengers # Passengers | Users' Cost for | Users' Cost for | Total Users' [ Users' Cost for | Users’ Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | incl. Op. $ | incl. Op.$ | incl. Op. $

per auto per bus 60 autos ($) 12 buses ($) Costs (3) 60 autos (§) 12 buges ($) Costs (3) 60 autos (3) 12 buses ($) Costs (3) | Scenario #1 | Scenario #2 | Scenario #3
a 5 1 339.00 20.40 359.40 405.00 20.76 425.76 342.00 20.88 362.88 397.38 464.92 401.79
b 4.8 2 325.44 40.80 366.24 388.80 41.52 430.32 328.32 41.76 370.08 404.22 469.48 408.99
c 4.6 3 311.88 61.20 373.08 372.60 62.28 434.88 314.64 62.64 377.28 411.06 474.04 416.19
a 4.4 4 298.32 81.60 379.92 356.40 83.04 439.44 300.96 83.52 384.48 417.90 478.60 423.39
d 4.2 5 284.76 102.00 386.76 340.20 103.80 444.00 287.28 104.40 391.68 424.74 483.16 430.59
S 4 6 271.20 122.40 393.60 324.00 124.56 448.56 273.60 125.28 398.88 431.58 487.72 437.79
f 3.8 7 257.64 142.80 400.44 307.80 145.32 453.12 259.92 146.16 406.08 438.42 492.28 444.99
g 3.6 8 244.08 163.20 407.28 291.60 166.08 457.68 246.24 167.04 413.28 445.26 496.84 452.19
h 3.4 9 230.52 183.60 414.12 275.40 186.84 462.24 232.56 187.92 420.48 452.10 501.40 459.39
I 3.2 10 216.96 204.00 420.96 259.20 207.60 466.80 218.88 208.80 427.68 458.94 505.96 466.59
J 3 11 203.40 224.40 427.80 243.00 228.36 471.36 205.20 229.68 434.88 465.78 510.52 473.79
k 2.8 12 189.84 244.80 434.64 226.80 249.12 475.92 191.52 250.56 442.08 472.62 515.08 480.99
1 2.6 13 176.28 265.20 441.48 210.60 269.88 480.48 177.84 271.44 449.28 479.46 519.64 488.19
m 2.4 14 162.72 285.60 448.32 194.40 290.64 485.04 164.16 292.32 456.48 486.30 524.20 495.39
n 2.2 15 149.16 306.00 455.16 178.20 311.40 489.60 150.48 313.20 463.68 493.14 528.76 502.59
o 2 16 135.60 326.40 462.00 162.00 332.16 494.16 136.80 334.08 470.88 499.98 533.32 509.79
p 1.8 17 122.04 346.80 468.84 145.80 352.92 498.72 123.12 354.96 478.08 506.82 537.88 516.99
q 1.6 18 108.48 367.20 475.68 129.60 373.68 503.28 109.44 375.84 485.28 513.66 542.44 524.19
r 1.4 19 94.92 387.60 482.52 113.40 394.44 507.84 95.76 396.72 492.48 520.50 547.00 531.39
s 1.2 20 81.36 408.00 489.36 97.20 415.20 512.40 82.08 417.60 499.68 527.34 531.56 538.59
t 1 21 67.80 428.40 496.20 81.00 435.96 516.96 68.40 438.48 506.88 534.18 556.12 545.79

* - For a similar occupency for autos and buses, scenario # 1 provides the least users' cost, followed closely by scenario # 3, and scenario #2 is further behind them.

* - Tt is also shown that the more passengers are occupying a bus, the more scenario # 2 improves compared to scenarios # 1 and 3 when comparing total users' cost. However,
scenario # 2 will never surpass scenarios # 1 and # 3 (with the current total vehicle-passengers in this specific case) since the occupancy rate for a vehicle cannot be under 1.

* - It is clear that Scenario # 1 is still the best scenario among the 3 scenarios, regardless if users decide to change their choice of mode of transportation, as long as the same
number of vehicles on the road does not change.
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Autos and buses’ Occupancy Analysis
In the case of sensitivity analysis for the numifggpassengers occupying autos and buses
(i.e., ridership), several runs were performed wlifferent occupancy numbers.

Differently than the mode choice sensitivity an&ys this case, the total
number of passengers did not have to stay unchaatd&?. The runs were performed
for occupancy rates of 1.0, 1.1, 1.2, 1.5, and pa&sengers per auto while the
occupancy number for buses ranged between 1 anth4fiher words, for each specific
number of passengers in an auto, a table was dedewéth different numbers of
passengers in a bus, and ranged between 1 anbiadles 18a through 18esummarize
the results.

In all five cases analyzed, while increasing thenhar of passengers per bus, the
gap in users' cost decreases between scenariaad2 For example, in the case of 1.2
passengers per auto, the difference in the towbkusost went down from 15 percent
(with one passenger per bus) to 10.3 percent @ithassengers per bus). On the other

hand, the gap increases between scenario # 1 arudiér two scenarios.

Lane-Width Analysis

This analysis was applied in this case study tesssthe effect of modifying the
lane width on one scenario rather than comparifigrdint scenarios with different lane-
use allocation. Scenario 2b, which consists of Iv#éoot mixed-traffic lane and one 14-
foot exclusive bus lane, was analyzed using diffel@ne widths for each lane while
keeping the full width for this travel direction 26 feet. The following scenarios were

analyzed: 10-foot mixed-traffic lane and 16-footlesive bus lane, 11-foot mixed-traffic
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Table 18a. Sensitivity Analysis for Number of Passengers Occupying Autos and Buses (1.0 Passengers/Auto)

Scenario #1

Scenario #2

Scenario #3

# Passengers | # Passengers | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users'
per auto per bus 50 autos ($) 12 buses ($) Costs (§) 50 autos (§) 12 buses ($) Costs (§) 60 autos (§) 12 buzes (§) Costs [§)
1 1 57.80 20.40 88.20 81.00 20.08 101.08 58.40 20.88 89.28
1 2 57.80 40.80 108.60 51.00 41.52 122.52 58.40 41.76 110.16
i 3 57.80 51.20 129.00 51.00 52.28 143.28 58.40 52.64 131.04
1 4 57.80 51.60 149.40 51.00 53.04 164.04 58.40 §3.52 151.92
i 5 57.80 102.00 169.80 81.00 103.80 184.80 58.40 104.40 172.80
1 B 57.80 122.40 190.20 81.00 124 56 205.56 58.40 12528 163.58
1 7 57.80 142.80 210.60 81.00 145.32 226.32 58.40 146.16 214.56
i 8 57.80 163.20 231.00 51.00 166.08 247.08 58.40 167.04 235.44
1 l 57.80 183.60 251.40 51.00 186.54 267.54 58.40 187.92 256.32
i 10 57.80 204.00 271.80 51.00 207.680 288.60 58.40 208.80 277.20
1 i 57.80 224 40 292.20 81.00 228.36 309.36 58.40 229.68 298.08
1 12 57.80 244.80 312.60 81.00 249.12 33012 58.40 250.56 318.96
1 13 57.80 265.20 333.00 §1.00 260.88 350.88 58.40 271.44 339.84
1 14 57.80 285.60 353.40 51.00 290.64 371.54 58.40 202.32 360.72
i 15 57.80 306.00 373.80 51.00 311.40 392.40 58.40 313.20 381.60
1 16 57.80 326.40 394 .20 81.00 33216 41316 58.40 334.08 402 48
1 17 57.80 346.80 414 .60 81.00 352.92 433.92 58.40 354.96 423.36
1 18 57.80 367.20 435.00 81.00 37368 454 68 58.40 37584 444 24
1 19 57.80 387.60 45540 51.00 394 .44 475.44 58.40 396.72 46512
i 20 57.80 408.00 475.80 51.00 415.20 496.20 58.40 417.60 486.00
1 21 57.80 42840 496.20 51.00 435 .96 516.96 58.40 43848 506.88
1 22 57.80 448.80 516.60 81.00 456.72 537.72 58.40 459.36 527.76
1 23 57.80 469.20 537.00 81.00 47748 558.48 58.40 480.24 548.64
1 24 57.80 489.60 557.40 51.00 498.24 579.24 58.40 501.12 569.52
i 25 57.80 510.00 577.80 51.00 518.00 500.00 58.40 522.00 590.40
1 26 57.80 530.40 598.20 51.00 530.76 520.76 58.40 542.58 511.28
i 27 57.80 550.80 518.60 81.00 560.52 541.52 58.40 563.76 532.16
1 28 57.80 571.20 538.00 81.00 581.28 562.28 58.40 584 .64 653.04
1 29 57.80 591.60 558.40 81.00 502.04 583.04 58.40 505.52 673.92
i 30 57.80 612.00 578.80 51.00 522.30 703.80 58.40 526.40 594.80
1 31 57.80 532.40 700.20 51.00 543.56 724.56 58.40 547.28 715.68
i 32 57.80 652.80 720.60 51.00 564.32 745.32 58.40 568.16 736.56
1 33 57.80 673.20 741.00 81.00 585.08 766.08 58.40 589.04 757.44
1 34 57.80 593.60 761.40 81.00 705.84 786.84 58.40 709.92 778.32
1 35 57.80 714.00 781.80 §1.00 726.60 807.60 68.40 730.80 799.20
1 36 57.80 734.40 802.20 51.00 T47.36 828.35 58.40 751.68 520.08
i 37 57.80 754.80 822.60 51.00 768.12 848.12 58.40 772.56 840.96
1 38 57.80 775.20 843.00 81.00 788.88 869.88 58.40 793.44 861.84
1 39 57.80 795.60 863.40 81.00 300.64 890.64 58.40 814.32 882.72
1 40 57.80 816.00 883.80 51.00 830.40 911.40 58.40 835.20 903.60
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Table 18h. Sensitivity Analysis for Number of Passengers Occupying Autos and Buses (1.1 Passengers/Auto)

Scenario #1

Scenario # 2

Scenario #3

# Passengers | # Passengers | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users'
per auto per bus 60 autos ($) 12 buges ($) Costs (§) B0 autos (§) 12 buses (§) Costs ($) 50 autos () 12 buses ($) Costs ($)
1.1 1 7458 2040 9493 88.10 2076 109.56 75.24 20.88 9612
1.1 2 7458 40.50 115.38 88.10 41.52 130.62 75.24 4176 117.00
1.1 3 7458 51.20 13578 89.10 6228 151.38 7524 B2.54 13788
1.1 4 7458 51.60 15618 89.10 83.04 172.14 7524 83.52 155,76
11 5 T4 55 102.00 176 58 3910 103 80 192 90 7524 104 40 179 64
11 5} T4 55 12240 196 38 8910 124 56 21366 7524 126 28 200 52
1.1 7 7458 142.80 217.38 80.10 145.32 234472 7524 14616 22140
1.1 2 7458 163.20 23778 B39.10 166.08 25518 75.24 167 .04 242325
1.1 £l T4.58 153.60 25818 539.10 156.54 27594 75.24 187.92 26316
1.1 10 T4.58 204.00 278.58 B39.10 207 &0 29670 75.24 20850 284 04
1.1 11 7458 224 .40 298.88 89.10 22835 31748 7524 22968 304 92
1.1 12 7458 244 30 319.38 89.10 24512 33822 75.24 25056 32580
1.1 13 7458 265.20 338.78 88.10 26888 35598 75.24 27144 346 65
1.1 14 7458 28560 36018 89.10 29064 N 7524 282 32 36T 56
1.1 15 7458 208.00 380.58 89.10 31140 400.50 7524 31320 385 44
11 16 T4 55 326 40 400 88 3910 33218 421 26 7524 334 08 409 32
11 17 T4 55 346 80 421 38 3910 35242 44202 7524 354 96 430 20
11 18 T4 55 367 20 44178 8910 3TI 68 462 78 7524 375 84 451 08
1.1 19 7458 38760 46218 80.10 304 44 483,54 7524 396.72 471,96
1.1 20 7458 405.00 482,55 B39.10 415.20 50430 75.24 417 60 492 84
1.1 21 T4.58 42540 502.88 B39.10 435,96 52508 75.24 43548 51372
1.1 22 7458 445.80 523.38 89.10 4568.72 54582 7524 459 36 534 B0
1.1 23 7458 469.20 54378 89.10 47748 56658 75.24 480 24 55548
1.1 24 7458 4889.60 56418 88.10 4958.24 5873 75.24 501.12 57636
1.1 25 7458 510.00 584,58 88.10 518.00 60510 75.24 522.00 587 34
1.1 26 7458 53040 504,88 89.10 53878 G625 .86 7524 542 88 51512
1.1 27 7458 55080 52538 89.10 SE0.52 64962 7524 56378 53900
11 28 T4 55 57120 545 78 3910 551 28 G70 38 7524 584 B4 A543 8
11 29 T4 55 591 60 666 18 8910 G002 04 591 14 7524 505 52 B&0 TH
1.1 30 7458 512.00 586.58 80.10 62280 711.40 7524 52640 701 B4
1.1 31 7458 53240 706.98 B39.10 54356 TI2ER 75.24 54728 73282
1.1 32 T4.58 55280 72738 539.10 G4 32 75342 75.24 G635 16 74340
1.1 33 T4.58 573.20 74778 B39.10 535.03 77418 75.24 55904 TEL 25
1.1 34 7458 58360 7B8.18 89.10 70584 78494 7524 709,92 78516
1.1 35 7458 714.00 788.58 89.10 72860 51570 75.24 730,50 306 .04
1.1 36 7458 73440 505.88 88.10 74736 53646 75.24 751.68 526 92
1.1 37 7458 754 80 52938 89.10 TE5.12 857 .22 7524 772568 847 80
1.1 35 7458 77520 549.78 89.10 TE8.88 57708 7524 79344 863 63
11 24 T4 55 795 60 87018 3910 203 B4 80574 7524 814 32 889 56
11 40 T4 55 51600 230 58 23910 23040 919 50 7524 835 20 910 44
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Table 18c. Sensitivity Analysis for Number of Passengers Occupying Autos and Buses (1.2 Passengers/Auto)

Scenario #1

Scenario #2

Scenario #3

# Passengers | # Passengers | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users'
per auto per bus B0 autos (§) 12 buses () Costs ($) 60 autos [§) 12 buses ($) Costs (§) 60 autos ($) 12 buses ($) Costs [§)
1.2 1 51.36 2040 101.76 g97.20 2076 117.96 52.08 20.83 102.96
1.2 2 51.36 40,80 12216 g97.20 41.52 138.72 5203 41.76 123.84
1.2 3 51.36 61.20 142.56 g97.20 5225 15948 82.08 62.64 14472
1.2 4 51.36 81.80 162.96 g97.20 33.04 180.24 82.08 83.52 165.60
12 5 53136 102 00 183 36 97 20 103 80 20100 82 08 104 40 186 48
12 5] 5136 12240 20376 a7 20 124 56 22176 52 08 12528 207 36
1.2 T 51.36 142 .80 22418 a7.20 145.32 24252 82.08 14616 22824
1.2 g 531.36 163.20 244 56 97.20 16608 263.28 5208 167.04 24912
1.2 El §1.36 18360 264 95 97.20 186.54 25404 52.08 157.92 270.00
1.2 10 §1.36 204 00 25536 g97.20 207.60 304,50 52.08 20880 28088
1.2 11 51.36 22440 an5.76 g97.20 228368 325.56 52.08 22968 311.78
1.2 12 51.36 244 80 328.15 g97.20 24912 3468.32 52.08 250458 33264
1.2 13 51.36 26520 348.56 g97.20 269.88 367.08 52.08 27144 35352
1.2 14 51.36 285 60 36895 g97.20 28084 38784 82.08 29232 37440
1.2 15 51.36 30600 38735 g97.20 311.40 405,60 82.08 31320 30528
12 16 53136 326 40 407 76 97 20 33218 424 36 82 08 334 08 416 16
12 17 5136 346 80 42516 97 20 352 82 45012 52 08 354 08 437 04
12 15 5136 IET 20 448 56 a7 20 37368 470 88 52 08 37584 457 92
1.2 19 51.36 3BT B0 465.96 a7.20 384 44 491.64 82.08 30672 475,80
1.2 20 531.36 405.00 489.36 97.20 415.20 512.40 5208 417 B0 499 65
1.2 21 §1.36 42540 0876 g97.20 43596 53316 52.08 43548 52056
1.2 22 51.36 445 .80 53015 g97.20 456.72 553.92 52.08 459.36 54144
1.2 23 51.36 469.20 55056 g97.20 47748 57468 52.08 45024 56232
1.2 24 51.36 489 60 570.95 g97.20 495.24 59544 52.08 a01.12 583.20
1.2 25 51.36 51000 58136 g97.20 519.00 516.20 5203 52200 504.08
1.2 26 51.36 53040 B11.76 g97.20 539768 536,96 82.08 512 88 524 .96
1.2 7 51.36 550 80 3215 g97.20 56052 B57.72 82.08 SE378 545584
12 28 53136 57120 A52 55 97 20 581 28 675 48 82 08 554 B4 BEE 72
12 ] 5136 5491 60 G772 G5 a7 20 502 04 599 24 52 08 G05 52 G587 50
1.2 a0 51.36 51200 603 .35 a7.20 52280 720.00 82.08 52640 70548
1.2 31 531.36 §32.40 71378 97.20 543 .56 T40.76 5208 54728 72936
1.2 32 §1.36 552 80 7315 97.20 56432 T61.52 52.08 GBS 16 750.24
1.2 33 §1.36 87320 754 56 g97.20 555.08 752.28 52.08 55904 77112
1.2 34 51.36 593 B0 77495 g97.20 70584 303.04 52.08 7ng.az 782.00
1.2 35 51.36 71400 79536 g97.20 726.60 32350 52.08 73080 51288
1.2 36 51.36 73440 51576 g97.20 747.368 344 .56 52.08 75168 53376
1.2 37 51.36 754 8D 583815 g97.20 76512 86532 82.08 Ti258 554 64
1.2 38 51.36 77520 85856 g97.20 78588 386.08 82.08 78344 57552
12 il 53136 745 B0 A78 95 97 20 509 64 906 &4 82 08 814 32 206 40
1.2 40 53136 816 00 247 35 a7 20 53040 927 60 82 08 83520 917 28
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Table 18d. Sensitivity Analysis for Number of Passengers Occupying Autos and Buses (1.5 Passengers/Auto)

Scenario #1 Scenario #2 Scenario #3
# Passengers | # Passengers | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users'
per auto per bus G0 autos (§) 12 buses (§) Costs (§) 50 autos [§) 12 buses (§) Costs (§) G0 autos (§) 12 buses () Costs [§)
15 1 101.70 2040 12210 121.50 2076 142 28 102 60 2088 12348
1.5 2 101.70 40,80 142.50 121.50 41.52 163.02 102.60 41.76 144 .36
1.5 3 101.70 61.20 162.90 121.50 5225 18378 102.60 52.64 165.24
15 4 101.70 8180 183.30 121.50 5304 204 54 102 60 8352 18612
1.5 5] 1071.70 102.00 203.70 121.50 103.80 22530 102.60 104.40 207.00
1.5 5 101.70 12240 22410 121.50 124 .56 246.06 102,60 125.28 22788
15 7 101.70 142 80 244 50 121.50 14532 266 82 102 60 14616 245876
1.5 g 1071.70 163.20 264 .90 121.50 166.08 257.58 102.60 167.04 269.64
1.5 El 101.70 183 60 23530 121.50 186.54 30834 102,60 157.92 28052
1.5 10 101.70 204 00 a05.70 121.50 207.60 329.10 102.60 20880 311.40
15 I 101.70 224 40 32810 121.50 22836 349 86 102 60 22968 33228
1.5 12 101.70 244 80 34650 121.50 24912 37062 102,60 25056 35316
1.5 13 101.70 2E5 20 365.40 121.50 269.88 391.38 102.60 27144 37404
15 14 101.70 285 60 357 30 121.50 290 64 412 14 102 60 29232 394 92
1.5 15 101.70 306 .00 407.70 121.50 311.40 432.90 102,60 313.20 415,80
1.5 16 101.70 32640 42810 121.50 33218 453 66 102.60 33408 436,68
15 17 101.70 346 80 448 50 121.50 352 82 474 42 102 60 354 08 457 56
1.5 15 101.70 36720 465.90 121.50 37368 49518 102.60 37534 47544
1.5 19 101.70 3BT B0 488.30 121.50 384 44 515.84 102.60 30672 499.32
15 20 101.70 408 00 50870 121.50 41520 53670 102 60 417 60 52020
1.5 21 1071.70 42540 530.10 121.50 435.86 557.46 102.60 43548 541.08
1.5 2z 101.70 445 .80 550.50 121.50 456,72 578.22 102,60 459.36 561.96
15 23 101.70 469 20 57040 121.50 477 48 595 95 102 60 480 24 582 84
1.5 24 1071.70 488 60 581.30 121.50 495.24 51974 102.60 a01.12 60372
1.5 25 101.70 510.00 511.70 121.50 519.00 540,50 102,60 52200 524 50
1.5 sl 101.70 53040 g32.10 121.50 539768 661.26 102.60 542 88 545 48
15 X7 101.70 550 80 652 50 121.50 560 52 682 02 102 60 56378 666 36
1.5 28 101.70 571.20 572.490 121.50 581.28 F02.78 102,60 554 64 BE7.24
1.5 24 101.70 581 60 68330 121.50 502.04 72354 102.60 G552 T08.12
15 a0 101.70 51200 71370 121.50 522 80 744 30 102 60 526 40 72900
1.5 31 101.70 §32.40 73410 121.50 54356 76506 102,60 54728 74988
1.5 3z 101.70 552 80 754 50 121.50 66432 T85.82 102.60 GRS 16 Ti0.76
15 33 101.70 B73 20 77440 121.50 685 08 506 58 102 60 659 04 791 64
1.5 34 101.70 593 B0 TE5.30 121.50 70584 327534 102.60 0992 51252
1.5 5 101.70 71400 515.70 121.50 726.60 845.10 102.60 TA0.80 53340
15 ldl 101.70 73440 83810 121.50 747 36 865 86 102 60 751 63 854 28
1.5 37 1071.70 75480 856.50 121.50 76812 359.62 102.60 77258 57516
1.5 34 101.70 77520 575.40 121.50 785.88 910.38 102,60 TE3.44 586.04
1.5 it 101.70 705 B0 207 .30 121.50 209.64 931.14 102.60 81432 916.92
1.5 40 107.70 31600 917.70 121.50 53040 951.90 102.60 53520 93730
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Table 18e. Sensitivity Analysis for Number of Passengers Occupying Autos and Buses (1.75 Passengers/Auto)

Scenario #1 Scenario #2 Scenario #3
# Passengers | # Passengers | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users' | Users' Cost for | Users' Cost for | Total Users'
per auto per bus 50 autos ($) 12 buses ($) Costs (§) B0 autos (§) 12 buses ($) Costs (§) 50 autos ($) 12 buses ($) Costs (§)
1.75 1 118.65 2040 139.05 141.75 20,76 162.51 119.70 20.88 140.58
1.75 2 118.65 40.80 159.45 141.75 41.52 183.27 119.70 41.76 161.46
1.75 3 118.65 51.20 179.85 141.75 52.28 204.03 118.70 52.64 182.34
1.75 4 118.65 81.60 200.25 141.75 83.04 224.79 119.70 83.52 203.22
1.75 5 118.65 102.00 220.65 141.75 103.80 24555 118.70 104.40 224 10
1.75 5 118.65 122.40 241.05 141.75 124 .56 266.31 119.70 125.28 244 .98
1.75 7 118.65 142.80 261.45 141.75 145.32 287.07 118.70 146.16 265.86
1.75 3 118.65 163.20 281.85 141.75 166.08 307.83 119.70 167.04 286.74
1.75 9 118.65 183.60 202.25 141.75 186.84 328.59 118.70 187.92 207.62
175 10 118.65 204 00 322 65 14175 207 B0 34935 119.70 208 80 328 50
1.75 1K 118.65 22440 343.05 141.75 228.36 370.11 118.70 22968 349.38
175 12 118 65 244 80 263 45 14175 249 12 390 87 119.70 250 56 370 26
1.75 13 118.65 265.20 383.85 141.75 269.588 411.683 118.70 27144 291.14
175 14 118 65 285 B0 404 25 14175 290 B4 432 39 119.70 292 372 412 02
1.75 15 118.65 306.00 424 .85 141.75 311.40 453.15 118.70 313.20 432.80
175 16 118 65 326 40 445 05 14175 33216 473 91 119.70 334 08 45378
1.75 17 118.65 346.80 465.45 141.75 352.92 494 67 118.70 354.96 474 .56
175 18 118 65 367 20 485 85 14175 373 63 51543 119.70 37584 495 54
1.75 19 118.65 387.60 506.25 141.75 394 .44 536.19 118.70 306.72 516.42
175 20 118 65 408.00 526 65 14175 415 20 556 .95 119.70 417 60 537 30
1.75 21 118.65 42840 547.05 141.75 435.96 577.71 118.70 438.48 558.18
175 22 118 65 448 80 567 45 14175 456 72 598 47 119.70 453 36 579 06
1.75 23 118.65 469.20 587.85 141.75 47748 519.23 118.70 480.24 599.94
175 24 118 .65 488 60 608 25 14175 498 24 539 99 119.70 50112 520 82
1.75 25 118.65 510.00 528.65 141.75 519.00 660.75 118.70 522.00 541.70
1.75 26 118.65 530.40 549.05 141.75 539.76 6581.51 118.70 54288 66258
1.75 27 118.65 550.80 569.45 141.75 560.52 70227 118.70 563.76 583 .46
1.75 28 118.65 571.20 589.85 141.75 581.28 723.03 118.70 584 .64 704.34
1.75 29 118.65 591.60 710.25 141.75 502.04 743.79 119.70 505.52 725.22
1.75 30 118.65 512.00 730.65 141.75 52280 T64.55 118.70 526.40 746.10
1.75 31 118.65 53240 751.05 141.75 543.56 768531 119.70 547.28 766.98
1.75 3z 118.65 652,80 771.45 141.75 66432 806.07 118.70 663.16 787 .86
1.75 33 118.65 573.20 791.85 141.75 585.08 826.83 119.70 569.04 808.74
1.75 34 118.65 593,60 812.25 141.75 705.84 847.59 118.70 709.492 829.62
1.75 35 118.65 714.00 832.65 141.75 726.60 868.35 119.70 730.80 850.50
1.75 36 118.65 734.40 853.05 141.75 74738 889.11 119.70 75168 871.38
1.75 37 118.65 754.80 873.45 141.75 768.12 909.87 119.70 77256 892 .26
1.75 38 118.65 775.20 893 .85 141.75 788.88 930.63 118.70 79344 913.14
1.75 39 118.65 795,60 914.25 141.75 809.54 951.39 119.70 814.32 934.02
1.75 40 118.65 816.00 934 65 141.75 830.40 972.15 119.70 835.20 954 .80
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lane and 15-foot exclusive bus lane, and 13-faw far each.Figure 27 shows the
summary of the travel time comparison, and theil@etaesults for these cases are
attached irAppendix D.

The analysis shows that for autos, there was & @éaction (approximately ten
percent) in travel time when the mixed-traffic lamielth increased from 10 to 11 feet.
After that, when the auto-lane width increased Ibeydl feet, the travel time for autos
slightly changed within 2.5 percent. In case a$dgj there was a slight reduction
(approximately three percent) in travel time whiea éxclusive bus lane width was
reduced from 16 to 15 feet. After that, when the lame width was reduced to 14 feet
and then to 13 feet, the travel time for buseseased by 5.8 and 6.6 percent,
respectively. The graph suggests that if an exausus lane were implemented in this
case study, the scenario of 11-foot mixed-tra#izd and 15-foot exclusive bus lane

would provide the least travel time.

Figure 27. Travel Time Comparison for Different Lane-Width Cases — Scenario 2b
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Analysis for Number of Buses and Bicycles

Another example of sensitivity analysis appliedhis case study was to change
the number of buses and bicycles, while keepingémee number of autos in the
corridor. Three new cases were evaluated for ehtiie three scenarios where the
following numbers were applied:

a. 36 buses and 16 bicycles.

b. 60 buses and 16 bicycles.

c. 12 buses and 60 bicycles.

The results showed that the different numbers sébwand bicycles did not have
much impact on the final results. Similar to thigimal case, scenario # 1 continued to
provide best performance for autos, followed clp$si scenario # 3. It was noticed that
travel times for buses increased when the numbbusés increased in all cases, while
this was not necessary in the case of bicycleavelitimes for bicycles stayed without
significant change throughout the analysis, extmpscenario # 1 in case (b), when it
increased by more than 10 percent. For the sasgs travel times for bicycles increased
by 4 percent in scenario # 2, and did not changeemario # 3. The results are
reasonable since bicyclists would be sharing acb8{aine with 60 buses and other
vehicles in scenario # 1. The situation is bettescenario # 2 when they share a 14-foot
exclusive bus lane with 60 buses, but without autasscenario # 3, bicycles stay in their
exclusive bicycle lane with minimum interaction vither motor vehicles.

When comparing the different cases for scenaridgtits original case, the travel
times for autos, buses, and bicycles, increase@lyy3.6, and 5.2 percent, respectively,

in case (a). In case (b), the increase went @p307.8, and 15 percent, and the changes
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were below 3.4 percent for all three modes in ¢eseFigures 28 and 2%how the
summary of the travel time and emission rate commpas, respectively, for the different

cases of scenario # 1, and the detailed resulthése cases are attachedppendix E.

Figure 28. Travel Times for Four Different Cases -Scenario # 1
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Figure 29. Emission Rates for Four Different Cases Scenario # 1
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4.14. Experimental Survey

In an effort to provide a complete case study,raesuwas prepared and given to
two groups; one group consisted of transportatiofegsionals from different
jurisdictions, and the other group consisted oftel@ and non-elected officials who
frequently make decisions on transportation-relg@iegects, and most of the times, they
are not transportation professionals.

The survey included two sets of questions: the $es consisted of general
guestions about traffic congestion, major challsngad potential solutions to reduce it,
and the second set consisted of questions relatelabices of a preferred scenario, where
several charts were displayed. Some questions wekxted to a single objective and
others were related to more than one objective evegferent scenarios performed
differently. Another question in the survey comzet the final chart displaying all 19
objectives included in this study for all threersaeos and the respondents were required
to review the chart and make their choice of agaretl scenario. The survey is attached
in Appendix F.

The survey has two objectives. First, is to find ibthere is a general
recognition, especially from the officials, thaffic congestion exists in their
jurisdiction, if they have put any thoughts or effto address this matter, and if there was
any interest in the multimodal concept as a paa¢sbdlution. The second objective is to
see how clear the charts are, and if non-transjpamtprofessionals can easily interpret
them and respond to the questions. Ten transmortptofessionals and eight officials

responded to the survey, and the results werellasvi
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4.14.1. Transportation-professionals’ Survey Restd:

The transportation professionals who respondeddtirvey were those in
charge of the traffic divisions of their respectjugasdictions in the state of Maryland,
USA, and they included the ten following jurisdaets: City of Baltimore, City of
Frederick, City of Gaithersburg, Anne Arundel Coyraltimore County, Calvert
County, Carroll County, Harford County, Howard Ctoyrand Frederick County. This
was a good mix of jurisdictions, where some aresw@red to be - or to be near - a big
city such as Baltimore, MD, and others are not woge to big cities, such as Howard
County.

All ten jurisdictions agreed that they have a tcafbngestion problem, and nine
out of ten said that it was a priority for thenréaluce congestion. All jurisdictions
agreed that right-of-way availability is the maimadlenge to pursuing traffic congestion
solutions, followed by the lack of construction dign

All jurisdictions, except for Howard County, statidt there was an effort to
promote some multimodal concept, but only 6 havsymed the installation of some
bicycle lanes, supported light-rail extension, atied bus shelters, or subsidized bus
service. The top three factors that would encoaithgse transportation professionals to
pursue a solution to reduce congestion were to hagaution that does not require
additional right-of-way (90%), to address traffafety (70%), and to include transit
accommodations (60%). Bicycle lanes and envirortat@mpacts received 4 votes each.
Finally, all jurisdictions, except for Harford Caynare either working on or have

already completed a bicycle master plan.
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When asked about the their preferred scenario,¢hege scenario # 1 as their
favorite in all categories independently, excepttf@ bicycle-related objectives, where
scenario # 3 had better results with the exclusiggcle lane. Overall, after
understanding the lane configuration for all scexsaand after reviewing all results,
seven out of ten participants chose scenario #€3) though it did not have the majority
of best levels of performance. Some explainedtthatwould be their preferred scenario
since the percentage of trucks on this road idight. Some concerns, however, were
raised about the 10.5-foot lane being slightly onatr The three opinions favoring
scenario # 1 raised concerns about potential sigesaccidents with the narrower lanes,
and they did not want to sacrifice safety for a lmwnber of bicyclists. One participant
suggested that scenario # 1 would be preferrddsfwtas a part of a traffic operation
solution for an existing condition, but scenarid #ould be favored if the decision was a

part of a long-term master-plan goal to encourafferdnt modes of transportation.

4.14.2. Officials’ survey results:

The officials who responded to the survey werdrath the City of Rockuville,
Maryland, USA. The eight officials consisted offe@ council members, the city
manager, the deputy city manager, two assistaritgetoity manager, and the director of
the public works department.

Interpreting the charts and choosing a preferredago were the main purpose of
conducting this survey with officials. It was irgsting also to see their perspective on

the traffic congestion issue and how they see tialenges to solve this problem.
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All officials agreed that there was a traffic cosgen problem in Rockville, and
the majority agreed that reducing congestion hauh lzepriority for the City. Unlike the
transportation professionals who agreed that tilg-of-way availability was the main
challenge to pursue a traffic congestion solutasficials voted for the challenge of
building consensus as the main challenge. It wievwed by the lack of construction
funds, and the right-of-way issue came in last.

All officials supported the promotion of the multiakal concept, but when asked
about the most encouraging factors for them to sagpsolution to reduce congestion,
no need to purchase right-of-way came in first @Jdollowed by addressing traffic
safety and including transit accommodations. Assirgy environment impacts came in
close fourth, and accommodating bicycle lanes Wwaddast important factor. It should
be noted that this order is very similar to theeoneésulting from the transportation
professional survey.

When comparing any two performances, of which smelated to the safety
impact, the officials leaned toward choosing thersscenario, even if it meant more
travel time or less bicycle compatibility. It wexeresting to see the officials divided
when making a final choice at the time all perfonees were displayed in one chart.
One half of the officials chose scenario #1, whgchanked first among the three
scenarios in the majority of the objectives. Tha&plained that bicycle lanes would not
be used by enough bicyclists to justify lower level performance in safety, emission
rates, and travel time. On the other hand, theraifficials chose scenario # 3 stating
that providing a bicycle lane is very importantddhe difference in levels of

performance for the other objectives were not mualse to convince them otherwise.
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The survey’s results were very useful in this stuttyshowed that although
transportation professionals and officials did agtee on the order of the challenges in
pursuing a solution for traffic congestion, theyesgl that the right-of-way and the lack
of funds are two major challenges. They also abogethe most important factors for
them to support a solution, and those factors wesaieed to purchase right-of-way,
addressing traffic safety, and including transgtanmodations. Finally, when reviewing
the charts displaying the performance measurel thirae scenarios, almost all officials
had no trouble interpreting the charts and theyematglligent decisions. It should be
noted that the officials were not provided with gmgsentations explaining the charts,
but in reality, they would be exposed to a pregentabout the project and the
performance measures. This should make it eveardasthem to interpret the charts
and to make an informed decision. Finally, desihigefact that the officials did not
unanimously agree on a final selection, they hathalinformation they needed to
clearly understand the advantages and disadvantdgesh scenario. This would allow

them to be engaged in a productive discussion befdinal decision is made.

4.15. Summary of Numerical Example

In this chapter, a numerical example was preseitdeémonstrate the suggested
method to allocate and compare lane-use scenarios@viable modes of transportation.
A short corridor - 1.3 miles long - with six sigizdd intersections and three bus stops
was the scene of the experiment. Tasks implemeaatddmonstrate the suggested
method included identifying three different sceasyiapplying traffic data into a traffic

simulation model, and computing several factorddtermine the objectives of the study.
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For each of the three scenarios, the following messsof performance were evaluated:
average travel speed, travel time, and delay foln eathe three modes of transportation,
bicycle compatibility index, users’ travel and detasts, and operating costs for all
modes. Mobility, accessibility, and environmeraatl safety impacts were also
evaluated for each scenario.

Throughout the process, charts were developednpare specific objectives for
each of the three scenarios. Performance levethéol9 objectives were summarized
and presented in a single chart where their vakeze displayed. A sensitivity analysis
was also conducted to provide an understandingwfthe model responds when input
are changed. Several different examples of thsithaty analysis were provided.

Finally, a survey was conducted where decision msakeswered some questions
and reviewed the charts. They agreed that thé-afytvay and the lack of funds were
two major challenges to reduce congestion, andnidyerity of transportation
professionals preferred scenario # 3 in the casbystvhile the officials were divided

between scenarios # 1 and # 3.
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Chapter V:  ASSUMPTIONS AND LIMITATIONS

In a study with such a high number of inputs andabdes, assumptions had to be
made to both simplify and facilitate the proce$bere are also limitations to the study
that have to be identified and should be considasedpportunities for future research to
improve and enhance the application of the sugdestthod. In this chapter, the study
assumptions and limitations are presented. fh@rtant, however, to distinguish
between the assumptions and limitations of theysitiself, and those of the case study

presented in the previous chapter.

5.1. Study Assumptions

The right-of-way width in this study is assumedwofixed from curb to curb for
each travel direction (e.g., 26-foot wide in theeatudy). The assumption is that this is
the room available to explore different lane-usecaltion scenarios, and it is up to the
transportation engineers and planners to decidetbdogst allocate the road among
different lane-uses with an existing road widtleafty in place. Although this might be
the case in most cities where right-of-way and ueses are limited, it is probably
possible in some areas to widen the road and atiove space to accommodate a parking
lane, a bicycle lane, or an extra mixed-trafficdahus, the methods developed as a part
of this research should be useful in a varietyitofasions, but there is a limit to how
many cases can be reported. Most important isriderstanding of the methods used

and some of the sensitivities.
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Land use and transportation systems are interaasithey form a combination on
which people and businesses make their local dedsi Transport strategies change
accessibility, which subsequently affects land useturn, land use impacts trip
generation, and thus, affecting the performandbdetransport system (Ortuzar and
Willumsen, 1994). For example, commuting time aast influence the choice of a
place to live, and business location decisionsaéezted by the amount of traffic
congestion and by the location of the employeesgdance. Since land use systems and
transportation are interdependent, it is challeggmfind a model to predict one from the

other.

The suggested method is assumed to be appliednif@am land use mix across
all scenarios, and therefore, the type of landnagkno effect in the study. For example,
when calculating the BCI in the case study, théoflatAREA” was assumed to be zero,
for a non-residential area, throughout the corridbiso other adjustment factors for
truck volumes, parking turnover, and right-turnwoks were assumed to be zero for all
scenarios. Those factors, however, could be takerconsideration in a more detailed

analysis while applying the suggested method.

The study assumed that it was important to ensaméraiity and accessibility.
Therefore, an effort was made in this area by sstijggea similar scenario of lane use to
all segments of the road, i.e. the existence @atusive bus lane or bicycle lane was
consistent along the different sections of the ro&kis matter is more tangible when

accessibility is evaluated for each scenario.
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The effects of traffic signals and other traffimt®| devices were assumed to be
important factors in the analysis, and thereforesenncluded in the model by coding the
related information in the simulation model. Né&oef, however, was made to optimize

the traffic signals’ timing.

In the case study, three scenarios were identifidtere are probably other
scenarios that could have been added for comparsake. For example, a seven-foot
parking-lane could be provided along with a sixtfbwycle lane and a 13-foot travel
lane for mixed traffic. In some cases, parkingmmhige necessary, but it obviously comes
at the expense of road capacity. If the transporta&ngineers and planners are looking
for all possibilities, then extra effort should tm@de to identify more scenarios, as will be
discussed in the next chapter. In the case shalyever, it was assumed that parking is
available on the private properties adjacent tactiredor, and therefore, the three

suggested scenarios — with no parking lanes - therenost promising for this case.

In the same line of thoughts, it should be noted slome flexibility could exist to
allow different uses for the same scenario aslaatdn of the various traffic conditions
during different times of the day. For examplé&2afoot bus lane can be replaced during
non-peak periods with a seven-foot parking laneafide-foot bicycle lane, but a
mixed-traffic lane cannot replace a bicycle laranal Another example would be to add
a traffic lane during one peak period and/or remelene during the other peak period
pending or the flow of traffic during rush hours,implemented on Connecticut Avenue
in Washington, D.C, USA. It is obvious that sudematives should be set (i.e.,

pavement markings) before implementation to alloevfeasibility of such outcome.
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More specific assumptions applied in the three ades include the number of
bus stops (3) and signalized intersections (6)ekest along the 1.3-mile corridor. About
1000 vehicles were spotted on any given sectiothemorthbound travel lanes of the
road, but only 60 vehicles, 12 buses, and 16 bésynlade the trip from point (A)
upstream to point (B) downstream. The performaneasures of these three types of
transportation modes were analyzed. Other veheslésred and exited the corridor at
different points between (A) and (B) but their peniance was not included in the
analysis.

It should be also noted that during the analysihefscenarios, some assumptions
were made such as the $20.00 estimated averagy hear time value, and the $3.00
cost of a gallon of fuel. These values can ob\hpohs different from a city to another
city, from time to time, and even from a persompé¢oson using different mode of
transportation, as described in chapter threeua$t assumed that these amounts were
reasonable and were adequate to conduct a compansong the scenarios as long as
the same values were applied for all scenariosemsitivity analysis can also be applied

to assess the effect of change in those values.

5.2. Study Limitations

Although an honest effort was made to include tlagomfactors into the analysis,
it should be acknowledged that the study has samtations that could be considered or
included in future studies. For example, this gtdidl not take into consideration some
traffic-signal improvements that can contributeniprove traffic flow such as signal

optimization and pre-emption for buses to give thgrarity for green light. Traffic
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signal improvements can contribute to the efficiyeattraffic flow for different
scenarios. Also pedestrian considerations werénchided in the study. For example, it
is safer for pedestrians to cross less numbemefsiaeven if the road width does not
change. ltis also better for pedestrians to caossorter distance, but this did not apply
to this study since the road width was predeterthine

Although bicycles were included in this study, adlhas the BCI level and
bicycle safety, the study did not quantify othendigs of bicycling such as social
benefits, health benefits, or benefits from righta@y preservation. Another unforeseen
factor is how society would react to the additidicycle lanes in the future. Since
several cities, such as Philadelphia, PA, Baltimhpt®, and Washington, DC, in the
United States, have been active recently in estably bicycle master plans, there is a
good chance that the public will start to be maeepting of the idea of bicycling to

work and thus to use the bicycle lanes, espeardtly the continuous rise in fuel prices.

As mentioned earlier, parking might be necessargnevhen it comes at the
expense of road capacity. The suggested methadragrovide, however, a tool to
measure the need of a parking lane or its beneffscially in a business district. This
matter should be dealt with on a case-by-case.b#sisis determined that a parking lane
is essential, approximately seven feet of the ab#8lroad width should be designated for
the parking lane. In case the need of a parking tould not be determined, scenarios
could be developed with and without the parkingelaand the performance of the

different scenarios should help decision makehtmse their preferred scenario.

It should be noted that the study did not includst ©f bus fares in the users’

costs, but this factor can be easily added, if adedspecially if the analysis includes
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factors people consider when deciding which trartggion mode to use. Examples of
those factors include hours and extent of servalgbility, accessibility, transit
information, transfers, cost, appearance, compadestrian environment and amenities,
and time spent walking to the bus stop.

In the case study, although sensitivity analysis agplied for different factors,
more sensitivity analyses could be performed. ikstance, to evaluate the effect of
mode choice on the measures of effectiveness atedavith each scenario, mode choice
shift from autos to buses and bicycles, and viesajecould be considered. The case
study did look, however, at the effect of incregsiine number of all modes of
transportation under the growth-in-demand sectiothé previous chapter. In other
cases, where more than 2 traffic lanes could b#adka, more sensitivity analysis could
be performed to measure the impact of the numberixdd traffic lanes on road
capacity.

Another limitation of the case study is that itg@eted a case of a short corridor,
and therefore, the results do not offer the fudtymie of an urban transportation network.
The suggested method, however, can be appliedb@m @ransportation networks where
an assessment of the ability of the overall trartgion network to carry traffic among
various destinations can be evaluated. Trips gé@eifrom an origin point to a
destination point can be applied using differenttes. Mobility and accessibility, in this
case, will be better evaluated when assessing@iffeoutes used under different

scenarios to reach a specific point of attraction.

Also, while assessing accessibility, performancasuees for percentage of

households (or employment) within a specific distaaf a transit stop, such as % mile,
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or with access to transit service within a spedifiee period, such as 15 minutes, could

be beneficial. A higher number in this case suggadetter accessibility is achieved.
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Chapter VI: CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

In response to the challenge faced by transpontatimnners and traffic engineers,
with the limited road space available on congestédn street networks, this study
proposes a decision method for roadway lane desognamong different viable modes
of transportation. The objective of the studyoislevelop a multi-objective decision-
making method for transportation professionalspgplyawhile designating travel lanes
for the various modes of transportation in orderetach the most efficient road allocation
scenario. The transportation modes considereduisrstudy include passenger cars
(autos), buses, and bicycles. The most efficieahario was not measured only by
delays, travel speeds, and travel times, but atsasbessing efficiency for mobility,
accessibility, and safety and environmental impacts

It has been noticed that in the recent years, aewajor cities in the United
States such as Philadelphia, PA, Baltimore, MD, Waghington, DC, have been
developing bicycle master plans. This is bendffcasmart growth as well as for the
environment and for people’s economy and healtimes€ bicycle master plans, however,
did not consider many factors, which this studirysg to address. The plans were
based mostly on selecting several roads, whereespavailable, to build a bicycle
network. Factors such as travel time, traffic safend environmental impacts, were not
included in the assessment. The point is thattbas/cle master plans have not been
comprehensive when providing an evaluation forcgdle network, or more generally

for the urban transportation network. This studgudd be considered by consultants
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preparing bicycle master plans because it can paligrimprove their studies and make
it more comprehensive. While assessing the beneffiadding bicycle lanes, different
modes of transportation, their effects on eachrote their effects on the transportation
system in general, should be considered.

Another area where significant progress has beatenmathe last decade is the
area of computer software application for bothetalemand and traffic operations.
Software such as VISSIM, PARAMICS, CORSIM, and SYHRD, have been upgraded
and widely used in the recent years. They areatddutools to use while developing and
comparing different transportation corridors antvoeks.

Considering the phenomena of traffic congestiorllehges, bicycle master plans,
and computer software that emerged in the lasdeeades, a method was proposed in
this research to contribute in improving transpistanetwork efficiency and measures
of performance. This method consists of identdythfferent possible lane-use
allocation scenarios for the transportation sys&mjuating the effect of changing lane
allocation among the different transportation mooleshe system’s efficiency, and
selecting the most efficient scenario pending @nteasures of performance of each

scenario.

The measures of performance in the study incluaestrspeed, travel time, delay
time, and users’ costs for each mode of transpontabperating cost, BCl comparisons,
mobility, accessibility, and safety and environna¢mpacts. Since it is not possible to
achieve an optimal solution for each of the stuayjgectives, a multi-objective decision
making framework was applied with the understandiag some subjective preference

must ultimately lead to a single choice.
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The study describes how the suggested method watoged, and a numerical
example was demonstrated where the proposed metwdpplied for different
scenarios. In this case study, an existing roatisewas selected in an urban
transportation network, and three different possiahe-use allocation scenarios were
identified. Traffic data were applied and includistribution of modes across the lanes,
free flow speed, existing traffic flow numbers fach transportation mode per hour, and

occupancy rate for passenger cars as well as buses.

A traffic simulation software, VISSIM, was usedntmdel existing traffic
conditions, and to determine the average speeekidn travel mode, among other
outcomes such as travel times and delays. Thelmadeapplied to all three scenarios
with different road-lane allocations. During thedeling phase, one main objective was
to evaluate the impact of each scenario on thekispeed for different modes. The
outcome of VISSIM, which provides the average tfapeed for each transportation
mode, helped answering this question.

Using the average speeds, users’ costs of tradetlelays were calculated, as
well as operating costs for the different transatooh modes. Other measures of
effectiveness for mobility, accessibility, safesyd environmental impacts were also
evaluated. Mobility was calculated by quantifyihg travel time needed to reach a
specific point of attraction such as a Central Beass District (CBD), and accessibility
was evaluated by quantifying the number of pedmdé tan reach a specific point of
attraction such as a CBD, or a downstream pointi(Ba specific amount of time.

Environmental impact was assessed by comparingsemisate data generated by
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MOBILEG for each scenario, and an accident prealicéilgorithm was applied to assess
the safety impact, along with the BCI to measuoydle safety.

The question of how to assess the effect of usle@sion of changing their mode
choice posed itself. There was a possibility #mahe users would choose a new mode of
transportation as a reaction to new congestiorepeticreated by a new scenario of lane-
use. How would the change in mode choice affecptrformance of the transportation
system in this case? To answer this questiomsitsaty analysis was suggested to
provide an understanding of how the model woulgpaas to mode choice changes.

Several other sensitivity analyses were conducigutdvide an understanding of
how the model responds to input changes. The iciparige in this study can be the
mode choice, the number of passengers per autparls, the number of autos, buses,
and bicycles in the system, user time value, fost per gallon, and lane width. Some
examples of the sensitivity analyses were providdtie case study such as the mode
choice, and vehicles’ occupancy. Several runs wks@ performed for all scenarios
while using different numbers of buses and bicy@®sl one scenario was assessed with
different lane widths.

The multi-objective decision-making framework wapled to incorporate the
multiple objectives into a process where all ohth&re considered regardless of whether
they can be estimated in monetary or non-mone&md. Charts and visual tools were
prepared to present the different comparisonseftitfierent scenarios. The case study
ended by conducting a survey where two groups refgubto different questions about
traffic congestion, and about the charts represgritie performance measures of the

different scenarios. The first group consistettaffic engineers from different
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jurisdictions in the state of Maryland, and theestgroup consisted of elected and non-
elected officials who frequently make decisiongramsportation-related projects.

The feedback received from both groups was usefliveorth mentioning. In the
case of the transportation professionals, thesugdported the multimodal concept and
claimed that their jurisdictions support the inlstidn of bicycle lanes, light-rail
extension, bus shelters, or subsidizing bus servitey claimed that the top factors that
would encourage them in pursuing a solution fdfic@ongestion would include the
existence of adequate right-of-way, potential inveraents to traffic safety, and possible
transit accommodations. The majority of them prefét a scenario with a bicycle lane as
long as there is no high percentage of heavy vehislo that the narrower lanes would
not jeopardize safety. Although they ranked tcadfafety as one of the most important
factors when considering a specific scenario, ftéuesportation professionals felt that
commuters would prefer using a shorter path thsafer roadway. This is opposite to
bicyclists, who would prefer to ride on a safend anore comfortable - bicycle route,
even if it were a longer path to their destination.

In the case of the officials, building consensus te most challenging of the
factors when considering projects to relieve tcatfongestion, followed by the lack of
construction funds. They agreed that traffic catiga should be addressed and they
supported the promotion of the multimodal concapthen it came to choosing a
preferred scenario for lane-use allocation, theeials were divided on a final decision.
Half of them chose a scenario with a bicycle laegardless if the measures of
effectiveness were slightly in favor of anotherrean® without a bicycle lane. They

mentioned that bicycle lanes were very importand, the difference in levels of
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performance for the other objectives was not muckse/to convince them otherwise.
The other half preferred the scenario without gdlelane, but with slightly better
measures, and they claimed that the bicycle landdumot be used by enough bicyclists
to justify lower levels of performance in safetyission rates, and travel time.

In general, the numerical example showed that vih#depresence of a bicycle
lane increases the Bicycle Compatibility Index &raycle safety, narrowing the travel
lanes to accommodate the bicycle lane could leaddaver performance measure for
traffic safety in general. It was also determitieat the designation of an exclusive bus
lane might not have a substantial positive impacthe bus-related objectives, as much
as the negative impact it might have on passengjaches, which would have fewer
travel lanes to use, such as longer travel timdsdafays.

More analyses were performed to assess the vatyatfithe results where means
and standard deviations were calculated for akabjes. It was clear that some of the
results were statistically indistinguishable, atitkos showed clear winners (or losers).
Furthermore, analysis was conducted to assesdbpmsbkianges in the ranking of
scenarios in the future. The three scenarioseot#se study were evaluated for the next
10 and 20 years, with a projected annual growth rahe results showed that in some
cases, a change in the ranking of some objectbasplace, and in some cases, it was
clear that one scenario emerged as the new fasméteario. This suggests that the
growth in demand should be considered while assg$se different scenarios.

This research contributes in different ways totthasportation community; it is
an effort to improve corridor or network efficiencipefining a process to assess whether

infrastructure improvement would provide an efficircansportation system is a
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contribution of this study. The measures of effertess included in this research were
not assessed simultaneously in previous studieshvauds another dimension to the
contribution of this study. It also provides ampkgation for a unique multimodal
analysis using a traffic-operations modeling sofemtiat became very popular in the
recent years.

The results were accumulated and presented in aegnaot influenced by
decision-makers input. They were simplified t@adlthose decision makers - who might
not be very familiar with transportation projectto-understand the different
performance levels of each scenario. Another dmution of this research is the field-
testing of a suite of those performance measuras;hvehich was conducted by engaging
transportation professionals and decision makepaurticipating in the survey described
earlier. And finally, some useful observations aacbmmendations were generated as a

result of applying the numerical example descriimechapter four.

6.2. Recommendations

This process confirms the need to include engingéaaners, and transit
providers, among others, in the design discussidmaffic management objectives,
public safety, and bicycle performance can sometiomaflict with each other.
Involvement by the appropriate people is essetdialsuccessful project (West and
Lowe, 1997).

As for the process itself, in case of large netwovkhere large number of
scenarios can be generated automatically, a methaskigning weights to the measures

of effectiveness, such as the analytical hierapriogess (AHP) can be applied. This
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process might be necessary to apply in some casesrow the number of scenarios to
be evaluated in a comprehensive way.

It is also recommended to run the model severagifor each scenario with
different random number seeds. This should iner#as accuracy and validity of the
results. Transportation planners should applyaaarable growth rate projection in
demand - that would best fit the location undedgtuin the proposed method to allow
assessing the performance of the different scenarithe future.

Methods to evaluate each objective should als@bewed. It is expected that in
the future, more software would be available, aoidptially reliable models combining
mode choice and route assignment will be availaBlso, more accurate methods to
predict crashes, and better ways of measuring mphitd accessibility should be
available. There are also opportunities to addenfactors to the analysis, as it will be
described in the next section.

While conducting the survey, it was clear that npasticipants had no trouble
interpreting the charts presented to them. kcommended, however, that the results be
provided to decision makers with a brief preseatato ensure they understand the
charts. This will ensure their answers correatiject their wishes.

Once a scenario is chosen and implemented, it slaimonitored and evaluated
so that feedback is provided to policy makers &edoublic. This will assess how the
plan is performing and complying with the jurisdbct requirements and needs, and to
determine if steps should be taken to keep the @tacourse, or to make the plan more

effective.
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For roads where dramatic changes in operating tiondiare expected at
different times of day (e.g., heavy traffic in aieection during the AM peak period and
in the opposite direction during the PM peak peritite analysis should be conducted
for the different peak periods. Flexibility in @tlating the lanes for different uses during
different peak periods should also be exploredaaralyzed.

Another component of making the implementation pfaam successful is to
increase education among motorists, bicyclists,@attstrians about traffic safety. For
example, Van Houten, et al. (2005) stressed oimtpertance of motorists looking
before opening car doors and of parking as closkeg@urb as possible when parking
next to a bicycle lane. Enforcement should alsavalable to ensure compliance with
traffic rules and regulations

Although the study showed that reducing lane widtaccommodate bicycle
lanes, or reducing the number of lanes allocatedhiged-traffic use, slightly increased
the travel time for motor vehicles, consideratitorsbicycle facilities and bicycle safety
is very important. It is obvious that road capagtlimited and does not grow as fast as
the population, and therefore, other modes of frartation (e.g., bicycles and transit)
should have opportunities to expand their facsitespecially when no significant impact
is expected in reducing motor vehicles’ measurgsediormance. If we continue to
respond to congestion by expanding capacity foomeghicles, while allowing transit to
deteriorate, congestion will increase and the nekgi@bility to move people will

decrease.
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6.3. Recommendations for Future Research

As mentioned earlier, since this research dependaseasuring the performance
of different scenarios in different areas, enharer@sto the methods of measuring those
levels of performance can be valuable when avalabthe future. Also, the research
can be expanded to incorporate more factors t@bsidered while comparing different
lane-use allocation scenarios. This section hyhiti some of the potential enhancements

and new factors to be considered in the future.

One potential enhancement is to use some formtofreated scenario generation
model to provide as many scenarios as possiblenddjudgment and experience should

be applied to eliminate some of those scenariosrbdhe analysis begins.

Another important potential enhancements inclugeute of a reliable model
combining mode choice and route assignment, manerate methods to predict crashes,
and better ways of measuring mobility and acce#sibiAll of which can be applied to
the proposed method in an effort to improve théditgland accuracy of the results.

In reference to expanding the research, one obwdmesis to apply the suggested
method on roads or networks where widening roads igption. In this case, the
scenarios will not be limited to a specific widthyt rather to a variety of lane and road
widths. The land price, right-of-way acquisiti@md construction costs, should be added
to the total cost of each scenario when condudtirggresearch.

If the research is expended to include more perdoica measures for transit,
passenger evaluation of the service, such as fnegueeliability and span of service
(King County Metro, 2002) should also be factorgntude when evaluating the system.

Other measures of effectiveness for transit suatosts safety, parking availability, and
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comfort level in a transit vehicle should be adttethe assessment of each scenario.
Those are factors that could be important in a'siskcision in choosing his/her mode of
transportation.

Several other factors were not incorporated intiaslel, and thus, are not
reflected in the method upon which the road aliocatlecision is made. These factors
could nonetheless be important and incorporatékddrdecision-making process. Further
research is needed to evaluate how to incorpdnasetfactors in the road allocation
method. These factors include: environmentaliasoeconomic, safety, and ridership
factors.

a) The environmental factor. Each scenario hagittded emissions, such as
nitrogen oxides and carbon monoxide, and the smewndgh minimum emissions should
be favored in this category. Although these pafthe environment are incorporated in
this study, another element such as noise, whiolvasy with different alternatives, and
its effect, was not taken into consideration. ds lbeen found that traffic noise would
increase with the increase of traffic flow, espligiaith larger vehicles, such as trucks
and buses. This is an important factor that aftinences the decision making for
roads, especially near residential neighborhoods.

Another factor that can be further assessed isifpati and air quality, which
varies depending on the quality of pollution cohguipment on a vehicle. It is obvious
that different vehicles produce different emissiates. Although emission defaults were
applied in the case study, as described in chamier future research might be needed if
more non-conventional vehicles are traveling treelso Examples of such vehicles

include hybrid, electrical, and vehicles using naltgas or alternative fuels.
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Finally, some other environmental factors that ddué included in the analysis,
especially for bigger projects where road widengwgeeded, include disturbance of
wetlands, streams, wildlife, and plant life, and tlmpact on land use. The land use
factor for example, can influence the dynamic affic flow.

b) The social factor: The availability of on-str@arking might be a crucial
aspect, especially on roads adjacent to residemmkbusinesses. Not allowing on-street
parking might not be a favorable option due tazeis’ opposition. Also, some citizens
oppose bicycle lanes in some roads, regardlebs iaster plans call for them. On-
street parking also can be essential for busingeaéslepend on high turnover such as
restaurants, or other stores where customers fnéiguasit for different services,
especially when off-street parking is not adequatavailable. This factor can be
included in the first step when scenarios are ifledt or during the decision-making
phase.

¢) The economic factor: There are several exparda®d to the decision other
than the travel user’s cost and operating costs.irffStance, one such expense is the cost
of posting traffic signs, installing pavement mackior special lane usage and for
different lane usage during different periods ofdj and traffic signal modifications.
Maintenance of traffic control devices is also apense to be considered.

d) The safety factor: Although the safety fackmicorporated in this study for
both motor vehicles and bicycles, more safety aislgan be investigated for future
research. For example, when a bicycle lane iggdated, very often the lane width for
motor vehicles is reduced, and thus, there is anpiatl reduction in travel speeds. The

impact of the bicycle lane could be considered asgative impact on the motor vehicles
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since travel delay increases, but from safety matsyge, it could be a positive impact in
some areas where traffic calming is needed.

Also, the potential conflict between bus lanesytlie lanes, and on-street
parking, as well as safety concerns due to thedot®n of different modes of
transportation could be taken into consideratiofutare research.

e) The ridership factor: The increase in gas praogd the designation of
exclusive bus lanes might increase bus ridersAithough the effect of this factor was
included in the study as a part of the sensitiaitalysis, the effect of designating an
exclusive bicycle lane on the change in number@fdbe riders is neglected since its
effect is minimal and cannot be accurately deteechinFuture research might investigate
this further especially if the idea of bicyclingdmenes more accepted socially.

Finally, it should be noted that factors, suchigea optimization and pre-
emption for buses, can also be incorporated inréutesearch. Traffic operations can
benefit from including those components, and cdwade some effects on the
performances of different scenarios.

It is clear that this research can be expendeddade many more factors. This
study includes the most relevant factors affectiricansportation system. Depending on
the size of the project, and the available resarte analysts and decision makers
should determine if some additional factors, suetha ones listed in this section, should

be included in the analysis.
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Appendix A

Output of the Model
For Original Scenarios:

1,2, 2b, and 3
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 12, Bikes = 16)

Table of Travel Times:

Average travel times in the section of the corridor in seconds.
NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 f

Time NB

Period Autos Trucks Buses Bicycles

(secs) Time (secs) Count Time (secs) Count Time (secs) Count Time (secs) Count

0-900 1937 I B6 0 2979 24 3411 18
900 - 1800 2000 19 0 0 3084 3.2 3344 24
1800 - 2700 2079 15 83 0 N3 24 3575 5.0
2700 - 3600 2083 16 81 0 2995 34 3530 56
Average Witd 2030 61 148 1 3060 114 3481 14 8

Table of Delay:

Delay: Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical {ideal) travel time from the real travel time.
The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other

stops in the network {reduced speed areas are taken into account)

NE Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6
Stopd: Average standstill ime per vehicle {in secs)
Stops: Average number of stopsfveh

Time NB

Period Autos Trucks Buses Bicycles

(secs) Delay Av. Standstill Av. StopsiVeh Count Delay Av, Standstill Av, StopsiVeh Count Delay Av, Standstill | Av, Stops/Veh Count Delay Av. Standstill Av. StopsiVeh Count
(secs) Time/Veh (secs) (secs) Time/Veh (secs) (secs) Time/Veh (secs) (secs) Time/Veh (secs)

0-900 55.2 322 2.1 11 20 5 1 0 £9.8 151 07 2 451 307 23 2
900 - 1800 61.1 329 24 19 0 0 0 0 81.0 26.1 20 3 38.0 49 2 2
1800 - 2700 674 386 26 15 39 21 1 0 106.6 39.2 24 2 60.6 428 29 5
2700 - 3600 68.9 397 28 16 32 12 1 0 81.6 205 15 3 564 402 29 6

Total 63.6 358 24 61 55 21 2 1 87.1 25.0 17 11 51.7 36.1 28 15
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 12, Bikes = 16) - Continued

Data Collection:

Data Collection Aggregation Interval # Vehicles Speed (mean) Length VMT Emission Rates (yms/mi) All Veh Types Total Emissions (yms)
Numher Start Time End Time All Veh Types Autos Trucks Buses Bicycles All Veh Types Autos Trucks Buses Bicycles {feet) (miles) VoC NOx o) VoC NOx C0

11 0 900 232 222 4 3 3 30 3 30 26 16 2150 % 0.24538]  0.58612 3.03743 2318212 55.37089)  236.94528
12 0 00 200 271 4 3 3 20 26 16 23 15 1700 a0 0.26632)  0.60817 3.09064 24.03807 54.80244| 27976050
13 0 900 91 84 1 3 2 29 30 13 2 16 3500 60 0.25510]  0.59639 3.06636 15.38812 3597569)  184.96888
pal 0 900 209 202 2 3 2 8 28 17 2% 16 3500 139 0.26053]  0.60208 3.08242 36.15145 83.54584|  427.72402
2 0 00 205 258 3 3 1 28 28 o yl 15 1700 :5] 0.26053]  0.60208 3.0842 22.20074 5130981) 26266602
3 0 900 193 186 3 3 1 29 29 2 2% 15 2150 79 0.25510]  0.59639 3.06636 20.08266 46.95100]  241.39842
11 900 1800 248 239 4 3 3 30 30 30 28 19 2150 m 0.24538]  0.58612 3.03743 2481420 50.26913|  307.14688
12 900 1800 kI3 291 i 3 2 26 26 ] 2 14 1700 98 0.26632(  0.60817 3.08064 26.09603 5950192 30374122
13 900 1800 113 106 2 3 2 29 29 ) % 16 3500 7% 0.25510]  0.59639 3.06636 19.10832 4467311 229.68663
pal 900 1800 228 214 4 3 5 8 28 0 2% 19 3500 150 0.26053]  0.60208 3.08242 38.08731 90.33061)  462.45057
2 900 1800 kg 203 4 3 [ 26 26 o P 15 1700 99 0.26632(  0.60817 3.08064 26.29611 60.04881)  306.04087
23 900 1800 229 216 5 3 5 n 27 23 27 15 2150 93 0.26632|  0.60817 3.09964 2483418 56.71042)  289.03514
11 1800 2700 224 210 5 3 6 30 30 32 28 16 2150 91 0.25008|  0.59104 3.05139 2281014 53.90085| 278.32398
12 1800 2700 205 279 7 3 [ 26 26 2 2 15 1700 5] 0.26632(  0.60817 3.08064 25.26713 57.69907)  294.07400
13 1800 2700 114 104 2 3 [§ 28 29 23 2% 15 3500 6 0.25510]  0.59639 3.06636 19.33379 4520022)  232.39679
pal 1800 2700 243 230 5 3 5 8 28 28 2% 14 3500 161 0.26053]  0.60208 3.08242 42.02318 97.11538)  497.19512
by 1800 2700 kil 307 i 3 5 26 26 2% P 15 1700 103 027263 0.61482 3.11833 2817744 63.54288| 322.28678
23 1800 2700 222 208 5 3 5 29 29 25 27 15 2150 90 0.25510]  0.59639 3.06636 23.06043 5391270 27719198
11 2100 3600 239 223 § 3 5 30 3 20 28 16 2150 97 0.24538]  0.58612 3.03743 23.91489 57.12112)  296.01539
12 2700 3600 323 305 10 3 5 pi] 26 24 2 14 1700 104 027263 0.61482 3.11833 2638226 64.00477)  324.62047
13 2700 3800 122 10 3 3 5 28 29 19 23 15 3500 81 0.25510]  0.59639 3.06636 20.57386 48.09936|  247.302T1
pal 2100 3600 242 231 5 3 3 8 28 ) 23 19 3500 161 0.25510]  0.59639 3.06636 40.97861 95.80339) 49257279
by 2700 3600 207 286 6 3 2 by 7 % 2 15 1700 9% 0.26053|  0.60208 3.08242 24.94088 5763826  295.08676
73 2700 3600 227 217 4 3 3 78 28 24 25 15 2150 93 0.26053)  0.60208 3.08242 2411686 55.73307)  285.33746

Autos Buses Auto Idling Emission Rates (gmshr) Bus Idling Emission Rates (gms/hr) Total Emissions {(gms) Total NB VOO 284.99 gms

YOC ‘ NOx co YoC NOx ‘ co voc NOx Co Total NB Nox 646.24 gms

NB Idling {hrs) 14829 0.1308 7.94421 ‘ 2.10428 ‘ 3317788 2311 ‘ 55.90675 ‘ 32.13675 12.08318 ‘ 1043517 | 53.40557 Total NB CO 3,318.39 gms
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Scenario - 2: One 12-foot mixed traffic lane and one 14-foot exclusive bus lane shared with bicycles (Buses = 12, Bikes = 16)

Table of Travel Times:

Average travel imes in the section of the corridor in seconds

NB ALtosTrucks, Buses and Bicycles - Travel Time section = 6714.6 ft

Time NB

Period Autos Trucks Buses Bicycles

(secs) Time (secs) Count Time (secs) Count Time (secs) Count Time (secs) Count

(- 900 2347 8 70.0 0 303.0 3 3493 2
900 - 1800 238.0 1 0.0 0 3155 3 3453 3
1800 - 2700 251.2 14 B42 0 3148 2 366.4 5
2700 - 3600 255.0 1 1701 1 3145 3 366.4 i
Average Wid 2438 44 823 1 3113 11 3577 15

Table of Delay:

Delay: Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical (ideal) travel time from the real travel time.
The theoretical travel time is the time that would be reached i there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account)

NE ALtos/Trucks, Buses and Bicycles - Travel Time section = 6714.6 ft

Stopd: Average standstill time per vehicle {in secs)

Stops: Average number of stopsfveh

Time NB

Period Autos Trucks Buses Bicycles

(secs) Delay Ay. Standstill | Av. Stopsifeh Count Delay Av. Standstill | Av. Stopseh Count Delay Av. Standstill | Av. Stopsieh Count Delay Av. Standstill | Av. StopsiVeh Count

(secs) Time/feh (secs) (secs) Time/Veh (secs) (secs) Time/Neh (secs) (secs) Time/\eh (secs)

0-900 951 40.5 252 8 226 11.9 07 0 735 mny 13 3 b33 389 283 2
900 - 1800 1002 385 4 11 0.0 00 00 0 0.7 7 21 3 436 342 245 3
1600 - 2700 110.0 464 3.05 14 14.4 22 03 0 97.8 231 1.8 2 70.0 525 302 5
2700 - 3600 116.1 459 2.84 1 74.0 3.2 2.0 1 94.8 6.8 21 3 59.8 514 347 5

Total 104.5 434 274 44 55.5 22.6 15 1 91.0 24 .56 1.74 11 515 46.8 3.03 15
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Scenario - 2: One 12-foot mixed traffic lane and one 14-foot exclusive bus lane shared with bicycles (Buses =12, Bikes = 16) - Continued

Data Collection:

Data Collection Aggregation Interval # Vehicles Speed {mean) Length VMT Emission Rates {gms/mi) All Veh Types Total Emissions (yms)
Number Start Time End Time | All Veh Types Autos Trucks Buses Bicycles All Veh Types Autos Trucks Buses Bicycles ffeet) (miles) VoC NOx C0 VoC NOx C0

11 0 500 193 183 3 3 4 28 30 3 2% 15 2130 79 0.25008 0.59104 309138 1965336 46440121 239.00903

12 0 500 24 243 4 3 4 17 17 21 2 15 1700 i) 033487 0.70302 61627 2959241 5662403 301.56139

13 0 500 a7 0 2 3 2 30 Kl 0 24 15 3500 i 024538 0.58612 303743 1415188 33.802000 17517008

il 0 900 215 208 i 3 2 23 23 2 24 15 3500 143 026722 0.63122 3.19918] 4093465 89.96101) 45594427

22 0 900 261 256 1 3 1 12 12 I 23 16 1700 &4 046963 0.83985 449399 4114974 J057617) 37764799

3 0 900 183 1 2 3 1 20 20 20 22 13 2150 75 0.32659 0.67430 342991 2433660 50.24701) 25558700

I 500 1800 4 2% 3 3 2 28 2% % 24 18 2150 9 0.25510 0.59639 308636 2534570)  50.25540( 30466145

1 500 1800 2 282 n 3 1 4 14 11 23 16 1700 % 041007 0.75815 307829 39.08055) 7234953 379.14273

13 500 1800 103 a7 0 3 3 30 il 0 2 18 3500 i 0.24539 0.58612 03743 1e.75452)  40.01348| 207.38527

il 500 1600 i) 214 3 3 4 pis i 20 il 15 3500 148 0.27965 0.62270 JOT10f 4152346 9246114| 46876154

2 500 1600 3 307 4 3 5 10 10 i 2 15 1700 103 0.52677 0.67754 47367 5410390)  90.13097|  486.20067

5] 900 1800 216 207 1 3 5 7 17 20 23 15 2150 & 0.35487 0.70302 3.61627 NNN7 6153369)  318.06747

11 18001 2700 232 218 3 3 8 28 2 26 28 15 2150 9 0.25510 0.59639 3.06636 2409919 5634120 28967510

12 18001 2700 27 254 I 3 8 4 14 13 22 15 1700 it 041007 0.75915 3.97829 3591186 66.48341) 34840143

13 1800 2700 93 90 4 3 2 28 il Hi 23 15 3500 i3 0.25008 0.59104 305138 1641137 3878603  200.24783

il 1800 2700 9 18 2 3 § b i 9 20 18 3500 158 0.28722 063122 319018 4550410)  100.00317|  506.84037

i 1800 2700 306 291 4 3 g 10 10 10 19 15 1700 9 052677 087754 4TMET) 5180904 8645793| 46647223

s 1800 2700 203 193 3 2 5 19 19 9 i 15 2130 k) 0.33993 0.68789 351793 2600881 5686192 290.79567

11 2700 3600 Ay 214 4 3 5 28 2 b 2 15 2130 “ 0.25510 0.59639 J08636(  23.99532) 5609335 208.42%9

12 2700 3600 306 290 g 3 5 12 12 11 2 15 1700 ] 0.45968 0.63885 449309) 4324453 9274448 44279972

13 2700 3600 119 108 2 3 6 29 30 31 26 16 3500 IE 0.25008 0.59104 3.05139 1972679 4662262 24070169

il 2700 3600 225 216 4 3 2 25 25 27 25 15 3500 149 0.27263 0.61482 311833 4066288 9169877) 46509225

2 2700 3600 285 274 6 3 2 12 12 11 25 16 1700 92 045963 0.83985 449399 4493363 17.08593)  412.37425

2 2700 3600 218 204 5 4 5 17 17 14 20 15 2150 i 0.35487 0.70302 361627 315017 6240822 321.01254

Iding:

Autos Buses Auto |dling Emission Rates (gms/hr) Bus Idling Emission Rates (gms/hr) Total Emissions {gms) Total NB VOC 327.06 gms
voc NOx co voc NOx £o vac NOx co Total NB Nox 672.95 gms
NB Idiing {hrs){ 14644 01345 794401 210426 3317788 231 55.90675 | 3213675 | 1104464 | 1060291 | 5291009 Total NB CO 3,502.16 gms
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Scenario - 2b: One 12-foot mixed traffic lane and One 14-foot exclusive bus lane {(No Bicycles)

Table of Travel Times:

Average travel times in the section of the corridaor in seconds.

MNE Autos/Trucks & Buses - Travel Time section = 6714 6 ft
SB AutosfTrucks & Buses - Travel Time section = 6874 1 ft

Time NB

Period Autos Trucks Buses

{secs) Time (secs) Count Time (secs) | Count |Time (secs) Count

0-900 2327 11 0 0 307.4 3
900 - 1800 26858 14 0 0 3243 3
1800 - 2700 2790 14 0 0 303.7 3
2700 - 3600 2687 18 4] 0 314.5 3
Average Wid| 263.2 56 0 0 311.8 iXl

Table of Delay:

Delay: Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical {ideal) travel ime from the real travel time.
The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account)
MNE Autos/Trucks & Buses - Travel Time section = 6714 6 ft
SE Autos/Trucks & Buses - Travel Time section = 6874 .1 ft
Stopd: Average standstill time per vehicle (in secs)

Stops: Average number of stopsiveh

Time NB

Period Autos Trucks Buses

(secs) Delay Av. Standstill [Av. Stops/Veh| Count Delay Av. Standstill |Av. Stops’Veh| Count | Delay | Av. Standstill |Av. Stops/Veh| Count

(secs) |TimeMNeh (secs) (secs) [Time/Veh (secs) (secs) |Time/eh (secs)

0-900 933 40.5 27 10.5 0 0 0 0 753 277 1.0 3
900 - 1800 1287 457 29 14 0 0 0 0 [107.2 387 25 3
1800 - 2700 141.3 514 3.2 14 0 0 0 0 80.0 259 1.3 3
2700-3600 | 130.2 44.5 3.3 17.5 0 0 0 0 971 36.9 1.7 3

Total 1254 45.8 3.1 56 0 0 0 0 026 33.0 1.6 11
Data Collection:
Data Collection Aggregation Interval Number Vehicles Speed (All Vehicle Types)

Humber Start Time End Time All Veh Types|Bicycles Min Max Mean

11 0 900 228 0 15.2 372 29.0
12 0 900 269 0 1.4 358 14.4
13 0 900 93 0 200 37 e 305
21 0 900 203 0 4.6 374 243
22 0 900 243 0 15 34.3 12.2
23 0 900 183 0 12 378 217
11 900 1800 249 0 77 374 275
12 900 1800 292 0 09 312 12.2
12 900 1800 109 0 17.2 365 294
21 Q00 1800 227 0 24 36.0 23.0
22 900 1800 302 0 0.6 29.1 10.2
23 900 1800 222 0 12 33.0 17.1
11 1800 2700 224 0 13.2 35.4 28.1
12 1800 2700 290 0 17 30.2 11.7
13 1800 2700 107 0 200 330 30.2
21 1800 2700 255 0 1.0 372 18.0
22 1800 2700 327 0 23 257 10.1
23 1800 2700 223 0 13 36.2 18.1
11 2700 3600 230 0 14.1 38.5 29.1
12 2700 3600 308 0 16 29.4 12.8
13 2700 3600 114 0 16.2 374 29.9
21 2700 2600 248 0 4.0 385 238
22 2700 2800 312 0 1.1 251 10.0
23 2700 3600 220 0 1.9 343 17.4
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Scenario - 3; Two 10.5Foot mixed traffic lanes and one 5-foot bicycle lane

Table of Travel Times:

Auerage travel times in the section of the corridor in seconds.
MNB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 6874 1 ft

Time NB
Period Autos Trucks Buses Bicycles
(secs) Time {secs) Count Time {secs) Count Time {secs) Count Time (secs) Count
0-900 202.7 9 0.0 0 2949 3 3458 2
900 - 1800 2083 11 1427 1 3233 2 3811 4
1800 - 2700 200.2 12 0.0 0 319.3 3 3447 5
2700 - 3600 2118 15 834 0 326.8 3 359.6 5
Average Wid 206.0 a7 1 313.9 11 355.0 18
Table of Delay:

Delay: Average total delay per vehicle [in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical (ideal) travel time from the real travel time.

The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account)

NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft

Stopd: Average standstill ime per vehicle {in secs)
Stops: Average number of stopsiveh

Time NE

Period Autos Trucks Buses Bicycles

(secs) Delay Av. Standstill | Av. StopsVeh Count Delay Av. Standstill | Av. Stops'Veh Count Delay Av, Standstill | Av. Stopseh Count Delay Ay. Standstill | Av. Stopsieh Count
(secs) Time/Veh (secs) {secs) TimeNeh (secs) (secs) Time/Veh (secs) (secs) Time/\eh (secs)

0-900 645 359 24 9 0.0 0.0 0.0 0 752 220 1.6 3 494 M43 24 2
900 - 1800 67.7 423 25 " 475 142 13 1 946 %59 27 2 654 48.2 28 4
1800 - 2700 62.9 370 23 12 0.0 0.0 0.0 0 941 318 1.9 3 483 333 23 5
2700 - 3600 729 433 28 15 M5 50 1.0 0 104.0 392 24 3 529 45.2 26 5

Total 67.2 393 25 47 485 129 13 1 90.7 295 21 11 585 40.2 25 16
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Scenario - 3: Two 10.5-foot mixed traffic lanes and one 5foot bicycle lane - Continued

Data Collection:

Data Collection Aggregation Interval # Vehicles Speed (mean) Length VMT Emission Rates (yms/mi) All Veh Types Total Emissions (gms)
Number Start Time End Time | All Veh Types Autos Trucks Buses Bicycles All Veh Types Autos Trucks Buses Bicycles (feet) {miles) VoC NOx () voc NOx [o0]

il 0 900 222 212 4 3 3 295 27 295 %7 19.7 2150.0 90.5 0.25008 0.59104 300130 22.64042] 5350874  276.253N1
12 0 900 285 215 5 3 3 237 239 229 240 146 1700.0 91.9 0.28722 0.63122 3.19918 26.38676 57.98048)  293.90480
13 0 900 ) 88 1 3 2 30.1 30.6 316 278 154 3500.0 63.0 0.24539 0.58612 3.03743 15.45320 36.81023)  191.27767
2 0 900 n 214 2 3 2 202 205 234 252 5.2 3500.0 1463 0.25008 0.59104 306130 36.56022] 8645427 446.34320
22 0 900 266 208 4 3 2 233 33 229 236 4.7 1700.0 30.6 0.26722 063122 319918 24.58887|  54.06029| 273.99069
2 0 900 194 186 3 3 2 292 294 288 262 5.1 21500 791 0.25008 0.59104 305139 19.78916 46.77001|  241.46262
N 900 1600 241 27 [ 3 5 289 292 290 279 152 21500 98.3 0.25510 0.59638 3.06636 25.06870 58.60780)  301.33182
12 900 1600 308 202 [ 3 5 245 4.8 229 218 14.0 1700.0 99.2 0.27955 0.62270 3.15710 2773174 61.75083)  313.07810
13 900 1800 106 96 3 3 4 300 307 194 285 15.5 3500.0 705 0.24539 0.58612 303743 17.26674]  41.313%5]  214.00677
21 900 1800 247 23% 5 3 3 290 292 219 26.5 15.0 3500.0 1635 0.26510 0.59639 306636 4171138  97.51652] 501.38083
22 900 1800 310 209 5 3 3 240 241 220 231 152 1700.0 99.7 0.28722 0.63122 3.19918 28.63703 6293485  318.96012
23 900 1600 m m 4 3 3 292 294 285 265 153 21500 90.0 0.25008 0.59104 305139 22.50485 5318785 27450642
" 1800 2700 250 236 § 3 5 202 206 272 KR 15.6 21500 1017 0.25008 0.59104 306130 2542380]  60.0B703|  310.21327
12 1800 2700 29 279 g 3 4 38 %0 237 223 14.3 1700.0 94.9 0.27965 0.62270 310710[  26.53123| 0007764 289.52589
13 1800 2700 110 100 2 3 5 295 302 307 2738 153 35000 727 0.25008 0.59104 305139 18.17959 4296595  221.82313
Ml 1800 2100 251 238 [ 3 4 286 288 286 261 155 35000 166.6 0.25510 0.59638 3.06636 42.50051 99.36143| 51086642
22 1800 2700 302 287 9 3 3 231 3.2 214 218 14.9 1700.0 971 0.28722 0.63122 3.19918 27.8911 61.30887)  310.72879
23 1800 2700 mn 210 g 3 3 209 302 83 270 15.0 21500 901 0.25008 0.59104 300130 2253850  53.26807| 275.01060
il 2700 3600 243 231 4 3 5 292 296 292 2%6.7 19.6 2150.0 99.1 0.25008 0.59104 300130 2477887 5856279 302.34599
12 2700 3600 310 206 5 3 [ 238 241 193 N2 146 1700.0 99.8 0.28722 0.63122 3.19918 1866786 63.00258)  319.31246
13 2700 3600 103 93 1 3 [i 295 304 216 201 158 35000 68.1 0.25008 0.59104 305139 17.01919 40.22344)  207.66421
2 2700 3600 234 2% 3 3 3 2886 88 208 210 15.1 3500.0 1949 0.25510 0.59639 306636 30.51307]  02.37714| 474.95T1
22 2700 3600 319 308 4 3 4 225 25 235 223 14.3 1700.0 1027 0.20555 0.64098 324014 30.35014|  65.79285| 333.30282
23 2700 3600 229 220 3 3 3 293 29.6 29.2 258 158 2150.0 93.2 01.25008 0.59104 305139 73.31930 55.11320] 284 53657

Autos Buses Auto ldling Emission Rates (gmsihr) Bus ldling Emission Rates (gmsihr) Total Emissions (gms) Total NB VOC 286.08 gms

voc NOx Co voc NOx co Vot NOx co Total NB Nox 647.63 gms

NB Idling {hrs) 12885 0.1887] 7.94421028] 2.10426088| 3317785531 231 5590675 3213675 1068052 13.26263 48.64839) Total NB CO 3,300.67 gms
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Appendix B

Operational Costs Details

For Different Types of Vehicles
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Active Flest
Staff Sedan {1.0)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY {mpg)
OPERATIONAL $§
OPERATIONAL CPM

FUEL $$

FIUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENSNCE $$
MAINTENSNCE CPM

REFAIR $%

REFAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Police Cruiser Marked & Unmarked (1.5)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY {mpg)
OPERATIONAL $§
OPERATIONAL CPM

FUEL $$

FIUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENSNCE $$
MAINTENSNCE CPM

REFAIR $%

REFA&IR CPM

ACCIDENT $$-

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1172005 - 1273172005

TOTALS
76,664.0
4,564.77
16.795
21,337.77
0.278
8.477.75
0111
12,860.02
0.168
2,320.43
0.030
10,539.59
0137
164.40
0.002
0.00
0.000
0.00
0.000
21,5027
0.280

TOTALS
414,786.0
44,331.85

8.357
180,887 .67
0.438
84,026.95
0.203
96,870.72
0.234
8,265.96
0.020
88,604.76
0.214
29,230.64
0.070

0.00

0.000

0.00

0.000
210,128.31
0.507

MILES
0.0

4,564 77
0.000
21,337.77
0.000
B8.477.75
0.000
12,860.02
0.000
2,320.43
0.000
10,539.59
0.000
164.40
0.000
0.00
0.000
0.00
0.000
2150217
0.000

MILES
0.0
44,331.85
0.000
180,887 .67
0.000
84,026.95
0.000
96,870.72
0.000
8,265.96
0.000
88,604.76
0.000
29,230.64
0.000
0.00
0.000
0.00
0.000
210,128.31
0.000
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MOTORCYCLE {1.0)

SORT TOTALS

METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY {mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $8$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY
OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Pickup < 5000 GVW, (1.0)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $%
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$-

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1/1/2005 - 1243172005

TOTALS
22780
165.72
13.752
584 .53
0.261
32570
0.143
268.83
0.118
268.83
0.118
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
584 .53
0.261

TOTALS
46.418.0
3,608.55
12.863
18,248.69
0.383
6,704 .86
0.144
11.543.83
0.249
1,330.34
0.029
10,213.49
0.220
0.00
0.000
0.00
0.000
0.00
0.000
18,248.69
0.383

MILES

0.0
1685.72
0.000
594 .53
0.000
32570
0.000
268.83
0.000
26883
0.000

0.00
0.000

0.00
0.000

0.00
0.000

0.00
0.000
594 .53
0.000

MILES
0.0
3,608.55
0.000
15,248,689
0.000
6,704 86
0.000
11,543 .83
0.000
1,330.34
0.000
10,213.49
0.000
0.00
0.000
0.00
0.000
0.00
0.000
15,248,689
0.000
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Pickup 5-10000 GYW (1.3)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

4x4 Sport Utility (1.1)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
454620
5,934.93
7.660
20,499.03
0.451
10,879.35
0.239
9,619.68
0.212
1,187.69
0.026
8,431.99
0.18%
267.69
0.006
0.00
0.000
0.00
0.000
20,766.72
0.457

TOTALS
102,014.0
7,364 .10
13853
39,315.81
0.385
13,522.19
0.133
25,793.62
0.253
3,781.39
0.037
22,012.23
0.216
24500
0.002
0.00
0.000
0.00
0.000
39,560.81
0.388

MILES
0.0
5,934.93
0.000
20,488.03
0.000
10,879.35
0.000
9,619.68
0.000
1,187 69
0.000
5.431.99
0.000
267.69
0.000
0.00
0.000
0.00
0.000
20,766.72
0.000

MILES
0.0
7.364.10
0.000
39,315.81
0.000
1352219
0.000
25,793.62
0.000
3.781.39
0.000
22,012.23
0.000
24500
0.000
0.00
0.000
0.00
0.000
39,560.81
0.000
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4x4 Pickup < 5000 GYW (1.1)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

4x4 Pickup 5-10000 GVW (1.5)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
3,023.0
23219
13.020
52216
0173
52216
0173
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
52216
0173

TOTALS
B8,238.0
9,135.52
7470
31,322,537
0.459
16,824,738
0.247
14,497.59
0.212
1,833.57
0.028
12,564 .02
0.184
1,685.09
0.02%
0.00
0.000
0.00
0.000
33,007 .46
0.484

MILES
0.0
232.19
0.000
522,16
0.000
52216
0.000
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
0.00
0.000
522,16
0.000

MILES
0.0
9,135.52
0.000
31,322.37
0.000
16,624.78
0.000
14.497.59
0.000
1,933.57
0.000
12,564 .02
0.000
1,685.09
0.000
0.00
0.000
0.00
0.000
33,007 46
0.000
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Minivan (1.1}

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Standard VYan £-10000 GVW (1.3)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
53,340.0
4.727.32
11.283
22,849.62
0.428
5,846.95
0.166
14,002.67
0.263
1,347 .83
0.025
12,654 .84
0.237
202.33
0.004
0.00
0.000
0.00
0.000
23,051.9%
0.432

TOTALS
53127.0
6,050.79
5.780
29,740.78
0.560
11.050.17
0.208
18,690.61
0.352
1,578,562
0.030
17,112.09
0.322

207 .61
0.004
0.00
0.000
0.00
0.000
29,948 39
0.564

MILES
0.0
4,727.32
0.000
22,849.62
0.000
8,846.95
0.000
14,002 67
0.000
1,347 .83
0.000
12,654 .84
0.000
202.33
0.000
0.00
0.000
0.00
0.000
23,051.9%
0.000

MILES
0.0
5,050.79
0.000
2974078
0.000
11,050.17
0.000
18,690.61
0.000
1,578.52
0.000

17, 112.09
0.000
20761
0.000
0.00
0.000
0.00
0.000
29,948.39
0.000
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Crewcab 5-10000 GVW {1.8)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

General Purpose 10-15000 GVW

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

(2.3)

1142005 - 12/31/2005

TOTALS
45,804 .0
725244
5.316
32,821.10
0717
13,341.32
0.291
19,479.78
0.425
1,207.33
0.026
18,272.45
0.399
32067
0.007
0.00
0.000
0.00
0.000
3314177
0.724

TOTALS
3,861.0
46215
5.354
4,387.35
1.136
1,029.02
0.267
3,358.33
0.870
580,05
0.176
267828
0.694
0.00
0.000
0.00
0.000
0.00
0.000
4,387.35
1.136

MILES
0.0
7.252.44
0.000
32,821.10
0.000
13,341.32
0.000
19479.78
0.000
1,207 .33
0.000
1827245
0.000
320,687
0.000
0.00
0.000
0.00
0.000
334177
0.000

MILES
0.0
46215
0.000
4,387.35
0.000
1,029.02
0.000
3,358.33
0.000
680.05
0.000
267828
0.000
0.00
0.000
0.00
0.000
0.00
0.000
4,387.35
0.000
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General Purpose 15-26000 GVW (3.0)
1172005 - 12/31/2005

SORT TOTALS
METER TYPE TOTALS
METER TOTAL 1,880.0
FUEL QTY 418.52
METER TOTAL / FUEL QTY (mpg) 4492
OPERATIONAL $$ 2,191.79
OPERATIONAL CPM 1.166
FUEL $3 736.78
FUEL CPM 0.392
MAINTENANCE & REPAIR $$ 145501
MAINTENANCE & REPAIR CPM 0.774
MAINTENANCE $$ 243 58
MAINTENANCE CPM 0.130
REPAIR $% 1,211.43
REPAIR CPM 0.644
ACCIDENT $$: 154.82
ACCIDENT CPM 0.082
OIL QTY 0.00
METER TOTAL / OIL QTY 0.000
OTHER FLUID QTY 0.00
METER TOTAL / OTHER FLUID QTY 0.000
TOTAL COSTS 2,346 .61
TOTAL CPM 1.248
Utility 5-10000 GVW (1.5)

SORT TOTALS

METER TYPE TOTALS
METER TOTAL 26,841.0
FUEL QTY 2,076.28
METER TOTAL / FUEL GTY (mpg) 9.018
OPERATIONAL $% 10,861.38
OPERATIONAL CPM 0.405
FUEL $$ 5.676.91
FUEL CPM 0.212
MAINTENANCE & REPAIR $$ 5,184 47
MAINTENANCE & REPAIR CPM 0.193
MAINTENANCE $$ 595 .89
MAINTENANCE CPM 0.022
REPAIR $3 4,588.58
REPAIR CPM 0.171
ACCIDENT $$: 0.00
ACCIDENT CPM 0.000
OIL QTY 0.00
METER TOTAL / OIL QTY 0.000
OTHER FLUID QTY 0.00
METER TOTAL / OTHER FLUID QTY 0.000
TOTAL COSTS 10,861.38
TOTAL CPM 0.405

MILES
0.0
418.52
0.000
2.191.79
0.000
T36.78
0.000
1.455.01
0.000
24358
0.000
1,211.43
0.000
154.52
0.000
0.00
0.000
0.00
0.000
2,346.61
0.000

MILES
0.0
2.976.28
0.000
10,661.38
0.000
5,676.91
0.000
5.184.47
0.000
585.89
0.000
4,588.58
0.000
0.00
0.000
0.00
0.000
0.00
0.000
10,661.38
0.000
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Utility 26-36000 GYWW (3.2)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Bus 10-15000 GV (3.8)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
11.550.0
1,999.80
5776
8,780.092
0.761
3,913.70
0.339
4.876.22
0422
1,593 .50
0.138
3,282.72
0.284
0.00
0.000
0.00
0.000
0.00
0.000
8,789.92
0.761

TOTALS
55,688.0
8,331.22
5684
41,312.06
0.742
16,126.36
0.290
25,185.70
0.452
1,461.65
0.026
2372405
0.426

296 46
0.00%
0.00
0.000
0.00
0.000
41,608.52
0.747

MILES
0.0
1,999.80
0.000
5,788.92
0.000
3,913.70
0.000
4,876.22
0.000
1,593 .50
0.000
328272
0.000
0.00
0.000
0.00
0.000
0.00
0.000
5,789.92
0.000

MILES
0.0
8,331.22
0.000
41,312.08
0.000
16,126.36
0.000
25185.70
0.000
1,461.65
0.000
23,724 .05
0.000
296.46
0.000
0.00
0.000
0.00
0.000
41,608.52
0.000
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Dump 15-26000 GYW (3.0)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Dump 26-36000 GVW (3.5)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
10,538.0
1,838.43
5436
10,802.42
1.025
3,823.58
0.363
6,975.84
0.662
1,908.97
0.181
5,069.87
0.481
2,082.23
0.198
0.00
0.000
0.00
0.000
12,884 .65
1.223

TOTALS
42,0450
10,857.14
3873
92,023.59
2.189
20,490.09
0.487
71,533.50
1.701
8,105.05
0.193
63,428 45
1.509
1,456.52
0.03%
0.00
0.000
0.00
0.000
93.480.11
2223

MILES
0.0
1,938.43
0.000
10,802.42
0.000
3,823.58
0.000
5,978 84
0.000
1,908.97
0.000
5.069.87
0.000
2,082.23
0.000
0.00
0.000
0.00
0.000
12,684 .65
0.000

MILES
0.0
10,857.14
0.000
92,023.59
0.000
20,490.09
0.000
71,533.50
0.000
8,105.05
0.000
53,428 45
0.000
1.456.52
0.000
0.00
0.000
0.00
0.000
93,480.11
0.000
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Refuse Truck Packer/Recycler {4.5)
1172005 - 12/31/2005

SORT TOTALS
METER TYPE TOTALS
METER TOTAL 73,692.0
FUEL QTY 27,356.16
METER TOTAL / FUEL QTY (mpg) 2.694
OPERATIONAL $$ 155,340.20
OPERATIONAL CPM 2.108
FUEL $3 53,016.45
FUEL CPM 0.732
MAINTENANCE & REPAIR $$ 101,423 75
MAINTENANCE & REPAIR CPM 1376
MAINTENANCE $$ 9,340 25
MAINTENANCE CPM 0.127
REPAIR $% 92,083.50
REPAIR CPM 1.250
ACCIDENT $$: 4739516
ACCIDENT CPM 0.643
OIL QTY 0.00
METER TOTAL / OIL QTY 0.000
OTHER FLUID QTY 0.00
METER TOTAL / OTHER FLUID QTY 0.000
TOTAL COSTS 202,735.36
TOTAL CPM 2.751
RECYCLER

SORT TOTALS

METER TYPE TOTALS
METER TOTAL 28,692.0
FUEL QTY 10,411.52
METER TOTAL / FUEL GTY (mpg) 2 756
OPERATIONAL $% 45,082 59
OPERATIONAL CPM 1578
FUEL $$ 20,510.62
FUEL CPM 0715
MAINTENANCE & REPAIR $$ 24,771.97
MAINTENANCE & REPAIR CPM 0.863
MAINTENANCE $$ 3,873.15
MAINTENANCE CPM 0.135
REPAIR $3 20,898.82
REPAIR CPM 0.728
ACCIDENT $$: 588 67
ACCIDENT CPM 0.021
OIL QTY 0.00
METER TOTAL / OIL QTY 0.000
OTHER FLUID QTY 0.00
METER TOTAL / OTHER FLUID QTY 0.000
TOTAL COSTS 45.871.26
TOTAL CPM 1599

MILES

0.0
27,356.16
0.000
155,340.20
0.000
53,916.45
0.000
10142375
0.000
9,340.25
0.000
92,083.50
0.000
4739516
0.000

0.00

0.000

0.00

0.000
202,735.36
0.000

MILES
0.0
10.411.52
0.000
45,282 58
0.000
20,510.62
0.000
24.771.97
0.000
387315
0.000
20,898.82
0.000
588.67
0.000
0.00
0.000
0.00
0.000
45,871.26
0.000
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Specialty Class Vehicle (2.5)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL QTY (mpg)
OPERATIONAL $$
OPERATIONAL CPM

FUEL $3

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $%

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

Combination Unit Leaf Collector  {4.0)

SORT TOTALS
METER TYPE

METER TOTAL

FUEL QTY

METER TOTAL / FUEL GTY (mpg)
OPERATIONAL $%
OPERATIONAL CPM

FUEL $$

FUEL CPM

MAINTENANCE & REPAIR $$
MAINTENANCE & REPAIR CPM
MAINTENANCE $$
MAINTENANCE CPM

REPAIR $$

REPAIR CPM

ACCIDENT $$:

ACCIDENT CPM

OIL QTY

METER TOTAL / OIL QTY

OTHER FLUID QTY

METER TOTAL / OTHER FLUID QTY
TOTAL COSTS

TOTAL CPM

1142005 - 12/31/2005

TOTALS
11.084.0
281146
3.946
21,374.08
1.927
5,340.55
0.481
16,033.54
1.445
579.23
0.061
15,354.31
1.384
0.00
0.000
0.00
0.000
0.00
0.000
21,374.08
1.927

TOTALS
-26,438.0
3,786.42
-6.983
29,404 .62
-1.112
9,690.97
-0.367
19,713.65
-0.748
4,186.20
-0.158
15,527.45
-0.587
33646
-0.013
0.00
0.000
0.00
0.000
29,741.08
-1.125

MILES
0.0
281146
0.000
21,374.09
0.000
5,340.55
0.000
16,033.54
0.000
679.23
0.000
15,354.31
0.000
0.00
0.000
0.00
0.000
0.00
0.000
21,374.09
0.000

MILES
0.0
3.786.42
0.000
29,404 62
0.000
9,690.97
0.000
19.713.65
0.000
4,186.20
0.000
15527 .45
0.000
336.46
0.000
0.00
0.000
0.00
0.000
29,741.08
0.000

175



Appendix C

Sample of Mobile6 Run

For a 31-mph Average Speed
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GM_MILE GM_DAY |STARTS ENDS

0.0003
0.0005
0.0005
0.0005
0.0005
0.0017
0.a017
0.0014
0.0015
0.0015
0.0015
0.0015
0
0.0001
0.0002
0.0004
0.0004
0.0005
0.0005
0.0008
0.0008
0.0007
0.0008
0.0001
0.0008
0.0011
0.0008
0.0002
0.0387
0.0475
0.0285
0.0229
0.0287
0.025
0.041
0.0424
0.0485
0.0295
0.0904
0.1315
0.0244
0.1301
0.033
0.0273
0.022
0.0257
0.024
0.0521
0.054
0.0817
0.0835
0.1151
01674
0.0169
0.0037
0.0035
0.0035
0.0037
0.0037
0.0289
0.0283
0.0323
0.028
0.0274
0.0285
0.0304

0.009
0.019
0.019
0.018
0.018
0.062
0.064
0.043
0.052
0.053
0.052
0.047
0
0.002
0.004
0.018
0.019
0.028
0.029
0.036
0.042
0.085
0151
0.001
0.023
0.106
0.0
0.01
0.541
1273
1.218
1.042
1.541
1467
2671
2734
623
5749
5538
3.581
1.088
1918
0.885
117
1.001
1431
1.41
34
3479
7.93
18.205
10.866
4557
0.756
AN
0.143
0.143
0141
0141
1.083
1.088
0.961
0.858
0.953
0.7
0.965

7.28
3.08
8.06
3.08
8.06
6.0
.88
6.0
.88
6.0
.88
6.0

0
7.28
8.06
6.65
6.65
6.65
6.6
6.65
6.6
6.65
£.65
1.35
£.58
6.65
6.65
8.06
7.28
8.06
6.65
6.65
£.65
6.65
£.65
6.65
£.65
6.65
£.65
6.65
5.06
128
3.08
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
8.06
7.20
8.06
3.08
8.06
3.08
.88
6.0
.88
6.0
6.38
6.88
6.38

5.3799
5.7948
5.7548
5.7948
5.7548
40123
49123
40123
49123
40123
49123
40123

0
51979
5.7548
47481
47481
47481
47481
47481
47481
47481
47481
0.9639
49123
47481
47481
57548
51979
57548
47481
47481
47481
47481
47481
47481
47481
47481
47481
47481
57548
51979
575948
47481
47481
47481
47481
47481
47481
47481
47481
47481
47481
5.7548
53799
5.7548
5.75948
5.7548
5.75948
49123
49123
49123
49123
49123
4.9123
49123

MILES
30,0278
40,5645
40,5645
38072
38.1072
374349
38.4989
29,7867
34,2867

3471
34.0744
317293

0
14.7459
26,7792
42,7897
45,5668
57.6132
58,6666
652177
64.4031
128.464
1947393

8.092
272301
94.3934
272301
44 6717
147459
26.7792
42,7897
455668
576132
58.6666
652177
644031
128.464

194 7393
04 3934
27.2301
44 6717
14.7459
267792
42,7897
45,5668
57.6132
55 6866
65,2177
64,4031
128.464
1947393
94,3934
272301
446717
300278
40,5645
40,5645
38.1072
381072
37.4349
354989
29.7667
34 2861

3471
34.0744
317293

WPG
241
18.52
18.52
14.26
14.26
10.08
9.36
9.24
7.99
5.1
742
7.02
0
3.4
2215
12.91
11.64
10.18
9.87
8.7
753
6.58
£.28
50
£.36
4.34
619
17.01
334
2215
1291
11.64
10.18
9.87
57
7.53
.58
6.28
4.34
6.19
17.01
33.14
2215
12.91
11.64
10.18
9.7
8.7
753
£6.58
6.20
4.34
£.19
7
241
18.52
18.52
14.26
14.26
10.09
9.36
9.24
7.99
5.1
742
7.02

WWT
0.641286
0.044882
0150605
0.059125
0.027582
0.015847
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001

0
0.001714
0.000512
0.005153
0.001485
0.001795
0.000562
0.003736
0.005489
0.005999

0.022

0.005
0.000067

0.001
0.000933
0.001283
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.003736
0.005469
0.005999

0.022

0.001
0.000933
0.001283
0.001714
0.000512
0.005153
0.001465
0.001735
0.000562
0.003736
0.005469
0.005839

0.022

0.0M
0.000933
0.001283
0.641286
0.044882
0150605
0.059125
0.027592
0.016847
0.000535
0.000205
0.000438
0.001254
0.000531
0.000001

Gms_mi"WYMT
0.000192336
0.000022441
7.53025E-05
2 95625E-05
0.000013796
2 86399E-05

9.095E-07
0.000000257
0.000000657
0.000001536
7.985E-07
1.5E-09

0

1.7T14E-07
1.024E-07
2.0612E-06
0.000000536
% 975E-07
0.000000231
2 2416E-06
3.2874E-06
4 1993F-06
0.0000176
0.0000005
5.36E-08
0.0000011
T464E-07

2 566E-07

6. 20038E-05
000002432
0.000146351
3 35485E-05
4 T9265E-05
000001405
0.000153176
0000231836
0.000290852
01000649
0.0000304
000012269
3.13052E-05
0000222891
0.000016536
0000140677
0.00003223
4.61315E-05
0.000013488
0.000194646
0.000285326
0.000370138
0.002057
0.0001151
0.000156184
2.16827E-05
0.002372758
0.000157087
0.000527118
0.000218783
0.00010208
0.000486878
1.51405E-05
£.6215E-06
0.000012264
3.46336E-05
151335E-05
3.04E-08

WOC
co
MO
Ph2.5
502
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gms/mi
0.2409
30472
15836
0.0175
0.0079
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2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
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2010
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2010
2010
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2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
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2010
2010
2010
2010
2010

24
25
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0.0142
0.0618
0

oCcooooocooooocooooo

0.0068
0.0088
0.0088
0.0115
0.0115
0.0158
0.0172
0.0175
0.0203

0.02
0.0219
0.0232

0.0021
0.0032
0.0054
0.008
0.006%
0.007
0.008
0.0092
0.0108
0.0111
0.0032
0.0258
0.016
0.0112
0.0041
0.1017
0.1017
0.1017
0.1015
0.101%
0.0457
0.0451
0.0457
0.0451
0.0451
0.0457
0.0451
0

o oo oo oooo

o

0.115
1.686

o oo oo ooo

0.001

0.001
0.001
0.001
0.001

0.001
0.204
0.357
0.357
0.438
0.438
0.597
0.663
0.521
0.696
0.695
0.746
0.736

0.031
0.084
0.23
0.372
0.393
0.413
0.521
0.595
1.358
2.157
0.027
0.704
1.512
0.308
0.184
3.054
4.125
4.125
3.8687
3.867
1.687
1.73%
1.341
1.545
1.564
1.536
1.43
0

0
7.28
8.06
6.65
6.65
6.65
6.65
6.65
665
6.65
6.65
135
6.88
665
6.65
8.08
7.28
8.06
8.08
8.06
8.08
6.58
6.88
6.88
6.58
6.88
6.88
6.88

1.35
6.88
7.28
8.08
8.08
8.06
8.08
6.58
6.88
6.88
6.88
6.88
6.58
6.88

7.28
8.08
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
135
6.88
6.65
665
8.06
7.28
8.08
8.06
8.08
8.06
6.88
6.58
6.88
6.88
6.58
6.88
6.58

0

0
51979
5.7548
47481
4.7481
4.7481
47481
4.7481
47481
4.7481
4.7481
0.9639
4.9123
47481
4.7481
57548
5.3799
5.7548
57548
5.7548
57548
4.9123
4.9123
49123
4.9123
49123
4.9123
4.9123

ol
0.9638
49123
5.3799
5.7548
57548
5.7548
57548
4.9123
4.9123
49123
4.9123
49123
4.9123
49123

0
5.1978
57548
4.7481
47481
4.7481
4.7481
47481
4.7481
47481
4.7481
0.9628
49123
4.7481
47481
5.7548
5.3798
57548
5.7548
57548
5.7548
4.9123
4.9123
4.9123
49123
4.9123
49123
4.9123

0

0
14.7458
26.7782
427897
45.5668
57.8132
58.6666
65.2177
64.4031
125.464
194.7393
3.092
27.2301
943934
27.2301
44 6717
30.0278
40.5645
40.5845
38.1072
38.1072
37.4349
38.4889
29.7667
34.2861
3471
34.0744
31.7293
0
8.092
27.2301
30.0278
40.5845
40.5845
38.1072
38.1072
37.4349
38.4889
29.7667
34.2861
3471
34.0744
31.7293
0
14.7458
26.7792
42.7897
45.5868
57.6132
58.6666
65.2177
64.4031
128.464
194.7383
8.092
27.2301
943834
27.2301
44.6717
30.0278
40.5845
40.5645
38.1072
38.1072
37.4349
35.4989
29.7667
34 2861
34.71
34.0744
31.7293

0

0
33.14
2215
1291
11.64
1018
9.87
8.7
753
6.58
6.28
50
6.26
4.34
6.19
7.0
241
1852
1852
14.26
1428
10.09
9.26
9.24
7.89
8.1
7.42
7.02

50
6.36
241
1852
1852
1426
1428
10.09
9.28
9.24
7.98
8.1
7.42
7.02

3314
2215
12.91
1164
10,18
9.87
8.7
7.53
6.58
6.28
50
6.36
4.34
6.19
17.01
241
1852
1852
1428
14.26
10.08
9.36
9.24
7.99

742
7.02
0

0
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.003736
0.005469
0.005899
0.022
0.005
0.000067
0.001
0.000833
00012823
0.641286
0.044882
0.150805
0.058125
0.027592
0.016347
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001
0
0.005
0.000087
0.641286
0.044882
0.150805
0058125
0.027592
0.016847
0.000535
0.000205
0.000428
0.001264
0.000531
0.000001
0
0.001714
0.000512
0.005153
0.001485
0.001795
0.000562
0.003726
0.005469
0.005999
0.022
0.005
0.000067
0.001
0.000923
0.001283
0641286
0.044882
0.150805
0.058125
0.027592
0.016847
0.000535
0.000205
0.000428
0.001264
0.000531
0.000001

0

o oo ooooooo

0
0.000071
4.1473E-06

oo oo oo oooocoooo oo

0.00436074%
0.000394882
0.001325324
0.000679938
0.000317308
0.000267867
0.000009202
3.5875E-08
8.88714E-06
0.00002528
1.16288E-05
2.32E-08

0
3.5884E-06
1.6384E-08
2.78262E-05
0.00000879
0.000012206
0.000003834
0.000029583
5.03148E-05
6.35804E-05
0.0002442
0.0000165
1.7286E-08
0.000016
1.04486E-05
5.2603E-06
0.085218788
0.0045644 99
0.015316528
0.008001188
0.002300588
0.0007598
2.41285E-05
9.2455E-06
1.97538E-05
5.700B4E-05
2.38481E-05
4.51E-08

0
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2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010

0.0068
0.0068
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.0113
0.0451
0.027
0.027
0.0068
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053

0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.0053
0.002
0.002
0.002
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.008

0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.009
0.008
0.001
0.003
0.003
0.003
0.002
0.2329
0.1347
0.146
0.3254
0.3466
0.4049
0.3661
0.7522
0.506
04818
0.5597
0.7021

0.1
0.181
1.157
1.232
1.558
1.586
1.763
1.741
3474
5.266
0.081
1.227
2.552
0.736
0.302

0.16
0.216
0.216
0.203
0.203

0.205
0.159
0.183
0.185
0.182
0.169

0.079
0.143
0.228
0.243
0.307
0.313
0.348
0.344
0.685
1.039
0.043
0.145
0.503
0.145
0.238

0.06
0.081
0.081
0.076
0.076
0.075
0.116
0.089
0.103
0.104
0.102
0.286

0.029
0.054
0.086
0.137
0.173
0.176
0.196
0.193
1.156
1.753
0.008
0.082
0.283
0.082
0.089
6.894
5.464
5.823
12.399
13.209
15156
14.083
22.392
17.35
16.723
19.073
22277

7.28
§.06
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
1.35
6.88
6.65
6.65
8.068
7.28
8.068
§.06
8.068
§.06
5.88
6.88
5.88
6.88
5.88
6.88
5.88

7.28
8.06
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
1.35
6.88
6.65
6.65
8.08
7.28
8.08
5.08
8.08
5.08
6.88
6.88
6.88
6.88
6.88
6.88
6.88

7.28
8.06
6.65
6.65
6.65
6.65
6.65
6.65
6.65
6.65
1.35
5.88
6.65
6.65
§.06
7.28
§.06
8.068
§.06
8.068
6.88
5.88
6.88
5.88
6.88
5.88
6.88

5.1979
5.7548
474381
47481
474381
47481
474381
47481
474381
47481
0.8639
49123
474381
47481
5.7548
5.3799
5.7548
5.7548
5.7548
5.7548
48123
49123
48123
4.9123
48123
4.9123
4.8123

5.1979
5.7548
47431
4.7481
47431
4.7481
47431
4.7481
47431
4.7481
0.8639
4.9123
47481
4.7481
5.7548
5.3799
5.7548
5.7548
5.7548
5.7548
4.8123
4.9123
4.8123
4.9123
4.8123
4.9123
49123

5.1979
5.7548
47481
4.7481
47481
4.7481
47481
4.7481
47481
474381
0.9639
48123
47481
474381
5.7548
5.3799
5.7548
5.7548
5.7548
5.7548
49123
48123
49123
48123
49123
48123
49123

14.7458
26.7792
42.7897
45.5668
57.6132
55.6668
65.2177
644031
128.464
194 7393
8.002
27.2301
94.3934
27.2301
446717
30.0278
40.5645
40.5645
38.1072
38.1072
37.4348
354988
29.7667
34.2861
34.71
34.0744
31.7293
0
14.7458
26.7792
42.7897
45.5668
57.6132
58.6668
65.2177
644031
128.464
194.7393
5.002
27.2301
94.3934
27.2301
446717
30.0278
40.5645
40.5645
38.1072
38.1072
37.4348
3849383
29.7667
34.2861
34.71
34.0744
31.7293
0
14.7458
26.7792
42.7897
45.5668
57.6132
58.6668
652177
64.4031
128.484
194.7393
§.002
27.2301
943934
27.2301
44 6717
30.0278
40.5645
40.5645
38.1072
38.1072
374343
38.4988
29.7667
34.2861
34.71
34.0744
31.7293

3314
2215
12.91
11.64
1018

9.87

753
6.58
6.28

6.36
4.34
6.19
17.01
241
18.52
18.52
14.26
14.26
10.09
9.36
9.24
7.99

742
T7.02

3314
22.15
12.91
11.64
1018

9.87

753
6.58
6.28
50
6.36
4.34
6.19
17.01
241
18.52
18.52
14.26
14.26
10.09
9.36
9.24
7.99

TAZ
7.02

3314
22.15
12.91
1164
1018

9.87

7.53
6.58
6.28

6.36
4.34
6.19
17.01
241
18.52
18.52
14.26
14.26
10.09
9.36
9.24
7.89

742
7.02

0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.003736
0.005469
0.005999
0.022
0.005
0.000067
0.001
0.000933
0.001283
0.641286
0.044882
0.150605
0.058125
0.027592
0.016847
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001
0
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.003736
0.005469
0.005999
0.022
0.005
0.000067
0.0
0.000933
0.001283
0.641286
0.044852
0.150605
0.058125
0.027592
0.016847
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001
0
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.003736
0.005469
0.005999
0.022
0.005
0.000067
0.001
0.000933
0.001283
0.641286
0.044882
0.150605
0.058125
0.027592
0.016847
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001

1.16552E-00
3.4816E-06
0.000139131
0.000039555
0.000048465
0.000015174
0.000100872
0.000147663
0.000161873
0.000594
0.0000565
3.0217E-06
0.000027
0.000025191
8.7244E-06
0003398816
0.000237875
0.000798207
0.000313363
0.000146238
8.92891E-05
2 8355E-06
1.0865E-06
2.3214E-06
5.6992E-06
2.8143E-06
5.3E-09

0
9.0842E-06
2.7136E-06
2.73109E-05
7.7645E-06
9.5135E-06
2.9786E-06
1.98008E-05
2.89857E-05
3ATS4TE-05
0.0001166
0.0000265
3.551E-07
0.0000053
4.9449E-06
6.7999E-06
0.001282572
0.000089764
0.00030121
0.00011825
0.000055184
0.000033694
0.000001805
0.000000815
0.000001314
0.000003792
0.000001593
0.000000009
0
0.000003428
0.000001024
0.000010306
0.000004395
0.000005385
0.000001686
0.000011208
0.000016407
0.000053891
0.000188
0.000005
0.000000201
0.000003
0.000002799
0.000002566
0.149355509
0.006045605
0.02188833
0019239275
0.009563387
0.00682135
0.000185864
0.000154201
0000221628
0.000608995
0.000287201
T.O021E-07

179



R R R N R N S R N R N B N R N N R N N N R S N R N R S N S N N N N N N SRS R AN

2010
2010
2010
2010
2010
2010
2010
2010
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2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
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0
0.4361
0.1967
01512
0.1624
0.201%
0.2175
0.3729
0.3368
0.3515
0.4154
1.7532
1.6701
0.2934
0.5052
0.2435
3.1102
2.3624
24762
4.1015

4.148
5.3198
5.898
7.2046
5.948
6.7741
8.2926
9.2071

0
0.7974
0.4067
0.4679
0.4847
0.6414
0.6681
0.6924
0.8651
1.1437
1.4894
9.5963

15.6236
2.4998
1.4
0.345
0.309
0.2015
0.3102
0.5838
0.8248
1.8234
1.8667
2.2341
2126
2.0833
23787
2.7565

0
1.0726
0.4571
1.8101
1.9885
2.8088
2.7623
3.3487
4.1695
4.8224
5.8234
0.7097
5.7238
11.041
6.7653
0.4971

0

§.43
5.267
6.468
7.401
11.607
12.759
17.796
21.693
45.16
80.889
14.187
45478
27.695
13.756
10.877
93.392
95.83
100.447
156.298
158.067
199.146
227.068
214 456
238.255
235131
282.565
292.134
]
11.758
10.892
20.023
22.085
36.955
39.195
45.157
55.717
146.926
290.038
77.654
425.434
235966
38.123
15.411
9.279
8.175
12.588
2225
31.429
68.258
71.867
66.503
72.891
72313
81.052
87.462
]
15.816
12.24
§1.732
90.61
150,304
162.053
218.397
268.53
619.5
1134.037
5.743
155.86
1042197
184 .22
22206

0
7.28
8.08
6.65
5.65
6.65
6.65
8.65
6.65
5.65
6.65
1.35
6.88
6.65
6.65
8.06
7.28
8.08
§.08
5.08
8.08
6.88
5.88
6.98
6.88
6.88
6.88
5.88

7.28
3.06
6.65
6.65
6.65
6.65
5.65
6.65
6.65
8.65
1.35
5.88
6.65
6.65
3.06
7.28
8.08
8.06
8.08
3.06
6.88
6.88
6.88
6.88
5.88
6.88
6.88

7.28
8.08
6.65
6.65
8.65
6.65
5.65
6.65
6.65
6.65
1.35
6.88
6.65
6.65
8.08

0
5.1978
5.7548
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
0.9638
4.9123
4.7481
4.7481
5.7548
5.3788
5.7548
5.7548
5.7548
5.7548
49123
4.9123
4.9123
491323
4.9123
49123
4.9123

0
5.1978
5.7548
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
0.9638
4.9123
4.7481
4.7481
5.7548
5.3748
5.7548
5.7548
5.7548
5.7548
49123
49123
4.9123
49123
4.9123
49123
49123

0
5.1978
5.7548
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
4.7481
0.9638
49123
4.7481
4.7481
5.7548

0
14.7459
26.7792
42.7897
45.5668
57.6132
58.6666
65.2177
64.4031
128.464

194.7393
§.092
27.2301
94 3934
27.230
44 6717
30.0278
40.5645
40.5645
38.1072
38.1072
37.4349
38.4989
29.7667
34.2861
34.71
34.0744
31.7293

0
14.7459
26.7792
42.7897
45.5668
57.6132
58.6666
65.2177
64.4031
128 464

194.7393
§.092
27.230
943924
27.23M
44 8717
30.0278
40.5645
40.5645
38.1072
38.1072
37.4349
38.4989
29.7667
34.2861
34.71
34.0744
31.7293

0
14.7459
26.7792
427897
45.5668
57.6132
58 6666
65.2177
644031
128.464

194.7393
§.092
27.230
943924
27.2301
446717

3314
2215
12.91
11.64
1018

9.87

7.53
5.58
6.28

6.36
4.34
6.18
7.
241
18.52
18.52
14.26
1428
10.08
9.38
9.24
7.98

742
7.02

3314
2215
12.91
11.64
1018

9.87

7.53
6.58
6.28

5.36
4.34
6.18
17.01
241
18.52
18.52
14.26
1426
10.08
9.36
9.24
7.98
8.1
742
7.02

3314
2215
1291
11.64
1018
9.87
87
7.53
6.58
6.28
50
6.36
4.34
6.18
17.01

0
0.001714
0.000512
0.005153
0.001465
0.00179%
0.000562
0.003738
0.005468
0.005998

0.022

0.005
0.000067

0.001
0.000933
0.001283
0.641288
0.044882
0.150605
0.058125
0.027592
0.016847
0.000535
0.00020%5
0.000438
0.001264
0.000531
0.000001

0
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.0037386
0.005468
0.005998

0.022

0.005
0.000087

0.00
0.000933
0.001283
0.641288
0.044882
0150605
0.058125
0.027592
0.015847
0.000535
0.000205
0.000438
0.001264
0.000531
0.000001

0
0.001714
0.000512
0.005153
0.001465
0.001795
0.000562
0.0037386
0.005468
0.005998

0.022
0.005
0.000067
0.001
0.000933
0.001283

0
0.000747475
0.00010071
0.000779134
0000237916
0.000361693
0.000122235
0.001019554
0.001841959
0.002108649
0.0091388
0.0087686
0.000111897
0.0002934
0.000471352
0.000312411
1.994527717
0106029237
0372928101
0242501188
0114451616
0.089522671
0.00315543
00014769432
0.003043662
0.008562462
0.004403371
9.2071E-06
0
0.001366744
0.00020823
0.002411089
0.000710086
0.001151313
0.000375472
0002586806
0.004731232
0.006861056
0.0327668
0.0478815
0001046781
0.0024998
0.0013062
0.000442635
0198157374
0.009043723
0.046732732
0.034523088
0032757882
0.03071882
0.000998685
0.000457991
0.000931188
0002633291
0.00126308
2.75B5E-06
0
0.001835436
0000234035
0009342745
0.002913153
0.004682796
0.001552413
0012510743
0.022802996
0.028929578
0.1281148
0.0035485
0.000383495
0.011041
0.006312025
0.000837779
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Appendix D

Three Cases
With Different Lane Widths

For Scenario 2b:
» 10-foot Mixed-Traffic Lane and 16-foot Bus Lane

e 11-foot Mixed-Traffic Lane and 15-foot Bus Lane

» 13-foot Mixed-Traffic Lane and 13-foot Bus Lane
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Scenario - 2h: 10" Mixed-Traffic Lane + 16' Bus Lane

Table of Travel Times:

Average travel times in the section of the corridor in seconds
NE Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 6874 1 ft

Time NB

Period Autos Trucks Buses

{secs) Time {secs) Count Time {secs) | Count [Time fsecs) Count

0- 800 234 9 0 0 306.7 3
900 - 1800 264 2 16 0 0 2037 3
1800 - 2700 305 15 365 1 3016 2
2700 - 3600 318.2 14 0 0 3123 3
Average Wid 2894 54 365 1 3038 11

Table of Delay:

Delay. Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical (ideal) travel time from the real travel time
The thearetical travel time is the time that would be reached if there were no other vehicles and no signal controls or ather

stops in the network (reduced speed areas are taken into account)

NB Autos/Trucks, Buses and Bicycles - Travel Time section = 67146 ft
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 6874 1

Stopd: Average standstill ime per vehicle (in secs)

Stops: Average number of stops/veh

Time NB

Period Autos Trucks Buses

(secs) Delay Ay, Standstill Av. StopsVeh | Count Delay Av. Standstill |Av. Stops/Veh Count Delay | Av. Standstill [Av. Stops’Veh| Count
(secs) Time/\Veh (secs) (secs) |Time/Neh (secs) (secs) |TimeN/eh (secs)

0-900 94.6 416 222 9 0 0 0 0 826 25 2 3
900 - 1800 1254 408 319 18 0 0 0 0 84.2 235 133 3
1800- 2700 1839 439 333 15 2219 478 2 1 87.9 9.2 1 2
2700 - 3600 1779 447 3.14 14 0 0 0 0 1055 27 2 3

Total 1502 442 3.068 54 2219 476 2 1 90.2 223 1.64 1
Data Collection:
Data Collection Aggregation Interval # Vehicles Speed (mean)

Number Start Time End Time All Veh Types | Autos Trucks Buses Bicycles |All Veh Types| Autos Trucks Buses Bicycles
11 0 900 227 27 7 3 0 29 29 31 27 0
12 0 g0o0 243 236 4 3 0 16 16 7 26 0
13 0 900 78 73 2 3 0 31 3 26 7 0
21 0 900 189 185 1 3 0 27 27 26 25 0
22 0 900 247 242 2 3 0 14 14 13 27 0
23 0 g0o0 178 174 1 3 0 20 20 g 25 0
il 800 1800 243 233 7 3 0 28 28 24 6 0
12 800 1800 303 292 3 3 0 11 i " 25 0
13 900 1800 108 102 3 3 0 30 30 33 29 0
2 el 1800 213 208 2 3 0 25 25 28 27 0
22 800 1800 309 302 4 3 0 11 " 9 21 0
23 800 1800 201 194 4 3 0 14 14 12 20 0
11 1800 2700 231 222 ] 3 0 29 29 30 28 0
12 1800 2700 310 206 " 3 0 il " " 22 0
13 1800 2700 97 88 5 3 0 31 3 27 28 0
21 1800 2700 249 238 3 3 0 18 18 18 21 0
22 1800 2700 300 289 8 3 0 11 " 10 21 0
23 1800 2700 225 219 3 3 0 16 16 15 23 0
il 2700 3600 249 238 g 3 0 28 29 30 7 0
12 2700 3600 31 301 7 3 0 11 i 13 19 0
13 2700 3600 103 98 2 3 0 30 31 30 26 0
21 2700 3600 225 218 4 3 0 24 24 27 8 0
22 2700 3600 318 N 5 3 0 11 " " 21 0
23 2700 3600 215 209 3 3 0 19 19 17 24 0
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Scenario - 2b: 11" Mixed-Traffic Lane + 15" Bus Lane

Table of Travel Times:

Average travel times in the section of the corridor in seconds
NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 68741 ft

Time NB

Period Autos Trucks Buses

(secs) Time (secs) Count Time (secs) | Count|Time (secs) Count

0-900 215 4 0 0 3123 3
900 - 1500 220 15 0 ] 276.8 3
1800 - 2700 250.9 15 260.3 1 2984 2
2700 - 3600 316.5 16 326.8 2 2821 3
Average Wid 258.8 50 3046 3 284.6 11

Table of Delay:

Delay: Average total delay per wehicle (in secs) The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical (ideal) travel time from the real travel time
The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account).

MNE Autos/Trucks, Buses and Bicycles - Travel Time section = 67146 ft
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 6874 .1 ft
Stopd: Average standstill time per vehicle (in secs)
Stops: Average number of stopsiveh

Time NB

Period Autos Trucks Buses

(secs) Delay Av. Standstill |Av. Stops/Veh| Count Delay Av. Standstill |Av. StopsiVeh Count Delay| Av. Standstill |Av. Stops/Veh| Count
(secs) |Time/Afeh (secs) (secs) |TimeA/eh (secs) (secs) | Time/Veh (secs)

0-900 758 0.4 225 4 0 0 0 0 88.5 274 2 3
900 - 1800 798 36.2 273 15 0 0 0 0 87.3 187 133 2
1800 - 2700 1133 38.2 267 15 1288 38.2 3 1 791 16.1 1.5 2
2700 - 3600 1805 60.6 4 18 1805 48.2 4 2 825 18.1 1.67 3

Total 1218 441 3.08 50 1689 448 367 3 784 188 1.64 11
Data Collection:
Data Collection Aggregation Interval # Vehicles Speed (mean)

Number Start Time End Time All Veh Types| Autos|  Trucks Buses Bicycles | All Veh Types| Autos Trucks Buses Bicycles|
" 0 Q00 224 217 4 3 0 28 28 31 28 0
12 0 Q00 260 253 4 3 0 17 17 14 eyl 0
13 0 900 84 79 2 3 0 30 30 31 27 0
21 0 900 190 185 2 3 0 27 27 26 27 0
22 0 Q00 238 234 2 3 0 13 13 10 28 0
23 0 Q00 166 161 2 3 0 21 21 14 25 0
1 900 1800 255 248 4 3 0 28 28 30 28 0
12 900 1800 283 270 10 3 0 16 16 15 24 0
13 900 1800 87 82 2 3 0 3 31 26 27 0
21 900 1800 209 204 2 3 0 27 26 28 27 0
22 900 1800 291 283 5 3 0 12 11 11 22 0
23 900 1800 224 217 4 3 0 15 15 12 21 0
" 1800 2700 233 222 8 3 0 29 29 29 28 0
12 1800 2700 285 273 9 3 0 " " 12 23 0
13 1800 2700 101 a1 7 3 0 30 20 28 28 0
21 1800 2700 241 230 8 3 0 22 22 19 26 0
22 1800 2700 301 290 8 3 0 " " " 20 0
23 1800 2700 218 208 5 3 0 20 19 24 24 0
11 2700 3600 259 244 12 3 0 27 27 30 23 0
12 2700 3600 308 296 9 3 0 1 1 1 22 0
13 2700 3600 11 105 3 3 0 30 30 31 28 0
21 2700 3600 243 237 3 3 0 25 25 30 27 0
22 2700 3600 306 298 5 3 0 10 10 10 28 0
23 2700 3600 229 222 4 3 0 16 16 11 28 0
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Scenario - 2b: 13" Mixed-Traffic Lane + 13" Bus Lane

Table of Travel Times:

Average travel times in the section of the corridor in seconds
MNEB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft
SB Autos/Trucks, Buses and Bicycles - Travel Time section = 6874 .1 ft

Time NB

Period Autos Trucks Buses

(secs) Time (secs) Count Time (secs) |Count|Time (secs) Count

0-900 2124 12 223 1 302.8 3
900 - 1800 268 14 0 0 3123 3
1800 - 2700 275 12 3183 1 344.8 2
2700 - 3600 268 15 0 0 306.9 3
Auverage Wid 257 53 2707 2 3141 11

Table of Delay:

Delay. Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical {ideal) travel time from the real travel time.

The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account)

MNE Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 .6 ft

5B Autos/Trucks, Buses and Bicycles - Travel Time section = 6874.1 it

Stopd: Average standstill time per vehicle (in secs)

Stops: Average number of stopsfveh

Time NB

Period Autos Trucks Buses

(secs) Delay Av. Standstill |Av. Stops/Veh | Count Delay Av. Standstill |Av. Stops/Veh Count Delay | Av. Standstill |Av. Stops'Veh| Count

(secs) |Time/Aieh {secs) (secs) |Time/Vfeh (secs) (secs) |Time/eh (secs)

0 - 900 718 30.7 2 12 753 14.2 2 1 773 257 1.67 3
900 - 1800 1305 51.2 3 14 0 0 0 0 100.6 383 2 3
1800 - 2700 1381 44 283 12 1825 19 1 1 1249 51.3 25 2
2700 - 3600 1281 443 213 15 0 0 0 0 93 28 167 3

Total 118.5 43 277 53 1289 16.5 1.5 2 97.9 344 1.91 11
Data Collection:
Data Collection Aggregation Interval # Vehicles Speed (mean)

Number Start Time End Time All Veh Types| Autos| Trucks Buses Bicycles |All Veh Types| Autos Trucks Buses Bicycles
i 0 900 219 209 7 3 0 29 29 27 28 0
12 0 900 241 232 6 3 0 18 18 20 26 0
13 0 Q00 a0 73 4 3 ] 3 3 33 28 0
21 0 Q00 183 179 1 3 ] 27 27 28 25 0
22 0 Q00 230 225 2 3 0 15 15 12 24 0
23 0 900 178 172 3 3 0 22 22 17 28 0
" 900 1800 271 263 5 3 0 26 26 29 25 0
12 900 1800 314 303 g 3 ] 12 11 12 20 0
13 900 1800 106 103 0 3 ] 3 31 ] 28 0
21 900 1800 218 213 2 3 0 23 23 28 27 0
22 900 1800 299 293 3 3 0 ™ M 8 23 0
23 Q00 1800 222 216 3 3 1] 17 17 18 24 0
11 1800 2700 245 236 6 3 ] 28 28 29 24 0
12 1800 2700 313 200 10 3 ] 12 12 12 23 0
13 1800 2700 117 110 4 3 0 29 29 26 27 0
21 1800 2700 237 228 6 3 0 l 21 17 26 0
22 1800 2700 308 300 5 3 ] 10 10 9 24 0
23 1800 2700 216 208 7 3 ] 20 20 12 21 0
11 2700 3600 256 247 6 3 0 27 27 29 26 0
12 2700 3600 293 283 7 3 0 12 M 1 21 0
13 2700 3600 12 109 0 3 1] 30 30 1] 26 0
21 2700 3600 230 223 4 3 ] 24 24 30 25 0
22 2700 3600 303 296 4 3 ] g 9 15 26 0
23 2700 3600 221 214 4 3 0 15 15 13 27 0
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Appendix E

Sensitivity Analysis
For Three New Cases

For Scenario # 1:
« 36 Buses and 16 Bicycles

* 60 Buses and 16 Bicycles

» 12 Buses and 60 Bicycles
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 36, Bikes = 16)

Table of Travel Times:

Average travel times in the section of the corridor in seconds
NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft

Time NB
Period Autos Trucks Buses Bicycles
{secs) Time (secs) Count Time (secs) Count Time (secs) Count Time (secs) Count
0-900 2083 § 0 0 313 6 3384 3
900 - 1800 2106 13 0 0 318 9 360.2 2
1800 - 2700 2222 17 0 0 316.3 9 3758 7
2700 - 3600 2149 17 178.2 1 3188 9 3708 i
Average Wid 2156 53 178.2 1 317.1 33 366.2 18
Table of Delay:
Delay: Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical {ideal) travel time from the real travel lime
The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network (reduced speed areas are taken into account)
NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 6 ft
Stopd: Average standstill time per vehicle (in secs)
Stops: Average number of stopsfveh
Time NB
Period Autos Trucks Buses Bicycles
{secs) Delay Av. Standstill Av. StopsVeh Count Delay Av. Standstill Av. StopsiVeh Count Delay Av. Standstill Av. StopsiVeh Count Delay Av. Standstill Av. StopsiVeh Count
(secs) TimeAfeh (secs) (secs) Time/Veh (secs) [secs) Time/eh isecs) (secs) Time/Veh (secs)
0-900 69.9 3586 2.67 6 0 0 0 0 93 26.9 2 § 418 29.8 2 3
900 - 1800 74 408 248 13 0 0 0 0 103.3 36.7 2.56 9 63.7 45 3 2
1800 - 2700 83 52.7 2.6 17 0 0 0 0 100 304 222 9 78 52.9 3.86 7
2700 - 3600 74.5 472 241 17 43.1 15.2 1 1 96.7 316 21 9 731 50.7 3.83 §
Total 76.6 46.1 2.53 53 43.1 15.2 1 1 93.8 33.2 2.24 33 53.8 47.5 3.44 18
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Scenario - 1: Two 13-Foot mixed traffic lanes (Buses = 36, Bikes = 16) - Continued

Data Collection:

Data Collection A ion Interval # Vehicles Speed (mean) Length VMT Emission Rates {gms/mi) All Veh Types Total Emissions (yms)
Number Start Time End Time All Veh Types Autos Trucks Buses Bicycles All Veh Types Autos Trucks Buses Bicycles (feet) (miles) VoC NOx C0 voc NOx Co

" i 900 213 19 i 3 4 30 3 2 i 16 2150 87 024538 0.58612 3.03743 21.28359 50.83621|  263.44545
12 0 900 273 256 6 i 3 2% % 27 21 14 1700 86 027263 0.61482 3.11833 23.96399 H4.04114|  274.09437
13 0 900 113 101 2 1 3 27 28 2 3 16 3500 7 0.26053  0.60208 3.08242 19.51487 4509879 23088924
N 0 900 226 214 2 8 2 28 28 36 i 16 3500 150 0.26053|  0.60208 3.06242 38.02975 90.19757) 46177848
2 i 400 284 m 4 g 1 2 b 4 % 16 1700 il 026632  0.60817 3.00964 24.35248 55.61042| 26342079
2 i 900 Prs) 3 2 7 1 2 29 2 i 17 2150 il 0255101 0.50639 3.06636 23.16431 54.15555| 27844059
" 900 1800 249 23 2 10 2 30 30 32 % 195 2150 101 025008 0.50104 3.00138 26.35592 58.92658|  309.36692
12 900 1800 309 290 8 9 2 25 5 22 jl 14 1700 99 027985 062270 315710 278178 6195132 31409559
13 200 1800 107 9 1 9 2 28 30 19 20 15 3500 Il 0.255101 050639 3.06836 18.08372 4230108 21749088
2 200 1800 27 212 2 9 4 27 28 28 % 15 3500 150 0.26093  0.60208 3.08242 38.20244 90.50668) 46382175
o] 900 1800 306 89 3 9 5 2% % 26 4 15 1700 99 027263 0.614682 3.11833 26.86074 60.57359|  307.22665
Y] 900 1300 236 p2y; 0 g 5 2% o 0 i 195 2150 96 026093  0.60208 3.08242 26.03627 07.80872  286.21943
" 1800 2700 251 230 4 9 8 30 kil 30 % 15 2150 102 0.25008]  0.59104 3.051%9 2555958 8040792 31187196
12 1800 2700 318 293 8 9 8 23 24 Yl 2 14 1700 102 026722 063122 3.19918 2040767 B4.62647) 32755278
13 1800 2700 116 97 3 9 7 28 Eil 2 % 15 3500 i 0.25008]  0.50104 3.06139 18.22048 4544776 23463358
2 1800 2100 24 204 3 9 8 2 i 2 4 16 3500 148 026632  0.60317 3.00964 38.54504 90.30358|  460.24890
o] 1800 2100 285 266 3 3 8 2 a1 2 5 195 1700 92 026632  0.60817 3.09964 2443823 56.80623| 26442678
PA] 1800 2700 208 186 6 9 7 28 29 20 Py 15 2150 85 0.26053  0.60208 3.08242 2208587 5099413 26107122
" 2700 3600 21 205 8 9 5 30 31 29 28 16 2180 92 024539 0.58812 3.03743 2268251 54.17766) 28076111
12 2700 3600 330 310 7 8 5 P P yl 2 12 1700 108 026722 063122 3.19918 3051740 67.06728) 33991327
13 2700 3600 126 107 4 9 [ 2 29 i 4 16 3500 84 0255101 0.50839 3.06636 21.30662 40.81249)  256.11075
2 2700 3600 227 212 4 g 2 2% o i a1 16 3300 150 026093  0.60208 3.08242 38.20244 90.59668|  463.82175
2 2700 3600 292 275 i 9 2 2% % 25 22 195 1700 4 027263 0.61482 3.11833 26.63182 57.80225|  293.17053
23 2700 3600 20 211 4 9 3 28 28 28 23 16 2150 92 0.26510)  0.59839 3.06836 23.57981 5512695 283 43504

Autos Buses Auto Idling Emission Rates (gms/hr) Bus Idling Emission Rates (gms/hr) Total Emissions {gms) Total NB VOC 299.95 gms

voc NOX co vac NOx co vog NOX co Total NB Nox 697.42 gms

NB Idling {hrs) | 1.7171 0.6817 1.94421 2.10426 3317786 231 55.90675 3213675 | 1521840 | 4172522 16.87743 Total NB CO 3,430.12 gms
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 60, Bikes = 16)

Table of Travel Times:

Average fravel times in the section of the corridor in seconds
NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 8 ft

Time NB
Period Autos Trucks Buses Bicycles
(secs) Time (secs) Count Time (secs) Count Time (secs) Count Time (secs) Count
0-800 216.2 7 0 0 3241 10 3523 1
900 - 1800 206.5 " 0 0 3175 15 403.2 3
1800 - 2700 2218 12 240 1 3451 15 396.6 7
2700 - 3600 2226 10 0 0 3313 14 4135 5
Average Wid 216.8 40 240 1 330 54 4004 16
Table of Delay:

Delay. Average total delay per vehicle (in secs). The total delay is computed for every vehicle completing the travel time section
by subtracting the theoretical (ideal) fravel time from the real travel time
The theoretical travel time is the time that would be reached if there were no other vehicles and no signal controls or other
stops in the network {reduced speed areas are taken into account)

NB Autos/Trucks, Buses and Bicycles - Travel Time section = 6714 8 ft

Stopd: Average standstill ime per vehicle {in secs)

Stops: Average number of stopsfieh

Time NB

Period Autos Trucks Buses Bicycles

(secs) Delay Av. Standstill Av. StopsiVeh Count Delay Av. Standstill Av. Stops/Veh Count Delay Av. Standstill Av. StopsVeh Count Delay Av. Standstill Av. StopsVeh Count

(secs) Time/eh (secs) (secs) Time/eh (secs) (secs) TimeNeh (secs) (secs) Time/Neh (secs)

0- 800 78.1 46.1 3.29 7 0 0 0 0 109.9 38 24 10 56.3 427 3 1
900 - 1800 594 47 227 11 0 0 0 0 489 311 24 13 104.3 73.2 533 3
1800 - 2700 0.1 411 25 12 107.6 537 2 1 124.7 48.5 293 1% 99.1 il 3.86 7
2700 - 3600 847 546 31 10 0 0 0 0 115.8 44.2 25 14 1152 741 8.2 5

Total 779 436 2.73 40 107.6 53.7 2 1 112.5 40.6 257 54 1024 706 4.81 16
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 60, Bikes = 16) - Continued

Data Collection:

Data Collection Aggregation Interval # Vehicles Speed (mean) Length VT Emission Rates (gms/mi) All Veh Types Total Emissions (yms)
Number Start Time End Time Al Veh Types Autos Trucks Buses Bicycles | All Veh Types Autos Trucks Buses Bicycles (feel) {miles) VoC NOx 0 VoC NOx €0

il 0 400 4 m 4 4 4 ] A Kl Jil 15 2150 il 0.25510 0.59639 308636 2326818 54.30840) 27968920
12 0 400 76 95 5 12 4 % i) i) il 4 1700 89 0.27985 0.62270 315710 2485092 55.33516) 28055140
13 0 400 LY K] 1 12 3 ] Ell Kl &) 16 3500 f6 0.25510 0.59639 308636 16.74002 39.13639) 20122988
i 0 400 240 m ) 1 2 n 7 ) &) 15 3500 1959 0.26632 060817 309964 4236969 06.75304 49312382
2 0 400 20 265 ) 12 1 n P 18 4 16 1700 0 0.26053 060208 J0842 2348693 SA.2T819) 27788440
3 0 400 208 193 1 1 1 ] Al il 4 4 2150 ) 0.25510 0.59639 308636 21.39642 50027100 25721418
1 900 1800 iy 5 1 15 1 30 El 3 i 15 2150 9 0.245%9 0.58612 303743 2418135 STT5757) 29931361
12 900 1800 314 93 5 15 1 % i) 2 0 4 1700 101 0.28122 063122 3.19918 2903776 (381593 32343262
13 900 1800 124 106 1 15 ? n ] 2 &) 16 3500 82 0.26053 060208 308242 2141455 4948893) 25338518
il 900 1800 705 205 2 i) 4 i ) e i 1) 3500 149 0.25510) 0.59539 3.06636 3604754 8695006  457.34063
2 900 1800 303 218 5 15 5 2 i i) 2 15 1700 48 027263 0.61482 311833 2659740 5097973 30421463
JA] 900 1800 M3 218 5 15 5 2 i i) 2 15 2150 49 027263 0.61482 311833 2697692 6083558 30855549
1 1600 2700 259 233 2 15 4 i 30 3 I 15 2150 105 0.25008, 0.59104 305139 2637423 6233327 31181210
12 1600 2700 315 268 4 15 § 2 i 18 H 1) 1700 101 027263 0.61482 311833 2185076 6235517 316.28273
13 1800 2700 125 105 0 13 7 i 28 0 3 15 3500 83 0.26053) 0.60208 308242 2158725 49.58804) 25540845
il 1800 2700 M1 ks 3 15 g i 28 i ) 1) 3500 180 0.26053) 0.60208 308242 4162022 618414 49247750
2 1800 2700 307 284 0 15 g i i 0 i 15 1700 49 0.27263) 0.61482 311833 1694852 B077154 30823086
3 1800 2700 206 183 4 I 5 28 28 i ) 15 2150 ) 0.26053) 0.60208 308242 2185370 5050380 25856092
1 ZF00 3600 250 21 9 15 5 Ell 31 2 i 16 2150 102 0.24539 0.58612 303743 2495074 5066691 309.20827
12 ZF00 3600 316 285 10 16 5 23 3 3 H 13 1700 102 0.2672) 0.63122 319918 2972012 64222001 32543270
13 2700 3600 121 9 6 16 6 I Ell 23 i) 16 3500 &0 0.25610 0.59639 308636 2046112 4783581)  245.94763
2 2700 3600 239 19 3 15 ] i Jil 30 3 16 3500 158 0.26093 0.60208 30542 4127482 9536593  488.34096
2 2700 3600 298 i 4 15 ] % Pl 5 ] 15 1700 % 0.26632 0.60817 309964 255529 5830178 29740063
3 2700 3600 il i 4 16 5 il Jil i 5 15 2150 101 0.26093 0.60208 30542 2620322 6055893 310.02208

Autos Buses Auto Idling Emission Rates (gms/hr) Bus ldling Emission Rates (gms/hr} Total Emissions {gms) Total NB VOC 303.89 gms

yoc NOx £o Voc NOx €0 Vot NOx €0 Total NB Nox 756,62 gms

NB Idling {hrs) 1323 15651 7.94421 210426 3317786 2311 H5.90675 | 3213675 14.12350 9026429 9417701 Total NB CO 3,505.89 gms
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 12, Bikes = 60)

Table of Travel Times:

Average fravel imes in the section of the corridor in seconds.
NE ALtos/Trucks, Buses and Bicycles - Travel Time section = 6714 6

Time NB

Period Autos Trucks Buses Bicycles

[secs) Time (secs) Count Time (secs) Count Time (secs) Count Time (secs) Count

0 - 900 1876 7 0 0 Nz 2 363 £
900 - 1300 1956 12 0 0 336 3 3521 18
1800 - 2700 1955 12 0 0 2981 3 3561 27
2700 - 3600 2225 11 0 0 M 3 3635 IE
Auerage Wid 2013 427 0 0 316.2 11 3578 ]

Table of Delay:

Delay: Average total delay per vehicle {in secs) The total delay is computed for every vehicle completing the travel time section
by subtracting the thearetical (ideal) travel time from the real travel time

The thearstical travel time is the time that would be reached if there were no other vehicles and no signal controls or ather
sops in the network {reduced speed areas are taken into account)

NE ALtos/Trucks, Buses and Bicycles - Travel Time section = 6714 6

Stopd: Average standstill ime per vehicle (in secs)
Stops: Average number of stopsfveh

Time NB

Period Autos Trucks Buses Bicycles

[secs) Delay Av. Standstill Av. Stops’eh Count Delay Av. Standstill Av. Stops'Veh Count Delay Ay. Standstill Ay. Stopsieh Count Delay Ay. Standstill Ay. Stopseh Count
(secs) Time/Aeh (secs) {secs) Time/Veh {secs) {secs) Time/Veh (secs) (secs) Time/eh isecs)

0-900 517 278 214 I 0 0 0 0 834 87 2 2 B4.9 40.3 333 B
900 - 1800 565 295 217 12 i} 0 0 0 1047 351 233 3 54 4 3BT 244 18
1800 - 2700 96.3 343 225 12 0 0 0 0 735 14.1 1 3 58.1 425 236 n
2700 - 3600 813 4956 264 11 0 0 0 0 838 214 3 647 438 2.89 19

Total 621 35.8 2.31 42 0 0 0 0 88.3 45 1.82 11 59.6 41.1 263 65
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Scenario - 1: Two 13-foot mixed traffic lanes (Buses = 12, Bikes = 60) - Continued

Data Collection:

Data Collection Agyregation Interval # Vehicles Speed (mean) Length YMT Emission Rates (gms/mi) All Veh Types Total Emissions (yms)
Number Start Time End Time All Veh Types Autos Trucks Buses Bicycles All Veh Types Autos Trucks Buses Bicycles {feef) (miles) VoC NOx Co VoC NOx C0

11 0 900 212 190 2 3 17 295 308 2.2 211 19 2150 36 0.25008f  0.59104 3.09139 2158817 S1.02183  263.41376
12 0 900 278 256 2 3 7 251 258 19.5 23 15 1700 90 027263 0.61482) 3.11833) 24 40289 5503091 279.11441
13 0 900 102 83 1 3 15 27 30 271 236 16 3500 68 026053 0.60208] 3.08242 1761520 40.70864| 20641330
2 0 900 232 212 2 3 15 263 212 %6 226 15 3500 154 028632  0.60817 3.09964 4095736 03.52871|  476.68636
22 0 900 268 251 3 3 11 564 a1 122 209 19 1700 36 0.26632[  0.60817 3.09964 22.98051 H247744|  267.46007
23 0 900 17 201 3 3 10 249 215 %7 272 15 2150 88 0.26632]  0.60817| 3.09964, 2353283 5373869 273.83919
" 800 1600 236 224 2 3 I 286 301 32 258 15 2150 96 025008 0.50104 3.05139 240321 56.79788|  293.23418
12 800 1800 21 276 6 3 [ 48 %2 07 N6 15 1700 94 0.27885  0.62270) 3.15710 26.20109 50.34251| 20579876
13 400 1800 93 83 1 3 i 292 304 6.7 219 19 3500 62 0.25008]  0.50104 3.05139 1941674 3643617 186.11141
2 200 1800 223 201 5 3 14 264 212 2.1 18.8 19 3500 148 0.26632[  0.60817) 3.09964 39.36850 89.90044|  456.19422
22 900 1800 305 281 6 3 16 %7 24 224 28 15 1700 98 027263 0.61482) 3.11833) 2877298 60.37564|  306.22265
23 800 1600 205 185 2 3 18 278 28 268 258 15 2150 83 026053 0.60208] 3.06242 2174761 50.25864|  257.30577
11 1800 2700 259 233 1 3 22 2% 203 343 273 15 2150 106 0.25510]  0.56639 3.06636 26.90384 62.59815|  323.30064,
12 1300 2100 305 7 i 3 20 438 87 174 215 19 1700 98 027965  0.62270 315710 2146162 61.14936|  310.02963
13 1800 2700 119 95 2 3 19 264 286 %7 255 15 3500 79 0.26632]  0.60817| 3.09964, 21.00830 4797378 244 50723
2 1800 2100 249 225 4 3 7 258 %7 237 281 15 3500 165 027263 0.61482) 3.11833) 45.00026 10147998 51470209
22 1800 2100 318 202 4 3 18 A6 %3 07 25 14 1700 102 0.27885  0.62270) 3.15710 28.63212 63.79573|  323.24401
23 1800 2100 218 190 i 3 19 2.4 2.1 251 268 19 2150 39 026632  0.60817) 3.09964 2364128 53.98634|  275.15135
11 2100 3600 232 207 g 3 14 2.8 296 304 268 19 2150 9% 0256101 0.59639 3.06636 24.09919 96.34120|  289.67810)
12 2100 3600 327 208 " 3 16 46 253 28 175 14 1700 105 027985  0.62210) 3.15710, 2944248 6556014| 33239242
13 2100 3600 137 110 8 3 16 282 282 % 179 15 3500 91 026632 0.60817| 3.08964, 2418603 5523032 28148152
2 2100 3600 224 201 4 3 16 211 281 305 234 15 3500 148 028053  0.60208 3.08242 38.68435 069.30937|  457.60195
22 2100 3600 314 290 4 3 17 253 2549 5.1 239 16 1700 101 027263 0.61482 3.11833 21.56298 6215721  315.25872
23 2700 3600 248 225 2 3 18 259 268 352 227 15 2150 101 027263 0.61482) 3.11833) 2753200 6208735 31490437

Autos Buses Auto Idling Emission Rates (gms/hr} Bus Idling Emission Rates (gmshr) Total Emissions (gms) Total NB YOC 290.34 gms

voc NOX co Voc NOX co Voc NOX co Total NB Nox  667.14 gms

NB Idling {hrs) | 0.9648 0.1362 1.84421 210426 3317788 231 5580675 3213675 | 7.97852 9.64735 3638687 Total NBCO | 3,345.96 gms
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Appendix F

Decision-Makers’ Survey
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Survey for Transportation Decision-Makers

Please check the appropriate box next to your an®atbe following questions:
1) Do you believe or consider that there is trafimgestion in your jurisdiction?
Yes
No
] Not sure

2) If your answer to question # 1 is yes, has @rba priority for your jurisdiction to
pursue solutions to reduce congestion and to ingroad capacity?

] Yes
No
] Not sure

3) What could be the challenge(s) to pursue sukhisn? If you check more than
one, please rank your choices.

] Lack of construction funds
] Right-of-way is not available
L] Politics (i.e., unease to build consensus withdessis, civic associations,

elected officials, etc.)

] Other:
4) Do you support the promotion of the multimodahcept (i.e., transit and bike
use)?
Yes
No

L] Only if it has a significant potential in reducingngestion
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5) Which factor(s) would be encouraging for yowstgport a solution to reduce
congestion? If you check more than one, pleaseyaukchoices.

No need to purchase right-of-way
The solution includes bike lanes
The solution includes transit accommodations (&uys, lanes)

The solution addresses traffic safety

O O o o o

The solution addresses environmental impacts

The following charts present a comparison of penéomce measures associated with
different lane-configuration scenarios suggestedfamad section in an effort to reduce
congestion and to improve road capacity. Pleasle dbthe chart in each question and
choose your favorite scenario to be implementedheManswering the question, please
assume all other performances/factors are beinglequ

6) When comparing the average travel time for d&fifié modes of transportation
(autos, buses, and bicycles), which is your chesenario?

[J Scenario # 1 [J Scenario# 2 ] Scenario # 3
Average Travel Time Comparison

w

T 400

3

@ 350 -

£

S 300

D

g 250

|_

% 200

g

I 150

Autos Buses Bicycles
Mode of Transportation
—— Scenario # & Scenario # 2=== ‘Scenario # 3
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7) When comparing the Bicycle Compatibility IndéQ]) — a bicycle performance

measure — for three scenarios, which one is yoosea scenario?

Note: BCI focuses on evaluating the compatibility oitaility of bicycle travel

along

[

existing roads. A lower BCl is better.

Scenario # 1 [] Scenario# 2

[

Scenario # 3

BCI Comparison

4.05

2.85

2.81

Scenario # 1 Scenario # 2 Scenario # 3

8) When comparing the environmental impact of tiddferent scenarios, which

Scenario # 3

one is your chosen scenario?
[] Scenario# 1 [] Scenario# 2 O]
Environmental Impact Comparison
3502 4, 3318
3200 - 3301
2700
%) i
% 2200
(5 1700 1
1200
200 673 /
286 Mé—f 648
200 285 ‘
VOC Nox co
Emissions/Pollutants
e Scenario # 1 Scenario # 2=—==—Scenario # 3
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9) When comparing the safety impact associated thitre different scenarios,

which one is your chosen scenario?

[] Scenario# 1 [] Scenario# 2 ] Scenario # 3
Safety Impact Comparison
5.0
&4.7
4.5 2 1 N
s 4. [N
4.0 , A N _,4.05
. ’ /
/ N\
3.5 p 3.8 \
2.7 g
3.0 / 2 285
o~ :
o5 2.5 < 2.81
2.4
2.0
Auto-stops Accidents BCI
‘—'—Scenario #1 Scenario #2 = # Scenario # 3

10) Considering both charts in questions 6 andly, evhich is your preferred

scenario?
[] Scenario # 1
] Scenario # 2
[] Scenario # 3

11) Considering both charts in questions 7 andlI$, evhich is your preferred

scenario?
O Scenario # 1
L] Scenario # 2
[] Scenario # 3
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12) Considering both charts in questions 7 andl®, evhich is your preferred
scenario?

L] Scenario # 1
[ Scenario # 2
0 Scenario # 3

13) Please choose scenario (A) or scenario (B)adight of their performances
shown in the following table:

Scenario (A) Scenario (B)
Bicycle Compatibility Index 4.05 2.81 (44% better)
Total travel time (Seconds) 203 206 (1.5% worse)
O Scenario # A [J  Scenario # B

14) Considering the performance results in theet@llow, please choose scenario
(A) or scenario (B)

Scenario (A) Scenario (B)
Bicycle Compatibility Index 4.05 2.81 (44% better)
Emission Rates (NOx - Grams) 646 648 (0.3 % worse)
O Scenario # A [0 Scenario # B

15) Please choose scenario (A) or scenario (B)aright of their performances
shown in the following table. Scenario (B) in thisse includes a bicycle lane.

Scenario (A) Scenario (B)
Number of predicted accidents 3.8 4.7 (24% worse)
Bicycle Compatibility Index 4.05 2.81 (44% better)
O Scenario # A [0 Scenario # B
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16) Looking at the chart below with all 19 objectives, which is your chosen scenario?

[] Scenario # 1

[ ] Scenario # 2

[] Scenario # 3

Summary of Objectives' Results

Avg. travel time | Avg. travel time | Avg. travel time | Average Delay | Average Delay | Average Delay User Travel Cost| User Travel Cost| User Travel Cost| Operating Cost | Operating Cost Environmental | Environmental | Average | Number of | Bicycle
for auto for bus for bicycle for auto for bus for bicycle BCI for auto for bus for bicycle for autos for buses Mobility | Accessibility| Impact (CO) | Impact (NOx) | Number of | Predictible| Safety
{Seconds) {Seconds) {Seconds) {Seconds) {Seconds) {Seconds) (%) (3) (3) (3) (3) (Hours) (Trips) (gms) (gms) Auto-stops| Accidents
Scenario # 1 203 306 348 63.6 87.1 51.7 4.05 1.13 1.7 1.93 26.04 11.99 5.95 740 3318 646 2.4 3.8 69
Scenario # 2 244 311 358 104.5 91 61.5 2.85 1.35 1.73 1.99 27.63 12.01 6.69 703 3502 673 2.7 4.1 98
Scenario # 3 206 314 355 67.2 90.7 58.8 2.81 1.14 1.74 1.97 26.65 12.19 6.06 708 3301 647 2.5 4.7 100
Summary of Objectives' Results (in Percentage - 100%% being best)
Avg. travel time | Avg. travel time | Avg. travel time | Average Delay | Average Delay | Average Delay User Travel Cost| User Travel Cost| User Travel Cost| Operating Cost | Operating Cost Environmental | Environmental | Average |Number of| Bicycle
for auto for bus for bicycle for auto for bus for bicycle BCI for auto for bus for bicycle for autos for buses Mobility | Accessibility| Impact (CO) | Impact (NOx) | Number of | Predictible| Safety
(Seconds) (Seconds) (Seconds) (Seconds) (Seconds) (Seconds) (8 3) (5) 5) (5) (Hours) (Trips) (gms) (gms) Auto-stops | Accidents
Obj. #1 Obj. #2 Obj. # 3 Obj. # 4 Obj. #5 Obj.#6 |Obj.#7 Obj. # 8 Obj. #9 Obj. # 10 Obj. # 11 Obj.#12 |Obj. # 13| Obj. # 14 Obj. # 15 Obj.#16 | Obj.#17 | Obj.# 18 [Obj. # 19
Scenario # 1 100.0% 100.0% 104.0% 100.0% 100.0% 100.0% 69.4% 100.0% 104.0% 100.0% 104.0% 100.0% 100.0% | 100.0% 99.5% 100.0% 100.0% | 100.0% | 69.0%
Scenario # 2 83.2% 98.4% 97.2% 60.9% 95.7% 84.1% 98.6% 83.7% 98.3% 97.0% 94.2% 99.8% 88.9% 95.0% 94.3% 96.0% 88.9% 92.7% 98.0%
Scenario # 3 98.5% 97.5% 98.0% 94.6%% 96.0% 87.9% 100.0% 99.1% 97. 7% 98.0% 97. 7% 98.4% 98.2% 95.7%% 100.0% 99.8% 96.0% 80.9%% 100.0%0

Summary of Performances for the Three Scenarios
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