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Learning Objectives

ldentify the assumptions involved in CAV
technology and adoption timelines

Estimate capacity impacts of CAVs on freeways
and arterials

Use the HCM to plan for a connected and
automated future
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HCM CONTEXT

» Highway Capacity Manual (HCM) traditionally
used for long-range planning applications

» Agencies looking to answer questions about the
Impacts of connected and automated vehicles
(CAVs) on future capacities

» Results from this study are expected to become
official part of the next HCM

T > » HCM Version 6.1 expected to be available in
— early 2021

» TRB Is planning for an electronic release (e-book
and PDF), in addition to print option
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POOLED FUND STUDY OVERVIEW

@

Objectives

Agent-Based
Approach

Develop capacity adjustments
for CAVs at different levels of
volume and market penetration

Vehicle and driver behavior
fully customizable for
simulation scenarios



What is Capacity?

» “The maximum sustainable flow rate at
which venhicles or persons reasonably can
be expected to traverse a point or
uniform segment of a lane or roadway
during a specified time period under
given roadway, geometric, traffic,
environmental, and control conditions...”
(HCM)

» Typically expressed in units of
* Vehicles per hour per lane (vphpin)




CAV ADOPTION TIMELINE

» U.S. Light Duty Fleet Turnover Rate: 14.8 years
» Technology availabillity:

SAE AUTOMATION LEVELS

e Partial Automation
(Levels 1-2): 2017-2019

 Conditional Automation
(Level 3): 2020 (limited

operational design domains)
* High/Full Automation (Levels 4-5): 2025-2030

» Market Penetration:

 Once technology is perfected, it will take another 13 years for 50%
market penetration and 27 years for 90% market penetration



CAV ADOPTION TIMELINE

Exhibit 14  Autonomous Vehicle Sales, Fleet and Travel Projections (Based on Exhibit 13)
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If they follow previous vehicle technologies autonomous vehicles it will take one to three decades to
dominate vehicle sales, and one or two more decades to dominate vehicle travel, and even at saturation
a significant portion of vehicle travel may continue to be human operated, indicated by the dashed lines.

Source: Litman, Todd, 2018. Autonomous Vehicle Implementation Predictions. https.//www.vtpi.org/avip.pdf



STATEWIDE TRANSPORTATION
IMPROVEMENT PROGRAM

STIP

Statewide
Transportation

Statewide Transportation
Improvement Program
2017-2020

T TYI TR ST T VR RTI I R U RNy Vi

Improvement
Program

Arkansas
Statewide Transportation FY 2018-2021
Improvement Program Proposed Highway & Transit Improvement Program
(STIP)

Presanted by the

Arkansas State Highway Commission
State Fiscal Years 2018-2021

May 2017 in compliance with 3 = = g Yy =
2 Title 23—United States Code—Section 135 lllinois Department @
: y A OHIO DEPARTMENT OF Of Transportation _ b .s-r"""a—
transportation.ohio.gov/stip = &1 C 3 f oGS 23
. TRANSPORTATION April 12, 2010 7 4 W

« State Transportation Improvement Program (STIP)

- : « Multi-year capital improvement document which denotes
Why this StUdy IS the scheduling and funding of construction projects

needed? * Typical planning horizon of 25 years

* Funding decisions made for traffic in 2045-2050!



CAV ALLOWABLE SAFETY BUFFER
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Assumptions: Level of Automation, HCM Facility Type, Compliance



Methodology and
Assumptions

Abby Morgan - Kittelson & Associates




AV - CV - CAV

Signals from GPS (global pesitioning system) Lidar (light detection and ranging)

satellites are combined with readings from sensors bounce pulses of light off the

tachometers, altimeters - Ty surreundings. These are analysed to

and gyroscopes to provide st identify lane markings and the

more accurate positioning e————— pdges of roads

than is possible with

et s, 8 S Video cameras detect traffic lights,
B ——— = read road signs, keep track of the

Radar position of other vehicles and ook

Sensor out for pedestrians and obstacles

on the road

Ultrasonic sensors may
be used to measure the .
position of ohjects very The information fromall
close to the vehicle, of the sensors is analysed i
such as curbs and other by a central computer that e
vehicles when parking manipulates the steering, T TP R

CF P et pa I 1]
H P A ) H

accelerator and brakes. Its it

software must understand Radar sensors monitor the position of other

the rules of the road, both vehicles nearby. Such sensors are already used
S e ey formal and informal in adaptive cruise-control systems

Image Credit: The Economist



Connected and Automated Vehicles (CAVs)

Image Credit: PCQuest
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CAV Car-Following Headway (s/veh) Reported in Literature (Freeways)

3.5
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HE PROBLEM H MOST CAV



... at 70 mi/h travel speed

2,400 pc/h/In
a 1.5 seconds & 154 feet

3,600 pc/h/In
a 1.0 seconds & 103 feet

7,200 pc/h/In
a 0.5 seconds a 51 feet




WHAT IS CAPACITY?

» The inverse of following headway

» Function of:
* Perception-Reaction Time
e Physics
» Level of Stress

» Lower at bottlenecks than basic
segments

18



FACTORS THAT IMPACT CAPACITY

4

Geometry

oo

Vehicle
Composition

—

Truck
Percentage

Driver Other Factors
Behavior Impacting
Capacity
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ASSUMPTIONS

—

™
s
&

i
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Headways and Oscillation

Platooning

Cooperation

Market Penetration

Number of Lanes

Volume Mix

Protected and Permissive Left Turns

20



Sighalized
Intersections with
Protected Turns

Abby Morgan - Kittelson & Associates




MODELING ASSUMPTIONS
SIGNALIZED INTERSECTIONS FOR PROTECTED MOVEMENTS

Assume Cooperative Adaptive Cruise Control (CACC):

» All vehicles implement early lane change behavior to avoid blocking through traffic
» CAVs have shorter start-up lost time due to implemented CACC behavior

» Follower will implement platoon-split function if it cannot cross within the current
green phase |

» Left turn CAVs keep CACC operations

\ N #15
Simplistic, but realistic —— 4120% ———————
signalized intersection Study Approach 435 R4

XX  phase green time |
‘ 22
|



FACTORS THAT IMPACT CAPACITY

Capacity = saturation flow rate x effective green ratio

» Saturation flow rate: capacity if signal was always green

 Without CAVs, we assume:

« Saturation flow rate: 1,800 veh/hr/lane 3
. Vehicle headway: 2 sec/veh } (3,600 sec/h) / (1,800 veh/h) = 2 sec/veh

Start-up lost time Operation at saturation

» Effective green ratio: percent of signhal cycle on at sa
during which traffic may proceed Saturation §
» Capacity could increase if we decrease.:

* Vehicle headway
o Start-up lost time

Flow Rate (pcph)

e Clearance lost time -
- 6 6

Effective green time

¢ #— Clearance
1+ losttime

Time

23



MODELING PERFORMANCE MEASURES
SIGNALIZED INTERSECTIONS WITH PROTECTED MOVEMENTS

Key Performance Measures

» Capacity Adjustment Factor (CAF) development
 Follow-up headway (directly related to saturation flow rate)
o Start-up lost time
» Green extension into yellow (or end lost time)

Key Variables

» Variation in CAV market penetration rates (0%, 20%, 40%, 60%, 80%, 100%)
» Variation in CACC gap settings (Conservative, Normal, Aggressive)

» Variation in platoon size (1 vehicle (ACC), 5 vehicles, 8 vehicles)

24



Through Lane SATURATION FLOW RATE Results:
Sensitivity to MPR and Platoon Size

Intra-Platoon Gap=Normal

|
M‘

| 3000
|

"50% | .
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T ~ 2800 with 100% MPR
“\ S 2600
[ @]
I‘ a
“. 3 2400
o« o _
> Platoon size has
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have a Desired Gap of 1.5 1600 MPR = M_arket
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Through Lane SATURATION FLOW RATE Results:
Sensitivity to Intra-Platoon Gap

|
#.J *  Platoon Size=1
. " — + Platoon Size=5
T"*" ® Platoon Size=8
l
3200 Intra-Platoon Gap=Aggressive Intra-Platoon Gap=Normal Intra-Platoon Gap=Conservative
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3000 S
, About 20% increase
2800 Over 50% Increase with more conservative
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1800

e Intra-platoon gap is not relevant for ACC mode (Platoon Size = 1) in which

vehicles have a Desired Gap of 1.5 seconds
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Through Lane START-UP LOST TIME Results:
Sensitivity to MPR and Platoon Size

Intra-Platoon Gap=Normal

i
/ L1
L .

L

2.5

Marginal reductions in
start-up lost time for all

the scenarios

% Platoon Size=1

Average StartUp Loss Time (sec)
[ad

. 1.5 T +
+ Platoon Size=5 . . .
. 3 ®
® Platoon Size=8 ! ! i
1 +
[
Note: Intra-platoon gap is %
not relevant for ACC mode 05 "
(Platoon Size = 1). Vehicles '
have a Desired Gap of 1.5
sec in ACC mode *
0 0 20 40 60 80 100
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Through Lane END LOST TIME Results:
Sensitivity to MPR/Platoon Size/Intra-Platoon Gap
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FREEWAY RESULTS

Bastian Schroeder — Kittelson & Associates



MODELING FRAMEWORK (FREEWAYS)

Basic Freeway
Segments

e 2-Lane vs. 3-Lane « With and without « With and without
Segment Advanced Merge Advanced Merge
e ACC Only vs. e Market - Market
CACC Penetration Rate Penetration Rate
(platooning) « \Volume Balance = Weaving Intensity
e Market

Penetration Rate

e Parameter
Sensitivity

30



Basic Freeway Segments a
Effects of Market Penetration

Capacity (2-lanes)

3800

3400
S 3000
5 Steady
u =
£ 2600 Increase in
> . .
E 2200 Capacity with
Q. Increasing
= 1800 Market

0 20 40 60 80 100

MPR(%) Penetration



Basic Freeway Segments a
Platooning Effects (Intra-platoon Gap)

Capacity (pcphpl)

3800

3400

3000

2600

2200

1800

Capacity (2-lanes)

—e— Capacity (0.6s)
—e— Capacity (dist)
—e— Capacity(1.15s)

20

40

MPR(%)

60

80

100

Capacity
function of
“Intra-Platoon
Gap” Setting

a Average
Distribution
Used for
Results



Basic Freeway Segments
a 2-Lane vs

Capacity (pcphpl)
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Basic Freeway Segments
a ACC vs. CACC

: Capacity (3-lanes
2200 Capacity (2-lanes) 3800 pacity )
—&— Capacity (0.6s)
i = 3400 i i
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ACC ey
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1800
1800
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Capacity significantly lower with ACC
(Autonomous Vehicles without Platooning)



Basic Freeway Segments
a Varying Base Capacity

Capacity (3-lanes)
3600
3200 ]
2800 CapaClty
;:2400 .- converges at
(W] @ .
£ 2000 same point,
5 1600 . .
£ 1200 | despite varying
800 R calibrated base
ase Capacity = 2,100 o
400 —e—Base Capacity = 2,400 capacities (e_g_
0
0 20 40 60 80 100 bottleneck
MPR (%) capacities)




Freeway Merge Segments
a Effects of Market Penetration

Capacity of Merge area
3400 _
—®— Basic Segment, with platooning " == =

—@®— without advanced merge, with platooning

Merge capacity
Initially lower than
basic segment

Converges at the
same maximum 100%

MPR

MPR (%)



Freeway Merge Segments
a Effects of Platooning

Capacity of Merge area
3400 _
—@— Basic Segment, with platooning ' ]

3200

SSSSS

—&— without advanced merge, with platooning

— 3000 —@— with advanced merge, without platooning

é‘ 2800 _ . [

> Platooning is essential
o 2600 .

- to achieve merge

“ 2400

B area capacity benefits
with CAVs

0 20 40 60 80 100
MPR (%)



Freeway Weaving Segments
aAnalysis under varying Volume Ratios (V.R.)

Vre + Vig

V.R.=
Vep + Vg + Vg + Vip




Freeway Weaving Segments
a Effects of Volume Ratios without
Advanced Merge

Without AM —

1,000 feet

VR=0.2

—%—VR =0.3 ]
Capacity
decreases with
higher volume ratio

—8—\VR.=04

Capacity (vphpl)
]
&
=

MPR effects
0 20 10 - %0 100 consistent across
MPR (%) VRs (similar slopes)




Proposed HCM
Implementation

Bastian Schroeder - Kittelson and Associates

(Examples shown for Freeways)




New Chapter
26 Section

will be available at
www.hcmvolume4.org

Highway Capacity Manual: A Guide for Mulfimadal Mobility Analysis

CHAPTER 26
FREEWAY AND HIGHWAY SEGMENTS: SUPPLEMENTAL

CONTENTS
LINTRODUCTION 26-1
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8. REFERENCES 26-59
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Highway Capacify Manual: A Guide for Multimodal Mobility Analysis

ICHAPTER 26
FREEWAY AND HIGHWAY SEGMENTS: SUPPLEMENTAL

CONTENTS
L INTRODUCTION. cvovremcssmssssssssssesssssmssssessssssssssssssssesssssmssssssssssesssssmssssssssssnssss 2671
2. STATE-SPECIFIC HEAVY-VEHICLE DEFAULT VALUES ...ooooevenscimsisninns 2622

3. TRUCK ANALYSIS USING THE MIXED-FLOW MODEL

Introduction...

Overview of the Methodologﬁ
4, ADJUSTMENTS FOR DRIVER POPULATION EFFECTS...cvmmunsresenn 26-14

5. GUIDANCE FOR FREEWAY CAPACITY ESTIMATION........ccommurnenernnes 26-15
Freeway Capacity Definitions ..o e

Capacity Measurement Locations............

Capacity Estimation from Field Data ...

6. CONNECTED AND AUTOMATED VEHICLES.......cocvmsssrrssssmsssermsenens 26-22
Introduction...
Coneepts....
Capacity Acl]ustmerlt Factors.

Service Volume Tables s

Chaptar 26/Fraswsy snd Highway Sagmants: Supplamantal
Varsion 6.0

Contants
Page 26-i

7.FREEWAY AND MULTILANE HIGHWAY EXAMPLE PROBLEMS....... 26-27
Example Problem 1: Four-Lane Freeway LOS ...
Example Problem 2: Number of Lanes Required for Target LO5.
Example Problem 3: Six-Lane Freeway LOS and Capacity....

Example Problem 4: LO5 on a Five-Lane nghwav with a Two-Way
Left-Turn Lane ...

Example Problem 5: Mixed-Flow Freeway Operatlorls
Example Problem 6: Severe Weather Effects on a Basic Freewa}’
Segment ...

Example Problem 7: Basic Managed Lane Segment.

41



Chapter 26 — Draft Capacity
Adjustment Factors (CAFs)

» Basic Freeway Segments

Proportion of CAVs Adjusted Segment Capacity Exhibit 26-15
in Traffic Stream 2,400 pc/h/In 2,100 pc/h/In 1,800 pc/h/In Capacity Adjustment Factors

0 1.00 1.00 1.00 for CAVs for Basic Freeway
20 1.02 1.02 1.15 and Freeway Diverge

40 1.07 1.10 1.27 Segments

60 1.13 1.25 1.40

80 1.22 1.37 1.60

100 1.33 1.52 1.78

Motes: CAV = connected and automated vehicle, defined here as a vehicle with an operating cooperative adaptive
cruise control system.

Interpolate for other CAV proportions and adjusted segment capacities. sed

Assumptions: Average intervehicle gap within CAV platoons = 0.71 s based on a distribution (see text),
CAV interplatoon gap = 2.0 5, maximum CAVY platoon size = 10 pc, human-driven vehicles operate with p

average gaps calibrated to the given adjusted segment capacity. ?‘



Chapter 26 — Draft Capacity
Adjustment Factors (CAFs)

» Freeway Merge Segments

Exhibit 26-16 Proportion of CAVs in Traffic Stream CAFcav
Capacity Adjustment Factors 0 1.00
for CAVs for Freeway Merge 20 1.02
Segments 40 1.07
60 1.16
e 80 1.33
o 100 1.45
7 Motes: CAV = connected and automated vehicle, defined here as a vehicle with an operating cooperative adaptive
? ‘ op 8 cruise control system.
9 Interpolate for other CAV proportions and adjusted segment capacities.
10 Assumptions: Average intervehicle gap within CAV platoons = 0.71 s based on a distribution (see text),
11 CAV interplatoon gap = 2.0 5, maximum CAV platoon size = 10 pc, human-driven vehicles operate with
12 average gaps calibrated to 2,200 pc/h/In.
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Chapter 26 — Draft Capacity
Adjustment Factors (CAFs)

» Freeway Weaving Segments

Exhibit 26-17 Proportion of CAVs Volume Ratio
Capacity Adjustment Factors in Traffic Stream 0.2 0.3 0.4
for CAVs for Freeway Weaving 0 1.00 1.00 1.00
Segments 20 1.03 1.04 1.05
40 1.08 1.08 1.09
60 1.15 1.15 1.13
se 80 1.23 1.22 1.20
po 100 1.37 1.37 1.34
o 23 Motes: CAV = connected and automated vehicle, defined here as a vehicle with an operating cooperative adaptive
? ‘ 24 cruise control system.
25 Interpolate for other CAV proportions and volume ratios.
26 The volume ratio is the weaving demand flow rate divided by the total demand flow rate in the segment.
27 Assumptions: Average intervehicle gap within CAV platoons = 0.71 s based on a distribution (see text),
28 CAV interplatoon gap = 2.0 5, maximum CAV platoon size = 10 pc, human-driven vehicles operate with
29 average gaps calibrated to 2,200 pc/h/In.
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Chapter 26 — Draft Dally Service
Volume Tables

Area Proportion of CAVs in Traffic Stream Exhibit 26-18 _

Type Terrain 0% 20% A40% 60% 80% 100% Daily Maximum Service
Urban Level 19,000 20,500 21,800 24,600 26,800 29,700 Volumes for Basic Freeway
Urban Rolling 19,000 19,900 21,400 24,500 26,800 29,700 Segments with CAV Presence
Rural Level 16,800 17,900 19,300 22,000 24,400 26,800 (2-way yeh/day/In)

Rural Rolling 15,200 17,200 19,100 21,600 24,400 26,800

Motes: CAV = connected and automated vehicle, defined here as a vehicle with an operating cooperative adaptive
cruise control system.
Values represent the maximum annual average daily traffic per lane at LOS E.
Urban assumptions: Free-flow speed = 70 mph, 5% trucks, PHF = 0.94, A=factor = 0.09, Dfactor = 0.60.
Rural assumptions: Free-flow speed = 70 mph, 12% trucks, PHF = 0.94, &~factor = 0.10, O-factor = 0.60.
CAV assumptions: Average intervehicle gap within CAV platoons = 0.71 s based on a distribution (see

text), CAV interplatoon gap = 2.0 5, maximum CAV platoon size = 10 pc, human-driven vehicles operate d
with average gaps calibrated to 2,400 pc/h/In. os
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Chapter 26 — Draft Hourly Service
Volume Tables

Area Proportion of CAVs in Traffic Stream

Type Terrain 0% 20% 40% 60% 80% 100%
Urban Level 2,150 2,210 2,350 2,660 2,900 3,200
Urban Rolling 2,050 2,150 2,310 2,640 2,900 3,200
Rural Level 2,010 2,140 2,310 2,640 2,900 3,200
Rural Rollin 1,820 2. 060 2,290 2 .580 2,900 3,200

Motes: CAV = connected and automated vehicle, defined here as a vehicle with an operating cooperative adaptive
cruise control system.

Values represent the maximum analysis hour volume per lane at LOS E.

Urban assumptions: Free-flow speed = 70 mph, 5% trucks, PHF = 0.94, &~factor = 0.09, Dfactor = 0.60.

Rural assumptions: Free-flow speed = 70 mph, 12% trucks, PHF = 0.94, &~factor = 0.10, 2factor = 0.60.

CAV assumptions: Average intervehicle gap within CAV platoons = 0.71 s based on a distribution (see
text), CAV interplatoon gap = 2.0 5, maximum CAV platoon size = 10 pc, human-driven vehicles operate
with average gaps calibrated to 2,400 pc/h/In.

Pto

Exhibit 26-19

Hourly Maximum Service
Volumes for Basic Freeway
Segments with CAV Presence

(veh/h/In)

00se°
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CLOSING THOUGHTS

» CAVs will likely increase capacities, but
e ... hot as soon as you may think
e ... ot as much as media may suggest

» Actual capacity is a function of many factors and
assumptions

» Planning-level estimates can help inform decision-making,
but agencies should understand modeling assumptions

|

» Results will be included in next HCM update (HCM 6.1)
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CONTACT US

Tom Creasey
Caliper Corporation
tom@caliper.com

Brian Dunn
Oregon DOT
brian.g.dunn@odot.state.or.us

Abby Morgan
Kittelson and Associates
amorgan@kittelson.com

Bastian Schroeder
Kittelson and Associates
bschroeder@kittelson.com
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— May provide a path to Standing Committee membership
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Work with CRP https://bit.ly/TRB-crp

Update your information www.mytrb.org

The National Academies of |:|

SCIENCES - ENGINEERING - MEDICINE TRAMNSPORTATION RESEARCH BOARD



#TRBAM Is going virtual!

« 100t TRB Annual Meeting is fully virtual in
January 2021

e Continue to promote with hashtag #TRBAM
e Check our website for more information

| @ STIOERIER| ANNUAL MEETING  January 2021 » A Virtual Event
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TRB turns 100 on November 11, 2020

100ZlYEARS ‘™

- Promote the value of transportation research;

- Recognize, honor, and celebrate the TRB community; and
- Highlight 100 years of accomplishments.

Learn more at

www.TRB.org/Centennial
#TRB100

MOVING IDEAS: ADVANCING SOCIETY—100 YEARS OF TRANSPORTATION RESEARCH
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