OPEN RESEARCH CHALLENGES
IN VEHICLE AUTONOMY

Marco Pavone

Department of Aeronautics and Astronautics
Stanford University

Autonomous Vehicle Research Group
NVIDIA

September 27, 2022
Driving the Next in motor risk @5wiss Re

pavone®stanford.edu
mpavone@nvidia.com

DA Y @drmapavone

(29 Stanford &
; %/ University @Z NVIDIA.



../Conference/@drmapavone

CENTER FOR AUTOMOTIVE RESEARCH AT STANFORD

Mission: link industry and academia around human-centered mobility and

the future of the automobile
3M @7 ADIENT areo0no

_—"C)

BRIDGESTONE (1%

@ Alistate.

o OS] (CEEEE FCA

get it /right®

HITACH! L onpa. S
HYLUNDAI

@ LG A MAGNA @

Mercedes-Benz

O
FUJITSU TEN

PACCAR Panasonic @

RENAULT

'Q‘ Mitsubishi Corporation
(Americas)

®Gﬂb
0 SUMITOMO  TATA MOTORS U “

ELECTRIC TOYOTA BIBEIERRATE \——

TUS International Limited

VOLKSWAGEN @ Yanfeng

GROUP OF AMER ICA

(29 Stanford <A NVIDIA.

&%/ University









February 2014

Silicon Valley

/l

San Francisco Bay

14,320y6F

. P WT,,

“MOUNTAINWVIEWSN A
| ' 85 )
\ |

. " .k v . ' : - . g > . .

4 » R R - . & TOYOTA

'\ } - . . . ! : . - ’ - 4 : : -' | . . .. : . »
F.rh L el . . _ ~ 23,923{6F

o NORTH : 0 i X il ! _ X b b, , > : _ :
P e : : : : . - .
' " AN
KM~ )
Thismapicontainsjinformationyfromysourcesjweibelieveitoibeyjreliable,jbutiwejmakejnojrepresentation, jwarrantyjoriguarantyjofiitsjaccuracy.
ThisimapjiisjpublishedforithejusejofyCBRERNd itsiclientsionly.{RedistributionjinjwholejorjpartitojanyithirdipartyywithoutithejprioriwritteniconsentjofyCBREisstrictlyjprohibited.

Alljlogosydisplayedjonithisymapyareithejpropertyjofitheirjrespectivejowners,jusedjsolelyitojindicateithatjpusinessesyassociatedjwithithoseymarksiareyiocatedyinjbuildingsydisplayedjonitheymap.
AlljRghtsjReserved.ySources: JCBREMappingyServicesy(877)y580-4674;iNielsen, JStreetPro,jLandiscoryAerialjinformationyinc.{{§MapFiles\Work2014\298837_jr.wory1/27/2014

z Stanford <ANVIDIA.

- University




Automotive R&D April 2016

Silicon Valley

FOSTER CITY

MATEO

S Francine Ray
-~

39,252 SF

5

BELMONT

7\ ATHERTON
| 84 )

SAN FRANCISCO

N

STANFORD

LOS ALTOS - @ @ Mercedes-
) TOYOTA 21,315 SF

23,923 SF

N
S SAN J0se S BT )
" INTERMATIONAL SAN JOSE
AIRPORT %

LOSTALTOS HILLS

-

-
Thet wae commtunnr e ivarund: bars smscs wo baben bl maildn e ne wbe @ Sprtenrtitun s wir ety s gumienry of Fe e ey
This mac & pobiahed o e yue of CORE wd 2s oy only, Radhavipotum ‘» whals o part 20 0wy Nl 20ty wiuut ™ e oot cornend of CEE & shocty pogteinied
Al gy Japhrrad o *v rrop ow the rooety of $re HOEDVE STy wed S0y 5 Buiat el bus o OO Wit $hoag Tty o cuersd o Duddegs dptoped e e mas
u‘dr\ o rorvmd o avem “"“\"’“ woen ATT SRL.807 4 Neben, Sram™, Narodt Bog Mg iad W 2016 00091 s 47000

(3)Stanford A nvIDIA

University




AUTO LAB MAP APRIL 2017 5/LICON VALLEY

@< / N L '
o o ~ .t( ; ' .
e , <l W =3 % it V7 BERKELEY

SPrROoTERRAA

34,440 SF

0 meiove -,-,,s.f‘, ',"vl'-" ST,

«! N
"..‘.'-" ] ' ﬂ "s ‘ t ‘ n "
c.',_|','; s LT ¥ )1 o LA T

.‘ W) ’ ”A w i -l'd "’

SAN FRANCISCO .
BEMOUN TAIN, R e

‘\_ VIEWEEE "C ~ =l L) B0SCH B
% T 104470 5F IR
) e . i p x‘

X" ‘,",

-
SERERAL BmoTOR

139,741 SF

a1 CHIE i Ths irvdarreaton han bean ottomed hom sourtes belevad rebabie We have not verded ¢ 0nd ke no gaorontee =Tty o feprenentoton ot #
Ary Prorechiond, SHMWONL ARMUMEHoNE Of aTumates waed Ore for mwamgle ondy ond do Nt represeny e Currwd or bature pericemance of Be progey

You Ind pon BAVRONY NOULE (endut G cateful Ndeperdent Ivelngaten of the ropey 1O dem™mine 10 Y MW e e bl o D ropety he posr saadh
CHEL v the CBRE Mage ave svvwe wumia of CREE lew andd'or s 0 anad or reiated comvparues i B Unded Shates and 0 (ot A) o wavha daprapnd we Bos dovmmst e Y Jeagany o D wapeten g ™ Team. CEDows Posgee s Povenid 201 T 2000w 138031 114413 mat

Stanford <A NVIDIA.

University




AUTO LAB MAP SEPTEMBER 2017 5/LICON VALLEY

Jv Globetouc a5 SF AEYEe For more information contact:

Vaileo | \ (Oakland) (Pleasanton)
= (Borkoloy) (e Matt Von der Ahe
G s (i) Senior Vice President

Sam — NURO Office: 408-453-7463
. oo o Cell: 408-230-7436
[Froaifien 7 > X ) Peloton mvda@cbre.com
126,345 SF © 10005
. ®
I ProTERAA I VENIAM
ks - ; V DIVERGENT —
{&%‘g@ fazdt — 142,188 ;r
L DiDi
a4 - | 36422
cabls ﬁ’w T=ESLA
@ @ @ /. Holm.ai 7N\ Q.\bmo;w'i —1 @ ———
158,596 SF < e
M—V @ g S P —a ) — 9'om SF M
64,427 SF GO\
&lm : a1 tHURSs
l)) emearx Canlss 6 ";";:;" VY admoros
& 14,320 SF '
DEEPM P @/\ /01 Faradey Fitire
- —- C cLouDcAn 7,000 SF 86,145 SF
- matamo &) | m /| 26.6155F =
HYUNDAY
e 19,120 SF m 22 NIO
ﬂ vis I~ 8] 172008 55 o) 3 @ | Bal b 85,017 SF
- O3 wavro by 70,484 SF ()
- > —g @ (¢@CEPTON
1 -
SCOP €D avrorg o ca \ 26,101 5F oy
| Iyt 92,0005 — \'% ' sRue
3916 5F X0 er.a 3 - -
——— 0 /— >‘ e l‘ 15,043 SF
<= o |

ThDA, ° TURO ) 182,186 SF Vs
A - — =

10T / /_'I" Zendrive @"}%ﬁ 350,000 5F 25 TTTW
— Q. \ m 140,000 SF |

Civil Maps ; v, «: RideCell Ix

M%@ N LUMINAR G TOYOTA | 14,400 SF
WP e2937 ¢ 40,0005F | G soscn |

96,562 SF
‘ _\ Q ® 104,470 SF
435,000 $F
C"’JF/_’, JOEN

nexi

fka 5

: drive ai [\utox |
scoot 21,263 F 22,062 SF
FMC
76,000 SF

m 291,205 SF

A RS

139,741 SF y 3 —
Sl a v Copariine
COomma. al HONDM
34,404 SF

o AUTOMATIC SAVARI
o S [AURO
\_ 5(1’1} m@{ﬁm @ S~MOTORS
4~ NIO OTTO \ 100,064 SF
©) \ Velodyne LDAR

7 swit
s ISO,N(; SF ADIENT QRENOVO
— SANJERANCISCO, taaost [ @ e -
: - @ Mervedes Heny QUANERGY
93,030 SF 22,320 5¥

2017 CBRE, Inc. This information has been obigined from sources believed raliabla We have not verified it and maoke no guaronies, wrronty or representation about it
Any projections, opinions, assumptions or estimates used are for axample only ond do not represent the current or future performance of the property 0 1.5 3 I

You ond your odvisors should conduct o careful, independent investigation of the property 1o determine fo your sotisfaction the suitability of the propenty for your needs
CBRE and the CEBRE logo ore sarvice marks of CBRE, Inc. and/or its affilioted or reloted companies in tha United Siates and othar countries. All other marks displayed on this documan! are the property of thair respective ownars. N.\Team - GISData\Projects\ Phoanix\ 201 74 thQa\ 3436053434605 mxd

Miles

= University

Stanford &Y nvIDIA.



AUTO LAB MAP DECEMBER 2017 5ILICON VALLEY

Valeo
) e

~
4 PRoTeRfra

34,440 SF

!

172,838 SF

~d— Giobetouch keyrmod]
f Oakiond) | [ NURO |
(Nameda) v
Aoerio 118,000 SF ‘]m's:) & Peloton
10,221 SF 15,000 SF
DEEPSC/A\LE "
ZD<IX o T o
126,345 SF == :
7,340 SF
W
Som
Wi )|
brose l
® @ / Holm.ai
158,596 SF

W Zendrive

e S €58 Y 5

64,427 SF

LUMINAR

iy

HYUNDRI

®

I Automile

N NAUTO
85,732 SF

27.“355/;

| 26,101 SF

49,145 F AEYE
(Pleasanton)
[ 126,721 5¢
FUTURIS ©
@ ®
Wl
rv DIVERGENT e
=D 142,188 SF
v, 1
[ 36,422 F TESLA
’_‘ u.\u._';g\h ﬁmﬂ@aﬂ
14,612 SF 65,000 SF
DELPHI
[ 17,166 5F Q Punmsuneg
m QL Rrane
Au 19,120 F 86,145 SF
968 §
26,615 SF
- | Nio
85,017 SF
70,484 SF PRINAAANIN
30,087 SF
O cLoupcan 131 -
12,882 SF @
1 tAzm
@) f¢ TULA 15,043 5F
e p 20| [ colatech

For more information contact:

Matt Von der Ahe
Senior Vice President

Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

@ @ smartcar T
»2 RideCell 182,186 5F (=)
VOLVO : . AL M TT
B TAWAVE 104,470 SF -
T=sLA T Copertiine
: ARSe 350,000 SF r al
scoot sivinmptsss 21,263 5F
139,741 SF — 22,0625
T Bl oo v r o
291,205 SF . HONDA 12,882 SF 76,000 SF
L o ’ L TOYOTA 34 404 SF
YUK 96,562 SF @
N < . _-‘”rgcgcs)’n ) AURO SAVARI
'Y, RAvinariom O I L
; Dmm o ;\mﬂﬂmm @ S5~MOTORS
Q NIO Wealty ® \— 100,064 SF
s BN @ RreNnovVO LDAR
——— 22,000 SF i @. ) 203,807 SF
@ QUANERGY
Mervedes Henr
93,030 SF 37003 ¢

€2018 CBRE, Inc. This information has bean obtained from sources believed reliable. We have not verified it and moke no guarantes, warranty or regrasaniation obout it
Any projections, opinions, assumptions or estimates vsed are for axample only ond do not represent the current or future pardormance of the propery. 1.5 3 £
You ond your odvisors should conduct o coreful, independent invastigation of the property to determine 1o your satisfoction the suisobility of the property for your needs - Miles

CBRE and the CERE logo ore sarvice marks of CBRE, Inc. and/or its affilioted or reloted companies n the United States and other countries. All other marks displayed on this document are tha property of their respactive ownars. N.\Team .- GISData\Projects\Phoanin\ 201 T\ 4thQir\ 3456 60/, 345640 . mxd

)

Stanford ¢

University

2 NVIDIA.



For more information contact:

m WY _ 3§ AEYE.

AUTO LAB MAP FEBRUARY 20185/LICON VALLEY

(Nomeda) N NURO m ] ( )
Aperio LA S el (¥ peloton e e Matt Von der Ahe
' 10,221 SF s 15,0005 |1 [T 126,721 S SAS g~ Senior Vice President
Saw ‘ 288 sF o Office: 408-453-7463
Paclfen Eiwwe — eiaaioous] | FUTURIS Cell: 408-230-7436
f E&;;: VEN | AM - 204,000 SF Globetouch mvda@cbre.com
26,3455 =T
— . .g 1
P
;:‘T.f;” m | o MMOTIVE r v = =
Rt o[/ | [C DD conY
- L 36403 SF

Valeo _/ brose 9,000 SF i =
l r..‘ l’L\"._\lv\N

Npmm———
o 9,698 SF @ @ = it R 14,612 5F
28,000 SF ] 17,166 5F Q Punmsuneg
QL Rrane
S CrUISC e
ERvis >, ) ||~ wins
| a‘("m' - @ =0 BRE TR AR
| 7,000 5 26,615 SF o
LUMINAR — /L |
— 38 o §NIO
\ O \ O ” o (D) / /"XMOIOB.‘ 87213?‘1! 85,017 SF
P AINTTANIN
. O cLoupcan ‘
: - | ® 3 12,882 5F y &
M) NAUTO ﬁh AT 1 ‘,.\q;...
| @D T TULA 15,043 5F
IPACCAR
26,101 SF

27 A43 SF
é‘f{y

—__ /]I EMBARK PR 52,000 5¢
15,000 S = (—)
@ - TRAL MCITTW
\;. & RideCell 182,186 SF ¢4 BOSCH
14,400 SF 104,470 SF
\ 162,937 SF r 0 Copening NEAL
UBER T=ESLA drive a)
435,000 SF 350,000 SF 21,263 5F
Crulsc 22,062 SF
139,741 SF UBER <7 rm‘l -
{ comma.al 140,000 5F - 12,882 SF | i 76,000 SF
o . < TOYOTA 34,404 SF
MITONATIC 96,562 SF (%)
@ b- - TOYOTA ,J HUQO SAVARI
23,923 SF |
Soops S=MOTORS
©) \— 100,064 SF
ai ADIENT @renovo 'Mm "o,m“
SANIERANC g e 2 ‘
QUANERGY
Mervedes Heny
93,030 SF SO S¥
22018 CBRE, Inc. This information has bean obtained from sources believed reliable Wa hove not verifiad it and moke no guarantes, warranty or regrasaniation obout it
‘ 0 1.5 3 6
Miles

Any projections, opinions, assumptions or estimates vsed are for axample only ond do not represent the current or future pardormance of the property.
You ond your odvisors should conduct o coreful, independent invastigation of the property to determine 1o your satisfoction the suisobility of the property for your needs
CBRE and the CERE logo ore sarvice marks of CBRE, Inc. and/or its affilioted or reloted companies n the United States and other countries. All other marks displayed on this document are tha propaerty of their respactive ownars. N-\Team - GISData\Projects\Phoanix\ 2018\ 1stQ1\ 348803\ 348803 med

() Stanford & nviDIA

University




AUTO LAB MAP MARCH 2018 5/LICON VALLEY

For more information contact:

v+ BOSCMH
10440y

Matt Von der Ahe
Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@chre.com

Smn—u

91,00 §#

€018 CRRE Irv Tha inlotmaton han been obtaorwed hom souces beleved reiabile We have rot verded ¢ ond moke no guororves worrarey or segresertaton aboot #
Ay Prorechand, CEMMIDN, GRILMEDONS of sshenates Aed ore Ior asample oty ond do Not reprEsent Se (urrem or houes perdormance of e o ogerty

You @l pos Bdvaon IO (SN G iUl NdeEer e IMALNGER G of The BIORETy 10 der Tse 1o rour LEFRA NN The SANEERy f e ropgety Ao pour sandh
CREL andd the CEBRE bige e wvvwe mumin of CBEE o and 'or M aflumed o rebaned (omv@arves i P Unded Shates and o (ourtvsmt Al o merha degrinpad we Bos G ument gem e progay of D apatm e ™ Sein LD Povgme s Povanid 2018 2000 150078 150078 madt

73 Stanford < NVIDIA

/ University



AUTO LAB MAP APRIL 2018 5/LICON VALLEY

For more information contact:

Matt Von der Ahe
Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

_— e ——_— —_— - _— —_—— —_— _—— - —

1018 CORE Ind Tha inttrmaton hm beer obtoned homr souces baleved re.able We have not verrded + ond Moke NO QUOrorYes = TPy r SEreRartgton oot ¢
Ay Prorechand, CENDN. GRILMEDONS of sshnates Aed 0re Ior asample oty ond do NOt reprEsent Se (urremt or houee pertormance of e o ogerty 0 15 3 w

You @l pos Bdacn NGUS (N G ieful Ndeper e MNP o The SIoPeTy 10 dewr se 1 rour LEFAf 0N The SNSRI Ry of e ropgety \e pour randh
CREL andd the CBRE Luge e svvwe wumin of CREE b and'or s aflumed o rebinad (om@arves i P Unded Shtes and ofier (ot Al o nerha Sugrinpad wn Do Gocumenst gen e propany of D wpaton peman. ™ Segm CEDwow Povgee s Povanid 2018 200w 150505 150945 mat

Stanford < NVIDIA.

University



AUTO LAB MAP MAY 2018 5ILICON VALLEY

point<{one

For more information contact:

Matt Von der Ahe
Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

| - P NN N
- BYTON e

[ 61800 5¢ 30,087 ¥

€018 CRRE irv Tha inlatmaton han been obtared rom souces beleved refiabile We have rot verded @ ond moke no guororvdes worrarsy or ssgresertaton oot #
Ay Prorechand, CENDN. GRILMEDONS of sshnates Aed 0re Ior asample oty ond do NOt reprEsent Se (urremt or houee pertormance of e o ogerty

You @l pos RN NG (SN G ateful Ndeper e MG an of The SIopeTy 10 der e 16 your LR NN The ARy of e ropget) Ae pous raadh

CREL andd the CBRE bige e wvvwe wumin of CBEE o and o Ms 0 lumed o rebated com@arves i Pa Unded Shates and oM ottt AL ofum vurrta dugrinpad o Bos G et gem e propany of D apatn weman. ™ Segn Do Povgee s Povanid 2018 2000w 151550 151950 mat

73 Stanford < NVIDIA

/ University



AUTO LAB MAP JUNE 2018 5/LICON VALLEY

ENA

point<{one

Matt Von der Ahe

For more information contact:

Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436

mvda@cbre.com

== BYTON
| om0 s

P NN

30,087 §¥

-chargepaine

AISIN

€018 CRRE irv Tha inlatmaton han been obtared hom souces beleved reiabile We have rot verded @ ond moke no guororves worrarey or sgresertaton about #
Ay Prorechand, CENDN. GRILMEDONS of sshnates Aed 0re Ior asample oty ond do NOt reprEsent Se (urremt or houee pertormance of e o ogerty

You @l pos RN NG (SN G ateful Ndeper e MG an of The SIopeTy 10 der e 16 your LR NN The ARy of e ropget) Ae pous raadh
CREL andd the CERE luge e svvwe mumia of CREE b and'or s aflumed o rebaned Com@arves i P Unded Shtes and ofiar (onstvamt Al wfum murta Sugrinpad on Bus Gocumenyt gen e propany of D mapeton peman. ™ Seam CEDeow Povgee s Posenid 2018 200w Y5057 153857 mat

73 Stanford < NVIDIA

/ University




AUTO LAB MAP JULY 2018 5/LICON VALLEY

Verselus
(Mleasanten)

AEvYe
{Plossasten) |

For more information contact:

Matt Von der Ahe
Senior Vice Presidemt

Office: 408-453-7463

Cell: 408-230-7436

mvda@cbre.com

P NN

30,087 §¥

== BYTON
| om0 s

-chargepaine

€018 CRRE irv Tha inlatmaton han been obtared rom souces beleved refiabile We have rot verded ¢ ond moke no guororves worrardy or "sgresertaton oot #
Ay Prorechand, CENDn GRILMEDONS of sshmates Aed ore Ior asample oy ond do POt reprEent Se (urremt or houee pertormance of e o ogety

» L
O e AISIN
You @l pos RN NG (SN G ateful Ndeper e MG an of The SIopeTy 10 der e 16 your LR NN The ARy of e ropget) Ae pous raadh

CREL andd the CERE luge e s vwe wumin of CBEE b and'or s aflumed o rebanad (om@arves i P Unded Shates and ofiar (ot A wfum muba Sgrinpad wn Do Gocumenyt gen e propany of D wapaton weman. ™ Segm SO Povgee s Posarid 2018 2085w 354008 134300 mes

73 Stanford < NVIDIA

/ University




AUTO LAB MAP AUGUST 2018 5/LICON VALLEY

For more information contact:

Verselus AEvYe

Matt Von der Ahe
Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

VOYO o

CRONE CRRE Ine Thn idormeaton han been chtarmd lrom sowcen bebemd relishie We have nol varrhad 4 ond mabs ro graranies «onot, o regreserirmbon bt #
Asty progealiont opeon) oo piors o sdvrater wed e lor scample andy @vd de ot regreser? B curent o Bture jedtirmance of the e opent,

You and pout et ason thisdl ondud a cwehd nvdegendern? se@agonion o Bue progaity 1o determine Y ot WA Ton the 1wt On, of the froapert, Lu ot meeds
CRIE wndd e CBRE bogo e sarve mmaihy of CORE Lo avnl wr 80 sflibatod o rebitod comnjuamnms o e Ustad Sotes wind athunt cnnmtrien Al s st s digdmad an B Suvwmant don B progety of B smopatn wevmes. W Towe CODwmw Progeiry Pverss JONE JodOw I05357 235552 apen

0 Stanford @a NVIDIA.

/ University



AUTO LAB MAP SEPTEMBER 2018 5/LICON VALLEY

For more information contact:

Verselus AEYe

Matt Von der Ahe
Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

[Scorm Volley)
CHOVECRRE v Thim irdarmeaton han been chdared hrom o cen beabewmd rebisbie Wa have ol carthed ¢ ond male e groronies «onot, o regreserimion aheod @ N
ANy progectiont opaion) o vam paoms of edenates wed are lor srample ondy @ de ot regrecert B Curent o Btere perdtcrmance of the peupent; 0 15 3 v

You and outl adasony dhisdd oodud a cwehd svdegender? sreaoton of B progaity 1o determine Yo poast WAR TG0 The WOR, o T jroapert, Le ponr meed Mies A

COPE wnel e CBRE bigo ve warvme iy of CORE Lo vl wr 00 alibatod oo rubhiod com juamvms o e Usited Soates sl ottt cnnitrion Al wlias st s @gdmad wn Bun o wmmant s B poogut; of Bune g n wovmes. W Tewe COTwme Progedy Moeree JOTS NG 154470 196470 apes

4 Stanford S nvIDIA.

/ University




AUTO LAB MAP OCTOBER 2018 5/LICON VALLEY

Verselus AEYe

————

For more information contact:

Matt Von der Ahe

Senior Vice Presidemt
Office: 408-453-7463
Cell: 408-230-7436
mvda@cbre.com

C200E CRAE e Thin irdormeaton s Been chdarrved lrom sowmcen bebend reliabie Wa have nol verfhed ¢ ond male o guoranies  wanoty or rgresenierion sboot #

ANy progectiont opaion) o vam paoms of edenates wed are lor srample ondy @ de ot regrecert B Curent o Btere perdtcrmance of the peupent;
You and outl adasony dhisdd oodud a cwehd svdegender? sreaoton of B progaity 1o determine Yo poast WAR TG0 The WOR, o T jroapert, Le ponr meed

CHPE ondl e CBRE bigo e sarvie iy of CORE Loe vl wr 00 aflibatod oo rubitod comuamnms o e Usited Soates sl athunt cnnmtrion Al wiae st s @gdmad v Ban ot wmmant won B proguty of Bune swopatvn wevmes. W Towe CODwme Progety Poerns JOTE AN IATVIT AT ages

4 Stanford S nvIDIA.

/ University



-

AUTO LAB MAP NOVEMBER 2018 SUCON VALLEY

, Panasonic P ——
~h ‘(éz 49145 F Verselus AEYe For more information contact:
A " (Wameet) NURO [layward Shiaihid i
'10‘,2"21‘9:‘ Z® 118,000 F (Berieley) & Peloton ——— Matt Von der Ahe
O X 16,000 F 15000 F | | 305,000 F 5 o Senior Vice President
San 126045 5F 142188 F e Office: 408-453-7463
v Brume P DEEPSC/ALE A FUTURIS Cell: 408-230-7436
GElnea) PHAI\IOM Al Vr 204,000 F Globetouch mvda @cbre.com
97,746 F /K - I k
odiak Swar ==
K paii’z.f;“" Burlingaime | i V awercent XIS
Sam Q) amonve
Mateo — DiDi
e & i = SU0F Z 0
9,000 F =
@ | §4 o Frefiemt O X
D 3BT W | * brose —— | 14612 — | ro00
156,396 SH — E‘;‘ TEE “APTIV: FiOR. L n
; Belmemnt S ™ cven | [ZB000F 171065 A Faraday Future
@ 72D, 86,145 F
@@FH@S ClearMotion @ @ .\@ E
‘R ; 14,320 19120 F \ - HONDA
ﬂ Ivl5 U R A Pinnacle Engines 26,615 F 3302 F DRIVETRAINS
172,838 >0 12818 F 29,968
E— S=MOTORS )
Civil Map:\\f O X o) \. AURORA _X AUTGMATA 136,632 F — — l‘ﬁ'!
(inte :
G 70 \;{";@ / I}2E2,E;I:l ;I:J' < - G 24390 F 15,043 &
QZE TURG HYUNDAI _/. BaidWE® l RINAIANI
AN a—a s LA s SO o> s wows | [Savion
N » ® - Automile —61.880 F
explérer.al a )
(O006HND _ et ~ ogF |
916 F i [Pale
3, e \\\. local motors B a4, AT Mo l & J Sanfa
SCCOPD - 0 Civil Maps A Clara ]
' \ ()4 %%give m NAUTO / l PACCAR [ / éz, TULA #A¢év Faraday Fulure
S g ’ T8 e 21015 — %550F | [ Galatech
UBER / o1 Zendrive ! Clarion] 8T 16,400 F
XMotors.ai
113,448 F [FF@SHU@@]%DS@@ " ’EMBARK LUMINAR 16613 F % ? 5 T s Elektrobit
\ C}S’S’.‘fe Mowntai 5 ?
t / < (UISC Ign - View " o 22,062 F
SCO0O — — ;‘
AN y S RideCell < ) eHos 966 next
pointtidone 182186 F @& TOYOTA @ BOSC
UBER ¢ —— = AR drive ai o BoscH fka
291.205 F ® = ML P 21.963 F 104,470 F | ﬂ@S@
C1r39L;11S g:(2 " 1‘:3:“: \\/// voyage TN , Cupertiine ®—1 Porsche Digital DENSO
7 Swirt - IH““‘ZW* T e == }3140413;13 ; QUANERGY [— 000 F
mapper UBER > Innovusion @\,TOYOTA THEE e -
435,000 F UBER 2B9BF Saratoga 500 SF
R IH“ 13337 /N > @ SAVARF &) RIGHTHOOK
) Sens | [ leéAkA Q
® ' TR, il [P@[fﬂ’@ﬂ@ ' t 4 ‘) l
E‘i O AUTOMATIC w=) Phantom Auto W@W@W e ——— 90,000 .\ HURO ‘
. R UBER 45383 F ©) *
Z @) 130,000 Pl \ MITSUBISHI Velodyne LiDAR
2 NIO — o a1 ' S Civil MapsA;f i vorors 203,807 F
” == AN ERANCI S 22,000 ¢ 7,04 F
] OUSTER — ZERO J ~ e GATIK! @~enovo
MRETOELETCLEN ‘ Mercedes-Benz §
niS7 & (Sotts\lley) @ smartcar ancworor | | & - o~ AISIN
10,856 FCALS TAR “AJ
0 1.5 3

360674

..} CBRE

6y Stanford

University

NVIDIA.



-

AUTO LAB MAP DECEMBER 2018 SUCON VALLEY

‘ , Panasonic PR pm———
~h ‘(éz 49,145 F Verselus éEYe For more information contact:
NAoeria Z 0 (Aameda) @ Peloton W@W@lf@ﬂ i ol ( )
0ol F 1o | | (Exiee) 15,000 aparp——— Matt Von der Ahe
0 O X 16,0005 . 305,000 5 = Senior Vice President
Sam 126345 F DEEPSC/ALE 5 142188 F Office: 408-453-7463
P Brume P VT FUTURIS et Cell: 408-230-7436
PHANTOM A v = | 1 /i\ 7 _1 m,ms: GIObetOUCh mvda@cbre_com
l A{Dd lak B
iy Newarlz —
) PRoOTERRA , NURO 36,403 F
% na0F @Fﬂﬁ@@@ﬁﬂ@ i 52761 & V owercent
Sam A4 DiDi
Mafee
: O avornve [ 042 S= 65,000 F
_/ @J L u H An_rt;hq W Z O
O - /. brose o~ 6 “APTIV- _ 147,000 F
' '~ 5 @[]ﬁ@@ﬁﬂﬁ S ma CYNGN 28,000 F (%) /X Faraday Future
@i p 145F
Carles @) @ 86, L
ClearMotion .\@ Lg,
‘R ; 14,320 HONDA
ﬂ Ivl5 U R A\ Pinnacle Engines / 26’§61:59: B,302F DRIVETRAINS
172,838 F > O 12818 F 29,968 F
A— S=MOTORS ()
(inte |
G 70 \;C’f;@ / DZEZ,E;T;I; o . 24,390 F 15,043
QZE TURG HYUNDAI _/. Baih 5@ G l RINAIAIN
S ' a—a S|~ —% [T ks wws | [Savion
. Automile — BYTC
e » explirer.al B P | 61,880 F
(mE00GO00 B Ao 7 RS |
3916 F i [Pale
_ \”\. local motors a, i & @ J Samfia
SCOOD _ Civil Maps 4 er 100 Alfo L Clara '
' \. Wy Zendrive N NAUTO PACCAR — ./ o, e
I ° 7,500 F 97 443 F %101 F ( , MAVICHA. & ULA #y¢~ Faraday Fulure
i / / : y - 25,5609= Galatech
W» Zendrive Em (o) 16,400
U B E R ° .o oT’s ai ®
113,448 S@@ ./"EMBARK LUMINAR >.(|’\6/|,6t13 S= [ faurecia) ? Elektrobit
Framelsco — | e o Yo - Je——
TEE Mowmfain o ?
/ (UISC Iyn - View 7. o 2062 F
scoot —o -\ — _ ¥
e &4 RideCell & i) cHosT 9646 F Mexl
poiniti’one 182,186 F @ TOYOTA @ BOSCH fka
U291B,2ESB o! \ SNVIRG — 9,562 d;l\gg| 104470 F Jose
C1r39L}11SS=C M 1:'3:“; \\/// voyage VA T@UHLID@WMD@ ®—1 Porsche Digital DENSO
- ' WR — eavs [ )]] | uoson -
(4 SWlft - u 162,9379: T=5Lnmn UANERGY H
A 000 F 34,404 F @ 76,000
= InnoVusion STOBF PNy | | INNOVIZ
mapper UBER ! @ TOYOTA AGE
135000 UBER RIBF Sarafega 5600 | ()
& WA s -\ SAVARI @) RIGHTHOOK
® , COmima,al [P@[?ﬁ@ﬂ@] Sens k- tj . .
- - Ambareila
$ O AUTOMATIC Wgd "hantom Auto W@W@W YVOLVO 0,000 8URQ
v UBER BT < plus.ai .\\ *
P Z O 130,000 F = — : MITSUBISHI Velodyne LiDAR
o ) Nlo —— SO an [ [} NG Y GACMOTOR i A"‘ i e 203,807 F
n ou’s-r\ER E._m)‘_r\ﬂ I_r_m NZJI'QQ) ZERO 10856 F Civil Maps QRENOVCJ 704 F -
e (Swtts\alley) @ smartca e s GATIK] AISIN &
FCALSTAR R)
0 1.5

360674

N
3 : CBRE
Miles

6y Stanford

University

NVIDIA.



AUTO LAB MAP JANUARY 2019 SLUCON VALLEY

I , Panasonic PR pm———
~H— ‘f 49145 F Verselus (éEYe) For more information contact:
WRIGNTaPEED A I casanton
Nearic (Aarmech) () Peloton [Hayward ( ol
Aperal | Z O 118,000 F (Berieley) U15,ooos= S Matt Von der Ahe
10215 | | O X | 16,000 30500F SAS o= Senior Vice President
Sam 126345 F DEEPSC/ALE 5 142188 F e Office: 408-453-7463
[Pactiica Yoo @ VENAM FUTURIS Cell: 408-230-7436
PHANiOM Al Vo= S 204,000 Globetouch mvda @cbre.com
Kodiak
A B
Newarlt
Ap 97,746 F NURO SL& Y
‘x; o 403
7 a0F Burlingarie | 52,761 V awersenT =
Sam A4 DiDi
Mafee
7 O avornve [ 542 S= 65,000 F
_/ @J L u H An_rt;hq W Z 0O
N— V. 14612 F [Fl?@lﬁi)@[mﬁ O X
© 9,698 F ©, W /0 brose 9,000 F 28 . AP’T — @ 147,000 F
198,506 S| BT 17166 F QO mns
T Helmai S\ 19120F
I-\. el : | RS @ﬂﬁm@m# CVYNGN m,w)sz B /32\ Faraday Future
Sam : & _—Y 86,145 F
Carlios @ @ & —
ClearMotion 266155 &
‘K ‘ 14,320 F HONDA
A\ ‘ UBER (@) : : / —— 3302 F EFFICIENT
ﬂ Ivi5 sy ® A Pinnacle Engines OV RMATE zg,gggééws
Z 0O 12589 evers S-MOTORS )
Civil Map:\\;f O X A \. AURORA LB 136,632 F — _— by
= [ / DEEPMAP = 19,996 F (intel N30T 15003 F
-0 &y 22961 F "
< \ / /GO‘_ — [TURO) e T P / BaiNEm Vi RININI __
u‘ ':m 70,484 F 30,087 — BYTON
® . Automile L '
e » explirer.al B / e | 61,880 F
| ALITOMOMIG  cLoubc |
(EN00B00D = - ‘m/' [] 12880 F
3916 F (@]
5C J\. : o 0 Civil Maps eri‘@ Al ilx @ J%ﬁggg .
T -\.. 0y 27%‘3!“’9 %7::;; M nwioia. &g TULA A Faraday Future
i - - - CGalatech
U B E R / ./ Wy Zendrive XM.OtO;S B ° m 16’4ms:
113,448 F [FF@SHU@@]%DS@@ " ’EMBARK LUMINAR 16,613 F ? 5 e s Elektrobit
\ S il !
SCO0O — — | AHOST
BN , S RideCell < KD Nnexl
pointtPone 182,186 F @Tovota - @ BOSCH fka
U291Bm%98 of \ SNVIRON e 9,562 ThoMdve 104470 F Jose DENSO
y v!f i i _
. Cg&;l'ss:e - \\/// voyage d;_ll"z’&?’s?l T @ﬂﬂﬁ@@[fﬁﬂﬁﬂ@ @ Porsche Digital
. I n = — 12200 F (J SCHAEFFLER
7 swift = u 162,937 &F T= %s':" \J) QUANERGY [ -
NNNNNNNNNN a'y, = BYTON
mapper UBER 0 InnoWusion HONDA 3T,018F INNGVIZ
135,000 5 UBER 34404 Saratega 36005 | 76,000 F
Tl Iun 13337 F @ TOYOTA I@ SAVARI @ RIGHTLOOK
, comma.al Portola 28923F t’ Zele.
® m,ax) F ::-I '-._Jﬁ E:} Ambareila
$ O AUTOMATIC W@ Phantom Auto W@W@W sensl .\
memerren UBER @ plus.ai *
P Z O 130,000 ‘4’5?3%%‘? - MITSUBISHI Velodyne LiDAR
N Yl LAY eEpuIM MOTORS
N NIO — S«,ﬂ IF)K\F‘N@F@E) \(—_:\/o Civil MapsA;f QRENOVO 7034 F AB9TS
- OUSTESFE’ ;EHQ 61‘\6:,355 F|— — :
71,157 (m‘b"@) @ smartcar @ I;/I;,rge?enz “% GATIK | A’S’N

N c
360674 Miles

73) Stanford  ESAnvIDIA.

University




NVIDIA DRIVE AV PLATFORM

DATA COLLECTING, TESTING MAPPING, TRAINING SIMULATION AV DRIVING

AV WORLD MODEL
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DESIGN OF AI-BASED AV STACK

Insights on some key open research problems
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DESIGN OF AI-BASED AV STACK

Insights on some key open research problems
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HUMAN-CENTERED & ROBUST AUTONOMY

“Merging into traffic during rush hour is an exercise in negotiation."
— Google Report, 2016

. Rl ™ . ﬂ’ﬂp

* 4 .

From https://www.youtube.com/watch?v=_aKLwYgUj4A (1) Stanford  SAnviDIA



https://www.youtube.com/watch?v=_aKLwYgUj4A

GENERAL MULTI-AGENT TRAJECTORY MODELING

Learn phenomenological action distributions directly from data

= Predictions for any kind of agent
= Accounting of dynamics constraints

= Conditioning on heterogenous data

Ego-conditioned
prediction

Motion primitive \IV TrajeCtr0n++

Stanford @a NVIDIA
1 - . I &7 University ’
References: Ivanovic, Pavone, ICCV ’19; Salzmann, lvanovic, Chakravarty, Pavone, ECCV ’20; Chen, lvanovic, Pavone, CVPR 22.



HISTORY OF DRIVING SIMULATORS

Virtual KITTI

Synthetic sensor image

Nvidia DriveSim
Photo-realistic rendering as part of Omniverse

VP o

-

CarSim
High-fidelity vehicle dynamic simulator

CARLA

Urban driving simulation with UE4

NN anil N

WX i 5
') s AR . I:’.i ™

of Nliaed 8 ’
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’
- ’
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) ? o

LY AT LRI A0

v high-fidelity physics simulation
v high-fidelity rendering (UE, Omniverse)
? intelligence that generates realistic, human-like driving behavior

@®sanford nvioia
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TOWARDS BETTER DRIVING SIMULATION

Grounding traffic behavior synthesis in real human driving behaviors

Learn Deploy

Real-world driving log ML-based behavior model High-fidelity simulator

(%) Stanford  SAnvIDIA.
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TOWARDS BETTER DRIVING SIMULATION

Grounding traffic behavior synthesis in real human driving behaviors

Desiderata
can we synthesize agent group behaviors that resemble real-world traffic?
can we generate a wide range of realistic traffic patterns?
can we steer the traffic model to generate a specific scenario?

Challenges
prevent the simulation from diverging out of “reasonable” behaviors

run simulation with horizon much longer than training data horizon
adapt to new regions / traffic patterns with little to no tuning

@13 Stanford
&% University NVIDIA.



MODELING HUMAN BEHAVIORS BEYOND PREDICTION

Closed-loop decision making requires rethinking behavior modeling

Ground truth trajectory Rolling out a prediction model

) Stanford &
&%/ University @Z NVIDIA.



CLOSED-LOOP DRIVING BEHAVIOR SIMULATION

Hierarchical decision making: decoupling where from how

Hierarchical Policy = Spatial Map Planner + Goal-conditional Controller

Rollout Spatial Probability Map

References: Xu, Chen, lvanovic, Pavone, ICRA 23 (submitted).

(+) Stanford S nvIDIA
&%/ University T ’



SYNTHESIZE NEW AND DIVERSE TRAFFIC BEHAVIORS

Decentralized decision making: Emergence of complex interactive behaviors

All agents in the scene are controlled by a learned traffic model

NVIDIA.
References: Xu, Chen, lvanovic, Pavone, ICRA 23 (submitted).



NEXT: CONTROLLABLE, DATA-DRIVEN TRAFFIC SIMULATION

g I - - - .S - # . . S S S S S . . ..

P -
/
| STLRules |
| |
I Goal No Collision |
| ~ T |
By ﬁ ——> |
O— . :
I :
| [7 Guide Diffusion Model :
| | Speed Limit Stop |
| B Sample
|
| W )\ 1@!’ \/ | Takeaway message: closed-
| Yoy H ) | loop simulation will play an
| | | increasingly major role in AV
b

Q{ I development and V&V
N /\% /

References: Xu, Chen, lvanovic, Pavone, ICRA 23 (submitted).



DESIGN OF AI-BASED AV STACK

Insights on some key open research problems
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DATA-DRIVEN MODELS ARE AT THE CORE OF MODERN AV STACKS

Sidestep brittle modeling assumptions by learning directly from data

Design time

> W'! r}_ pT
e ';‘
» :
pu— el

Deployment time

Labeled Data

Cheng et al., Panoptic-Deeplab, CVPR 2020

NuScenes

7+ Stanford >
i University @Z NVIDIA.



...BUT THEY CAN BE UNRELIABLE AND ERRATIC

Andy Weedman
Y @andyweedman

@karpathy @elonmusk @DirtyTesla here is a fun edge
case. My car kept slamming on the brakes in this area
with no stop sign. After a few drives | noticed the
billboard.

‘51 AM 55°F O EasyEntry 0: @ [ =

Dashcam: Tuesday, April 13, 20217 21:35:21

Che New Hork Times

Regulators open an investigation
into ‘phantom braking’ by Teslas.

Some drivers have complained that cars using the company’s
Autopilot system have been slowing down suddenly even when

there are no hazards ahead.

The investigation focuses on Tesla Model 3 compact sedans and Model Y hatchbacks
that were made in 2021 and 2022 and sold in the United States. Roger Kisby for The New

York Times

(3) Stanford A nvIDIA.
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DNNS ARE ONLY AS GOOD AS THEIR DATASETS
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DNN trained on (0, x) ~ pirain(0, X)

These examples come from specific contexts (e.g., weather, time of day)

u

context

1) Stanford 1 nviDia



DNNS ARE ONLY AS GOOD AS THEIR DATASETS

X Incorrect
controller

) /‘
—

Observation

context

DNN trained on (0, x) ~ D¢rain (0, X)

Out-of-distribution observations can lead to faults in perception, and impact closed-loop
performance

@) Stanford
&% University NVIDIA.



RUN-TIME MONITORS FOR ANOMALY DETECTION

prediction ~downstream
decision-making logic
Monitor —— uncertainty
clear morning (in distribution) s SCOD Uncertainty Measure
- clear morming (in distribution)
X “—error>0.05m
0 4
0] Takeaway message: run-time
monitors are key to build
N high-confidence ML systems
10 1
0+ ; ; j ; 1
0 20 0 €0 80 100

Time Step Sggi{ggg,d <2 NVIDIA.

Reference: Sharma, Azizan, Pavone, UAI ’21.
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