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Executive Summary

NCDOT uses a datlaiven procesgso inform the funding of transportation infrastructure, a process that
includes a high degree of collaboration and cooperation with metropolitan and rural Planning
Organizations (POs). The primary analytical tool supporting thisditatan process is the travel dend

model (TDM) for the PO& NI ERATBM is used to develop traffic forecasts that inform project
decisions and millions of dollag spending The introduction and deployment of Connected and
Automated Vehicles (CAVS) have the potential to sigmiflg change traffic forecasts anday result in

the Departmenthaving unnecessarily spent significant amounts of mqoewn the other handpeing

left unprepared for the disruption that CAVs may create in our transportation system.

¢tKA&a addzRe FT20dzaSa 2y | ROIYyOSR Y2RSfa ¥2RIDMy NEHS
for small and rural POsnd aims to provide guidance to NCDOT on the consideration of CAVs in travel
demand models developed by or for NCDOT in support of transportation planning analysis and traffic
forecasts across the state.

Key findings from this research support the use of strategic scepimingboth within an existing

model design (Tier 1) and design modifications (Tier 2) to evaluate the potential impact of CAVs on both
systemlevel performance measures angrojectlevel traffic forecasts. Systetavel performance
measures for both the Tier 1 and TieaRalyseshowed increases in daily vehicle miles traveled (VMT)

but decreases in congested VMT and delay for both a ®ig¥) and mediunhigh (70%)CAV adoption

level. The projectevel analysis showed improvements in the demameapacity ratio (D/C) and delay

cost savings, but did not always indicate that project construction would no longer be necgasary
increased CAV adoptiolhe @I f dzI G A 2y 2 TFin Teet BuggeRthat @AY Besults may not be

as intuitive in a small area with little congestjdmut dso that a deeper dive into the functionality and
assumptions of this model is needed

The study concludes that applying travel models in a scenario planning context is an effective way to
understand the potential risks and benefits of CAVs on traffic forecasts. While model (lésigR)is the
preferred method this approach is more time and resouicgéensive and requires a certain level of model
development expertise. On the other hand, using an existing model (Tier 1) is an approach that could be
implemented without delay on most, if not alipcoming traffic forecasts. While not as lstic a
representation of travel behavior, the results are shown to be an effective way to evaluate the risk and
uncertainty of CAVs on transportation planning analysis and pr&geel traffic forecasts.

Based on the findinggsom this researchthe team recommends thaNCDOTmmediatelymove forward

with the consideration of CAVs in traffic forecasts lmdrrangetransportation plans with a forecast year

of 2050 and beyond. For existing models, the Tier 1 approach should be implemented for existing project
analysis. For future model updates, the model design should incorporate the recommended methods for
evaluatirg CAVdt isalso recommenddthat NCDOT incorporate a regular practice of risk and uncertainty
analysis not just in consideration of CAVS, but to capture the variety of unknowns about the future.

t
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Introduction

NCDOT makes major investment decisions related tad#haslopment of transportation infrastructure
across the statevery year Following the guidanceutlinedin the Strategic Transportation Investments
law, the Department endeavors to use funding efficiently and effectively throudgitadriven process

that includes high levels of collaboration and cooperation with both metropolitan and rural Planning
Organizations (POs). Thiata-drivenprocess uses various tools, but the primary tool used by the POs is
the travel demand mode(TDM) for their region. Onceprojects are prioritized and advanced to
implementation, the travel demand moded againused as the primary analytical tool for developing
traffic forecasts These forecasts theimform project decisions that influence the spending of tens of
millions of dollars. While there are always points of dispute wlerisioning the details around specific
projects, the technical process is generaWgll-accepted robust, and technically sound and heeyved

the Department and its constituents wethr years The introduction and deployment of Connected and
Automated Vehicles (CAVbBave the potential to significantly disrupt this wedistablisheddecision
makingprocess andnay result in the Department unnecessarily spendiiggificant amounts of money

or on the other handbeing leftunprepared for the disruption that CAVs may create in our transportation
system.

There are three key factors at play in understanding the impact that CAVs will have on traffic forecasts: 1)
supply side impacts, 2) demand side impacts, and 3) CAV deployment predictions. From extensive
researcharoundsupply side impactshere is acommendable understandingf supply side benefitg his

is not the case wthe demand side of the equation, in large part because it is related to travel behavior
and how people will respond to the vast array of new choices that CAVs will provide and howttbiess

will impact travel demand and projettvel traffic forecasts. The third factor is related to the timeline and
intensity of CAV deployment, especially within the context of future year traffic fore@stishow the
numberof CAVs impacts not only the proportion of CAVs in the travel stream but also the size of the travel
stream.

While the impacts of CAVs will not be fully understood until maveervable datas availableit is not

prudent forNCDOT to wait untihat time. There is an urgent need to provide guidance on how CAVs will
impact travel in future years, and how travel demand models can be adjusted to capture these potential
impacts.Some Metropolitan Transportation Plans (MTPs) have a future year of 2045, but most already
have a future year of 2050, and some POs are currently working on MTPs with a future year gh2055.
North Carolina Long Range Multimodal Transportation Plan has a horizon year of 2050, arniflnobst

all, projectlevel traffic forecasts wikoonhave a design year of 2050. Some CAV forecasts suggest that

by 2050 nearly 60% of new vehicle sales will be autonomous vehicles (AVs), and close to 40% of all vehicle
travel will be made by AVs (Litman, 202dndthese forecasts are thought by many to be too low.

2 KSYy Al O02YSa (2 Ay@SaidAiy3a Ay b2 NiofnousinpNa@tiodsyf I Q& G N
NCDOT does not plan and invest appropriately in infrastructuneoltld take many years for high

growth region to recover from undeinvestment in infrastructure due to overly optimistic assumpson

about the benefits gained from CAVs. On the other hand, there are also consequences if NCDOT
overbuilds, includinginnecessary spendin@nvironmental impacts, and communitpnsequencesBy

their very naure, traffic forecasts have always included a certain level of uncertainty, but continuing to
advance traffic forecasts that fail to consider CAVs aliifiost certainlylead to NCDOT making poor

decisions given the very high likelihotitht the vehicle fleet in 205Will include a large percentage of

CAVs. This research is urgently needed to better understand how CAVs impact transpaststeons

analysis and project forecasts so North Carolina can invest wisely in our future.

1
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To address this need, NCDOT funded this stadyetter understand the potential implications of CAVs

on travel demand and projedevel traffic forecasts. The results of this study inform the conversation
around CAV deployment and adoption and provide guidance on how best to capture the supply and
demand side changes that will likely result from different levels of CAVs in the travel stream.

Overall, the research objectives of this research project are:

1. Provide guidance to NCDOT on possipedatesto the RTDM Development Guidelines and to
regional POs on how they should update and exercise their TDMs to include CAVs and their
effects.

2. Develop guidelines for the modification and applications of TDMs using a realistic set of CAV
scenarios.

The detailed results of this study are outlined in this report and the accompanying appendices, including
guidelines folimplementation within both a existing model anthodel desigrchangecontext. For the
purposes of this researchutomated vehiclesAVs)are vehiclesthat rely ononboard sensors for driving
tasks AVs are a disruptiveechnology that carpotentially enhance safety, capacitgnd travel time
reliability. There is a significant effort from the automotive industry to produce fully autonomous vehicles
(SAE levels 4 and 5). However, éovevel applications athis technologysuch asadaptive cruise control

are alreadyin use with the goals of driver convenience, congestion relief, safatyl capacity
enhancements.

Connected vehicles have the potential to gather information on their surrousdiggcommunicating

with other equipped vehicles and the infrastructure in their vicinity. Access to this information in real
GAYS AYLI Ola RNAGSNBEQ NBalLRyaS yR RSOAaAA2Y YI 1Ay
and capacity. It is worth natg that the human driver is in control and makes all the operational, tagctical

and driving decisions based on the informatieneivedthroughii K S @ $dtminhic&ichZapbilities.

Vehicles that have both connectivity andtomationare classified asonnected and automatedehicles
(CAVs)These vehicles not only rely on their onboard sensors but also their communication capabilities to
make decisions and execute driving tasks. Equipped with both technologies these vehicles have access to
reaktime information about otherd S K A li2ha&iér @nd whereabouts in their vicinity along with the
environmental and driving conditions downstream of their locations.

This study focused exclusively on CAslssuming Level 4 or 5 automation

Literature Revieummary

A detailed literature review is provided AppendixA. In summary, the literature review for this project
focused first on establishing basic definitions #tomatedvehicles (AVs) and CAVs. The literature was
then used to frame a possible understanding of CAV market penetration and ownership patterns. Changes
in travel behavior and transportation system performance associated with CAV adoption were explored
as were methods for implementing these changes into travel demand models. These findings helped
inform the development of an index of predictions and fact@ppendixB) and a conceptual framework

for updating a travel demand model to include CAMspendix G.

The review of literature also included a scan of peer agencies, summarized below.
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The consulting firm Resource Systems Group (R86)Caliper Corporatiomollaborated with the
Michigan Department of Transportation (MDOT) on the development of a new statewide transportation
model emphasizing a dat@iven approach and utilizing big data to accurately represent travel patterns.

A significant aspect of thiggect was the integration of CAVs into the modeling framework. This addition
aims to facilitate the examination of various scenarios that CAVs might present, despite the current
inablity to generateCAVinformed forecasts. The mod@ adaptability allows for exploring assumptions
around the impact of CAVs on travel behavior, including changes in trip frequency, mode, duration, and
timing, as well as considering the implications of zecoupant vehicle tripRSGet al.,, 2019).

In Virginia, VDOT publishes Travel Demand Modeling Policies and Procedugagdbaublic agencies

in the development and application of travel models in VirgiGiangbridge, 2020 Version 3.00eleased

in August 2020provides a section on model enhancement options for-bgsed models to incorporate

the effects of CAVs. In addition to covering model enhancement options, they also encourage the use of
scenario planning for modeling CAV impacts.

While no specific guidance could be located, several MPOs in Ohicbaxdinated with ODOT othe
consideration of CAVs in their travel modéldM, 2022).

Finally, project NCHRP -202(29) led by the University of Central Floridaims to incorporate new
mobility options (NMOs) includin@AVsinto travel demand forecasting and modeling. It addresses
challenges such as data acquisition, model structure adaptation, calibration, and validation for emerging
transportation technologies. The objective is to develop a guide for implemetiimbest practices in
incorporating NMOs into travel demand models, focusing on understanding travel behavior changes,
adoption rates, and benefits of NMOs to inform decisimaking and investment in transportation
planning(National Academies, 2024)

Definition of Terms

Average Trip LengthThe average length calculated for all trips made in the region as a measure of either
time or distance. The calculated value typically varies by trip purpose.

CAV Connected and automated vehicle.

CAVihvi CAV household classified as income high and vehicle insufficient, where vehicle insufficient refers
to fewer vehicles than workers in the household.

CAVihvs CAV household classified as income high and vehicle sufficient, where vehicle sufficient refers
to vehicles equal to, or greater than workers in the household.

CAVilvi CAV household classified as income low and vehicle insufficient.
CAVilvs CAV household classified as income low and vehicle sufficient.
CAVvi CAV household classified as vehicle insufficient.

CAVvsCAV household classified as vehicle sufficient.
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Congested VMTVehicle miles traveled under congestion conditions as defined by conditions where the
roadway link demand exceeds capacity at a level of service (LOS) D. This is calculated as demand/capacity
greater than one for LOS D.

Delay Delay is calculated as the difference between the roadway link congésteel time and the
roadway link free flowiravel timemultiplied by roadway link demand. The free flow speed is determined
using the area type, facility type, and posted speed. The unit of delay is minutes.

System DelayCalculated using all the roadway links in the travel model.

Project Delay Calculated using only the roadway links for the identified project.

EE External to external trips defined as vehicle trips that travel completing through the region.
HOV2 Highoccupancy vehicle (HOV) trips defined as a trip with two people per vehicle.
HOV3 Highoccupancy vehicle (HOV) trips defined as a trip with 3 or more people per vehicle.
HV: Vehicles classified ahamandrivenvehicle.

IE/EL Internal to external or external to internal trips defined as vehicle trips that have one end of the trip
internal to the region and one end of the trip external to the region.

IVTT The Iavehicle travel time for the transit mode.

KNR A kiss and ride lot serving transit.

K12 Trips defined as trips from home to a k12 school.

MPR Market penetration rate.

MUT: Multi-unit truck.

OD_LongTrips defined as long duration discretionary trips made with one trip end at home.
OME Trips defined as shopping, dining out or other maintenance trips with one trip end at home.
pCAV Privately owned connected and automated vehicle.

PCEPassenger car equivalent.

Peak Period Congested VMT or PM Peak Period Congested RBf€rs to vehicle miles traveled under
congestion conditions, as previously defined, during tHe8r PM peak period from 3:30pm to 6:30pm

Peak Period VMT or PM Peak Period NWEhicle miles traveled during thei®ur PM peak period from
3:30pm to 6:30pm.

PNR A park and ride lot serving transit.
sCAV Shared connected and automated vehicle.
SOV Single occupant vehicle trips defined as a trip with one person per vehicle.

SUT Single unit truck.
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Trip Length The calculated length of an individual trip from the production (or origin) end of the trip to
the attraction (or destination) end of the trip as a measure of either time or distance.

VMT: Vehicle miles traveled.

VOT Value of time.

W_HB_OTrips defined as work tours with one trip end at home and an interim stop along the tour.
W_HB_W Trips defined as work tours with one trip end at home and no stops along the tour.

ZOV\ Zero occupancy vehicle.

Linkages to LonBange Planning

Longrange transportation planning is the procesfsplanning, evaluatingand developing strategies for
2LISNF GAY3IAT YIFEYyFr3IAYy3IAT YIFEAYGFEAYAYISES YR FAYyFEyOAy3a |
F R yOS { K-®rmigadls. ITH2 lanhirdy yracess follows a s@sthblished process of:

A Establishing a community vision

A Understanding the types of decisions needed to achieve this vision

A Assessing the opportunities and limitations of the future in relationship to goals and desired
system performance measures

A Identifyingshort- and longterm consequences of choices

A Relating alternativelecisions to goals, objectives, and performance measanss

A Presenting information to decisiemakers to help them make informed decisions

A simplified version of this process along with travel modeling touchpoints is sho®igune1l. The
dashed line between the first step (goal setting) and travel modeling indicates that outputs from travel
models can be used to inform targets related to goals, but it is not common practice to do so.
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Develop Goals,
Objectives, and
Evaluation Criteria

Assess Current and
Likely Future Problems

Travel
Demand
Forecasting

Develop Alternate
Solutions

Public Involvement

Evaluate Alternatives

Assist in Decision Making

HGUREL TRANSPORTATIGALANNINGPROCESS WITHRAVEIMODELINGOUCHPOINTS

The transportation plans developed through this process typically have a horizon yeat@f32§/ears.

As such, these plans should consider potential disruptors to travel behavior and transportation systems
in addition to past and future trends. Givereglictions for CAV adoption rates, transportation plans being
developed today for a horizon year of 2050 or 2055 shdddconsidering CAVs as a part of plan
development, even if nothing more than through scenario planningia modifying existing model
parametersto better understand project priorities and risk and uncertainty.

Since travel demand models are the principal analytical tool supporting the transportation planning
process, models designed with CAVs in mind, or models applied in scenario planning thantsxnply
modify existing model parameterwvill provide a better context for assessing likely future problems where
CAVs are a part of that future. Likewise, alternative solutions can be evaluated through the lens of both
the benefits and impacts of a CAV future. This analysis dofddn the development of longange
transportation plans that consider the neddr and prioritization of projects that may shift to a later
horizon year, or may no longer be needed in a CAV future.

Scenaridevelopment

Scenario planning is a wedigarded approach tonderstandng the risk and uncertainty inherent in any
systems or projectevel forecastBy defining specific scenarios to assess the impa@Adfs on travel
demand modelsscenario planning allows for a comprehensive evaluation of potential outcohmes.
findings from the literature were used to develop scenarios for testing and evaluation through the
application of case studies. These case studresdiscussed in detail in the case studies secfidns
section focuses on the development of scenarios that will be tested and evaluated througgpptheation

of case studiesThe case studies include analysing a travel model from a large urbanized regiod a

a travel model from a small urban regiofhe developed scenarios consider various model parameters
related to both supply and demand and the potential for change in these parameters based on a medium
high (70%) and high95%) CA\adoption rate. Scenario testing also consglére degree of uncertainty
about the value of the different parameters informedWiietherthese parameter modifications are cited
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in the literature, and the process by which they were developed. For example, did previous researchers
assert the documented parameters,werethey informed by data or modeling effo?3 he development

of scenarios informed the procedures for model design changes discussed in detail in the section on model
adjustments.

Index of Predictions and Factors

Rather than associate a specific forecast year with a specific CAV adoption rate, this research informed
the development of an index of predictions and factors for GaA&sAppendixB. The indexsynthesizes
FAYRAY3IE FTNBY fAGSNI Gdz2NBsE O2y@SNBERIFGAZ2Ya S6AGK SE LIS
timeline of possible CAV adoption based on influencing factors, subsequent changes in travel behavior,
and how to incorporate these changestravel demand modelsThe primary purpose of the index 13 t

inform the conversation aroundnodel adjustments to support scenario planning and model design
changes needed to evaluate CAVs (assurhiftg automated CAVs Instead of using forecast yeaes,
scaleof low (3:30%), medium (3G0%), and high (7000%)adoption was consideredThe low scale
captures early adopterghe medium representsnajority adoption andthe high includes late adopters.

The influencing factors towards CAV adoption were identified as cost, technology, driver experience, and
policies.Each of these factors was evaluated within the context of the changes that might move the
adoption rate from low, to medium, to high.

CAV adoptiomt various rates is likely tofluence how people travel including the number of trips made,
mode of travel, distance traveled, time of day traveled, and lifestyle. While some behavioral changes are
initially likely, other changes may not occur until higher adoption let#sing insight into these possible
behavioral changes at various adoption rates informs the development of scenarios for evaluation. In
total, six scenarios are evaluatedne at aMedium-High (MH) (70%)CAVadoption level, and one at a

High H) (95%)CAVadoption kvel for each of the three tiers of analysidis research did not consider
adoption levels below 70% given the focus of this research on planning horizon years of 2050 or later. The
goal was to try and balance CAV adoption levels with the travetéstsand associatedhfrastructure
decisions for that time frame.

The first tier focuses on the modification of parameténsa regional model without any existing
accommodations for CAVsThe advantage of this approach is that it can be quickly and easily
implemented. The second tier focuses on a model redesign. This approach isesmreceintensiveand

may not be implemented by MPOs until the next update of their med@thcould be 510 years away.
Thethird tier is the evaluation of an existing model treteadyincludes a CAV component as a part of
the original design.

The first and second tiers are implemented usingThangle Regional Model GenerationTRMG2and

0KS GKANR GASNI Aa AYLX SYSY (SR dzaRTPH) The/REDMVEIEe wS I A 2
standardized model platform developed by NCDOT to meet the modeling needs of small MPOs and RPOs.

All scenarios are based on a 2050 forecast year.

For each of the scenaripghe literature informed the assertion oparameter valuesor parameter
adjustments for the different stages of the demand mod@&ensitivity testing was used to evaluate the
level of uncertainty for key parameter values the Tier 1 and Tier 2 anags

SeeAppendixB for detailson the index and parameteshangesThese values were used to inform the
development of scenarios for all three tiers.
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Tier 1 Existing Model Design

The application of the travel demand model under the Tier 1 approach does not involve any model design
changes but rather allows the us&r modify existing rates and coefficients to reflect expected changes

in travel behavior or transportation system operating characterisiibss approach is easier to apply than

the Tier 2 approach and requires less modeling expertise and resource investment.

The scenarios developed for Tier 1 included both a MH ahtiscenario. For each scenario, model
parameter adjustments were made to account for changes in mode choice value of time, triparades
highway capacity. Adjusting the time coefficient (or friction factors) for trip distribution requires an
iterative approach of adjusting the model coefficients, applying the model, and reviewing the modified
trip lengths. This process repeats untiletldesired average trip length is achieved. To simplify the
applcation of the Tier 1 approach, the time coefficient for the trip distribution models was not adjusted.

Table 1summarizeghe parameter adjustments for eadtenario These adjustments were informed by

the literature, both with respect to which parameters to adjust and the amount. These values are directly
transferable to all models with respect tdp rates and highway capacity. The value of time adjustment

is also directly transferable to other models. As noted above, the user would simply adjust the shape of
the impedance function until the desired reductions in average trip length are achieved.

TABLEL MODELPARAMETERDJUSTMENTS FORERL SCENARIOS

Parameter Adjustment Subcategory Scenarios
Medium-High(70%) High (95%)
Value of Time All peoplé -60% -65%
Trip rates All purpose$ 9% 15%
: . Signalizedrterial 40% 70%
Highway Capacity Control access facility 47% 77%

1 The reduction applied in the model reflects the recommended reduction multiplied by the expected CAV adoption rate fendhie $wor
mediumhighscenarig VOT should be reduced by 42% (60%*70%).

?The adjustment captures additional trips as a result of ease of travel with CAVs, increased accessibility for eldedgladgédaple, and
empty trips from car sharing among household members.

Tier 2 Model DesigiChanges

Unlike theTier 1approachwhichis largely constrained by the existing construct of the model, the model
design approach provides greater flexibility to reflect the change when CAVs become prevalent.
Modifications to eight aspects of TRMG2, a fetep travel demand model, are proposehd two CAV
scenarios are developed to reflette MH (/0% and H 95% CAV adoption rateThe model design
approach is preferred as it provides more realism but must be balanced afjaénsvailable time and
expertise of the analysfThe modified values for all parameters and coefficients were informed by the
literature as documenteth Table2.
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TABLE2 RECOMMENDEBARAMETERIODIFICATIONS

Model Model Adjustments Medium High High (95%)
Steps (70%)
Category Subcategory
Initial Processing
Higher capacity Signalized arterial 40% 70%
Controlled access 47% 7%
Add CAV ownership Apply croslassification model MPR = 70% MPR = 95%
Trip Generation
Increased trip rates (because of ease of | All purposes 9% 15%
travel, ZOV tripfrom car sharing among
household membersand enhanced
mobility for elderly and disabled)
Time of Day (*see note 1)
More through trips (EE) in night period EE- SUT/MUT 30% 50%
EE- Auto 15% 25%
More external <> internal (IE/EI) in night | IE/EI 2% 8%
period
ZOV Trips
CAV parking avoidance trips (CAV users | Trip distance > 20 miles 0% 0%
send CAV back to home to park. Howeve E— _ > S
since at this step market segmentatign | 1P distance 1520 miles 10% 10%
no longer preserveda lower probablllty is Trip distance 1015 miles 20% 20%
picked to reflect the fact that not all trips
can use this option) (*see note 1) Tripdistance 5 10 miles 35% 35%
Trip distance <=5 miles 50% 50%
sAVempty miles (*see note 2) Apply growth factor tas@\Vtrip table 67% 50%

Mode Choice

Change auto pay mode &fAV

Discount fare coefficient

fare coef-40%

fare coef-60%

(except k12)

N_K12

AddsQ\Vas an access mode to transit for| Treat as KNR but w/ lower drive acce coef-60% coef-65%
the work tour time
Decrease value of time for all auto modes Discount VOT coefficient except for coef-60% coef-65%

Trip Dist

ribution

Longer trip distance

Discount travel time for work purpose
(both w_hb_w and w_hb_o0)

31% forw_hb_o
and 11% for
w_hb_w

same adjustment
but results a 14%
longer w_hb_w and
40% longer in
w_hb_o

Discount travel time for
social/recreational purposes (only om
and od_long)

27% *see note
3

44% *see note 3

Airport

Add CAV return home parking trips

Assume MPR% of airport trips will us
CAV and those will go back home to

park

70% of trips

95% of trips

These numbersvere developedased on professionaxperience due to a lack of relevant literature
20Only two papeswere foundrelated tothis topic suggesting empty miles are 588%8% ofsGAV milesUnder higher MPR scenarithe
assumption iSQAVis easier to pick up next passenger thus rédgempty miles
30D_Short purpose is already longer after mode choice adjustment because it usésgesiianinstead of travel time, which is around 27%
longer in MH and 44% longer in Remaining trip purposeare adjustedo match this change.
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Tier 3Evaluatind / 5h¢ Qa w¢5a
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based on a user input CAV adoption levdlis model is well documented with respect to the treatment

of CAVs and that document can be referenceddetails (Stantec, 2023)The application of the model
requires the user to modify @AV cost ratio that considers the cost of a CAV as compared to the cost of a
human driven vehicle. This rati@ries byhorizon yearand in doing so, forms the shape ofhagative
exponentialcurve thatinformsthe CAV adoption ratehe number of new vehiclesold,and old vehicles
retired each yearTheCAV adoption level influences other modeling components as summaniZedble

3. Theonly parametemot tied to the cost ratiois the trip length parameter. This parameter requires
independent adjustmenby the userand iscapped atl5% This value is lower thatme change in trip
length suggested in the literature, atlgat appliedfor both the MH and H scenasin the Tier 1 and Tier

2 analysis

Scenario development for the RTDM focused on adjustingiseratioto achievethe MH and H scenario
that matched the CAV adoption rates targeted in the TRMG2 to the extent poséikiig length
adjustment is capped at 15%, so this value was applied to the social/recreational trips for baditHthe
and H scenarios.

TABLE3 SUMMARY OMODEICOMPONENADJUSTMENTS BZENARIO

Parameter Subcategory Scenarios
Adjustment Medium-High High(90%)
(70%) Cost ratio:
Cost ratio: 2030=1.5,
2030=1.5, 2040=1.1,
2040=12, 2050=1.1
2050=1.1
Trip rates Trip rate adjustments informed by the cost ratio are applied to CAV household

only. A factor ispplied by trip purpose and household characterissiach as
income, lifecycle, workeand household size. Thefactors are used to boost trip
rates. For detailssee themodel developmentiocumentation.(Stantec, 2028
Trip length Manual adjustment Work 11% 14%

that gets applied to
all trip purposes
(capped at 15%)
Time of day Different time-of-day factors are applied for CAV autos owned by residents, CA
through trips, and CAV internal/external trips. The adjustment is informed by th

Social/Recreational 15% 15%

cost ratio.

Highway Limited Access CBD 1.175 1.363
Capacity All other area types 1.21 1.388
Multilane Hwy CBD 1.175 1.363
All other area types 1.21 1.388

Twalane Hwy CBD and Urban NA NA
All other area types 1.256 1.427
Principal Arterial All area types 1.256 1.427
Minor Arterial All area types 1.264 1.437
Collector Rural 1.264 1.437

All other area types NA NA

10
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Model Design Changes

Findings from the literature along with the development of scenarios informed the development of a
broadconceptual framework that aligns with the proposed scenaridss framework was used to guide
design changes to the TRMG2 and to inform scenario development and case study analysis for the RTDM.
Based on the current design of the RTDM, design modifications were not required. Individual elements of
the conceptual famework elements are included in the model design discussion below. The full
conceptual famework isprovided inAppendixC

Model Design Framework
This section documentsoth the recommended conceptual design changes for mosthaiged models
andthe specificstructural changes made to TRMG2 to capture the presence of CAVs.

Initial Processing
The first step in the TRMG2 model is initial procesdtigure2 showsthe first step of therecommended
conceptual design framework for this step.

n Initial Processing

Modify highway network attributes
CAVs are expected to increase roadway capacity. While

initially the presence of CAVs will disrupt capacity, as CAV

Increase capacity for Increase capacity for adoption levels increase, so will the capacity. This benefit
signalized arterials controlled access facilities can be captured in travel models.

Apply a cross-classification
model to stratify households It is expected that CAV adoption will also modify travel
by auto ownership behavior, including fewer households owning vehicles

resulting in more zero vehicle and vehicle insufficient
households. To capture these differences, it is important to
S vl CAV HV segment households by those who have adopted CAVs,
those who continue to own HVs and those who do not own

households households households ) ) :
a vehicle. For simplicity, mixed ownership households are

not considered in this design.

Total CAVs | | Total HVs

HGURR INITIALPROCESSINGDNCEPTUADESIGNCHANGES

The implementation of this step in TRMG2 required modifications to the auto ownership model to support

the forecasting of both CAV households and human vehicle (HV) households. This approach assumed that
households would be designated as one or the othret did not allow for mixed ownership households.

As such, households designated as CAV households will have only CAV, while HV households will only have
HV. Allowing mixed ownership households has been identified as a desirable future enhancement.

The TRMG2 model usedamit-basedauto ownership model that forecasts auto ownership based on
household and person level variables such as income, household size, worker status, transiaadcess
walkability. After the TRMG2 auto ownership model is run, those results are stratified by household
membersinto CAV and HV households using a cabassification model based on age and income. The
crossclassification table by age and incomesi®wn inTable4. Theprobabilities in the model were
developed tlough an iterative process of selecting a probability for the age and income combinttions

11
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achieve the desired target CAnarket penetration rate NIPR for the MH scenario (70%) and H scenario
(95%). Age and income were selected as the variables in theaass#ication model based on findings
from the literature that suggest these variables will be strong predictors of CAV adoBaoisdl2018;
Harb, 2022; Lavieri, 201 7The output from this model step is a data file with a record for each household
in the region flagged as either a CAV or HV household.

TABLEA CAVOWNERSHIBROSS ASSIFICATIOMBLE

Max Adult AgeCategory IncomeCategory Probability (MH) Probability (H)
Age <18 $0- $25,000 0.46 0.87
Age <18 $25,000- $75,000 0.49 0.88
Age <18 $75,000- $150,000 0.52 0.89
Age <18 $150,000 + 0.55 0.9
Age > 45 $0- $25,000 0.58 0.91
Age > 45 $25,000- $75,000 0.61 0.92
Age > 45 $75,000- $150,000 0.64 0.93
Age > 45 $150,000 + 0.67 0.94
18 <= Age <=45 $0- $25,000 0.7 0.95
18 <= Age <=45 $25,000- $75,000 0.73 0.96
18 <= Age <=45 $75,000- $150,000 0.76 0.97
18 <= Age <=45 $150,000 + 0.79 0.98

In addition to classifying households as either CAV or HV, the initial processing step also creates the
highway network data structure and associated data values required for subsequent model steps. The
most important highway network data attribute related CAVs is the value of the highway capacity. As
discussed in the literature review, it is commonly accepted that CAVs are expected to irftiggasay
capacity. While initially the presence of CAVs will disrupt capacity, as CAV adoption levels imcvélhse s
the benefits to capacity. As noted previously, this research project assumes a midiuand high CAV

MPR at 70% and 95%, respectivBlgsed on these assumptigrtbe capacity lookup table for TRMG2 was
modified to increase capacity for signalized arterials and cdettalccess facilities by the percentages in
Table5 for the MH and H scenario$hese ranges are more optimistic than those included in the HCM
manual but were developed by fellow researchers on this project using rigorous simutaiblodsas
documented in(Hajbabaie, et al2024;Bardaka, et aj2021).

TABLES CAPACITADJUSTMENFACTORS

Facility type MH (70%) H (95%)
Signalized arterial 40% 70%
Controlled acceskcility 47% T7%

12
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TripGeneration

The next step in the process is trip generation where tfgpdifferent trip purposes are estimated for
each person in the modeggion.Figure 3shows thesecond step of theecommended conceptual design
framework for trip generation.

E Trip Generation

Apply a factor to all CAV households to

increase trip productions by trip purpose CAV owning households are expected to generate more

trips than HV owning households. To capture this change
in behavior, increase trip productions for CAV households.
CAV and HV households are segmented to match the
market segmentation expected by trip distribution and
mode choice models, e.g. income, auto ownership, etc.

Segment CAV and HV households based on the
strata required by the destination and mode choice
models, i.e. income, vehicle sufficiency, etc.

HGURE3 TRIPGENERATIORONCEPTUADESIGNHANGES

To account for increases irip-makingby CAV households, modificatiowgre made to the output trip
productions for persons living @AVowninghouseholds. In this manner, the original trip production rates
are not modified, but rather adjustments are made to the trip recordsG@éivowning households after

the model is applied. The rates estimated from the travel behavior survey are applied to individuals in
both CAV and HV households. The output from this step is a record of trips byliam®eé trip purpose

for each person and household the modd region. For trips made by CAwning householdsan
adjustment factor is applied to increase the number of haased trips. This adjustment factor is coded

in the model script. The initial modification of the model assumed the same adjustment factor for all trip
purposes. The factors were set to bothpture theincrease in tripmaking by CAMwning households

and to account for zero occupant vehicle (ZOV) trips resulting from car sharing among household
members. The model desiglecisionto apply a factor after the initial estimatioaf trip productions,
rather than to redesign the structure of the production model and modify trip rat@s made to facilitate

a simpler design modification.

Trip Distribution

Trip distribution, also referred to as destination choice, is the process of linking the trips produced by
mode for each trip purpose to the destination. This process is heavily informed by the activities at the
destination zone, distance to the destinati@one, logsums from the mode choice model, and various
accessibility measures. Capturing the influence of CAVs on destination choice focuses on the influence of
CAVs on the value of time as discussed in the section on oimdee.Figure 4showsthe third step ofthe
recommended conceptual design framework for trip distribution.

13
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B Trip Distribution

Apply separate trip distribution models

for CAV and HV work trips only The value of time for CAV owning households is likely
lower because in-vehicle time can be productive. This
could lead to longer work trips and trips for social and
CAV — increase the HV — apply the existing recreational purposes.
average trip length average trip length

HGURHE TRIPDISTRIBUTIONONCEPTUADRESIGNCHANGES

The destination choice design changes implemented in TRMG2 required adjusting the coefficient on the
congested travel time. No adjustments were made to the coefficient on free flow time as this variable is
not used in the destination choice utility equatidt is the congested travel time that influences choice.
Adjusting the coefficient on congested travel time has the effect of either shortening or lengthening the
average trip length, depending on the direction of the change. Because the coefficieravehtime is

very much influenced by the individual region, the literature did not make recommendations for directly
adjusting the coefficient but rather suggested that the average trip length would increase for work trips
and social/recreational tripgHe, 2022). TRMG2 has two weodtated trip purposes and three
social/recreational trip purposes. The literature was used to inform the increased trip length for work trip
purposes forthe MH scenario as documented Trable 6. Achieving the suggested incream average
travel length as outlined inTable 6was an iterative process of adjusting the congested travel time
coefficient, running the model, assessing the new trip length, and repeating the process until the desired
increase in average travel time was achieved. Once achieved, the same coeffigiesitmadts are
applied in the H scenariogsulting in areven longer trip length given lesscurrence otongestion. The

final adjustments by trip purpose and market segment are showrnainle 7 Regardinghe social and
recreational trip typesthe trip lengthincreasesn short-duration discretionary tripgdrive the remaining

two purposes. Unlike the other trip purposes, thigort-duration discretionanytrips use the logsum value
from the mode choice model. The adjustments to the value of time in the mode choice model result in
logsum values that capture the longer trip length. These logsum values rekudgar trip lengths for the
short-duration discretionary trips without the need to directly modify the congested travel time
coefficient in the destination choice model. This is why the coefficient adjustmerghiont-duration
discretionary tripsn Table7 is blank, even though trip length adjustments are refledtedable6.

TABLES TRIPLENGTHDISTRIBUTIORADJUSTMENT BRRIPPURPOSE ANBCENARIO

Trip Type Trip Purpose MH (70%) H (95%)
Work Trips Work tour 11% 25%
Worktour - interim stop | 31% 45%
chiaI/RecreationaI S_hortd_uration _ 29% 420
Trips discretionary trips
Longduration
discretionary tripsand | 29% 42%
shop, dine, other trips

1Trip length adjustments captured through the mode choice model

14
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TABLE7 MODEIDESIGNANALADJUSTMENTS TO TBESTINATIORHOICEUTILITYEQUATIONS

Purpose Market Segment Coefficient Adjustment

Work tour CAV?h\./i, CA\_/ihvs, -0.0965 *0.79
CAVilvi, CAVil¥s

Work tourc interim CAWvi, CAVvs -0.193 *0.79

stop

Short duration -- -- -
discretionarytrips'

Long duration CAWvi, CAVvs -0.171 *0.8
discretionary trips

Shop, dine and other | CAVvi, CAVvs -0.208 *0.79
trips

1Trip length adjustments captured through the mode choice model
2ih: incomehigh; il: income low; vs: vehicle sufficient; vi: vehicle insufficient.

Mode Choice

Most trip-basedmodels in the United States execute the trip distribution sbegfore the mode choice
step. Intuitivelyi KA & &aS1ljdzSyOAy3 R2Sa y20G o0Said NBTfESOG NBI .
influenced by their choice of mode. For example, a person from acarbousehold is unlikely to select

a destination that cannot be accessed by a travel mode other than the automobile. In the TRMG2 model
the mode choice step and destination choice step are nested within each other such that the choice of
mode influences the choice of destination. This section covers mode ¢haridd-igure 5shows the
recommended onceptual design framework for mode chojtke fourth step in the framework

n Mode Choice

Apply the mode choice model based on market
segmentation that includes whether the trip
maker is from a CAV or HV household The choice of mode will be influenced by market

segmentation with zero auto households, sufficient and
insufficient CAV households, and sufficient and insufficient
Non-household Auto HV households each viewing the choice of available modes
differently. A vehicle sufficient household is defined as one
where there is at least one vehicle per worker in the
household.

All auto pay trips are assumed to be sCAV mode.

sCAV access to transit is an available choice for everyone.
CAV insufficient households can send the vehicle home so
vehicle insufficiency becomes somewhat irrelevant.

sCAV
Access

HGURE MODECHOICECONCEPTUADESIGNCHANGES

The mode choice model design changes implemented to account for CAVs focus on the mode choice utility
equation variables, and the application of a factor for specific variables to account for differences in the
utility coefficient for CAV households byfdient market strata. The household market strata are:

15
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Vehicle insufficient, high income
Vehicle insufficient, low income
Vehicle sufficient, high income
Vehicle sufficient, low incomend
Zero vehicle households

D D D D

Vehicleinsufficieny captures households where the number of adults is greater than the number of
vehicles,and high income is defined as income greater than or equal to $70,086le 2 provides a
summary of modified coefficients by mode and trip purpose. These adjustments were informed by the
literature. The auto modes include single occupant vehicles (®@@¥)occupant vehicles with 2 persons
(HOV2)high-occupant vehicles with 3 or more persons (HOV3), and auto pay (e.g. Uber or Lyft). Transit
modesinclude local bus, express bus, bus rapid transit, light rail transit, and commuter rail. Transit access
includes wallngto transit anddrivingto transit, with the drive access being further stratified as park and
ride, kiss and rideand shared CACAVaccess

Coefficient adjustments include adjustments to capture changdisevalue of time, autepay fare, and

access mode. The adjustment to the value of time coefficient is not intended to imply that CAVs will

OKI y3aS az2vYS2ySQa @ItdzS 2F (GAYSI -getiude tidd piodustNily A & A y
experienced by someone who has accéssa CAV. This increased productivity may influence the
likelihood of choosing an autmode andmay induce some people to live further away from their jobs.

The redution in the fare for auto pay modes is intended to capture an increassageand ease of use

for subscription services as the auto pay mode becomes dominated by CAVs and the dicdqiaaket

cost goes down. For transit access, a new drive access mode for work trips was added to the model
structure to cover access to transit by CAV.

For all modes, the coefficients on congested travel time are reduced by 60% in the MH scenario and 65%
in the H scenario. This applies to all modes in the auto ness@#d/access in the transit nest. For the

auto modes, this is applied to all purposes except K12. For transit, the sCAV adjustment only exists in the
work trip.

Time of Day

Figure6 shows the recommended conceptual design framework for modifyingithe-of-dayfactors for
external tripswhich isdefined as trips that pass through the region, trips that start in the region but have
a destination outside the regiomr trips that start outside the region but have a destination inside the
region.This is step six in the framework.

H Time of Day

Modify time of day factors to shift some

external trips to the night time period ) ) o
The oppertunity to rest or do other things when traveling in

a CAV will likely shift longer distance trips to the night time
period.

External/Internal and
Internal/External Trips

Through trips

HGURES TIME OFDAY CONCEPTUADESIGNCHANGES

16



NCDOT 2@3-11 Project Report

The design modification for implementirtgme-of-day changes for external trips wasraightforward
given the design of the external trip model. Time of day factors, estimated from travel suaveyapplied

to the dthrough trip€ external/internal and internal/external trip table. These factors were modified to
shift more trips to the night period, thereby reducing the number of external trips during the AM, midday
and PM time periodslTable8 summarizes the percent change applied to the existigittime factors by

trip type and vehicle type.

TABLES TIME OFDAYFACTORADJUSTMENTS TO TNIBHTPERIOD

Trip Type Vehicle Type MH (70%) H (95%)
Autos 15% 25%
Through trips Singleunit trucks
Multi-unit trucks 30% 50%
External/Internal and All
Internal/External 2% 8%

Zero Occupancy Vehicle (ZOV) Trips

One of the potential negative impacts of increased CAV adoption is the number of new trips that will be
generated by zero occupant vehicl@\V)Figure7 providesa conceptual framework for addressing ZOVs

in a travel demand model. The concept focuses on ZQOV trips that willlsecause otar sharing among
household members, trips that will occur as a result of parking avoidance, and empty trips that result from
shared sCAVs traveling between passenger drop off and pick up.

B Zero Occupant Vehicle Trips (ZOV)

Prior to highway trip assignment, modify
trip tables to account for ZOV Trips

i CAVs will likely generate purposeless
ZQV for car sharing For parking avoidance with models Factor sCAV zero occupant vehicle trips as travelers

among households that include a parking model, apply trip table avoid parking costs, leverage car sharing
is captured in the a distance based probability for output from among household members, and as

trip generation step drivers sending the vehicle back mode choice. sCAVs travel between passenger drop
with an increase in home. Otherwise, factor trip tables off and pick up locations. These trips are

trip rates. from trip distribution to account for -
this behavior. sCAV ZOV trips

pCAV ZOV trips

accounted for in the final steps of the
model, prior to highway trip assignment.

AGURE ZEROOCCUPANYEHICLERIPSCONCEPTUADESIGNCHANGES

The TRMG2 design changes to account for ZOV trips related to CAV sharing among household members
areaccounted for in the design changes for the trip generation model. Design changes to account for ZOV
trips resulting from parking avoidance were accounted for in the parking model. The TRMG2 model
identifies specific zones in the region where parking &rigted either by supply or by cost. The ZOV
calculation focused on all horEased trips using these parking zones. The trips going to these zones were
stratified by the distance traveled from home to the parking location. Ang trgvelinglessthan 20 miles

from the home location to the parking location are candid=te avoiding parking and sending the CAV

back to the home location. For these trips, a reverse trip back home was added, as was an additional trip
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from home back to the destination to pick the traveler up. Market segmentatierthe ability to identify
specific CAV traveleris no longer preserved. To account for the fact that some of the gging to the
parking zones would be HV tripsloaver probabilitywas applied to the total number of trips.

To account for SCAV empty miles, a growth factor was applied to the sCAV trip table output from the
mode and destination choice step. This has the effect of growing the background traffic associated with
SCAVs.

NHB

The handling of nofnome-based trips in traditional trijpased models posanany problems stemming

from the fact that the trips are disconnected from the original hebased trip. The TRMG2 model
includes an advanced approach for handling these trips with a simple design change to the structure of
the model, where the NHB trip ndel is run after, and conditional upon, the horbased model
components instead of in parallel and independently of them in the traditional$tep model. Because

of this unique @sign, no additional design changes are requfisd RMG2 to account for CAV trips. The
increase in NHB trips by CAV owners will happen as a function of the increasedvasadktrips by CAV
owners.

Figure8 shows the advanced design for NHB trips in the TRMG2 mihdlle identified as step seven in
the framework, br traditional fourstep models, the increase in NHB trips by CAV owners will be handled
in design modifications for the trip production model.

Advanced Application for Non-home-based (NHB) Trips

The standard application of NHB trips that flow through generation,

No model adjustments needed, NHB distribution and mode choice is captured within these individual
CAV trips are a component of the components, just like with any other trip purpose. For an advanced design
increased HB CAV trips. where NHB trips are handled after and conditional on the home-based trip
model components, the NHB CAV trips are captured as part of the increase
in HB CAV trips.

HGUREB ADVANCEIDESIGNHANGES TOGAPTURINHBTRIPS

Special MarketAirport

Travelto and from regional airports represes@n important travel market that requires special attention

in travel demand models. If the existing design of the travel model includesrport submodel to
capture these unigue travel patternthen thatdesignshould bemodified to account for CAV owners who
travel to the airport but choose to send thaiehiclesback home to avoid parking costdost special
market airport models do not includdetailed level market segmentation in the airport soiodel As

such, the adjustment for CAVis applied to all airport travelers assumed to have CAVs. For the MH
scenariq the factor was applied to 70% of the airport trips, and for the H scenario to 95% of the airport
trips. For each scenario, the appropriate proportion of the trip table is factored to generate an additional
trip going back to the trip origin.

NCDOT RTDM Framework

Therecently releasedNCDOT RTDM includes a CAV comporeamd ro model design changes were
required. Details on the design of the CAV model are found in the model development documentation
(Stantec, 2023)The design of this modeicludeskey elements captured in the literature. The Tier 3 case
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study analysis evaluates this model using the set of performance measures and evaluation criteria and
presents findings and recommendations specific to this model design.

CaseStudyEvaluatiorand Findings

To support this research, the research team conducted case study evaluations using two different travel
demand models, the Triangle Regional Model Generation 2 (TRMG2) and the NCDOT Regional Travel
Demand Mode[RTDMYor the Albemarle Rural Planning Organizatidhe case studies for each model

are informed by the scenarios documented in the Scenario Development section.

For theExisting Model Desigsgnd NCDOT RTDBRpplications, only the input parameters were modified
prior to running the model. In thModel DesigriChangeapplication, the modelvasredesignedand input
parameters were modified prior to running the model.

For each applicatiorsystemlevelperformance measures were captured and reported. After confirming
that the model was performing in a logical and expected pagjectlevel performance measures were
capturedand aproject-level evaluation was conducted. These results presentedand summarized in

the following sections. In addition to evaluating each case studyrfwediumhigh and high CAV adoption
level, the sensitivity of asserted parameters was evaluated independently and in combination with the
other variabledor the TRMG2 model

Systemlevel performance measures include:

A Average trip length by tripurpose
A Vehicle miles traveled

A Congested vehicle miles traveleahd
A Delay

Projectlevel performance measures include:

A Demand

A Capacity

A Demandto-capacity ratio
A Daily delayand

A Dalily delay per mile

The calculation of delay considers the difference between the free flow link travel time and congested link
travel time multiplied by the demand on the link. While it is reasonable to assume that the presence of
CAVs in the travel stream may impact thesffiow travel time in addition to the congested travel time, a
simplifying assumption in this analysis is that the free flow time is based on the posted speed limit and
facility type and does not change between the CAV and no CAV scenarios.

A sensitivity analysis was conducted for the Tier 1 and Tier 2 case studies. This effort helped inform the
development of a cone of uncertainty around model outputs informed by the CAV adoption level and the
influence on model coefficients.
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Triangle Region

Model Overview

ITRE and Calipezcently completed development onreew generation model for the Triangle region that
reflects a best practice approach to both travel modeling and code developmithtmany advanced
components designed to best capture travel behavior choices and an agile code base that makes model
adjustments more streamlined and intuitive. This models selected as thplatform for evaluating
various parameter changes designed to capture supply and demand uncertainty related to CAV
deployment. Additioally, the Triangle region has a highly educated and affluent population and an
economy that is largely driven by technology industries. Given these factors, it is likely that the Triangle
region will be an early adopter of CAV technologies.

Selection of Projects
The research team coordinated with NCDOT to identify several project locations across the Triangle region
to be used for evaluation purposes.

These selectedINE 2S5 0lla ¢6SNB ARSYGAFASR dzaAy3d b/ 5h¢Qa 2yf A
display NCDOT projedagographically and provide additional information on the progress of the project

within the traffic forecast portion of theroject development hase. Thesdected projects werecross

checked in the latest State Transportation Improvement ProgranSTIP) and the Metropolitan
Transportation Plan (MTP), also available onlFiaally the shortlisted projects were submitted the
NCDOTProject champiorfor review and approvaRegional significance, travel demaadd whether the

project is programmed withithe STIP and MTP were all considered in project selection. The case study
projects for the Triangle region are listedliable9 andmappedin Figure9. The table also lists the county

where the project is located and the average hourly wage rate for the county. This information is used in

later analysis to calculate the cost of delay.
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TABLEQ CASEPROJECTS IN THRIANGLIREGION

. Hourly
- STIP Project |Roadwa .
P# |Facility Type ) Y Project Extent County | Wage
Number| Type Name
Rate
Widening
1 [Interstate I-3306 |(from 4 to 6(I-40 [-85 to US 1501 Orange $43.62
laneg
New
2 |Interstate R-2829 . 1-540 I-40 to F87/ US 64 /US 264  |Wake
Location
Widening
3 |Freeway U-6066 |(from 2to 3|US 1 US 64 to NC 55 Wake
laneg
Widening
4 |Freeway U-5307A|(upgrade to|US 1 I-540 to Thornton Rd Wake
freeway) $35.99
Widening
5 |Arterial usgor |WUPIrAde O\ o 50 1540 to NC 98 Wake
divided
highway)
Widening
6 |Arterial R34108B|(from 2 to 4|NC 42 |S0nkan Parkway/Cleveland | ;o
Crossing®rive to US 70 Bus
lanes)
Rural R5930/ |New Chatham
7 Roadway R5963 |Location |Parkway US 18501Nto US 1501S Chatham| $23.28

https://www.commerce.nc.gov/northcarolinacounty-averagewages

NOTE: While STIP projects were used to suppase study analysis, the actual project extent, details
and results dd\NOTreflect actual projects. These projects were selected as guidance only and the traffic
forecast data comes directly from the travel model. It has not bgast-processed and analyzeds is
best practice for actual traffic forecasts.
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Project 1
0‘ 1

Project 5

/groject 4
@ X

Project 7

Prc;ject 3

Project 2

Project 6

HGURE LOCATION OF PROJECTS INTRHENGLIREGION

Existing Model Design Approgdier 1)

Overview

For theexistingmodel desigrapproach, model parameters were adjusted as documented in the Scenario
Development section.

Approach

For each application, systelavel performance measures were captured and report€deseresults
were reviewed for reasonablenessrofect-level performance measures wetaso captured, and a
projectlevel evaluation was conducted. These results detailed and summarized in the following
sections. In addition to evaluating each case studyrfediumhighandhighlevels of CAV adoption, the
contribution of asserted parameters was evaluated independently and in combinationométarother.

The results ofhis sensitivity analysis help to identify the most uncertain parameter wigighiresfurther
analysis. Identifying this parameter is crucé it highlights the areas where the model is most sensitive
and where additionastudyis required to ensure robustness and reliability.

For further analysis on thielentified parameter, a new sensitivity analysimsconductedto make sure
that model outputs exist for all possible outcomesthin the uncertainty cone of the model. This
comprehensive approach ensures that the model is extensively tested across arangamf possible
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scenarios, thereby validating its predictive capability and ensuring its resilience to variations in key
parameters. Through this iterative process, we can refine our understaridipgove the accuracy of the
modeld forecastsandultimately supportmore informed decisiommaking.

Summaryof Results
This section providestdghleveloverviewof the findings from theTier 1 case study more detailed and
comprehensivanalysis is provided iippendixD.

At the systemslevel, theintroduction of CAVsresultsin notable changes across key performance
measures. There waswaodest increasén the average trip length, accompanied by an overall rise in daily
VMT. However, this increase in VMT was balanced by a significant reduction in congested VMT, indicating
that while vehicles traveled more, the presence of CAVs helped allehi@ateongestion.Furthermore,
delayshowedsubstantial improvementsSpecifically, delays on freeways were reduced by 60% under the
mediumhigh (MH) CAV adoption scenario and by 74% under the highAM)doption scenario. These
improvements highlight the potential of CAVs to enhance traffic flow and reduce the burden of
congestion. However, not alacility types experienced the same level of benefit. For example, major
collectoisshowed only marginal reductions in delay, suggesting that the positive effects of CAVs may vary
based on roadway characteristics.

At the projectlevel,performance measures wemmputedfor eachindividual projectanalyzed earliein

0 K $riangle Regidn & S. Ohiede 2egultindicate thatdemand generally increases across all projects
under the MHand H scenarios Despite this increased demand, the demanecapacity (D/C) ratios
decreased, suggesting that CAVs improved the efficiency of roadway capacity utilization.

The case study projects were further evaluated under a build condition with and without CAVs, and a no
build condition with CAVsonsideringnediumhigh CAV adoptiotevel The focus of this analysis was on
trying to determinewhether the presence of CAVs chamgeoth the supply and demand side of
transportation enough to reconsider whether the project shouldoodt, built differently, or delayediue

to the changes brought about by CAV adoptiDespitethe advantagesrought by CAV,ghe analysis
revealed that the improvements under thmediunthigh CAVadoption scenario were not sufficient to
eliminate the need foall of the planned projects. In other words, while CAVs contribute to better system
performance, they do not fully replace the necessity for infrastructure investments, at least under the
medium-high adoption scenarios.Accordingly,although CAVs offer measurable benefits, they should
complement rather than replace traditional infrastructure improvements to achieve optsysiem
performance.

Sensitivity Analysis

TheTier 1(existing model desigr@pproach included two types of sensitivity testing. The first focused on
the interaction of the different variables that were adjusted during fhier 1approach(variables are
presented inTable 3. The results of the variable interaction showed that the capacity variable emerged
as the pivotal factor driving the results of the analySiapacityincreasesiue to CAVs resulted in at least
84% reduction in congested VMT during the peak hour and 43% reduction in dailyofierepbility-
oriented facilitiesTherefore capacity deservefirther sensitivity analysis due to its foundational position
at the base of the uncertainty cone time scenario evaluations.

This effort informed the second sensitivity test that focused on evaluating different values for the capacity
variable. So far, weexaminedthe effect of increass in capacity variableby two scenario types of
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medium-high and high levels of CAV adoption. Therefore, we are interested to see how the performance
measures will change if thacreasesn capacity variables are not high as expectédurel0shows the

range of uncertainty in variable values as measured by changes in dailypkdd&geriod VMT, and peak
period congested VMTor the two scenariosreducingmediumhigh CA\adoption capacity by25%(Cl)

and 50% (). Figure10 indicates a higher level of uncertainty in t2 scenario, where the change in
daily delay reachemore than40% compared tdCl, which demonstrates a more moderatapacity
increase This analysis highlights holewer CAVcapacity scenarios significantly impact the level of
uncertainty in system performance in terms of daily del#@gain, e findings emphasize the caoél role

of capacity values in influencing the reliability of systewel outcomes

62% c .
apacit
co% P Yy
Ci 25% reduction fromm MH values
50%
43%
E 40% 36% 50% reduction from MH values
E —
“g_ 30% =
g,' 20% —_—
£ 20% s =
] _
L —
(%] ———
0% =
1.0% 539
Total Daily Peak Period Peak Period
Measure Delay vMT Congested VMT
Scenarios (o] C1 C1

FGURE10 RANGE ORINCERTAINTY AAEASURED BRAILY DELAY(MIN), PEAKPERIODVMT, AND PEAKPERIOD
CONGESTED VMT

According toFigurel10, moving fromthe MH scenario taCland thenC2results in a small reduction in
peak periodvMT values. These changes are less than 3% in the most critical sc@2avidnich means

that VMT is not sensitive to changes in capacity valHeslar to the delaycongested VM Experiences

a high risk when capacity values drop to level 1.

Figurellpresents the comparison of peak hour D/C ratios for Project 1 under various scenarios projected
for the year 2050. These scenarios incladeuild projectwithout CAVsa build projectwith MH CAV
adoption, a no-build project with MH CAV adoptionand a build projectwith different levels of CAV
capacity benefits, specifically C1 and C2.

In the 2050 baseline scenario without any CAV implementation, the D/C ratio is recorded at 0.69. With
the introduction of CAVs undéhe MH adoption level, the D/C ratio improves to 0.5 a scenario with

CAVs only, the D/C ratio goes up to 0.72 which is higher than the build scenario without CAVs but is still
in good condition. This implies that accordingthe Tier 1method, this project can be deferredVhen
considering more cautious capacity adjustments with CAVs as s€&2ntime D/C ratio slightlyncreases

to 0.60, while a less cautious adjustmentdhshows a D/C ratio of B6. Intuitively, the capacity benefits
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for CAVs can be enough to defer thimject based on CAV benefits algneonsidering even the most
cautious capacity benefit ithhe C2scenario

0.80

0.72 Project Build & CAV Adoption
0.69
0.70
0.60 D1 Project built; no CAV adoption
0.60 — :
053 D2 Project built; med-high CAV
0.50
2
@ Project not built: med-high CAV
s 0.40
)
030 Capacity
Project built; med-high CAV;
0.20
Cl 25% reduction from MH values
0.10 Project built; med-high CAV;
50% reduction from MH values
0.00
Scenarios D1 D2 Cl

FHGUREL1 COMPARISON OPEAKHOURD/CRATIO FORPROJECI BYSCENARIO

Tier 1Summary and Findings

The results of this analysis show tlaastrategic modification giarametersinformed by literaturejn an
existing model desigis an effective and efficient approach for considering the potential impact of CAVs
on projectleveltraffic forecast. Given the fact that no model design changes are required, this approach
could be quickly deployed for most, if not all, traffic forecastsnprovethe level of risk and uncertainty

in the forecast traffic which can lead tmetter-informed decisionmaking The results are shown to be
effective as the model responds in tlexpecteddirection and the performance measures track with
expectations documented in the literature. Model performance measures also trend in the same direction
as themeasures from the more advanced Tier 2 analysis described in the next section.

Model DesigrChangegTier 2)

Overview
For theTier 2analysismodel parameter adjustments were made as outliirethe Scenario Development
section.

Approach

For each applicatiorsystemlevelperformance measures were captured and reportadd ystemwide
performance measures were reviewdetoject-level performance measures werhen captured,and a
projectlevel evaluation was conducted. These results are captured and summarized in the following
sections. In addition to evaluating each case study for a medliigm and high CAV adoption level, the
contribution of asserted parameters was evaluated independeatid in combination with each other.

Summary Results
This section provides highlevel summary of the Tier 2 case study. Detailed analysis is provided in
AppendixE

In the Tier 2 analysi§AVslsolead to increased average trip lengti®tal VMT increasdsr both the
MH and H scenarios, but the congested VMT is reduced by 34% under the MH scenario and 48% under
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the H scenario. Delay is also reduced in both the MH and H scenarios with the biggesibrettudelay
for the mobility-focused facilities.

The Tier 2 projeelevel analysis included the same projects evaluated for the Tier 1 an&lyajisctlevel
demand increasefor all projects but the D/C ratio decreases reflecting the capabgpefits of the CAV
scenarios.

The build and ndouild analysis showed improvements in D/C and daily delay for all projects under the
build MH CAV scenario, leading to delay cost savings for the project with CAVs as compared to the project
with no CAVs. For the Aauild MH CAV scenario, both the D/C and daily delay increased, leading to
increased costs. These results suggest CAV benefits, but not enough to negate the need for the project
underthe MH CAV adoption ratecenario.

Risk and Uncertainty

The emergence of CAVs presents a transformative potential for transportation systems, but their exact
impact remains uncertain as they are not yet widely deployed. In this study, we have made various
assumptions to forecaghe future with CAVsTo evaluate the risk and uncertainty associated with the
modified variables, a sensitivity analysis was conducted to better capture the contribution of the original
asserted values for key variables in the model, including capacity, trip rates, and éaffthasvitscenario

was selected for the sensitivity analysis as it is more likely than the H scenario for CAV adoption in 2050.
This analysis focused on both system angjectleveloutputs.

Six scenarios were evaluatgdio cases for each key variable. The scenarios evaluated are described
below. For each, theaselineis the MH CAV adoption scenario reflecting the originally asserted values
based on the literature.

Capacity
A BaselineScenario: optimistic benefits in capacity improvements4496 increasedependingon
the facility typé
A Cl:moderate benefits in capacity improvements (25% less capacity from baseline)
A C2 cautious benefits in capacity improvemenB®% less capacity from baseljne
Land Use
A BaselineScenario: 2050 land use forecasts from the 2050 Metropolitan Transportation Plan
A Al: Increased downtown and urban core density while maintaining regional control totals
A A2: Increased development in suburban and rural areas while maintaining regional control totals
Trip Rates
A BaselineScenario: trips for all trip purposes increased by 9%
A BL:33% more recreationdtips, 55%fewer work trips from baselingyields 9% increase in total
trips)
A B2:55% more recreational trips, 89werwork trips from MH valuegyields 9% increase in total
trips)

Figuresl? ¢ 14 showthe range of uncertainty in delay, VMAnd congested VMT at the systeievel for

the different variable values. The effect on systlwel delay to changes in land use patterns and trip
making is very small, suggesting lower levels of risk in the asserted values of these variables. On the other
hand, the capacity variable shows a higher degree of risk with a 40% higher measure o$ siedsgnior
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the cautious capacity valuek other words, delay increases as the capacity improvemamtsot offset

increases in demand.
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Trip Rate

Bl 33% more recreational trips,
55% less work trips from MH values

55% more recreational trips,
89% less work trips from MH values
Capacity

C1 25% reduction from MH values

50% reduction from MH values

The effect on systerevel peak period VMT to changes in all variables is very small, suggesting lower
levels of risk in the asserted values of these variables through the lens of syeteh¥MT.
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Land Use Patterns

Al Increased development in
downtown and urban core areas

Increased development in
suburban and rural areas

Trip Rate

Bl 33% more recreational trips,
55% less work trips from MH values

55% more recreational trips,
89% less work trips from MH values
Capacity

C1 25% reduction from MH values

50% reduction from MH values

The effect on systerevel peak period congested VMT shows a similar pattern agaiydelay measure

with changes in land use patterns and trip making having a very small impact on congested VMT indicating
alow risk for these variables. The degree of risk for the capacity variable is much higher, especially for the
capacity adjustment reflecting more cautious benefits.

27



NCDOT 2@3-11 Project Report

60%
56%

Land Use Patterns

50% Al Increased development in
downtown and urban core areas
40% Increased development in
T 35% suburban and rural areas
=
E 30% Trip Rate
-
g Bl 33% more recreational trips,
5 20% 55% less work trips from MH values
¥ 55% more recreational trips,
S 89% less work trips from MH values
10%
3% 2% Capacity
0% . .
0% C1 25% reduction from MH values
-3%
-10% 50% reduction from MH values
Scenarios Al B1 Cl

HGUREL4 RANGE OKJNCERTAINTY ASEASURED BESONGESTEUMT

Systemdevel performance measures are useful for understanding overall patterns, but the plejyett
analysis is needed to help answer the question of whether project improvements are still necessary with
the presence of CAVs, or whether these project investments can be deferred to a later time frame allowing
for a redistribution of project funds.i@n that changes in land use and trip rates were identified as having
low risk in the systemkevel analysis, the projedevel analysis focuses on how maautious changes in
capacity benefits might affect projettvel decisionmaking Project 1 is used as the case study example
documented in the main body of the report. Details on additional projects are providédpendix E

In Figure15 below, we see that in 2050 the D/C ratio with the project is 0.69 during the PM peak hour
using a levebf-service(LOSP capacity. With CAVs in the travel streanthatMH adoption level, the D/C
improves to 0.56 reflecting the added capacity benefits of CAVs. An important question then becomes
whetherthe capacity benefits from CAVs are high enough to suggest that the project can be deferred to
a future date. In this case, the capacity benefits of the MH scenario without the project yield a PM peak
hour D/C ratio of 0.82 which may suggest that the ecbjcould be deferredand the money invested in
another project that ha greater needsA D/C ratio of 0.82 during peak conditiswgygestshat the facility

is operating below capacity during heavy demand, even with no investment in infrastructure.

Given the potential negative impacts of deferring important transportation investments to a later time
frame, understanding the level of uncertainty around that decision is key. We know from the earlier
analysis that there is a high degree of risk if tlapacity benefits from CAVs are in the cautious to
moderate range. Irthe Project1l example Figurel1l5 shows a 0.08 higher D/C ratio than the MH CAV
scenario for the cautious scenario. This result suggests that the capacity benefits for CAVs may not be
enough to defer thigorojectbased on CAV benefits aloria.application, this strongly supports risk and
uncertainty analysison the asserted capacity values for any traffic forecast that includes CAVs as a part

of the forecast scenarioWhile risk and uncertainty analysis is not conducted on traffic forecasts as a
matter of practice, this would be good practice for NCDOT to adopt.
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HGUREL5 COMPARISON APEAKHOURD/CRATIO FORROJECT BYSCENARIO

Model Design Summary and Findings

The results of this analysis support model design changes that can improve the utility of travel forecasting
for considering a future that includes CAVs. The consideration of CAVs in travel models and the associated
traffic forecast at different levels o£AV adoption cahelp NCDOT understand the level of risk and
uncertainty in the traffic forecast which can leaddetter-informed decisionmaking

Comparative Analysis between Tier 1 and Tier 2

The Existing Model DesigfTier 1) and Model DesigbhangegTier 2) both used the Triangle Regional
Model for implementation and analysis. This provides an opportunigotoparethe two methods. The

Tier 1method focused on the modification of parameters within the existing model desighan
approach that was quickly and easily implemented. The redesign of the r(iidel2)was more time

and resourcdntensive and required a certain level of model development expertise. In many ways, the
implementation of aTier 1approach could lead to the development and exadion of traffic forecasts

that consider CAVs sooner than what a model redesign might require. This section evaluates the
difference between key outputs between the two approach€mparison Tables are provided in
AppendixG.

Tier 2 (Model Desig&hangey on the other hand, was a more involved process requiring significant
model redesign andesting This resulted in a moreealistic representation of travel behaviors,
particularly with respect to travel time, trip lengths, and congestion factors. The model incorporated
additional demand elements lilkempty CAV parking trips arsfAVtrips, which significantly impacted the
network performance. These adjustments led to higher VMT and increased congestion and delay, as the
model was better able to simulate the realorld complexities introduced by automated vehicle
technologies. Ultimately, the differences in the results between the two tiers stem from the contrasting
methodologiesseeTable 10 While Tier 1 allowed for faster evaluations with fewer resource demands,
Tier 2 provided a more nuanced and precise understanding of traffic and demand dynamics due to the
more robust behavioral design changeand inclusion of additional factors. The key driver of the
differences in output is the increased demand captured in Tier 2, which translates into higher VMT,
longer trip lengths, and increased delays, offering a more comprehensive picture of potential traffic
scenariosThis difference does not suggest that the Tier 1 analysis has limited usefulness, but rather that
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a more detailed approach offers more behavioral realism. When time and resources allow, the Tier 2
approach s preferred, but the Tier 1 approach is much better than nothing.

TABLELO TOTALDAILYWMT,CONGESTEBMT,ANDDAILYDELAYBYTIER

Performance Measure Tier 1 Tier 2 % Diff
Daily VMT (veh.mi) 98,622,106 103,506,007 4.9%
Cong. VMT (veh.mi) 2,796,820 4,499,830 60.9%

Daily Delay (min) 137,650 170,702 24.0%

At a project level, lie results presented iffable 11suggest that the Tier 1 and Tier 2 approaches are
comparable, especially when considering D& ratios across projects and segments. While there are
minor differences in D/C ratios between Tier 1 and Tier 2 these variations are not significant, as most
differences remain small across all projects, including the three segments of P7. This intiatiéert1

can provide reasonable estimates of network performance without requiring the additional time and
resources needed for the more complex Tier 2 approach. For scenarios where quick and efficient
evaluations are prioritized, Tier 1 proves to beragtical and effective option while still delivering results
close to those of Tier 2.

TABLEL1 PROJECIEVELPEAKHOURDEMAND ANIDEMANDBTO-CAPACITRATIO(D/C)BYTIER

Project Peak HouDemand(velvh) D/C

Tier 1 Tier 2 % Diff Tier 1 Tier 2 % Diff
P1 9,519 10,165 6.36% 0.53 0.56 5.36%
P2 2,636 2,844 7.31% 0.14 0.15 6.67%
P3 14,845 15,333 3.18% 0.82 0.85 3.53%
P4 13,105 13,786 4.94% 0.68 0.71 4.23%
P5 3,710 4,199 11.65% 0.48 0.55 12.73%
P6 2,683 2,675 -0.30% 0.37 0.37 0.00%

1,085 1,078 -0.65% 0.29 0.29 0.00%
P7 449 460 2.39% 0.06 0.06 0.00%

1,227 1,225 -0.16% 0.33 0.33 0.00%

NCDOT RTD{ier 3)

Model Overview

Given that North Carolina is still largely a rural state, and the fact that CAV deployment will likely be
different for these regions of the stata,second case study focusing on a more rural part of the state was
conducted NCDOT develops and maintagidravel demand modelsutside of the three regionahodels

and has developedjuidelines for the newly createldegional Travel Demand ModeRTDM3that will,

region by region, eventually provide modmveragefor the entire state.The new RTDM platforinas a
built-in process for considering CAV$e first model developed using the RTDM is the Region 17 RTDM
covering the Albemarle Rural Planning Organization (RPO) in the far northeast of thélb@miaodel
provides a framework for usirggenarigplanningto evduate the existing CAV guidance
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Selection of Projects

The same approach for project selection applied in the Triangle was followed for the AlbdRRade

region.The case studgrojects for theAlbemarle RP@gion ardisted inTablel2and displayed ifrigure

16.

TABLEL2 PROJECTS IN TAEBEMARLEBEGION

P# | Facility TIP Project Type Roadway Project Extent STIP #
Type | Number Name
1 | Arterial | R2574 Widening US 158 NC 34 to NC 168/ US 158 R2574
(Shortcut Rd) | (CaratokeHighway)
2 | Arterial | NA Widening us 17 US 17/US 158 North of Elizabeth
City to Virginia State line

NOTE: While STIP projects were used to support case study analysis, the actual project extent, details
and results dd\NOTreflect actual projects. These projects were selected as guidance only and the traffic
forecast data comes directly from the travel model. It has not been ppsicessed and analyzeds is

best practice for actual traffic forecasts.
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RTDMEvaluation

Overview
For theRTDM evaluation, the cost ratio was modified and the trip lenggbadjusted as outlined in the
Scenario Development section.

Approach

For eachapplication, systentevel performance measures were captured and reportBdojectlevel
performance measures wermeaptured,and a projectievel evaluation was conducted. These results are
captured and summarized in the following sections.

Summary Results
This section provides highlevel summary of the Tier 3 case study. Detailed analysis is provided in
AppendixF.

Unlike the previous two case studies, trip purposes are modeled separately for HV and CAV households.
As with the Tier 1 and 2 case studies, the average trip length increases for thettrmoek trip for the

CAV households. However, the average trip length decreases for all other trip purposes, and for all trip
purposes made by the HV households. A case can be made that CAVs may only impact workitrips, but
unclear why HV trip lengths would decrease with the presence of CAVs.

Unlike the Triangle region, the Albemarle region does not experience significant congestion. For both the
MH and H scenarios, the total VMT decreases while the congested VMT increases slightly. The decrease
in total VMTpresumably results frorthe reduced average trip lengths, but the increase in congested VMT

is unexpected. Most facilities in the Albemarle region experience little to no delay. The presence of CAVs
leadsto a slight increase in delay farultilane and twelane highwaysvhichseensto suggesthat the
CAVassociatedcapacity improvements are not sufficient to offset the increased trdeetandresulting

from CAVsunder both the MH and H scenariohese results seem counterintuitive and cannot be
explained without an irdepth review of the model specification and assumed valiidgs. possible that

the slight increase in delay simply shows that there are still large uncertainties in rural area predictions.

To evaluate changes at a projdetvel, performance measures were summarized for the individual
projects described previously.

The projectlevel analysis showssanalldecrease ifiorecastdemandfrom 2,354 vehicles in the peak hour
to 2,308 vehiclesor Project 1 under the MH scenario, but an incread90 vehiclesor the H scenario.
The base level forecast demand for Project 2 is 10,763 vehicles in the pealPhmact 2 showsmall
increases idemand for both MH and H715 and 524 vehicles respectivelyhe demand is so low
compared to the roadway capacity for both projects that the D/@ 1s and thereforénconsequentiato
the analysis

The build CAV alternative showed slight improvements to both D/C and delay for Project 1, resulting
very small delay cost savingsee Table 13 While the reported performance measures do not strongly
indicate a need for the project under any scenario, the CAV benefits alone do not perform better than the
build CAV scenario, which is expected.
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TABLEL3 PROJECT (US158) PROJECIEVEIPERFORMANAHA EASURES PM PEAKHOUR

Build No CAV Build CAV No Build CAV
D/C 0.14 0.10 0.24
Delay (min) 0.70 0.67 2.8
Cost of delay pemile $6.10 $5.86 $24.51

The results of the build MH CAV alternative for Project 2 do not show improvement in either the D/C or
delay as compared to the build no CAV alterngthemTablel14. As expected under this situation, the-

build CAV alternative performs much worse than thgld no CAV for both D/C and delay. It should be
noted that there is very littleongestionand this may very well impact the results.

TABLEL4 PROJECZ (US17) PROJECIEVEIPERFORMANGHAEASURES PM PEAKHOUR

Build No CAV Build CAV No Build CAV
D/C 0.1 0.1 0.1
Delay (min) 0.060.5% 0.080.58 0.12-0.99
Cost of delay per mile $22.62 $26.17 $45.65

Varies by segment.

Theresearch project did not include a sensitivity analysis of the NCDOT ,RUDMis clear from these
results that additional investigation into the CAV assumptions and functionality of this model is needed
to better understand the unexpected results

Research.imitations and Assumptions

As with any analytical approach, especially one developed with fully asserted parameters, there are
several limitations and assumptions that bear mentioning

Focus on CAVs

This research project concentratexclusively on Connected and Autonomous Vehicles (CAVs) and did
not examine Automated Vehicles (AVs). The likelihood of AVs operating on roadways in the near future is
high; for instance, many vehicles currently function with low levels of automation rwithir
transportation networks. In contrast, the widespread implementation of CAVs is expected to occur over
a longer time horizon. The coexistence of AVs, CAVs, and hdiivan vehicles (HVS) in the traffic stream

is anticipated to be highly disruptiveottever, this potential future scenario involving the mixed presence

of AVs, CAVs, and HVs was not evaluated in this study.

Roadway Capacity

The biggest benefit of CAVs captured in the travel model is the positive influence on roadway capacity at
high levels of CAV adoption. At lower levels of CAV adoption, the impadbe disruptive to roadway
capacity and may create higher levels of congestion and delay. This research focused on-higldium
(70% adoption) and high (95% adoption) Gé&xéls. Based on these levels, capacity impnosets for
mobility-focused corridorsvereincreased. The increase applied was based on results documented in the
literature, largely informed by microsimulation. These are all hypothesized results based orasailysis

but are not directly informed by actual observations. The sensitivity testing showed that the degree of
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capacity gain has a large impact on theasuredbenefit and how this influences the decision around
project build versus nduild. The other limitation of a travel demand model that bears mentioning is that
aggregate traffic assignment, as opposed to microsimulation, requires broad assumptions suich as a
facilities of a certain type receiving the same broad percent increase in capacity. In actuality, the capacity
changes are likely to be much more nuanced than that.

ZOV Trips

There is a great deal of uncertainty around the impact of ZOWeifuture with CAVsPerhaps the best

paper on this topic was by Harb et al. (2022) where chauffeured cars were used to simulate the way people
would use AVsThe findings from this paper suggest a 60% increase in VMT, half of which can be attributed
to ZOV trips. To account for these changes, the Tier 2 model design captured ZOV trips in three different
model steps based on how ZOV trips are expected to bergeed. ZOV trips related to ®@Asharing
among household memberare accounted for in the trip generation model. The parking model was
redesigned to account for ZOV trips resulting from parking avoidance. A growth factor was applied to the
sCAV trip table output from the mode and destination choice model to account f&f e@fty trip miles

and to increase the background traffic associated with sSCAVs. Sensitigifysis was performed on the

trip rates and that captures some uncertainty in ZOV trips related to car sharing among hddiseho
members. Given the potential impact of ZOVs and the uncertainty associated with these new trip types,
additionalresearch into this area would be beneficial.

Land Use Assumptions

In general, it is not expected that CAVs will increase trip lengths while everyone continues to live in the
same location that they live in today. Increased trip lengths will likely result because people move farther
away from their jobs or the more devegded region for reasons that may be motivated by affordability or

a more rural lifestyle. For all models in North Carolina and most across the country, future land use is a
model input. As a fixed input, the location of jobs and households will not dynbyrtiesinformed by the
changes in travel impedance and accessibility expected to result from higher levels of CAV adoption. An
integrated land use transportation model would capture this effbett in lieu of that, an increase in trip

length was asserted. Leaving land use the same but increasing trip lengths creates an incorrect picture of
which roads will be impacted from land use shifts brought about from higher levels of CAV adoption.

Fleet versus Ownership

There is a high degree ahcertaintyaround whether the majority of CAVs will be owned by individual
driversor operated by fleet companies. If CAVs are very expensive, it is more likely that companies will
own them and will use sophisticated control software to maximigeenuemiles per vehicle. The travel
future may look completely different if companies like Uber o@AVsrather than most individual
households in the current auto ownership paradigm. If this is the case, then the current construct and
logic represented by travel demand meld may no longer apply when CAV penetration reachesof0%
greater. In this case, shopping and dining trips may be substituted with freight tripmastéhouseholds

may no longer choose to own vehicl&ared CAVs may choose the path of travel to minimize cost rather
than travel time as the current path builder assumeédn the other handstudies have shown that CAVs
could still be the least cdstoption in most caseswvhich wouldmake private ownership more attractive
(Wadud and Mattioli, 2021; Galtiand Stark, 2021).
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Black Swans
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or negative impacts on the future. A recent example of this is the impact of COVID on teleworking. An
earlier example is women entering the workfor&oth events stress the previous models because the
observed behavior and associated model parameters no longer represent the expected future. Well
specified and estimated travel models rely heavily on travel behavior survey data that captures revealed
dedsionrmakingl 6 2 dziT G N} @St dzyRSNJ (2RI &Qa O2yRAGAZYyad !y
cannot estimate models based on revealed travel behavior but rather must assert parameters informed

by literature or expert opinion. As such, these assumptions and assertethptimes should be revisited

on a regular basis to make sure they reflect the best information we have at the time, until such time that
models can be estimated using observed data.

Conclusions and Recommendations

CAVs have the potential to significantlgangetravel demand across North Carolibg the year 2050,

and NCDOT is currently planning the infrastructure that will service travel needs in 2050 and beyond.
There is an urgent need for NCDOT to better understand the potential etfE&@4Von travel demand

and traffic forecasts, as a failure to do so could leasigoificantimplications for NCDOT and the citizens

of North Carolina.

This research effort explored the use of travel demand moielgetter understandthe possible impacts

of a future witha 70% or greater adoption rate of CAVs. Work focused on the modification of parameters
and assumptions within a scenario planning context for an existiodel design (Tier 1), a redesigned
model (Tier 2), and a model that already includes some accommodation of CAVs (Tier 3). Case studies
were used to evaluate the potential effects of CAVs on regional and pgpecific performance
measires. The results of the case studies for the medhigh (MH) scenario, reflecting a 70% CAV
adoption, show an increasa peakperiod VMTof 13% (Tiefl) and 16% (Tie2). While pealperiod VMT
increased, the peakeriod congested VMT declined by 50% (Tier 1) and 34% (Ti@an@freeway delay
declined by 60% (Tier 1) and 44% (Tier 2). The results for the Tier 3 amadiedisshowed unexpected
results with a slight decrease (0.3%) in ppakiod VMT and a slight increase (0.4%) in peak congested
VMT. Tlere are no freeway facilities in Tig@butdelayson multilane and twelane showed small increases
with MH CAV adoption.

At the projectlevel, the analysis for the Tier 1 and Tier 2 models sl@wincrease in demand across all
projects evaluated, while demand over capacity (D/C) improves. The benefits of CAVs Hinlvester,
remove the need for the projects under the MH scenario. The Tier 3 model showed no fefct
benefit at either the MH or H CAV adoption level, primarily due to very low demand on the projects for
the base, MHand H scenarios. A sensitivity analysfithe key variables shosithat the uncertainty in
capacity improvements associated with CAM&s the highest level of rls and uncertainty when
considering the effects of CAVs on key performance measures.

Given the level of risk and uncertainty associated with the adjustment of the capacity values, this work
would benefit from additional research in@dditional scenaristhat vary both adoption, capacitand

ZOVs. The analysis presented in this research included the CAV adoption level as a @calyarsand
separately conducted sensitivity analysis on the parameters. In practice, analysts should conduct a risk
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and uncertainty analysis using a best casewaast-casescenario. Théestcasescenario would assume

high adoption, optimistic capacity improvements, and low ZOV generafiogworst-casescenario would
assume medium adoption, HCk&commendedcapacity improvements, and high ZOV generation.
Additionally, all changes to model parameters were asserted based on knowledge gleaned from the
literature and professional experience. It is impossible to estimate these parameters that reflect actual
behavior untilwe have observed travel behavior for households who own a CAV. In lieu of that, stated
preference surveys could be used to better understand how people might behave if they owned a CAV,
and that data could then be used to estimate, rather than assertctiegficients. NCDOT should consider
investing in such a survey.

Given the level of uncertainty in the asserted parameters, additional sensitivity analysis is also
recommended especially with respect to the varied components of ZOV.thipss effort would help to
tighten the range of recommended asserted values for each parameter in conjunction with the level of
uncertainty associated with each. In addition to the additional testing recommended for the capacity
values at different levelsf CAV adoption, this should be undertaken for all parameters.

Finally, the results from the NCDOT RTDM were unexpeEtadnstance the literature suggests that
CAVs will result in longer trip distan¢essultingin increased VMT. The RTDM does show increased
average trip length for work trips made by CAV households, but a decreased trip length-feoriotnips

made by CAV households and decreased trip lengths for all trips made bZAWrhouseholds.
Additionaly, VMT decreases slightly while congested VMT increases slightly. Delay is insignificant in the
rural region covered by the RTDMven so, the delay on most facilities increases with the presence of
CAVscounterintuitive to what experts say will be a benefit of CAVs at the adoption rates evaluiédhdd.

this research was not designed to delve deeply into the functionality and assumptions of the model,
further examination is warrantei this model is to become the standard for smatbanand rural POs.

This research has provided a significant contribution to the use of travel models in a scenario planning
context to better understand the potential effects of CAVs on key transportation system performance
measures and traffic forecasts. The tiered approkgts a solid groundwork for changes that could be
implemented immediately as well as those that require more time effidrt but offer more behavioral
realism. Additionally, this work informed the development of guidelines that can be used to incorporate
these findings into the models that NCDOT funds or devetopetter capture the effects of CAVs on long
range transportation plans, project prioritizatioand projectlevel traffic forecasts.

Most Metropolitan Transportation Plans (MTPs) have a future year of 2050 and some MPOs are initiating
work on MTPs with a 2055 future year. Whildhandful oftraffic forecasts are using a forecast year of
2045, the majority araisinga 2050 forecast yeaf.he time to start considerinGAVs in future planning

and infrastructure development is now. At a minimum, MTPs and traffic forecasts currently underway
should incorporate a Tier 1 approaam the selection and prioritization of projects, and to better
understand the risk and uncertainty around traffic forecasts and the decisions they inform. For planned
model development projects, the recommended guidelines should be followed such thae futwel
demand models incorporate a robust and behavioradiglistic approach to evaluatingA@s. NCDOT
should conduct additional analysis on the RTDM to better determine if the counterintuitive results capture
the uncertainties of CAV deployment in rural areas with little to no congestiondesignmodifications

are required. Following this investigation, NCDOT should continue to move forward with the development

36



NCDOT 2@3-11 Project Report

of RTDMs with a CAV component for small MPOs and RPOs so these regions can consider the influence of
CAVs in the development of their transportation plans.
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1. Introduction

The emergence of connected aadtonomousvehicle(CAV) technologig expected tasignificantly alter
transportation systems from various aspectSAVs have the potential to improve safety, reduce
congestion, and increase efficien@ylondal et al. 2022)Iin addition the widespread adoption of CAVs

will also have a significant impact on current travel demand moéés Jiang, and Ma 202Z)ravel
demand models are a crucial component as they assist in the planning and management of transportation
infrastructure.

The advent of CAVs has the potential to chamgay aspects dfavel demand modelS hese maynclude
trip generation, trip distribution, mode choice, travel behavicoefficients transportation system
performance, highway capacity, parking pricihgy’ R (i Nva@é& 6f Sk These factors can be
modified to capture changes in travel behavior @&V usershereby reflecting possible shifts in forecast
travel demand.

For instance, CAVs can lead to changes in land use pattetimsyasill impactthe way people travel and
how land is used for transportatiofBansal and Kockelman 201&)dditionally, CAVs can impact trip
generation and distribution athey can change the way people travel including how often they travel,
their destination, and the routselectedBridgelall and Stubbing 202T)he use of CAVs can also influence
mode choice, leading to a decrease in traditional modes of transportafidalokin, Circella, and
Mokhtarian 2015) Moreover, CAVadoption can lead to significant changes in the performance of
transportation systems, including intersection and highway capd¢igjbabaie, Tajalli, and Bardaka
2022)

Overall the emergence of CAVs has the potential to transform the transportation syestehtherefore,
travel demand modelwill need to transform as welExamining travel demand modelementsthat can
be changed écauseof CAVswill lead to a better understanding of the potential needadjustments in
existing models.

The remaining sections will cover topics relatedrtcorporatingthe impact ofCAVsnto travel demand
models First, basic definitions for both Autonomous Vehicles (AV) and G#&/grovided The market
penetration rate of CAVs and ha@AVownership patterns may change in the futuegethen discussed
Next, the relationship between land use and transportation planning, with a focushenfour-step
modeling approaclis discussedThen how CAVs could impact travel behavior and the potential effects
on transportation system performance and capadgyexplored Additionally, parking pricing as a tool for
managing demand for parking spaces in a future with Ga&sscussedFinally, the methodology and
scenario development used the literatureto analyze the potential impacts of CAVstoavel demand
models is described.

2. Definitionsand Classificatioof VehicleTypes

Over the past decade, there has been significant interest and research in two emerging technologies,
connectivity and automation, as a means to enhance the efficiency, reliability, and safety of vehicles and
transportation systems. By leveraging these tealogies, there is a growing expectation that the benefits

of enhanced connectivity and automation will provide promising outcomes.
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This research classifies vehicles into four categories based on the existence and integration of automation
and connectivity technologies, as demonstrated in Figure 1. These categories include autonomous
vehicles (AVs), connected vehicles (CVs), connextemhomous vehicles (CAVs), and hurdgiven

vehicles (HVs).
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FGUREA-1: VEHICLE CLASSIFICATION BASED ON CONMETTRIDMOUS TECHNOLOGIES EXISTENOEESBATION
[Source(Samandar 2019)

AVs according to the United States Department of Transportation (USDOT), refer to vehicles where some
aspects of safetgritical control functions, such as steering, braking, or throttle, occur without direct input
from the driver(Administration 2013) TheSociety of Automotive Enginee@021)has established six
levels of autonomous driving, which vary from no autonomous intervention to full vehicle autonomy
Tablel outlines the different levels of automation identified by tBeciety of Automotive EnginediSAR

J3016 standard.

TABLEA-1: SAEJ3016.EVELS ORUTOMATION

%.m SAE J3016™LEVELS OF DRIVING AUTOMATION

SE SE
LEVEL 0 LEVEL 2

You are driving whenever these driver support features You are not driving when these automated driving
are engaged - even If your feet are off the pedals and features are engaged - even if you are seated In
What does the you are not steering “the driver’s seat"
human in the

driver’s seat

have to do? When the feature These automated driving features

requests, will not require you to take
over driving

You must constantly supervise these support features;
you must steer, brake or accelerate as needed to

maintain safety you must drive

These are driver support features These are automated driving features
These features These features These features These features can drive the vehicle This feature

are limited provide provide under limited conditions and will can drive the

to providing steering steering not operate unless all required vehicle under

w"r:;‘“ th:sg warnings and OR brake/ AND brake/ conditions are met all conditions
b momentary acceleration acceleration

assistance support to support to
the driver the driver

+automatic +lane centering +lane centering »traffic jam +local driverless [ *same as

emergency oR AND chauffeur tax| level 4,
& i braking + pedals/ but feature
xample . 3 . g =
mpl adaptive cruise adaptive cruise steering can drive

everywhere
inall
conditions

Features | [NeRMRRLE contral control at the

warning e time wheel maby or
+lane departure :::Zaﬂgz #
warning

[Source (SAE Levels of Driving AutomationTM Refined for Clarity and International Audience, n.d.)]

2.1. Humardriven vehicles
HVs lack both connectivity and automation, and their operations solely rely on their human driver. The
categorization of vehicles into these four categories highlights the potential for increased efficiency,
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reliability, and safety through the integration of connectivity and automation technologies, and
underscores the need for further research and development in this area.

2.2. Autonomous vehicles

AVs utilize buiin sensors to monitor their surroundings and control driving functions. They are
considered a gamehanging technology with the capability to substantially improve safety, increase
capacity, and ensure dependable travel times. The carufaaturing industry is putting considerable
efforts into developing completely saifriving vehicles (as defined by SAE levels 4 andées).simpler
implementations of this groundbreaking technology, such as adaptive cruise control, have already been
sucessfully deployed. These features aim to enhance driver comfort, alleviate traffic bottlenecks, bolster
safety measures, and augment vehicular capacity.

2.3. Connected vehicles

CVdold the potential to collect data about their environment through interaction with similarly equipped
vehicles and local infrastructure. This riale information access can significantly influence the driver's
reactions and decisiemaking processesopentially leading to considerable enhancements in safety and
vehicle capacity. lis crucial to underscore that the human operator retains control and makes all the
operational, tactical, and driving decisions, drawing upon the data obtained via thé&le/s
communication features.

2.4. Connected and autonomous vehicles

CAVs incorporate both connectivity and automation technologies. These advanced vehicles utilize not
only their integrated sensors but also their communication abilities to formulate decisions and perform
driving tasks. They leverage reghe data about tle actions and locations of other vehicles nearby, as
well as environmental factors and driving conditions further along their path. This wealth of information
enables these sophisticated vehicles to make educated and timely decisions, optimizing tleeimpearde

and safety.

3. Market Penetration Rate (MPR)

Estimating the CAV penetration rate is crucial for strategic planpingoses. Several studiexamined

the factors that can influence changes in CAV penetration rate. One Byudywasani, Jin, and [2016)

used a market diffusion model to estimate the CAV penetration rate up to 2045, considering variables
such as the price of vehicles and the economic status of househidiég. results indicate that the AV
market size could reach 8 million by 2035, if AVs are commercialized by 282%ming a market
saturation of 75%, it would take 35 years for the market to reach its maximum potdntaabther study
Johnson andValker (2016)developed two scenarios of slow and fast CAV growth rates to predict the
market penetration rate of CAVs, estimating thtacould be 3% and 11%, respectively by 2024 more
recent studylitman(2020)predicted that Level 3Vsmay become commercially available by the 2020s,
but the real benefits of this technology will be realized when-dgifing cars become common and
affordable, which may happen between 2040 and 2060. The study identified six factors that affect the
growthrate of AVs, including technological advancenseavaluation standards, additional costs, lifestyle

of users, predictable level of service, and social preference for new products.
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4. CAV Ownership

Previous research focuses on predicting auto ownership, whether a household owns a vehicle and if that
vehicle is a CAV or human driven vehicle (HV). Once the autonomous driving technology is widely adopted,
people may choose to trade their HVs for priv&tAVs (pCAV) or solely rely on other modes like shared
CAVs.

Multiple researches tried to simulate this by adding a CAV ownership scheme to household stratification
(Bernardin Jr et al. 2019; Dias et al. 20Z8¢nerally, two types of factors are suspected to have impact

on CAV ownershigtraveler level characteristics and trip level characteristics. Traveler characteristics can
be further categorized into physical and psychological. Physical characteitistizgd, income, household

size, education, and especially life cycle are believed to have a strong i(Reaclyala et al. 2017; Tu et

al. 2022) Psychological characteristics like CAV safety perception, technology savviness, and interests in
using travel time productively also play an important rmnnemiller et al. 2021; Lavieri et al. 2017)
Parking cost, travel time, and built environment, as trip level characteristics, have less significant but
measurable effectéPendyala et al. 2017; Tu et al. 2022)

5. Land Use

The existing literature presents conflicting findings on the influence of CAVs on land use. A survey
conducted in Texas bgansal and Kockelmg@018)found that AVs and&haredautonomous vehicles

(SAVH are less likely to impact relocation decisions, with a significant proportion of respondents
expressing a desire to remain in their current location. In contrast, a stutobye et al.(2020)predicts
significant urban sprawl, as the ability to use travel time productively may lead to workers tolerating
longer commutes. The NCHRP guidaffraud et al. 2018)n updating regional models to address the
impacts of CAVs, suggests that adjustments to accessibility measures in land use models should be made
based on the potential impact that CAVs will have on travel costs. Since higher accessibilities make regions
more attractive for development, the reduced travel costs from CAVs may lead to greater development

in suburban and rural areas.

6. Travel Behavior

Several studiem the literature have analyzed the potential effects of CAV technology on travel behavior.
In one of the first articles publishe@hildress et a[2015)defined four scenarios using an activiigsed

travel modelfrom Seattle WAThey assumed changes in MPR, capacity, and travel cost. The results show
that vehiclemiles traveledVMT) will increase continuouslyith anincreasing MPR. Eventually100%
MPRyieldsa 20% increase in VMT. This increasing trend was also observed in the number of daily trips
per person. In addition, the average distance travdtmdwork and school trips also increased by about
16%.

In a studyfrom Southern Californiale et al.(2022)evaluatedthe effects of CAVs on the transportation
system using an activiyased model. The changes in ped@leavel behavior were investigated based

on surveyresults. The model predicted that in the presence of CAVSs, total trips will increase by 9% and
the total distance traveled will increassy 13%.
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Harb et al(2022a) have used:hauffeured cars to simulate the way people would use AVs. A totdBof
households from Sacramento @#&re selectedto participate in this studyTheypresentd the results of

the experiment to investigate AM®&lated changes in travel behavioi®f the selected household84
households benefited from the chauffeur service for 1 week and the remaining 9 households had this
service for 2 weeks. Moreovesmartphones were used to collect travel data. This research had 5 main
findings, 3 of whiclare related to changes in passenger travel behavioin the presence of AVs, VMT
increased by 60% (half of which werero occupancy vehicle or Z@Ws) andvehicle trips increased by

39% 2) householdsdecreased their use afon-autonomous household vehicléy 53%3) the share of

transit, ride-hailing, biking, and walking trips in the weeks of using AV respectively decreased by 71%, 58%,
37%, and 13%.

6.1. Long Distance Trips

CAVs are also speculated to significantly impact long distance tEasehemiller et al(2021)examined
potential CAV impact on travel behaviors using sutvayed modeling approach based on data collected

in the Austin, Texas area. Results suggested that over 50% of people would make more long distance trips.
Huang, Kockelman, and Quar(@®20)used the Texas statewide model to forecast travel chamagesss

the megaregiorand predicted that 82% ofihin-region airline passengéravel will be replaced by CAVs.

6.2. Value of Time

¢ N} St SNARQ LISNOSLIiAZ2Y 2F (N @St GAYS g2dzZ R OKI y3S
of being a disultility, travel time could be productive and relaxing. Studies using stated preference surveys

or revealed preference surveys indicdtet the value of time reduction varies. Moore et al. concludes

that individuals who are young and have more interest in productively using travel time can tolerate
longer commute times. They suggests a modest decrease of 30% in value of timgNMOE) et al.

2020) Harb et al.(20223) did a simulation experiment by offering selected households free chauffer
services to estimate CAVs effect on VOT and found a 60% reduction in VOT. Researchers also implemented
changes in various travel demand models by reducing VOT by 28%(Cohn et al. 2019; Gucwa 2014;

Kim et al. 2015; Sonnleitner, Friedrich, and Richter 2022; Vyas et al. 2019)

6.3. Truck Trips

As AVs continue to gain attention in the transportation industry, it is crucial for transportation planners
to understand their potential impact on truck trips. Recent studies have examined the effects of AVs on
truck trip efficiency, employment, and fréigtransportation.

Efficiency is a major concern for the trucking industry, and AVs have the potential to increase efficiency
(Rad et al. 2020through optimized routing, reduced fuel consumption, and constant speed travel
addition to efficiency, employment in the trucking industry may also be impacted/syGlements and
Kockelman 2017Research suggests that the increased efficiency and automation brought about by AVs
could lead to a reduction in the need for human truck drivers, which could have significant implications
for the labor market.

Freight transportation is another area that may be affected by ARang et al(2020)examine shippel@
choice between autonomous trucks and conventional or huddawen trucks using a randoutility-
based multiregion inputoutput model, driven by foreign export demands. They simulated the impacts
to freight traffic among 3109 U.S. counties and 117 exponies via a nesteldgit model for shipment or
input origin and mode. They found that the adoption of autonomous trucks works in favor of longer truck
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Human driven trucks dominate in shortdistance freight movements, whilautonomous trucks

dominate at distances of over 500 miles. In another studlyang et al(2020)used a fourstep model

structure with nested logit models to reflect future availability of AVs across Texas. They found that the

truck trips in all of the commodity classes are predicted to incre@satarella and Di Febbraf@017)

reviewed the existing methods for predicting truck trips and conclude that modeling user mode choice
behavior with autonomous vehicles might require a hierarchically structured model

7. Parking

One of the most discussed advantages of CAVs is that travelers no longer need to park their cars close to
their destinations, nor do they need to go to the parking lot to pick up their car. After getting dropped off,
CAVs can either find a cheaper parlioigsomewhere else, cruising at a low speed, or return to home to
park and then pick up the passenger at the destination.

¢2 AaAYdzZ 4GS /! +£Qa AYLIOG 2y LI NJAYy3II LINSdAKNG dza NI &
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cheaper locationskKim et al.(2015)set parking costs at the primary destination to zero together with
20KSNJ Y2RATAOL (A 2 y-Basedzaodel ahd fouind dn yacrdase of 2169 iin HayAvéhicle

trips and 12.2% in total VMT. SimilaitGhildress et ali2015)and Cohn et al(2019)assumed a 50%

reduction in modeled parking costs. The second approach, relaxing parking constraints, is used in models
which parking lot choice is modeldd the trip distribution or mode choicanodel (Kang, Hu, and Levin

2022) It is commonly implemented in todrased models as the tour mode choice rules are based on car

status and mode cannot be switched (for instance, a commuter that takes transit to work cannot drive a
traditional vehicle back homgYyas et al. 2019)

8. FourStep Modeling

8.1.Trip Generation Process

Many researchers attempt to predict how trip generation will change as CAVs become more prevalent.
The predictions are fairly broaBridgelall and Stubbin@021)state that CAVs may increase trip rates by
50% and thelemand for shopping, dining and entertainmenay increase by a factor of 2.24. However,
Dannemiller et al(2021)state thatAVs may not have a substantialpact on overall tripmaking levels,
although local area trips are likely to become longéwhn et al(2019)suggest that on-work tripsmay
increaseby 25% accouirig for more discretionary vehicle tripecluding those bywnlicensed drivers
Bernardin Jr et al(2019) suggest that these populations, includidgsabled persons, seniors, and/or
children may increase trip rates more moderately at 5%. NCKRRud et al. 2018¥suggests the
consideration of trip rate adjustments to account for expanded mobile populations, though no specific
rate adjustments were specified.

Cohn et al(2019) offer nuances to potential changes in trip making behavior. UpQa8&o ofsingle
occupancy vehiclesSQY trips may shiftto high-occupancy vehicles (HOYjps. And, there is o
significant difference in the number of dageople choose to traveln other words, having access &
CAV is unlikely to change whether people choosgtay home or engage in ndrome activitieqHarb et
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al. 2022). The difference in trip generation rates between AV and-Avhhouseholds is fairly minimal;
Dias et al(2020)suggest a 5% increase to rates for AV households.

Overall trips could increase by CAVs introducing an entirely new sgpo-occupant vehicle trips (ZOV)

¢ where a driverand passengeless vehicle independently makes a trip. Many researchers offer rates for
ZOV tripgBernardin Jr et al. 20190 reas with constrained parking may see more ZOV trips where the
vehicle parks itself in a neighboring area with available parking and then returns to pick up its owner
(Bernardin Jr et al. 201%londal et al(2022)segmented CAV owners into those who have access to free
parking at their destination and those who use alternative parking locations; it was assumed that 40%
CAV owners have access to onsite parking and do not generate emptyOp'sempty trip generatign
parking costs, and empty trip timings are also considered. NCHRP also suggests rate modifications to
account for zereoccupanttrips, though no specific adjustments were recommendgsinud et al. 2018)

Researchers also offer potential adjustments to trip generation components of travel demand models.
Vyas et al(2019)modifies theColumbus, @Gio activity-based modeto account for AVs and they evaluate

the potential impacts on accessibility measures, activity participatiur, formation and mode choice.
Dannemiller et al(2021)suggested adjustments to modelingefficients and-stats Mondal et al (2022)
offersa frameworkthat incorporatesempty trips for CAVAndHarb et al(2022) modelpersonal tours

in activity-based models

8.2. Trip Distribution Process

Researchers attempt to predict how trip distribution will change as CAVs become more prevalent,
specifically where people will travel to, how long thesll travel, and how far they will travel. The
predictions are fairly broadMany agree that travelers will have aduced sensitivity to travel time
(Bernardin Jr et al. 2019 their studyDannemiller et al(2021)found thatover 60%arewilling to accept
between 5 and 15 mintesof additional commute travel timeThis goes hand in hand with willingness to
travel farther distancesThere is somgropensityfor CAV user travel fartherfor work,to shop pursue
leisure, andn general, make more longdistance tripdDannemiller et al. 2021; He et al. 2022)

{2YS NBaSINOKSNAR KI @S &dG§dzZRASR K2g /! +& YlI& OKFy3S
therefore cause even more changes in trip distribution. There laneetmaindecisions ofnterest: binary

choice of moving (or not) home location, binary choice of moving (or not) work location, and the amount

of additional travel timepeopleare willing to blerate (Moore et al. 202Q)Individuals who significantly

value productively using travel time are more willing to relocate their home and office locations and travel
further for commuting(Moore et al. 202Q)Young adults (:84 years oldand suburban dwellershow a

strong tendency for both home and work relocations as well as commute time increase®n are on

the opposite end of that spectrunihe magnitude of impact or trickldown effects of CAV ownership

plus potential home and office relocation may be very significant for trip distribMoore et al. 202Q)

Modeling trip distribution impacts by CAVs has also been investigBied. et al(2020)used a unique
trip distribution value of time variablef 0.75 obtainingimpedances for AV trips by multiplying the non
AV impedances bthis variable.Harb et al.(2022b) modeledthe decrease in disutility of traveling to
farther locations through the mode choice lsgm that captures thgalue of timereduction CAV parking

is also relatedKang et al(2022)modeled parking lot choice as a trip distribution problem. And lastly,
NCHRP offers trip distribution factors includimgtwork cost matrices reflecting CA¥Bd new friction
factor matrices if CAVs affect trip lengtt@nud et al. 2018)
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8.3. Mode Choice
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become more prevalent. As with other transportation variables, it is often dependent on demographic
characteristicsLavieri et al(2017)estimated a heterogeneous data model system with data from Puget
Sound, Washington and determined thigiestyle factors play an important role in shaping AV usage.
Younger,educated, tecksavvy,urban residents are more likely to be early adopters€Cals than are
older, suburbaror rural individualsMalokin, Circella, and Mokhtarig@015)created and administered a
survey todetermine who would be more likely to use CAVs. They determinadthose who prioritize
engaging in productive activitiaghile driving couldsignificantlyincrease theiwtility by using CAVs and
could account for a small but nenivial portion of the current mde shares. A study in southern California
had other mode choice related findings: more than half the populatiomalting to use CAVsnany HY

trips shiftto CA\ and tansit trips increased@He et al. 2022)Cohn et al(2019)also found that transit
frequency increased especially for services with dedicated-ofiatay.

Researchers also investigated willingness to use shared CAVs and how that would both introduce a new
mode and impact selection of existing mode&iru and Choudhur§2019)exploredpreferences towards

personal A¥, shared AV andxistingride-sharing optionsin anotherstudy Gurumurthy and Kockelman
(2020)investigatedwillingness to pay to ride with a stranger in a shared AV on various trip tigieg a
stated-preference surveyit providedinsighton privacy concernandsafety. Moreno et al.(2018)applied

a logit model for willingness to use shared CAvid its impact to mode choicélardman, Chakraborty,

and Tal(2022) and Dias et al(2020) both offer mode choice specific coefficient modifications. These
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adjustment can be made directly within the model.

Some researchers have studied how to incorporate CAV impacts to mode choice components of travel
demand modelsLavieri et al(2017)provides alternative @efficients,t-stats and model elasticities based

on education level, age, income, employment status and household compo&gomardin Jr et a{2019)

and NCHRP suggest model adjustments to add CAVs and shared CAVs as separate modes and transit
access modes, introducing a new nesting structure. NCHRP also recomnegndsuting routines to

model dynamic ridesharingnd oordinated multimodal mobility servicdZmud et al. 2018)

9. Transportation System Performance

CAVs can transform the transportation system from both supply and demand perspettvasestigate
these alternationsyVyas et al(2019)conducted a stdy in Columbus, OH. Thagead different scenarios
related to AV deployment to enhance the regiomativity-based travel demand model. Based on the
results, AV deploymengieldedtwo fundamental changem system performance: 1) reduced highway
headway and 2) increased roadway capacity.

In another studyBernardin Jr et a{2019)investigatedthe effects ofCAVoN system performance hey
definedtwo scenarios to predict the poteiatl effects of CAVdn scenario 1, they assumed 80% CAV
market share for 2050, and a fully CAV fleet in scenaridh@r results show that the totatystemdelay

for the first and second scenarios increased by 40% and decreased by 15%, respectively. Also, the average
delay of each user increased by 45% and decreased by 20% $est®mnarios, respectively.
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Dias et al(2020)considered a general framework to extend the fatiep model to observe Akélated
changes in the system. The methodology ddidéferent scenarios to capture the system response to
different AV MPR Five scenariowere generated based odifferent assumptions. In the first scenario,

no A\sareused. In the second, Aléeis high. For the next three scenarios, they considered some changes
in the share of travel generation for vehicle types, time value, and capacity. By exaltimkisigeed, a

direct rdationship between average speeds and MPR was observed. In addition, as the capacity
decreases, the speed also decreases.

The important point in examining the changes caused bys@Atfiat without the CAVelated observed
data, the integration of CAVs in travel demand models requires basic assumptions.

9.1. Highway Capacity Change Due to Use of AVs

Among the various autonomous vehicle technologies, adaptive cruise control (ACC) stands out. This
system uses onboard sensors to automatically adjust vehicle speed and prevent cqlBsstiap 2000)

The performance of ACC relies heavily on its sensor systems, leading to driving behaviors similar to fully
autonomous vehicles.

Chang and L#1997)previously studied the impact of autopiloted vehicles on the capacity of dame
freeway. They found a 33% increase in the number of vehicles that can safely merge onto the highway
when all vehicles were autopiloted. Meanwhiléander Werf et al. (200Zhowed that the introduction

of autonomous adaptive cruise control (AACC) had a modest but significant 7% impact on freeway
capacity.

Minderhoud and Bovy1999) explored the effect of autonomous intelligent cruise control (AICC) on
freeway capacity using simulations. They discovered that the time gap between vehicles significantly
influenced capacity when more than 20 percent of vehicles used AICC.

Tientrakool, Ho, and Maxemchi&011)used equations of motion instead of simulations to analyze the
impact of senscequipped autonomous vehicles on highway capacity. They found a 43% increase in
freeway capacity when all vehicles were autonomous.

Le Vine et ali2019)created a model of autonomous vehicles driving to estimate freeway capacity. They
also conducted a simulatiamased study to examine the effect of ACC on freeway capacity, revealing that
conservative ACC increased travel time and delay, while aggres3tveetluced them.

Another study examined the effects of dedicated lanes for AVs on congestion and travéT éileiepour,
Mahmassani, and Elfar 201Mhey found that AVs using dedicated lanes resulted in better travel time.

Whilethere isa lot of research on how\s affect capacity and travel time reliability, less research exists
on their safety impact. HoweveGarbaugh, Godbole, and Sengufit898)found thatAVs are safer than
manually driven ones, and the transition @A\ further improved safety.

9.2. Highway Capacity Change Due to Use of CAVs

Cooperative adaptive cruise control (CACC) is a notable technology among various CAV innovations due
to its potential to greatly enhance roadway traffic conditions by increasing capacity and stabilizing flow
(Milanés et al. 2013)The integration of vehiclo-vehicle communication with onboard sensors allows
CACC to maintain shorter following distances and respond more quickly to changes in traffic conditions.
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Vander Werf et al(2002) developed one of the first models of CACC. Their model and subsequent
simulations showed that with a 0.5 seconds time gap between CACC equipped vehicles, road capacity
could more than double. Later studies by the same team confirmed these findings id tn@ffic
scenarios.

Shladover et al2012)conducted a study to understand the effect of different levels of CACC adoption
on highway capacity. Their findings showed that once a moderate level of CACC adoption was reached,
the potential for a substantial increase in highway capacity was very Wwithjncreases of up to 4000
vehicles per hour per lane in a fully saturated CACC environment.

Recent field experiments also validate the potential of CACC to enhance roadway capacity and flow
stability (Bu, Tan, and Huang 2010; Milanés et al. 2013; Ploeg et al.. ZBadicularly, experiments
conducted byMilanés et al(2013)andShladover et a[2012)demonstrated the ability of CACC equipped
vehicles to maintain a time gap as small as 0.6 seconds, significantly lower than the typical gap maintained
by traditional vehicles, thus indicating a significant potential for freeway capacity enhancement.

Vander Werf et al(2002)also studied the impact of varying CACC adoption levels on traffic flow using
Monte Carlo simulations. Their findings suggest that CACC has the potential to substantially enhance
highway capacity, with the degree of increase being quadratically relatdtetevel of CACC adoption.

Several studies, such as those conductedibgt al.(2010) Tientrakool et al(2011) andVan Arem, Van
Driel, and Visse(2006) also demonstrate the potential of CACC and other CAV technologies to
significantly improve highway capacity, with increases of up to 270% under certain conditions.

However, the majority of existing research on AVs and CAVs has predominantly focused on the
longitudinal control dynamics of these technologies, with very little attention given to their lateral
dynamics. A notable exception is the workaf et al(2017) which explores the impact of lateral control
algorithms on freeway capacity and traffic flow dynamics. Their findings suggest that the potential
benefits of CAVs, particularly in terms of freeway capacity and safety, are most pronounced at high levels
of adoption.

9.3. Intersection Capacity Change Due to Us@&ws$ C

The integration of wireless communication and autonomous drivin€AVs bears the potential to
revolutionize inelligent transportation systemigy reducing accidents, improving mobilitgndreducing
emissiors (Deng et al. 2023; Mirheli et al. 2019; Tajalli, Mehrabipour, and Hajbabaie 2020; Wu, Wang, and
Zhu 2022; Zong 2019%incentersections are critical components of transportation netwgrislizing
CAVs for controlling them would be benefici@AVshave two main benefits fomtersection control.
Firstly, CAVs facilitate joint optimization betwesignal timingand motion trajectories afully- or
partially-autonomous traffic intersection@Niroumand et al. 2020a)n other words, vehicles will operate
with predetermined trajectories within assigned timeslots to improve traffic efficiency by circumventing
unnecessary speed changasd stops at stop barsSecondly, CAVs allow for vehicle platooning, which
can further increasg¢he capacityby reducing intetvehicular headway and imprimg energy efficiency by
mitigating aerodynamic drag and unnecessary spee@tions(Deng et al. 2023; Niroumand et al. 2020b;
Wu et al. 2022)As a resultCAVs in traffic streams can have significant effects on intersection capacity.

Sun, Zheng, and L{RA017)proposel a new intersection operation scheme called MCross that maximizes
intersection capacity by utilizing all lanes of a road simultaneously through dynamically optimized lane
assignments and green duratioridie motivation behind this researebasto utilize the controllability of
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CAVs in order to maximize intersecticapacity The proposed scheme is formulated as a raulfiective
mixedinteger, non-linear programmingnodel (MGMINLP) and its demand conditions for achieving full
capacity are derived analyticallyhey usedheoretical analysisind problem decomposition tmitigate

the complexity andsolve the MGMINLP problem. The results showed that MCross can nearly double
intersection capacity compared to conventional signal operation schemes, with an increase of up to
99.51%.The authors acknowledgeahat implementing MCross in the real world is limited to theoretical
analysis until a sufficient amount of CAVs are availdblethermore, the authors acknowledged the
importance of investigating the scalability of MCross to larger control areas.

Ding et al.(2022) have proposed a method to optimize the management and control of signalized
intersections by taking advantage of the r¢iahe traffic informaton that can be collected from CAVs

The authors develggda mixed integer quadratic programming (MIQP) model that jointly optimizgsb
timings and variable guidintane (VGL) settings at a typical fdaggedintersection. The proposed
method overcomes the restrictions af conventional signal cycle and assigns phase sequences, green
start, and duration for edt CAV platoon based on movemdrdsed signal timing. The allocation of lane
resources is also optimized to consider the dynamic traffic demand distribution. The proposed method
integrates vehicle trajectory control into the collaborative control framewtwkreduce or eliminate
wasted green time. The simulation results show that the proposed collaborative control métiymal
timing and VGL9utperforms the fixedime and signal optimization controtodes in terms of travel time

and intersection capacityparticularly when traffic demand is undsaturated with strong uncertainty.
Intersection capacity can increase up to 17.7% by considering the signal timing optimization and VGL
simultaneously in comparison téixedtime traffic signal. The study provides a framework for the
collaborative control of traffic signal, VGL, and vehicle trajectory in a fully connected and autonomous
driving environment. However, the uncertainties of human driving behaviors under niresdiit
conditions are not considered

Adebisi et al(2022)estimatad the capacity benefits o€EAVsat signalized intersections and deveéup
capacity adjustment factors (CAFs) that can be integrated into the Highway Capacity Manual (HCM).
Microscopic traffic simulation was used to model CAVs, and variations in CAV gap/headway settings,
platoon lengths, turning movement types, and Haftn phasing modes were considered. The results
showed that CAVs could lead to a 40% capacity increase for protected movements and a 45% capacity
increase for permitted left turns at00% MPR. The CAF tables consider factors such as CAV market
penetration rate, opposing traffic demand, and the type of vehicle automation in the traffic stream. The
lookup tables can be used directly as multipliers for existing HCM equations to acoo@AY impacts,

giving HCM users more flexibility.

az2KFYYFRAZ w2y 02 {(203l)hhdve/ fropasedd uBeEogs2dslgiBial timing optimization
(UBSTO) strategy for optimizing user throughput at signalized atgosis using connected vehiaata.

The strategy comprises three main components: user throughput prediction, signal timing optimization,
and cycle dynamic adaptation. The inputs of the proposed algorithm include the position, speed, and the
number of passengers traveling in each vihievhile the output is the optimal green time duration for

each signal phase. The proposed strate@s tested against a fully actuated controller in microscopic
simulation for various scenarios, including different CV penetration rates. Results show that UBSTO can
significantly increase user throughput, decrease average user delay, and reduce the wiiistogs per
vehicle, while also prioritizing vehicles with higher numbers of passengdrsand.In a fullyconnected
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environment,UBSTQs ableto increase user throughput0% to 100%, depending on the demand level
However, heir strategy lacked consideration of the automation aspdduture vehicles

Wu, Wang, and zZh{022) explorad the impact of CAVson intersection capacity in a mixed traffic
environment where conventional humadriven vehicles also share the road space. The study considers
the penetration rate and platooning behavior of CAVs as major concerns and investigates individual
willingnessof CAVs to form platoons. Intersection capacity is modeled as an objective function of a linear
program problem that maximizes the sum of throughput of each stream crossing the intersection under
collisionfree constraints, andhe average occupation time of conflict points is used to determine the
constraints. Theesultsshow that higher platooning willingness and lower platoon gaps are associated
with higher intersection capacity, and that higher CAV penetration rate does not necessarily correspond
to higher intersection capacityBased on the results of this study, CAV platooning can increase
intersection capacity up to 250%, when platooning willingness and MPR are at the highest level.

Hajbabaie, Tajalli, and Bardaf@D22)investigatal the potential effects ofCAVoN saturation headway

and capacity at signalized intersections. The authisesl simulation andreated a signalized intersection
testbed in Vissim, where four vehicle types were modeled and testi®ts, CVAVs, andCAVsVarious
scenarios were defined based on different market penetration rates of these four vehicle types, and their
effects in mixed traffic were investigated in terms of saturation headway, capacity, travel time, delay, and
gueue length in different langroups of an intersection. The #ors used a Python script code developed

by Vissim to provide the communication between the signal controller and CVs and CAVs to adjust their
speeds accordingly. The authors developed a model of saturation headway as a function of HV, CV, AV,
and CAV met penetration rate, lane group configuration, and turning percentage. This model was used

to determine capacity adjustment factors that could be used to calculate the saturation flow rate and
capacity of various lane groupghe authors note that the stly makes certain assumptions and changes

in certain parameters of Vissim's datlowing and lanechanging models, which were originally designed

to represent human driving behaviofhe study found that increasing CV and CAV market penetration
rates reduces saturation headway and increases capacity at signalized intersections. In contrast,
increasing AV market penetration rate deteriorates traffic operations, as AVs drive more chuaoal

yield longer saturation headways and delays. The study also fthatdhe highest increase (80%) and
decrease (20%) in lane group capacity were observed, respectively, in a traffic stream of 100% CAVs and
100% AVs.

Song and Fa(2023)haveestimated both lanelevel and intersectiosievel capacity to guide intersection
planning and operations under differe@AV market sharemnd traffic demands. The study investigates
adjustment factors for saturation headway and saturation traffic flow rate for each lane under different
MPRs and calibrates the maximum throughput function. The study utilizes a typicahdproach
intersecton with three lanes per approach and assumes a decentralized signal CAV control logic with no
limitation on the gatoon length within the intersection control range. The results of the study show that
with 100% CAVs, the saturation headways for the exclusive through lane, exclusivenldéne, and
sharedright-andthrough lane decrease by 55.8%, 48.9%, and 424%pectively. The maximum
throughput of the intersection with 100% CAVSs increases by 70% compared to the scenario wik'®nly
Moreover, the maximum throughput increases rapidly after 60% MPRs of CAVs, as CAVs are more likely
to follow a CAV and activatthe cooprative adaptive cruise contrahode urder high MPRs of CAV
scenarios.
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10. Implementation Methodology

Many efforts have been made to estimate the impact of CAVs on travel patterns. Generally, these efforts
can be categorized into two partswith and without Travel Demand Model (TDM) approaches.

Non-TDM approaches include statistical models, micro simulation models, and computer programming
simulation.Dannemilleret al. adopts a direct survepased modeling approach to examine potential AV
effects on shorterm acivity travel behavior patternss opposed to the factor modifition-based
approach.Four latent constructs representing teslavviness, safety concern, variesgeking lifestyle,

and interests in productive travel timare used inthe statisticalmodel system to explain the main
outcomes of interest(Dannemiller et al. 2021 5imilarly Harb et al(20223), Hardman et al(2022) and

He et al(2022)use surveybased approachet® capturepeople® behavior changes associated with CAV
deployment Microsimulation models are also commonly usedhvestigate the potentiainpact of CAVs
(Auld, Sokolov, and Stephens 2017; Kumakoshi, Hanabusa, and OguchiT202t)al.(2022) use
computer programming to investigate the potential reduction of vehicle ownership under 100% CAV
penetration rate using Atlanta travel profile.

The second approact) TDM¢ can be more systematic. NCHRP published a report on how to update
modeling tools to address impacts of CAVs and recommended a list of TDM modifi¢Ztiouns et al.
2018) Table 2 is built on that and summarized technigues recent researchers apydied.of the nine
papers analyzed in thiable take into account the cruciahodelcomponents, sociodemographic factors
and fleet composition
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TABLEA-2: RECENRESEARCBATEGORIZED BRECOMMENDEDDMMODIFICATIONS

~Q ~ 9 — — ~Z D =z
NZ Nx N2 Ng Ng BT N3 Bz ®
Model Component Model Improvement Qa R~ 5 23 2% S8S3 S8Ss 832 N8 ~
=2 o =) N D ] N g = 8
ao U © g v o0 S22 N§g Bo S
g2 | & £ 2 e RS Do & R
%] ~
Auto Ownership
Auto ownership Estimate and forecast CAV or X X X x
model manual vehicle ownership
Auto availability Estimate and forecast availability o .
model SAVs and carsharing
Trip Generation
. Estimate and forecast rates for
Trip rates . . X X X X
expanded mobil@opulations
. Account for zerenccupant vehicle
Trip rates . . X X X X
trip generation
Trip Distribution
Estimate network cost matrices
Impedance to travel X X

reflecting CAVs
Estimate new friction factor
Impedance to travel =~ matrices if CAVs affect trip lengths X X X X
(though IVTT)
Ease of parking Adjust parking‘ constrain for parking
restricted area
Mode Choice
Design new nesting structure
Mode choice model including CAVs, SAVs, and SAV  x X X X X X
access tdransit

Mode choice model Account for MaaS impacts on

. X X
multimodal tour plans
. Account for future auto operating
Operating cost X X
cost
Value of time Account for improved value of time x x x X .
for CAV modes
Options of parking X X
Network Assignment
Estimate CA¥nhanced capacity on
Supply models . : : X X X X
signalized arterial systems
Network capacity Estimate CA¥nhanced ca_pacﬂy on X X .
gradeseparated facilities
Path costspricing and Estimate value of time including
! . X X X
tolling discounts for CAV passengers
Commercial Vehicle /
X X
Truck

One other element is time of day (TOBarb et al(2022a) suggests that there is no need to modify the
parameters of a timeof-day model as AVs do not appear to significantly influence the TOD deftision
individual activity participation at aggregate lewelThoughBernardin Jr et al(2019)indicates anew,
shifted diurnal distribution of longlistance passenger and freight travel

10.1. Scenario Development

The development of behaviorally rich travel demand models relies on observed travel survey data for the
estimation of coefficients and parameters that capture observediiednasior. However, in cases where

such data is not available, scenario generation with asserted coefficients and parameters can estimate
changes in travel demand due to factors that are yet to be observed or are difficult to measure. This method
has been used to usrdtand the impact of CAVs on travel demand, as demonstratadaéns studies. For
instance,Cohn et al.(2019) evaluated eight different scenarios that considered various levels of AV
adoption, auto occupancy rates, aork trips, transit service, freeway capacity, terminal time, parking
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cost, and values of time to qu#iy the equity impacts of CAVdn another study, an actividlyased model

was usedy Childress et al(2015)to evaluate the impact of AVs with scenarios focused on increased
capacity for freeways and major arterials, reduced value of time, and reduced parking costDiaisadity,

al. (2020)utilized a traditional fousstep model to assess the impact of AVs by developing scenarios that
captured changes in auto ownership, trip generation, trip distribution, mode choice, and the value of time
parameter in highway trip assignment
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Appendix

Table A.1 includes all the information from Table 2 in a more comprehensive Toartable follows the

same structure provided in NCHRP Report 896 and captures the current practice of modifying travel
models to capture CAV impacts. The table suggests that models should be modified to account for several
travel behavior impacts of CAMs. 6t S OStfa&a 6AGK |y GEé¢ y2iGlF0A2y NB
model adjustment was addressed by the authors but sufficient detail was not provided on the
implementaion of such an adjustment. Additionally, NCHRP Report 896 recommends a modest increase

to all trip production rates to reflect the improved accessibility.
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TABLEA-A.1: COMPREHENSIVEFORMATION ARECENRESEARCEBATEGORIZED BRECOMMENDEDDMMODIFICATIONS

where there is
paid parking)

Literature
Model Model Childress
Component Improvement Harb et Dias . Mondal Huang et Kim et al He et al
al (2022)| Was(2019) 1 500y | Bemardin (2019)) 5050y | a1 (2020) (géfé) (2015) (2022)

Auto Ownershi

Estimate and
Auto 8 forecast CAV or
ownership - X X X X
model conyentlonal .

vehicle ownership

Estimate and
Auto forecast
availability availability of X
model SAVs and

carsharing
Trip Generation

E)?grcnz:lsfte thneds for Exp an_d_ car

S - availability to 5% more HBO 5% 15%

pand other population

populations

Trip rates 50% HBW, HBO
and NHB will
te 2 empty Matrices

Account for zere generate

occupant vehicle 5% BT {slhnc s

trip generation (appllca_ble _only empty

for destinations miles)
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area

Literature
C Model t | Model t Harb et Dias Mondal Huang et Childress Kim et al He et al
omponen mprovemen ;
al (2022)| Was(2019) | 500y | Bemardin (2019)) 5050y | a1 (2020) (Zeéfé) (2015) (2022)
Trip Distribution
Impedance to Estimate _network
travel cost matrlces X X
reflecting CAVs
Reduce
and b
VTT 31% and
0,
. -0.019 for travel time ey
Impedance to | Estimate new 7506 VTT coefficient reflect the
travel friction factors coeff decreased 31%
’ . increase in
By 80 work-home
travel
distance
Adjust parking
Ease of constrain for 50%
parking parking restricted ?

A28



NCDOT 2@3-11 Project Report

Literature
Model Model Childress
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Index of Predictions and Factors for Connected and Automated Vehicles (CAV)

Introduction

This document synthesizes findings from literature, conversations with experts, and the research team's own knowledge. It provides a timeline of possible
CAV adoption based on influencing factors, subsequent changes in travel behavior, and how to incorporate these changes in travel demand models. The
intended audience includes transportation planners, travel modelers and traffic forecasters. The primary purpose is to inform the conversation around
model adjustments to support scenario planning, and possible model design changes needed to evaluate CAVs ( assuming Level 5 automation). Instead
of using forecast years, scale was considered: low captures early adopters, medium represents majority adopters, and high includes late adopters.

= Influencing Factors towards CAV Adoption

Low (0-30%)

@ Cost

o
:;_.-‘:} Technology

CAV adoption is hindered
by high costs

Technology is new making
many reluctant to use CAVs

; . . Few are attracted to convenience
Akt Driver Expe”ence features that are largely untested

and less understood

Lack of supportive

The cause and effect relationship between various factors and CAV adoption.

Medium (30-70%)

Costs begin to normalize

Implementation and more testing
normalize the technology

Understanding and trust in CAV
convenience features increases

Supportive policies mature

High (70-100%)

The cost of not owning
a CAV increases

Continued advances in technology
and safety countered with less
d for regular vehicl

Investment in convenience features
for regular vehicles declines

Unfavorable policies towards

r Policies

— Anticipated Behavioral Changes Resulting from CAV Adoption

CAV adoption could influence how people travel including the number of trips made, mode of travel, distance traveled, time of day traveled, and their
lifestyle. While some behavioral changes are initially likely, other changes may not occur until higher adoption levels. This section highlights how CAVs
are likely to influence behavior.

CAV policies regular vehicles arise

Send an unoccupied CAV to run errands, return home or go elsewhere

! Number of Trips
ﬂ P Shopping trips convert to e-shopping with deliveries by automated freight vehicles

Productivity while traveling make traveling less cumbersome or ‘time consuming’

rss» Mode - e .

mobile when the burden of driving is removed

Q Shared CAVs used for all or some portions of a trip
\
< o Distance

Improved access to transit increase the number of people using transit

Eliminated driving burden supports if not encourages traveling longer distances

< Time of Day Ability to sleep or do other activities in the vehicle shift some travel to overnight
Convenient and affordable shared CAVs encourage people to own fewer cars
[ ) . Eliminated driving burden encourages
Lifestyl
a testyle people to move to suburban or rural areas

= Scenario Planning Model Adjustments

Scenario planning is a well-regarded approach to understanding the risk and uncertainty inherent in any systems or project level forecast. It can be
implemented without modifying the travel demand model structure, providing a streamlined approach for evaluating CAVs. This section summarizes
techniques found in the literature for adjusting model parameters or factors within the existing model specification

Model Adjustment Sub-Category <70% 70-85% >85%
All people -60% -65%
Value of Time
High income only -65% -70%
All purposes (captures ZOV ftrips) 9% 15%
Trip Rates Shopping only 5% 5%
ZOV trips onl Not 50% 50%!
LBy modeled
All trips 14%2
Trip Distance
Work trips 31%:°
Signalized arterial 40% 70%
Capacity *
Controlled access 47% 7%
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— Model Design Changes
While more resource intensive, the best approach for evaluating CAV impacts on systems and project level forecasts is to implement model design
changes. This section summarizes model design changes from the literature findings. The design elements and adjustments are focused on trip
based models.
Model Component Design Changes Adjustment

Auto Ownership

Assert model coefficients based on

Auto Ownership Include both CAVs and human vehicles (HV) the assumed level of CAV adoption

Trip Generation

Account for trip making for

5 : 5—15%
expanded mobile populations 2
Trip Rates Account for zero-occupant vehicle trips 5—-50%
Increase trip rates to account Recommended by NCHRP 896 but specific
for improved accessibility adjustments not found in the literature

Trip Distribution

. Resulting CAV network demand will
Generate cost matrices for CAVs B4t difforentcostmaties

Impedance to Travel o e — . * 50% — 75% decrease in IVTT coefficients
Stimate new Iriction factors 10 accoun! to increase ‘”p Ieng‘h

for increases in trip length . .
* 31% increase in home-work distance

Reduce the parking constraint

Ease of Parking for restricted parking areas

50%

Mode Choice
AvalabloMades Include CAVs and shared CAVs under the auto nest, and No specific ranges for asserted
Vel shared CAVs as an access mode under the transit nest coefficients were cited in the literature
Modify the coefficient on auto operating cost * Decrease by 71%
Operating Cost to account for CAV efficiencies and assert * $1 operating cost for SAV and $0.8 for
coefficients for shared CAVs SAV or CAV
Valus of Time Modify the coefficient on value of time for CAVs modes 25% — 75% decrease in VOT, especially
to account for the reduced burden of travel using a CAV for high income households
Parking Decrease or eliminate parking cost No cost for SAV or CAV

Network Assignment

Modify arterial roadway capacity values 15% — 60%

Network Assignment Modify grade-separated facility capacity values 20% — 80%

Modify PCE to account for reduced car

following distances possible with CAVs Dacrease PCE 10/0.7

Prici d Toli When converting toll costs to travel time, include Use VOT adjustments cited in the
ey anaotig discounted value of time for CAV users literature to inform asserted values

This table summarizes content from NCHRP Report 896 and content from journal articles. It recommends how to

adjust trip-based models to reflect CAV impacts. Successfully modeling CAVs will require several of these changes.

o
Footnotes:
1. Assumes that 50% of the home-based-other and non-home based trips will generate two empty parking trips: one empty
trip returning home and one picking up the occupant.
2. Adjust coefficient in destination choice model or gravity model so that it achieves 14% increase in trip distance.

Adjust work trip coefficient in destination choice model or gravity model so that it achieves 31% increase in trip distance
to reflect relocated population.
The range on capacity adjustments was informed by microsimulation work.

This reflects draft research. Concepts are subject to change before final publication. I I R E

This study was conducted by the Institute for Transportation Research and Education at North Carolina State University with Institute for Transportation
technical assistance from Caliper Corporation. The work was sponsored by the North Carolina Department of Transportation. Research and Education




NCDOT 2@3-11 Project Report

Appendix € Conceptual Framework



NCDOT 2@3-11 Project Report

Conceptual Framework for Updating a Trip Based Travel Demand Model to
Include Connected and Automated Vehicles

Most trip based travel demand models follow a 4-step process of trip generation, trip distribution, mode choice and trip assignment,
though the order of these steps may vary for different model designs. Advanced models often include a step for initial processing and
time of day. This conceptual design provides guidance on how each step can be modified to address connected and automated
vehicles (CAVs). These recommendations are informed by literature and the research team’s experience in designing and developing
travel demand models.

CAV - connected and automated vehicle HOV2 - high occupant vehicle, 2 persons
pCAV - private CAV HOV3 - high occupant vehicle, 3 or more persons
Acronyms: sCAV - shared CAV PNR - park and ride access to transit
HV - human driven vehicle KNR - kiss and ride access to transit
ZOV - zero occupant vehicle NHB - non-home-based trip, or trips having neither
SOV - single occupant vehicle end at home

n Initial Processing

Modify highway network attributes

CAVs are expected to increase roadway capacity. While

initially the presence of CAVs will disrupt capacity, as CAV

Increase capacity for Increase capacity for adoption levels increase, so will the capacity. This benefit
signalized arterials controlled access facilities can be captured in travel models.

Apply a cross-classification
model to stratify households It is expected that CAV adoption will also modify travel

by auto ownership behavior, including fewer households owning vehicles
resulting in more zero vehicle and vehicle insufficient
households. To capture these differences, it is important to
Zero vehicle CAV HV segment house.holds by those who have adopted CAVs,
those who continue to own HVs and those who do not own
a vehicle. For simplicity, mixed ownership households are
not considered in this design.

households households households

| Total CAVs | | Total Hvs

E Trip Generation

Apply a factor to all CAV households to

increase trip productions by trip purpose CAV owning households are expected to generate more

trips than HV owning households. To capture this change
in behavior, increase trip productions for CAV households.
CAV and HV households are segmented to match the
market segmentation expected by trip distribution and
mode choice models, e.g. income, auto ownership, etc.

Segment CAV and HV households based on the
strata required by the destination and mode choice
models, i.e. income, vehicle sufficiency, etc.

B Trip Distribution

Apply separate trip distribution models

for CAV and HV work trips only The value of time for CAV owning households is likely
lower because in-vehicle time can be productive. This
could lead to longer work trips and trips for social and
CAV —increase the HV — apply the existing recreational purposes.

average trip length average trip length
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n Mode Choice 1

Apply the mode choice model based on market
segmentation that includes whether the trip
maker is from a CAV or HV household The choice of mode will be influenced by market
segmentation with zero auto households, sufficient and
insufficient CAV households, and sufficient and insufficient
Non-household Auto Transit HV households each viewing the choice of available modes

differently. A vehicle sufficient household is defined as one
where there is at least one vehicle per worker in the
| | Walk household.
Pay Access
All auto pay trips are assumed to be sCAV mode.
Other PNR
Auto* sCAV access to transit is an available choice for everyone.
CAV insufficient households can send the vehicle home so
KNR L - )
vehicle insufficiency becomes somewhat irrelevant.
L_| sCAV
Access

H Time of Day

Modify time of day factors to shift some
external trips to the night time period

The opportunity to rest or do other things when traveling in
a CAV will likely shift longer distance trips to the night time

iod.
Through trips External/internal and perio

Internal/External Trips

B Zero Occupant Vehicle Trips (ZOV)

Prior to highway trip assignment, modify
trip tables to account for ZOV Trips

CAVs will likely generate purposeless
ZOV for car sharing For parking avoidance with models Factor sCAV zero occupant vehicle trips as travelers
among households that include a parking model, apply trip table avoid parking costs, leverage car sharing
is captured in the a distance based probability for output from among household members, and as

trip generation step drivers sending the vehicle back mode choice. sCAVs travel between passenger drop
with an increase in home. Otherwise, factor trip tables off and pick up locations. These trips are

trip rates. from trip distribution to account for : accounted for in the final steps of the
this behavior. sCAV ZQV trips

model, prior to highway trip assignment.
pCAV ZOV trips

n Advanced Application for Non-home-based (NHB) Trips

The standard application of NHB trips that flow through generation,
No model adjustments needed, NHB distribution and mode choice is captured within these individual
CAV trips are a component of the components, just like with any other trip purpose. For an advanced design
increased HB CAV trips. where NHB trips are handled after and conditional on the home-based trip
model components, the NHB CAV trips are captured as part of the increase
in HB CAV trips.

*Friends car, work car, etc.
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AppendixD ¢Tier 1Existing Model Design

Systems Level Performance Measures

Average Trip Length by Trip Purpose

TableD-1 summarizeghe average trip length for hombased trips by trip purpose for the scenario with

no CAVs (base), scenario with medibigh CAV adoption, and scenario with high CAV adoption. All
scenarios reflect a 2050 forecast year. The analysis shows a modest éncréap length for most trip
purposes with the presence of CAVs. The results are intuitive given the increase in capacity that in turn
leads to less congestion and travelers being able to travel farther in less time, paired with lower values of
time thatresult from the opportunity to be productive during the trip. The largest increase in trip distance

is for short duration trips. Intuitively, people generally travel less distance for a trip with a short duration
aldlred 1 26SOSNE | & tiikisSredacen? thavelkers &efwillivig td thayeHarttieKior trips

that may only last 10 minutes or less.

TableD-1 Average Trip Length in Miles ByomebasedTrip Purpose and Scenario

Base Medium-High High
Trip Purpose Avg. Trip Avg. Trip on M Avg. Trip |  ~:
Length (mi) | Length (mi) % Diff Length (mi) % Diff
K12 trips 6.04 6.30 6.40
Long duration discretionary trips 8.96 9.39 9.63
Short duration discretionary trips 4.92 6.26 7.07
Medical trips 10.11 10.82 11.14
Shopdine, other trips 6.58 6.88 7.24
Work tour¢ drop off kids K12 6.12 6.46 6.62
Work tour- interim stop 8.39 8.82 9.03
Work tour 13.29 13.61 13.73

Vehicle Miles Traveled
TableD-2 summarizes daily VMT by facility ty@@bleD-3 reports the same information for the PM peak
period VMT and the PM peak period congested VMT for each scenario for the entire region.

A review of daily VMT shows increased VMT for both the medigi and high scenarios, but reduced
congested VMT for all facilities except collectors and locals. The capacity values for these facilities were
not adjusted as no supporting evidence for dosm was found in the literature. With the improved
capacity and operating conditions for the higHevel facilities, trips are diverted to these facilities
resulting in a slight reduction in VMT for collectors and locals in the metigmscenario. Foihe high

level of CAV adoption, the increase in overall trips overcomes any VMT benefits for thesdeloaler
facilities.

D1
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TableD-2 Daily VMT and Congested VMT IRacility Type and&cenario

Base Medium-High High
Facility Type Cong. % Cong. % % Cong. %
VMT VMT VMT Diff VMT Diff VMT Diff VMT Diff
Freeway 36,868,915| 6,256,314 | 42,825,329 1,888,472 45,938,303 696,366
ML Highway 3,194,051 371,833 3,618,003 96,116 3,879,606 0
TL Highway 601,669 18,035 614,287 0 - 639,210 0
Major Arterial 14,372,606 | 525,916 16,202,527 299,152 17,403,832 231,136
Arterial 22,643,077 | 515,891 24,417,203 269,205 25,783,596 186,480
Superstreet 999,943 84,795 1,231,226 58,379 1,381,396 28,269
Major Collector| 2,284,146 77,622 2,245,386 57,763 2,278,342 63,870
Collector 5,522,634 104,958 5,467,283 110,914 5,563,039 122,075
Local 2,020,949 16,559 2,000,862 16,819 2,033,907 19,743
Total 88,507,990 | 7,971,923 | 98,622,106 2,796,820 104,901,231 1,347,939

As with the daily VMT trends, total VMT increases for both scenarios, but congested VMT goes down by a
significant amount indicating a strong benefit for CAVs in the travel stream.

TableD-3VMT and Congested VMT by Scendodothe Peak Period

Base Medium-High High
Cong % Cong. % % Cong. %
VMT VMT VMT Diff VMT Diff VMT Diff VMT | Diff
19,951,727 3,023,255| 22,575,659 1,526,009 24,227,716 574,981
Delay

The delay is a measure of congestion and how many people experience it. Delay results from increased
demand that results in slower travel speed. It is the difference between the free flow and congested travel
time for each link in the highway network, miplied by the demand on that given linkable D-4
summarizes the daily delay by facility type and scenario. The capacity improvements resulting from CAV
adoptionledto reductions in delay, with the bigger benefits realized on the higher level facilities.

TableD-4 Daily Delayby Facility Type andcenario

Facility Type Base Medium-High High
Delay(min) Delay(min) % Diff Delay(min) % Diff

Freeway 110,423 43,676 28,795
ML Highway 10,921 4,626 3,229
TL Highway 1,088 352 236
Major Arterial 44,480 25,678 19,607
Arterial 46,324 28,382 22,455
Superstreet 3,669 2,960 2,526
Major Collector 7,070 6,170 6,448
Collector 18,594 18,151 19,252
Local 7,690 7,655 8,125
Total 250,259 137,650 110,673

D2
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FiguresD1-D-4 show maps comparing system performance measimelsidingyVMTanddelayin the MH

and H scenarios against the Base scenario. The maps reveal that in the MH scenario, as dépaties! in
D-1, mobility-oriented facilitiessee a greater rise in VMT due to increased capacity. Similarly, the H
scenario, shown ifrigureD-2, follows this trend and shows even higher VMT increases with additional
capacity enhancements.

P
V3
7\ )
\ ) 4
v ,\
Difference in Daily VMT
—— Below -10000
——-10000 to -5000
-5000 to 0
0 to 10000
\_| —— 10000 to 20000
e —— 20000 to 80000
7 N\4A A Absolute Difference in Daily VMT
J. -\ N 50000 25000 -15000
AN 0 2 4 6
N 140} Miles

FigureD-1 Difference in Daily VM between MH and Base Scenario
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Difference in Daily VMT
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100000 40000 -20000
0 2 4 6

Miles

FigureD-2 Difference in Daily VM between H and Base Scenario

Daily delay follows the sanmattern. This means that mobilitgriented facilities experience a decrease
in the delay value for both MH and H scenagompared tothe base scenaridBy comparingH and H
scenarios it can be concluded thhere is a larger delay drop in H scenario.
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FigureD-4 Difference in Daily Delapetween H and Base Scenario
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Project Level Performance Measures
To evaluate changes at a project level, performance measures were summarized for the individual

projects described previousIiNOTE: these projects are for illustrative and case study purposes. Neither

the projects northe data presented reflect official projects and forecasts.

TableD5a dzY Y NAT Sa&
scenario with no CAVs, 2050 with MH CAV adoption, and 2050 H CAV addp&oproject level
performance measures indicate that witiH and high HCAV adoption, demand generally increases

iKS

LINE2S00GaQ

LIS I |

K2dzNJ RSYI yRa |

across all projects while demand/capacity (D/C) ratios decrease, suggesting improved capacity utilization.
For example, in Project P1, demand increases by 12% and 21% under MH and H CAV adoption respectively,
while the D/C ratd drops from 0.69 to 0.53 and 0.47. Similar trends are observed in Projects P2 through

P7. Across these projects, the increase in demand ranges from #8%ctavith MH CAV adoption and 8%

to 30% with H CAV adoption, while D/C ratios consistently decline, indicating enhanced capacity efficiency.
This pattern highlights the potential for CAV adoption to significantly impact traffic demand and network

performance.
TableD-5 Project Level Peak Hour Demand and Demand/Capacity (D/Qdsnario
Project Base Medium-High High
Demand D/IC Demand| % Diff D/IC Demand| % Diff D/IC
P1 8,473 0.69 9,519 0.53 10,241 0.47
P2 2,529 0.20 2,636 0.14 2,742 0.12
P3 12,555 1.02 14,845 0.82 16,373 0.75
P4 11,123 0.83 13,105 0.68 14,472 0.62
P5 3,420 0.63 3,710 0.48 3,920 0.42
P6 2,370 0.45 2,683 0.37 2,875 0.32
1,018 0.38 1,085 0.29 1,132 0.25
P7 398 0.08 449 0.06 479 0.05
1,087 0.41 1,227 0.33 1,306 0.29
ProjectEvaluation

The case study projects were further evaluated under a build condition with and without CAVs, and a no

build condition with CAVs. The focus of this analysis was on trying to detewhgtlerthe presence of

CAVs changes both the supply and demand side of transportation enough to reconsider whether the
project should be built, built differently, or delayed. This analysis considers capacity, demand, D/C, and
f SyaidkKsz

delay.Instead of using the oveftat
project distancein both directions of travelpver which daily delays are measurddelay is further
evaluated using an average wage rate for the county where the project mostly reSeldsable9 for the
wage rate by county and project.

I-40 (Project 1)

The analysis of this case study project under three scerrabagd with no CAV, build with mediuimgh

CAV (MH CAV), and-baild with mediumhigh CAV reveals critical differences in capacity, demand, D/C
ratio, and daily delay. A summary of the build ar@build analysis for-40 is showrin TableD-6. The

build no CAV scenario has @S [Eapacity of 12,329, a demand of 8,473, a D/C ratio of 0.69, and a daily
delay of 1,815 minutes. In contrast, the build MH CAV scenario shows substantial improventlersts w

LINE 2SO

D6

gepresaniing tha dtab R

aaAift

)



NCDOT 2@3-11 Project Report

capacity of 18,124, a demand of 9,519, a D/C ratio of 0.53, and a significantly reduced daily delay of 389
minutes. The ndouild MH CAV scenario presents a capacity of 12,803, a demand of 9,270, a D/C ratio of
0.72, and a daily delay of 1,749 minutes.

The cost analysis shownTiableD-7 further emphasizes the benefits of CAV integration. The savings from
implementing the project with CAVs, calculated as the difference between the costs of delay per mile with
the project but no CAVs ($56.94) and with CAVs ($12.20), amount to $44.74lpeAdditionally, the

loss when comparing the cost of delay per mile with CAVs but no project ($54.87) against the cost with
the project but no CAVs results in a minimal savings of $2.07 per mile. These results swagdrsiding

the project with mediurdhigh CAVs not only enhances transportation efficiency but also offers significant
economic benefits by reducing delays and associated costs. Almost similarly, postponing the project while
there are MH CAVs on the roadrcimprove the overall condition, but the improvement is not significant
andneedsto be evaluated through sensitivity analysis.

TableD-6 I-40 MH Build and NdBuild Project LevePerformance Measureg PM Peak Hou(Project 1)

Build No CAV | Build MH CAV |  No Build MH CAV
Miles of Travel 23.17
Capacity 12,329 18,124 12,083
Demand (peak hour) 8,473 9,519 9,270
D/C 0.69 0.53 0.77
Daily Delay (min) 1,815 389 1,749

TableD-7 1-40 MH Build and NdBuild Annual Cost of Delay

Cost of delayper minute per mile with project but no CAVs $ 56.94
Cost of delayper minute per mile with project and CAVs $ 12.20
Savings $ 4474
Cost of delayper minute per mile with CAVs but no project $ 54.87
Loss $ (2.07)

US 1 South of Cary (Project 3)

Theanalysis of the case study projects for US 1 South of Cary under three scenarios provides important
insights into capacity, demand, D/C ratio, and daily delay. Results are summarizalé-8. In the

build no CAV scenario, the capacity is 12,277, demand is 12,555, D/C ratio is 1.02, and delay is 833 minutes.
For the build MH CAV scenario, the capacity increases to 18,048, demand rises to 14,845, D/C ratio
improves to 0.82, and delay reducegrsficantly to 449 minutes. In the Awuild MH CAV scenarithe

capacity is 12,032, demand is 13,963, D/C ratio is 1.16, and delay is 1,712 minutes.

The cost analysis, summarized Tiable D-9, highlights the economic impact of these scenarios. The
savings, calculated as the difference between the cost of delay per mile with the project but no CAVs
($73.72) and the cost with the project and MH CAVs ($39.73), amounts to $34.00 per mile. The loss
calculated as the difference between the cost of delay per mile with CAVs but no project ($151.47) and
the cost with the project but no CAVs, amounts to $77.75 per mile. These results indicate that building
the project with mediumhigh CAVs significantly enhances transportation efficiency, reduces delays, and
offers substantial economic benefits. Conversely, not building the project with CAVs results in significant
losses due to increased delays and associatets.cos

D7
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TableD-8 US 1 South MH Build and Neuild Project Level Performance Measure®M Peak Hour

Build No CAV | Build CAV | No Build CAV

Miles of Travel 6.78

Capacity 12,277 18,048 12,032
Demand (peak hour) 12,555 14,845 13,963
D/C 1.02 0.82 1.16
Delay (min) 833 449 1,712

TableD-9 US 1 South MH Build and Nauild Annual Cost of Delay

Cost of delayper minute per mile with project but no CAVs $73.72

Cost of delayper minute per mile with project and CAVs $39.73

Savings $ 34.00

Cost of delayper minute per mile with CAVs but no project $151.47

Loss $(77.79

US 1 North (Project 4)

The evaluation of the case study projects for US 1 North under three scenarios reveals critical insights into
capacity, demand, D/C ratio, and delage Table D-10. In the build no CAV scenario, the capacity is
13,440, demand is 11,123, D/C ratio is 0.83, and delay is 506 minutes. In contrast, the build MH CAV
scenario significantly improves the metrics with a capacity of 19,393, demand of 13,105, a D/C ratio of
0.68, and a reduced delay of 367 minutes. Thebodd MH CAV scenario shows a capacit®,887, a
demandof 9,692 a D/C ratio of D4, and a substantial delay of 1,492 minutes.

The cost analysis underscores the economic implications of these scenaridsbdeB-11. The savings,
calculated as the difference between the cost of delayrpée with the project but no CAVs ($72.63) and

the cost with the project and CAVs ($52.64), amount to $19.98 per mile. The loss, determined as the
difference between the cost of delay per mile with CAVs but no project ($214.02) and the cost with the
project but no CAVs, results in a significant lds$1@1.39 per mile. These findings suggest that building
the project with mediumhigh CAVs not only enhances transportation efficiency and reduces delays but
also provides substantial economic benefits. Corslgrshot building the project while having CAVs leads

to considerable losses due to increased delays and associated costs.

TableD-10US 1 North MH Build and NBuild Project Level Performance Measure®M Peak Hour

Build No CAV | Build CAV \ No Build CAV
Miles of Travel 4.18
Capacity 13,440 19,393 9,297
Demand (peak hour) 11,123 13,105 9,692
D/C 0.83 0.68 1.04
Delay (min) 506 367 1,492
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TableD-11US 1 North MH Build and NBuild Annual Cost of Delay

Cost of delayper minute per mile with project but no CAVs $72.63
Cost of delayper minute per mile with project and CAVs $52.64
Savings $19.98
Cost of delayper minute per mile with CAVs but no project $214.02
Loss $ (141.39

Sensitivity Analysis on Variable Interactions

This section summarizabe resultsand the rationale behind conducting sensitivity tests, which were
primarily aimed at evaluating the impact of the individual variables asserted wifthiiier 1approach.
Specifically, three critical variables were examined: Trip Rates, Value of Time (VOT), and Capacity. These
analyses were conducted under the premise of a high CAV adoption rate to understand how each variable
affects overall model performance.oTcomprehensively assess the potential interactions and
independent effects of these variables, wensidered six new scenarios: three involving individual
changes to each variable and three involving pairwise combinations of these variable changes. This
approach allows us to isolate the impact of each variable as well as understand how their interactio
influence outcomes. Notably, altering all three variables simultaneously would result in a scenario
identical to the high CAV adoption scenario, indicating thaty 2 RSHigR CAV scenario encompasses

the combined effects of changes in Trip Rates, V@@ Capacity. This approach ensures a thghou
AYy@SAaGAIlr GA2Ys sdnyitivi to (v&iStiony i R& tp&ameters, thereby enhancing the
robustness and reliability dfier Loutcomes and enabling more precise and informed decisiaiking.

TableD-12 presents the average trip length (in miles) by trip purpose across six scenarios, each compared

to the base scenario. The scenarios are: VOT Only, Trip Rates Only, Capacity Only, VOT + Trip Rates, VOT
+ Capacity, and Trip Rates + Capacity. The measefteofiveness is the average trip length for all trips

within the study region.

In the VOT Only scenario, average trip lengths show minimal changes compared to the base, with the
most significant difference being a 33% increase in short duration discretionary trips. The Trip Rates Only
scenario generally results in slight reductionsaiverage trip lengths, with the most notable decrease
being 2% for work toug drop off kids K12 trips. Conversely, the Capacity Only scenario sees increases
across most trip purposes, with the largest being a 10% increase for work tirop off kids K2 trips.

When combining VOT and Trip Rates, trip lengths generally remain close to the base values, with a notable
30% increase for short duration discretionary trips. The VOT + Capacity scenario results in significant
increases in trip lengths across mestrposes, especially for short duration discretionary trips (45%) and
work tours (8%). The Trip Rates + Capacity scenario shows mixed results, with some trip lengths increasing
and others decreasing, but generally aligning more closely with the Capatytgcanario.

In general, scenarios involving changes to VOT or Capacity tend to increase trip lengths, particularly for
short duration discretionary trips, while changes to Trip Rates tend to decrease trip lengths. Based on the
results it can be assumed that amongthtee variables, capacity is the biggest driver of the increasing
trends in average trip length values.
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TableD-12 Average Trip Length in Miles by Trip Purpose &ehsitivity Test

: . VOT + Trips . Trip Rates +
Base VOT Only Trip Rates Only| Capacity Only Rates P VOT + Capacity CF;pacity
. Avg. Avg. Avg. Avg. Avg. Avg. Avg.
Trip Purpose Tri?) Tri% % Tri?) % Tri% % Tri% % Tri% % Tri% %
Length | Length | Diff | Length | Diff | Length | Diff | Length | Diff | Length | Diff | Length | Diff
(mi) (mi) (mi) (mi) (mi) (mi) (mi)
K12 trips 6.04 6.00 5.92 6.48 5.86 6.46 6.43
Long duration 8.96 9.10 8.84 9.49 8.97 9.68 9.45
discretionary
trips
Short duration | 4.92 6.53 4.79 5.36 6.38 7.15 5.30
discretionary
trips
Medical trips 10.11 10.64 10.00 10.66 10.54 11.20 10.60
Shop, dine, othell 6.58 6.76 6.48 7.02 6.64 7.30 6.98
trips
Work tourg 6.12 6.05 5.94 6.73 5.87 6.71 6.65
drop off kids K12
Work tour- 8.39 8.41 8.23 9.03 8.24 9.10 8.97
interim stop
Work tour 13.29 13.26 13.22 13.78 13.18 13.77 13.75

TableD-13 shows the Peak Period VMT and Congested VMT across six scenarios compared to the baseis¢baarioT Only scenario, there

is a 2% increase in total VMT and an 8% increase in congested VMT. The Trip Rates Only scenario results in an 8%tiacvd$eaimd a 23%

rise in congested VMT. The Capacity Only scenario demonstrates an 8% imncredskeVMT but significantly reduces congested VMT by 90%,
highlighting the effectiveness of capacity improvements in reducing congestion. The VOT + Trip Rates scenario seegeastO¥btivted VMT

and a 34% increase in congested VMT. The VOT +itgagzanario shows an 11% increase in total VMT, with an 88% reduction in congested VMT,
again emphasizing the impact of capacity enhancements. Lastly, the Trip Rates + Capacity scenario experiences an ligttotatilside with

an 84% drop in congestt VMT. Overall, capacity changes consistently result in substantial reductions in congested VMT, while VOT and Trip Rates
changes alone tend to increase both total and congested VMT. Combining these variables yields varied impacts, but theiditneimae of

capacity improvements on reducing congestion is evident across scenarios.
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TableD-13 Peak Period/MT and Congested VMT [8ensitivity Test

Base VOT Only Trip Rates Only Capacity Only
VMT %/?\?? VMT Cong. VMT VMT Cong. VMT VMT Cong. VMT
19,951,727 | 3,023,255| 20,438,861 3,269,498 21,474,886 | 8% | 3,724,621 21,525,452 310,830 ‘
VOT + Trip Rates VOT + Capacity Trip Rates + Capacity
VMT Cong. VMT VMT Cong. VMT VMT Cong. VMT
22,022,246 4,056,232 22,178,140 | 11%| 358,560 23,509,482 ‘ 494,201 ‘

TableD-14 presents the Daily VMT by facility type across six scenarios compared to the base scenario. For Freeways, VMT in¢hgageksligh

in the VOT Only scenario, by 5% in the Trip Rates Only scenario, and significantly by 15% in the Capacity Onlyhée¢menibcontinues with
combined scenarios showing increases, particularly the Rates + Capacity scenario with a 22% rise. Similarly, majarmoleseseed for other
mobility-oriented roads such as ML Highways and TL Highways across variougscevitr Capacity Only and combined scenarios leading to
notable rises. Conversely, accessibititiented roads like Major Collectors and Local roads exhibit a drop in VMT under Capacit{ @a)yahd

VOT + Capacity scenarie8%), indicating improvedapacity on highetier roads reduces usage on lower roads. Arterials and Superstreets

show mixed results with minor increases across most scenarios. This pattern suggests that capacity improvements on sajbectaely
redistribute traffic, emancing mobility and reducing congestion on less critical routes. Overall, while VOT and Trip Rates changes alone produce
varied effects, capacity changes dominate in increasing VMT on primary roads and decreasing VMT on secondary, actess#ulitads,

underscoring the significant influence of capacity enhancements on traffic distribution.
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TableD-14 Daily VMT byFacility Type and Sensitivity Test

Facility Type Base VOT Only Trip Rates Only| Capacity Only VOT + Rates VOT + Capacity | Rates +Capacity
Freeway 36,868,915 37,385,312 38,695,055 42,243,940 39,253,615 43,130,816 44,993,217
ML Highway 3,194,051 3,262,882 3,368,895 3,538,347 3,440,999 3,630,614 3,777,038
TLHighway 601,669 615,045 632,264 592,908 647,750 605,656 624,455
Major Arterial 14,372,606| 14,808,630 15,631,419 15,060,870 16,099,897 15,652,420 16,748,835
Arterial 22,643,077 23,405,272 24,979,822 22,353,693 25,842,144 23,164,314 24,856,557
Superstreet 999,943 1,027,837 1,057,337 1,231,254 1,086,812 1,279,967 1,330,662
Major Collector 2,284,146 2,346,693 2,483,245 2,057,150 2,555,547 2,105,625 2,223,753
Collector 5,522,634| 5,689,999 6,061,031 4,978,901 6,249,882 5,104,341 5,417,469
Local 2,020,949 2,082,423 2,238,432 1,815,674 2,313,145 1,857,213 1,985,109

Likeprevious tablesTableD-15shows the dominant role of capacity to decrease the congested VMT for all types of facilities, except for collectors

and locals. It is mainly due to keeping the same capacity values for these types in different scenarios. It should batné@d andrip Rates
increase the congested VMT values for all facility types.

TableD-15 Daily Congested/MT byFacility Type and Sensitivity Test

Facility Type Base VOT Only Trip Rates Only | Capacity Only VOT + Rates VOT + Capacity | Rates + Capacity
Scenario

Freeway 6,256,314 | 6,807,005 7,854,411 379,221 8,424,539 429,321 577,683
ML Highway 371,833 383,346 406,612 0 469,090 0 0
TLHighway 18,035 30,959 31,151 0 36,268 0 0
Major Arterial 525,916 597,743 769,830 132,611 911,515 154,826 201,679
Arterial 515,891 590,824 780,840 101,317 892,575 114,650 153,674
Superstreet 84,795 110,558 119,257 6,754 171,966 12,080 14,787
Major Collector | 77,622 79,725 104,057 42,350 118,719 44,580 57,629
Collector 104,958 110,798 131,961 85,832 148,073 91,517 111,680
Local 16,559 18,892 21,775 11,687 24,280 13,781 17,672

D12




NCDOT 2@3-11 Project Report

TableD-16 presents the results from sensitivity tests on daily delay across various facility types. Notably, increases in Capaiyyrgeak in
significant reductions in daily delay across all types of facilities. For example, on Freeways, an increasatynaltaye reduces daily delays by
82%, highlighting its potent impact. When variables are combined, the effects on delay can vary. For instance, the corobitetieased VOT

and increased Capacity on Freeways results in a smaller delay reductioareahtp the impact of increased Capacity alone. This indicates that
while increasing Capacity typically reduces delay, other factors like VOT can moderate this effect. Similarly, the corabinatEased Rates

and Capacity generally shows lesser rettucs in delay compared to just increasing Capacity, but still significantly reduces delays compared to
the base scenario. The sensitivity tests underscore that while individual changes to variables such as VOT, Trip RagesitarndrCinfluence
delays the interactions between these variables can sometimes diminish these impacts. Again, the Capacity is having the dbenimaleiay

changes.

TableD-16 Daily Delay(min) by Facility Type and Sensitivity Test

Facility Type Base VOT Rates Capacity VOT+Rates | VOT+Capmcity Rates+ Camcity
Freeway 110,423 | 116,027 128,618 17,742 136,231 20,162 25,438
ML Highway 10,921 11,350 12,250 2,444 12,868 2,639 2,976
TLHighway 1,088 1,170 1,218 162 1,320 185 204
Major Arterial 44,480 | 49,460 59,213 11,486 66,374 13,305 16,857
Arterial 46,324 | 51,544 62,805 14,174 70,543 15,953 19,834
Superstreet 3,669 4,185 4,596 1,488 5,257 1,812 2,090
Major Collector 7,070 7,683 9,112 4,587 9,991 4,971 5,924
Collector 18,594 | 20,107 23,813 14,288 26,001 15,262 17,898
Local 7,690 8,250 9,572 6,331 10,404 6,692 7,627

TableD-17 focuses on Project 3 for its sensitivity tests, targeting the worst D/C conditions among seven projects analyzed. Thestatite p
changes in peak hour demand and D/C ratios under various scenarios involving modifications in three aforementionesl. variabl

In the base scenario, Project 3 starts with a D/C ratio of 1.02, slightly exceeding full capacity. When VOT alone istlagljdetednd increases
slightly, worsening congestion with a D/C ratio of 1.05. Altering Trip Rates results in a higher incteatbed@mand and D/C ratio to 1.09,
indicating more severe congestion. A substantial improvement is seen when Capacity is increased: demand rises modetia¢ely/Muhtio

drops to 0.67, significantly alleviating congestion. The scenario combinatioms\sarying effects; VOT + Rates increases the D/C ratio to 1.40,
exacerbating congestion, whereas VOT + Capacity decreases it to 0.69, effectively managing congestion despite high&hderoarmnation

of Rates + Capacity also successfully reduced/M@eatio to 0.73, improving traffic flow despite a significant rise in demand. This analysis highlights
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that while changes in VOT and Rates generally worsen congestion, increasing Capacity, either alone or in combinaticer wétiatlles,
effectively counteracts these effects. This demonstrates the importance of capacity enhancements resulted frodopiigm aate of CAVS.

TableD-17 Project Level Peak Hour Demand and Demand/Capacity (D/C) by Scenario Test
Project Base VOT Rates Capacity VOT+ Rates VOT+ Capacity Rates+ Capacity
Demand| D/C| Demand | D/C| Demand | D/C Demand | D/C| Demand | D/C Demand | D/C Demand | D/C

P3 12,555 1.02 | 12,847 | 2% | 1.05| 13,321 | 6% | 1.09 14,450‘ 15% | 0.67 | 13,641 | 9% | 1.40| 15,032| 20% | 0.69 15,799‘ 26% | 0.73

In conclusion, Capacity emerges as the pivotal factor in driving the anticipated improvements from high CAV adoptioarratesjgvurther
sensitivity analysis due to its foundational position at the base of the uncertainty cdhe $egenario evaluations.

Sensitivity Analysis on Capacity Benefits

Given the dominant role that asserted capacity values play in the overall systems benefits of CAVs, the sensitivitipatiayBisr 1 Case Study
focused on modifications to the asserted capacity valliésss analysis employed the medithigh adoption rate of CAVs as the reference point
to anchor the evaluations in a more realistic framework rather than an overly optimistic one. The sensitivity assessmparatecotwo distinct
scenarios, each alteriranly the capacity metrics relative to the basel mediumhigh (MH) scenario.

In the first scenario, capacity was posited to be approximately 50% of that in the established MH scenario. Conversslgnthscgnario
envisioned capacity at roughly 75%0K S a | &1€v&8.yThedEPs@arios are designed to elucidate the effects of varying capacity constraints
on the overall efficacy and benefits of CAVs, highlighting critical thresholds and operational breakpoints.

TableD-18 presents an analysis of average trip lengths by hdxased trip purpose across three scenarios compareddasg detailing variations

under different capacity conditions. The scenarios incltite MH CAV adoption rateand two reduced capacity scenarid$otably, the MH
scenario generally exhibits an increase in trip lengths across most trip purposes, with the most substantial rise obsredddiration
discretionary trips at 27%, suggesting higher capacities may facilitate longer trips. In go@Gapatity 1 and Capacity 2 scenarios show more
modest changes; for example, K12 trips increase by 2% and 3% respectively, illustrating a nearly linear relationshizityitbhzaes. However,
other trip purposes such as short duration discretionargl aredical trips display less predictability, with increases of 24% and 6% under Capacity
1, and 26% and 7% under Capacity 2, indicating a nonlinear relationship where even reduced capacities result in loligdy thips,to factors

like rerouting or #ered traffic flows. This analysis underscores the varied impact of capacity on trip lengths, revealing both lineariaedmonl
responses across different trip types
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TableD-18 Average Trip Length in Miles byome-basedTrip Purpose and Scenario

Base Medium-High Capacity 1 Capacity 2
Trip Purpose Avg. Trip Avg. Trip Length % Avg. Trip Length % Diff Avg. Trip Length| %

Length (mi) (mi) Diff (mi) (mi) Diff
K12 trips 6.04 6.30 4% 6.17 2% 6.25 3%
Long duration discretionary trips 8.96 9.39 5% 9.24 3% 9.34 4%
Short duration discretionary trips 4.92 6.26 27% 6.11 24% 6.20 26%
Medical trips 10.11 10.82 7% 10.68 6% 10.77 7%
Shop, dine, other trips 6.58 6.88 5% 6.76 3% 6.84 4%
Work tour¢ drop off kids K12 6.12 6.46 6% 6.28 3% 6.39 4%
Work tour- interim stop 8.39 8.82 5% 8.64 3% 8.76 4%
Work tour 13.29 13.61 2% 13.48 1% 13.57 2%

TableD-19 analyzes Peak Period VMT and Congested VMT by comparing three scagaiiss the base scenario, focusing on the PM peak
period. In the base scenario, the total VMT is recorded at 19,951,727 with 3,023,255 of those being congested VMT. ilgatwsitiwMH
scenario, total VMT increases by 13% and congested VMT experiences a sultbtamtibb0%. This indicates that higher capacity underité
scenario significantlyeducescongestion levels. Conversely, under Capacity 1, where capacity is about 509%/bf sbenario, total VMT sees a
modest increase of 11% from the 4| totaling 22,050,669, while congested Vidps by 18%Capacity 2, representing approximately 75% of
the MediumHigh scenario capacity, also exhibits a rise in total VMT bydi#%@ decrease in congested VMT by 3T#e relationship between
changes in capacity and congested VMT appears closer to linear compared to total VMT, reflecting a more predictableimespogeastion
levels relative to total vehicle miles, yet the overall trend suggests that capacity ehaffgct both VMT and congestiondignificant yet non
linear ways during peak periods.

TableD-19 Peak Period/MT and Congested VMT by Scenario

Base Medium-High Capacity 1 Capacity 2
Cong. % Cong. % % Cong. % % Cong. %
vMT VMT YTV pisg | war | oie | YMT i | wmt | ois | YMT | pif | vMmT | Diff
19,951,727| 3,023,255 | 22,575,659 13% | 1,526,009 | -50% | 22,050,669 11% | 2,467,823 | -18% | 22,348,460] 12% | 2,072,786 | -31%

TableD-20illustrates variations in Daily VMT and Congested VMT across different facility types under three scenarios comparedsteadnas
The data shows that mobilitgriented facilities like freeways experience notable increases in daily VMT in the Matisc&vith a 16% rise, while
congested VMT significantly decreases by 70%. This suggests that increased capacity irometiét)/facilities effectively mitigates congestion.
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In contrast, the Capacity 1 and Capacity 2 scenarios, which represent reductions to 50% and 75% of MH scenario cagetoilyrespeal less
linear impacts on VMT and congested VMT. For example, Capacity 1 leads to an 11% increase in freewag 884 tmduction in congested
VMT, demonstrating that decreased capacity does not straightforwardly lead to increased congestion in these facilities.

Interestingly, accessibiligriented facilities such as local roads and collectors show different trends. Under the Capacity 2 scenario, congested
VMT in collector roads increases by 6%, indicating that reduced capacity tends to exacerbate congestioranumssibilityoriented facilities.

This increase is likely due to not changing their capacity and also the traffic spillover and rerouting from the consinhitigdoriented roads

to accessibilityoriented roads, highlighting the overflow effects areas serving more localized traffic functions. Such patterns underscore the

complex interaction between different types of road networks and how capacity changes influence traffic flow and conggsifiaian under
varying capacity scenarios.

TableD-20 Daily VMT and Congested VMT IRacility Type andcenario

Base Medium-High Capacity 1 Capacity 2
Facility Type VMT Cong. VMT| VMT % Cong. % VMT % Cong. % Diff VMT % Diff| Cong. % Diff
Diff VMT Diff Diff VMT VMT
Freeway 36,868,915 6,256,314 | 42,825,329| 16% | 1,888,472| -70% | 41,091,792| 11% | 4,155,428 | -34% | 42,049,737| 14% | 3,019,814| -52%
ML Highway | 3,194,051 371,833 3,618,003 | 13% | 96,116 | -74% | 3,510,302 | 10% | 232,079 -38% 3,569,463 | 12% | 178,193 | -52%
TL Highway | 601,669 18,035 614,287 | 2% 0 100% | 617,955 3% 0 -100% 615,546 2% 0 -100%
Major Arterial | 14,372,606| 525,916 | 16,202,527 | 13% | 299,152 | -43% | 15,953,154| 11% | 476,693 -9% 16,125,139| 12% | 365,696 | -30%
Arterial 22,643,077| 515,891 | 24,417,203| 8% | 269,205 | -48% | 24,518,974| 8% | 421,163 -18% | 24,489,432| 8% 342,249 | -34%
Superstreet 999,943 84,795 1,231,226 | 23% | 58,379 | -31% | 1,152,549 | 15% | 75,316 -11% 1,194,712 | 19% 61,020 -28%
Major Collector | 2,284,146 77,622 2,245,386 | -2% 57,763 -26% | 2,320,810 2% 73,666 -5% 2,278,889 0% 61,289 -21%
Collector 5,522,634 104,958 5,467,283 | -1% | 110,914 | 6% | 5,642,999 | 2% 117,196 12% 5,547,750 | 0% 111,768 6%
Local 2,020,949 16,559 2,000,862 | -1% | 16,819 2% | 2,072,635 | 3% 17,183 4% 2,032,084 | 1% 17,266 4%

TableD-21 provides a comparative analysis of daily delays across various facility types under three segy@nstsebasescenario. The data
shows that in mobilityoriented facilities such as freeways and midtie highways, the effect of capacity changes on daily delay appears almost
linear. For instance, in thélH scenario, freeways see a significant reduction in delay of 60.45% from the badewandeductions are noted in

the Capacity 1 and Capacity 2 scenarios by 33.90% and 47.79%, respeLhigetyend indicates that increases in capacity effectively decrease
delays in these highiolume roads. Conversely, in accessibiitiented facilities like local roads and collectors, delays tend to increase when
capacity is not adjusted, exacerbated the traffic spillover from the more congested mobildsiented roads. For example, in tvdH scenario,

local roads see a sligdecreasean delay by 0.46% from the bas@n the other hand,jnder Capacity 1 and Capacity 2, the delays continue to rise

by 6.62% and 2.74%, respectively. These increases underscore the overflow effects where localized traffic functions ardustressechuted
flows from main arterials and highways under constrained conditions.

D16



NCDOT 2@3-11 Project Report

TableD-21 Daily Delay(min) by Facility Type andcenario

o Base Medium-High Capacity 1 Capacity 2
Facility Type Delay Delay % Diff Delay % Diff Delay % Diff
Freeway 110,423 43,676 72,990 57,651
ML Highway 10,921 4,626 7,270 5,883
TLHighway 1,088 352 625 472
Major Arterial 44,480 25,678 37,508 31,141
Arterial 46,324 28,382 40,332 33,867
Superstreet 3,669 2,960 3,728 3,336
Major Collector 7,070 6,170 7,009 6,531
Collector 18,594 18,151 19,633 18,807
Local 7,690 7,655 8,199 7,901

TableD-22 offers a sensitivity analysis for th&® Project during PM peak hour, comparing traffic metrics across various capacity scenarios to a
base scenarioThe base scenario shows a capacity of 12,329 vehicles per hour, resulting in a daily delay of 1,815 minutes. With #t@mtrodu
of CAVs in the Build MH CAV scenario, capacity increases to 18,124, reducing the daily delay dramatically to 389 miengeswhen capacity

is slightly reduced in subsequent scenarid$,289 in Capacity Level 1 and 16,64%&apacity Level2delays increase to 923 and 609 minutes,
respectively.

TableD-221-40 MH Build Project Sensitivity Analysis for CapacityM Peak Hou(Project 1)

Base (Build No CAV, Build MH CAV| Build MH CAV;, Capacity Level 1| Build MH CA\, Capacity Level 2
Capacity (hourly) 12,329 18,124 15,289 16,645
Demand (peak hour) 8,473 9,519 9,217 9,382
D/C 0.69 0.53 0.60 0.56
Daily Delay (min) 1,815 389 923 609
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AppendixEc Tier 2Model DesigrChanges

Systemd.evel Performance Measures

Average Trip Length by Trip Purpose

TableE-1 summarizes the average trip length for hotbased trips by trip purpose for the scenario with

no CAVs (base), scenario with medibigh CAV adoption, and scenario with high CAV adoption. All
scenarios reflect a 2050 forecagtar. The analysis shows a large increase in trip lengtivdok and
recreationaltrip purposes where the congested travel time coefficients are modified in the destination
choice model. Although the coefficients of K12, K12 drop off on work tour, and medical trips are not
adjusted, there is still slight increase in trip length for these purposes as a result of less congestion
experienced with the prevalence of CAVs.

TableE1 Average Trip Length in Miles byome-basedTrip Purpose and Scenario

Base Medium-High High
Avg. Trip Avg. Trip % Diff | Avg. Trip | % Diff
Trip Purpose Length (mi) | Length (mi) Length (mi)
K12 trips 6.04 6.26 6.32
Long duration discretionary trips 8.96 11.49 12.80
Short duration discretionary trips 4.92 6.34 6.98
Medical trips 10.11 10.81 11.09
Shop, dine, other trips 6.58 8.45 9.40
Work tour¢ drop off kids K12 6.12 6.41 6.51
Work tour- interim stop 8.39 10.99 11.72
Work tour 13.29 14.68 15.18

Vehicle MileSraveled

Table E2 summarizes the daily VMT and congested VMT by facility type and scemabite E3
summarizes thé®M peakperiod VMT and congested VMT ftire region anceach scenarioAs with the

Tier 1lresults, total VMT increases for all facility types, while congested VMT decreases for all but the
lower-levelfacilities. The capacity values for these facilitigere not adjusted as no supporting evidence

for doing so was found in the literature.

TableE2 DailyVMT and Congested VMT IRacility Type andcenario

Facility Type Base Medium-High High
VMT Cong. VMT % Cong. % VMT % Cong. %
VMT Diff VMT Diff Diff VMT Diff
Freeway 36,868,915 | 6,256,314 | 45,314,230 3,403,121 50,419,827 2,314,891
ML Highway 3,194,051 371,833 3,870,402 114,679 4,336,212 0
TL Highway 601,669 18,035 629,169 0 666,118 0
Major Arterial 14,372,606 525,916 17,084,034 389,633 18,982,199 322,294
Arterial 22,643,077 515,891 25,405,121 313,466 27,663,082 272,670
Superstreet 999,943 84,795 1,278,221 65,883 1,475,020 62,120
Major 2284146 | 77,622 | 2,278,686 74,850 2,338,540 81,905
Collector
Collector 5,522,634 104,958 5,587,346 119,483 5,778,148 137,346
Local 2,020,949 16,559 2,058,798 18,715 2,137,703 33,664
Total 88,507,990 7,971,923 | 103,506,007 4,499,830 113,796,849 3,224,890
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Regionallytotal VMTincreases for both scenarios, but congested VMT goes down by a significant amount
indicating a strong benefit for CAVs in the travel stream.

TableE3 Peak Period/MT and Congested VMT by Scenario

Base Medium-High High
VMT Cong | VMT % Cong. % VMT % Cong. %
VMT Diff | VMT Diff Diff | VMT Diff
19,951,727| 3,023,255| 23,138,507 1,988,373 25,752,927 1,585,389
Delay

The capacity improvements resulting from CAV adoptamhto reductions in delay, with the bigger
benefits realized on the higher level facilitiass shown inTableE4. This is expected given higher level
facilities receive larger capacity benefits from the presence of CAVs.

TableE4 Daily Delayby Facility Type and&cenario

Facility Type Base Medium-High High
Delay(min) Delay(min) % Diff Delay(min) % Diff
Freeway 110,423 61,731 51,369
ML Highway 10,921 5,556 4,616
TL Highway 1,088 381 288
Major Arterial 44,480 31,765 28,085
Arterial 46,324 32,803 28,812
Superstreet 3,669 3,513 3,370
Major Collector 7,070 6,559 7,187
Collector 18,594 19,234 21,529
Local 7,690 9,160 11,008
Total 250,259 170,702 -32% 156,264 -38%

Figures=1 to E4 provide a geographic representation of the differences in the systems level performance
measures for VMT and Delay for the MH and H scenarios as compared to the Base scenario.

Lookingat the change in total VMT spatially between the MH and Base scenario as shbigariekE-1,
capacity oriented facilities experience higher increase in VMT compared to accessibility oriented
roadways as they receive more capacity benefits. Following the same pattern, with more capacity added,
even more VMT is generated in the H scenario adriites! in FigureE-2.
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