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A What AreSmartDrivingCargka Autonomous Vehicles)?
i & { -5TNS\ DA Yy Dévihg; dfriverieds

A Describe Market Forces for Each
I Attempt to Quantify/Characteriz&ide-sharingOpportunities

A Say a little bit aboutVhen

A Discussion
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What are

SmartDrivingCars??
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Making Sure We Are Using the Same

CSNXYAY2f 238X

(one always must start with terminology)

Al2Ga 2F O2y Tdza A2y X

~ jd Ve ~ hd

A Only 3 kinds:

I WY{I5 N3 O Acays, FucksXr Buss)
A Always onAutomated Emergency Braking & Lane Centering
A Delivers:  Safety
i W{ S NX O icahs Fuckdbr Bus&d)
A SafeDriving +Sometimes Capable / User Choice: Hat@if &/or Feet-Off
A Delivers: User Convenience + likely Negative Environmental Benefits
i W5 NRA O SN 1oei@ odBusd
A SafeDriving +Always: Hand<Off, FeetOff
A Delivers: Mobility for All + Enormous Environmental Benefits
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AAlways onAutomated Emergency Braking, Lane Centering & and Speed Limitir
ADelivers: Safety
AConsumer Playor Regulatory Play)

Sort of works,
but nor nearly well enough

I YR X {[FFSae

Lexus and Toyota: Automated Braking 4
is Standard on Nearly Every Model and Bsair
Trim Level by End of 20%7 2



http://www.businesswire.com/news/home/20160321005803/en/Lexus-Toyota-Automated-Braking-Standard-Model-Trim

Princeton University SafeDriving Cars ") PAVI'
al 22NJ all NJ S C2NOSa X
ADSG K S (i BSGdigigve rate-2Zerd
{2

| 3 S NA& R 2 y' O R A 3 IIHS faults Uber for deactivating

Volvo's automatic emergency
braking in fatal crash

Cost of the Technology
<

Net Present Value { Expected Liablility Saviggs..q by that technomg}

ATKSY Yy Lyadz2N» yOS a! YIT 2yé gAff LIBE
I This is a different business model for Personal Auto Insurance
i oYF1S bPbbp 2y NBRAZOAY3I [h{{ NIYIOKSN GKIy 2y GKS acCf
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I Belt5 NA @7\ )f(ﬂucks/or IlBusN.-ﬁ X

A SafeDriving +Ability to take HandsOff Wheel and/or FeetOff Pedals
I ONLY OnSomeStretches of SomeRoads atSomeTimes
i wSIljdzA NBaA G! RdzZf G { dzLISNIJA & A 2y €

ADelivers: UserComfort & Convenience some Environmental Benefitgss speed variation)
i NewW/ KNRYSY B¢

» Auto companies & CabDealersknow how to sellthese!
imm
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A 1stand Foremost: provideSomfort & Convenience To the Driver
|. VMT(Vehche Miles Travelledgoes through the I’OOf
I Land ...Far away & cheap becomes more attractive

A Acceleration of sprawl! (tough to forecast!!!)

i Driving as an occupation becomes much more attractive =
I Traditional auto companies sell more cars at higher profit

A.a? 05502Y8a (KS&WyidgWackineti S wA RAY 3
i dDriverlesg Yl & 0SS (KS 2yté 02dzy GSNJ F2ND
A When:Car buying has begwnec $at s a.s /FRAtEI O 2 &3
i Are buyers more interested infarg € OKSI LJ f I YRKKK L 1y28 2ySX aé& hfR

INSIDEC V'S All Tesla Model 3 Variants In China Include Free Enhanced Autopilot
CSO0 y2 PwvM®D

imm


https://insideevs.com/tesla-model-3-china-free-enhanced-autopilot/
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August 7, 2018

IIHS EVALUATING AUTONOMY

IIHS examines driver assistance features in road, track tests
http://m.iihs.org/mobile/news/mobilenews/evaluatineautonomyiihs-examinesdriver-assistancdeaturesin-road-track-tests

Active lanekeeping

Engineers focused on two situations that challenge active-ka@ping systems curves and hills in tests on open roads witho other vehicles around. They also
observed how the systems performed in traffic.

All five systems provide steering assistance that centers the vehicle within clearly marked lanes. They also may uskeiddeedavguide when traveling at lower
speeds or when the lead vehicle is blocking the system's view of the lane markers ahead.

Number of times vehicle went over line I‘H Number of times vehicle system disengaged

on curves on hills on curves on hills
BMW 5 series 3 6 BMW 5 series 9 7
Mercedes-Benz E-Class 2 1 Mercedes-Benz E-Class 1 1
Tesla Model 3 0 0 Tesla Model 3 0 0
Tesla Model S 1 12 Tesla Model S 0 0
Volvo S90 8 2 Volvo S90 0 4

Number of times vehicle touched line Number of times vehicle stayed within lane

i on curves on hills
on curves on hills BMW 5 seri 3 0
S Dsi il L ! Merced:sege:nz E-Class 9 15
_’F“erl"e;e:?esnz E-Class (5) 1 Tesla Model 3 18 17
Ssidiviooe Tesla Model S 17 5
i m Tesla Model S 0 1 Volvo S90 9 9
Volvo S90 0 1


http://m.iihs.org/mobile/news/mobilenews/evaluating-autonomy-iihs-examines-driver-assistance-features-in-road-track-tests
http://m.iihs.org/mobile/news/mobilenews/evaluating-autonomy-iihs-examines-driver-assistance-features-in-road-track-tests
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Driverless
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ALB NA @S NI &és,é’rucks{orlBuNsﬁ X

ASafeDriving +Always:HandsOff, FeetOff; No Steering Wheel or Pedals
(NO Adult Supervision

I Sharing Some Streets at Some Times with Conventiordiliyen vehicles
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A AndImplications,if Successful?
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A OwnershipModel
I 1. Privately owned..

Entitled Elitists Toy @&

K

LDﬁuéi'Ie)SsG[]ars )\ 2 y '

Seems just
WRONG!
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AThesecanbet a2 0 Af A& al OKAYSaté
i Delivering ~50tripsperday (GRS Yl YRY dGHnkTé (2 al f
»Young (~12>17), Old (~=?9H KKKOUZ t KéaAaedof fe &/ i
imm | Delivering: SubstantialEnvironmentalBenefits '
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Driverless

ﬁ ‘.

ALB NA @S NJ és,ucks(orlBuNs-ﬁ X

AtLKSaS OFly 0S aqazoAfAldé al OK.
As aFleet Playdelivering Mobility as a Service; NOTCansumer Play

You will NOT wanttoownonex(/ I v Qi 5NR)IFS LiGE | YEAS
ifhAN  You are not responsible enough nor have the resources to maintain one
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Why Wamo Is Worth A Staggering S$175
Billion Even Before Launching Its Self-
Driving Cars

Alan Ohnsman Forbes Staff
I write about technology-driven changes reshaping mobility

A year after his initial estimate that Waymo was likely a $75 billion startup , Morgan
Stanley analyst Adam Jonas raised it to a staggering $175 billion, citing greater
revenue potential from passenger ride services and licensing of its tech. The biggest
source of future revenue, however, is likely to come from autonomous trucking and
delivery services, which Jonas thinks could generate as much as $90 billion.

imm  What Are the opportunities for Ridesharing?



https://www.forbes.com/sites/alanohnsman/2017/05/23/morgan-stanley-sees-a-70-billion-self-driving-startup-in-alphabets-waymo/#663c3843755b
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New possibilities for cities

Y
N /]

Where are the
people???

Slide from a plenary presentation frord' inorning of 2018 AV Conf.
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Where do peoplé.ivetoday in the US?

A Households ~ 125M

A Owner occupied ~ 64%
I SingleFamily Homes ~ 75M

IFRED M// — Homeownership Rate for the United States

70

69

68

67

Percent
@
&

65

64

63

62

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Country Austria | Belgium Denmark | France | Germany | Ireland | Norway | Spain | Portugal UK | US | Slovenia | Israel | Canada
Home ownership ratel*] 26% 71% 21% 25% 42% T7% T7% | 85% 64% | 69% | 68% 82% | T1% 67%
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Where do peopld.ivetoday in the US?
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Where do peoplaVork today in the US?
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Essentially only way to get frohometo work today is
Drive Yourself
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Quantitatively Assess
the Market Opportunitiesfor on-Demand Ride Sharing
and

the Operational Characteristics

of aSmartCommunitiesPublic TransiSystem
(anautonomousTaxig-leet)

that would Capture/Serve Various Aspects of that Market

In Particular: Be Sure to Serve
the Mobility Disadvantaged
(Poor, Physically Challenged, Old & Young)
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Wherelndividualswant to

Go From& To, When

S0 we set out to create
the Individuals
Where they may want to go Fror& To, When,
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Creating thdJSA_Resideritle

T 2 NJ éTasefeNdd a typicalay Nationwide
USA_ Residertile

Start with Publically available data:

S Al ) oA
CUnlted States- SURVEY

ensus C * U.S. CENSUS BUREAU

\ 2010

.i.
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County| Population | Census Blockg Pop/ Block | Pop/Block /”MW@ i
907,128 11,116 58 81.6

Bergen County Population per Census Block
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For each Household

{ AMERICAN 2
tl.'\ / COMMUNITY o, T
( =% SURVEY

Y U.S. CENSUS BUREAU

!

o {AUtO Avallablllty/H H}Geographically, Income

% HH w/o a carNYC 54%, DC 38%, LA 12%, Nashville 6%

Assign: {# Autosms) HH}

» {Lat’ Lon’ Company'}ransit Stop



http://www.city-data.com/forum/city-vs-city/2838349-2016-cities-households-without-car-250k.html

& - - PRINCETON
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For each Household

||| AMERICAN
A,/ COMMUNITY
* SURVEY

* U.S. CENSUS BUREAU

!

“{Auto Availability/HH} qeographicaly, income
Assign: {# Autosmms) HH}

--—-
HH # # Adults Income Auto Ownershi Transit Stop

4, 319 /63 $24,000. 0.47
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--—-
HH # # Adults Income Auto Ownershi Walk (Y/N

4, 319 /63 $24,000. 0.47

Moblility Disadvantaged Inde

MDI =
f{ , , }

imm ORFE
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--—-
HH # # Adults Income Auto Ownershi Walk (Y/N

4. 319 763 $24.,000. 0.47
Mobility Disadvantaged Inde
MDI =
f{Auto Availability (0, 5, 1Q) : }

imm ORFE
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4, 319 /63 $24,000.

Mobility Disadvantaged Inde

MDI =
f{Auto Availability (0, 5, 10)income (1,10 (percentilg)

A PRINCETON
AUTONOMOUS
- - VEHICLE
(o), ENGINEERING

Transit < 5 min

Walk (Y/N
0.47

ORFE
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--—-
HH # # Adults Income Auto Ownershi Walk (Y/N

4, 319 /63 $24,000. 0.47

Moblility Disadvantaged Inde

MDI =
f{Auto Availability (0, 5, 10), Income (1,10 (percentile)yansit Accessibility (0, 5, 10)

imMm ORFE
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--—-
HH # # Adults Income Auto Ownershi Walk (Y/N

Princeton University

4, 319 /63 $24,000. 0.47

Moblility Disadvantaged Inde

MDI =
f{Auto Availa@ity (0, 5, 10), Income (1,10 (percentile)), Transit Accessibility (O, 5, 10)}

=
=

=]
o0

=]
ey

=
I

=]
P

=]
=

% NJ Households With MDI < X (x1

0 5 10 15 20 25 30

izym Mobility Disability Index, MDI (6>30)
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INew York

Layer Legend
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Grid color
by Point Count

Rail

Grid color

by Point Count
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Pixelization of { Longitude, Latitude} -> {i,j} :
xPixel =i = floor {138.348 * (longitude + 97.5) * Cos(latitude)}
yPixel = j = floor { 138.348 * (latitude — 37.0)}
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Where Mobility Disadvantaged Liv

: w York
Layer Legend : p - r : s Layer Legend

Bus
. Grid color
by Point Count

Rail

Grid color
by Point Count

Pixels with transit stops HouseHoldgper pixel having
- 0)
lp m lowest 10% MDI (MD&k 7)
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Assign: {Kid

Google

S mm)

T

A f ‘ *“ :’é:, 4
¥ %

Where Kids go to School
Public & Private Schoalsthe US

s
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Rank State Volume |No. Businesse

13.6 Million Businesses California  $1,889  1,579.342

{Name, address, Sales, #employees}

2 Texas $2,115 999,331

. . L i 3 Florida $1,702 895,586
Assign: {Folksmm)  Activities}

4 New York $1,822 837,773

5 Pennsylvania  $2,134 550,678

EDZI 9 New Jersey $1,919 428,596

45  WashingtonDC  $1,317 49,488
47 Rhodesland $1,814 46,503

CenSUS Countyzcoun}ty 48 North Dakota $1,978 44,518
Worker Flow Files 49 Delaware  $2,108 41,296

Vermont $1,554 39,230

S 50
ASS'gn- {WOI’keTSﬂ JObS} 51 Wyoming $1,679 35,881

Teapg
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A 308,745,538records
I One for each person Ws_Residentile
A Specifyingl,009,332,83Maily Person
Trips
I Each characterized by a precise
A{oLat oLon oTime dLat, dLon Est_dTimé
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State Trip Count || State Trip Count || State Trip Count
Alabama 15,825,280 || Kentucky 14,349,637 || North Dakota 2,196,072
Alaska 2 397,128 || Louisiana %.14%8.094 || Ohio 38,087,870
Arizona 20,903,632 || Maine 4,429,255 || Oklahoma 12,262,687
Arkansas 9,554,065 || Maryland 19,316,346 || Oregon 12,730,747
California 123,852,078 || Massachnusetts 21,866,204 || Pennsylvania 41,709,485
Colorado 16,839,860 || Michizan 32,833,660 || Rhode Island 3,489,284
Connecticut 11.850.814 || Minnesota 11.167.667 || South Carolina 15,262,810
DC 2.040.,597 || Mississippi 9,717,958 || South Dakota 2,627,648
Delaware 2.970.506 (| Missouri 19.699 659 || Tennessee 21,096,931
Florida 61,275,215 || Montana 3.261.369 || Texas 83,584 971
Georgia 32,302,424 || Nebraska 5,979,671 || Utah 9,047,267
Hawaii 4.437.926 || Nevada 0,048 868 || Vermont 2,104,664
Idaho 5,141,420 || New Hampshire 4444770 || Virginia 26,646,736
Minois 42,657,513 || New Jersey 29,237,285 || Washington 22,475,312
Indiana 21,431,504 || New Mexico 6,779,308 || West Virginia 6,106,765
lowa 9. 943 451 New York 64.520 719 || Wisconsin 18,824,313

- 20 ik North Carolina 31,638,807 || Wyoming 1,870,191

Total

1,009,322,835

{oLat, oLon oTime dLat dLon Est_dTimé
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What are the Ridesharing Opportunities?

A{Q.oT.,D} ={Q,0T,,D}
~ Zero

{G,0T;,0} =P +a,0T +b,D +¢
a Spatial Aggregation
b Departure Delay
g Along the Way

Tealag! ORFE
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a SpatialAggregation
Pixelationof New Jersey

Philadelphiais

NJ State Grid

ZoomedIn Grid of Mercer

Pixelization of { Longitude, Latitude} -> {i,j} :

xPixel =i = floor {138.348 * (longitude + 97.5) * Cos(latitude)}
yPixel = j = floor { 138.348 * (latitude — 37.0)}

ORFE
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Common Destination (CD)
1p: Pixeb Pixel (p>p) Ridesharing

Princeton University

TripMiles

CD

3
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PersonMiles= 3L
aTaxiMiles= L

AVO =PersonMilegaTaxiMiles= 3

imm



Princeton University g AI on g th e Way w PAViﬂyé%’éiﬁigﬁs




Princeton University

Transit, ., Levetof-{ SNJJA OSY

AWalk_ ¢ ... .40 aTaxiStand

A 1st Arrival for a Destination
Sector starts Timeat s minutes)

A Any other arrivals to that
sector Join In

A Timer hits zero
I door close |
| aTaxideparts with customer(sf



http://www.youtube.com/watch?v=FJOc4zXNVvg
http://www.youtube.com/watch?feature=player_detailpage&v=J2VPJo7Kb1U
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3 trips to common Secto

Princeton University
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{oYpixel, oXpixel, TrainArrivalTimdYpixel, dXpixel, Exected: dTih qi¥
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Transit, ., Levetof-{ SNJJA OSY

A Can readily compute..

I Departure Occupancy, PMT, VMT
ial RS 9YLIie [20FGA2YyZ

¢tAYSY C


http://www.youtube.com/watch?v=FJOc4zXNVvg
http://www.youtube.com/watch?feature=player_detailpage&v=J2VPJo7Kb1U
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University @ PA //Vi
Orf 467F18 Symposium . oumns
Saturday, January 12, 2019, 101 Sherrerd Hall
Ride-Share Potential and Operational Characteristics of Nation-wide aTaxi Mobility for All
- Region
Time Team | Name #1 |Name#2| Name#3 Name #4| Name #5 ) . States
Click to upload Files
: Victoire Ashley Jackson North South - -
9:00 4 - . .
Kara Dowling (A Willingham o SouthEast (SE) Carolina Carolina Georgia Florida
9:20 2 Ml.chael B LEES Shehab Thabet NY Metro (NM) New York | New Jersey | Pennsylvania
Weissman Veo
9:40 3 .AUStm. LR Vanessa Moore Mid-Atlantic (MA) | Delaware Maryland R Qf Virginia West
Stiefelmaier Arora Columbia Virginia
Beniji Carrie . . Megahn . New Rhode
X . . .
10:00 1 Rosenblatt | Hillebrand Michael Retoff | Preeti lyer Slatteri NorthEast (NE) Maine Vermont Hampshire Mass CT Island
10:20 5 qu De Ay John Anderson M East/Midwest (EM)| Kentucky Ohio Michigan Indiana
Oliveira Bouchard Bolanos
10:40 6 Tan Shanker (s . |Dee-Dee Huang N|t|sh SRR Leshl lllinois Wisconsin Minnesota lowa Missouri
Dragomir Jindal (WM)
11:00 7 Katherme (T Annie Xie FUESFTRE Tennessee | Alabama Mississipi Arkansas | Lousiana
Xiao Murphy (SM)
Jarret . Upper Mountain North .
11:20
8 Larry Bao Stowe Parker Dixon (UM) Dakota South Dalota Nebraska Wyoming | Montana
11:40 9 David Zhou SSttrivgggl Jasmine Young | Emily Yin Greater Texas (GT) Texas Oklahoma New Mexico Colorado | Kansas
noon 10 A LETEIE Abraham D NorthWest (NW) Alaska Washington Oregon Idaho
Maloney Saunders Miranda
12:20 11 LU LS TJFloyd | Zach Kelly California (CA) | Hawaii | California Nevada Utah | Arizona
Gehrer Tengan
. Millian Drey . . . .
12:40 12 TJ Floyd Zach Kelly | David Zhou | Bottom Line (BL) NationWide Summary
Gehrer Tengan
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% of Trips by GCD

@ wak | 0707<GCD<3 [ 3<GCD<100 | 100<GCD<350 [ Airport

Arizona

California

0 25 50 75 100

Tealag! ORFE



Person Trips Served by aTaxis

B PersonTrips Served By aTaxis/Day [l aTaxi Departures/Day

100,000,000

50,000,000

Arizona California awaii Nevada Utah
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ADO and AVO

B ADO W AVO
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Princ Comparison of ADO vs. AVO for each State
3.5

2.5

1.5
0.5
0

llinois Minnesota Missouri Wisconsin Region

I

[

|r-m ® Average Departure Occupancy ® Average Vehicle Occupancy F E



1.17*Minimum Fleet Size

,000,000 -

,000,000

,000,000

,000,000 -

169,620 209,271

Texas Oklahoma New Mexico Colorado Kansas Regic
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aTaxiDepartures for Region

>=100
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Nowowow
d3b 3

True Average Vehicle Ocupancy
Boyonon
#8308

wop
]

gné

New Jersey - True Average Vehicle Occupancy
(D=0 (D=1 (D=2

(D=3

NJ State True AVO 3D Plot

(D=4

(D=3
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When willaTaxis

be more
than a Novelty ???
SHARE SHARE
A RIDE nTnTn
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Have You Noticed???
Google? | e Y BuUyiag Spree
Google/Waymo Purchase of Driverless Cars

100t

10K
1K
100

10

2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Year
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Have You Noticed???
Google? | e Y BuUyiag Spree
Google/Waymo Purchase of Driverless Cars

100t

10K
1K
100

10

2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Year

PRINCETON
AUTONOMOUS
» VEHICLE
ENGINEERING



Princeton University

aSRE¢

~
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Have You Noticed???
Google? | e Y BuUyiag Spree
Google/Waymo Purchase of Driverless Cars

10
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Where will Waymo Deploy
20,000 + 60,00@utonomousTaxis
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i {GF NI oé& 2LISNIGAY3I MY AY Hn RAFFSNBYU GOAGASaE
A GeoFSYOSR aO02YYdzyAlGASa peonWippo nnZnnné 0&aSNBS pz 2F
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Where will Waymo Deploy
20,000 + 60,00@utonomousTaxis

Al 2¢g oz2dzi a/ Sy d NI f

T Microcosm of USA
A Pop: ~300K
A Intra-area Trips/day: ~ 1.0Méy

A 1KaTaxisvould serve ~ 5%ersonTrips

I Focused initially orMobility Disadvantaged

A whose qualityof-life would be improved substantially!

A Provide mobility to the 90% of trips not served by walking,
biking or Conventional Mass Transit.

imm



Princeton University VPAJVI

Where will Waymo Deploy
20,000 + 60,00@utonomousTaxis

Al 2¢g oz2dzi a/ Sy d NI f

) Microcosm of USA

A Initial ~ 10WaymoX

I Provide Priority Service to Mobility
5Aal ROy GlF 3SR zQNJl
Amazon Facility and other Warehouse,
facilities along the NJ TurnpikeJf dza = X &
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Where will Waymo Deploy
20,000 + 60,00@utonomousTaxis

S B\ e R o
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| 29 [ 02dzu a/ SYUNrft bl = e s K
T Microcosm of USA 4 \ At o R O\ S
hinglon 5-"_:(.‘«-, soleh P

A Initial ~ 11- 100 WaymosX

I Provide Priority Service to Mobility
Disadvantaged working at other placea,w
a,LJt dza X
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Where will Waymo Deploy
20,000 + 60,00@utonomousTaxis

Al2é oz2dzi &/ Sy d NI f RS

I Microcosm of USA Vo o

A . A33Ssald OKlffsyasxw

JNTERDON /.’w,.., S ey
I Creating a welcoming environment faTaxis
I By each and every street segment/community .

ylestown

that is being served and whose streets are belng QLA \
used by theseaTaxis | 2 \ b

I Listening, Understanding and Learning what it |s
that will make
A Make the Communityhappy B
A Serve their needs
A Earn their appreciation and respect

ip m I All above is an Open Research Question!!!!!
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Discussion!

Thank You

alaink@princeton.edu

www.SmartDrivingCar.com



http://www.smartdrivingcar.com/
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A Personal Rapid Transit (PRT)
I Morgantown (circa 1976)

imm



] - - PRINCETON
Princeton University 8 LPAVE




Princeton University

I f 2y 3

Ab20KAY 3 YdzOK




Princeton University o o - V. PAVI'

YR ¢2RIF&X

A There a 2Masdarecetthere® Heathrowuiare
operational
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http://thecityfix.com/masdar-city-an-urban-fantasy/

