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& SAE J3016™LEVELS OF DRIVING AUTOMATION

SE SE SE SE SE SE
LEVELO J LEVEL1 J LEVEL 2 J LEVEL3 J LEVEL4 J LEVEL5

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
Whhat ‘1°Ts :29 you are not steering “the driver's seat”
uman in the
driver’s seat s o
have to do? You must constantly supervise these support features; When the feature These automated driving features
J requests, will not require you to take

you must steer, brake or accelerate as needed to
over driving

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?:;t%‘:e‘shsig warnings and OR brake/ AND brake/ conditions are met all conditions
o momentary acceleration acceleration

assistance support to support to
the driver the driver

+automatic +lane centering +lane centering + traffic jam «local driverless @ +same as
emergency chauffeur taxi level 4,
braking OR AND « pedals/ but feature
Example «blind:spot +adaptive cruise Wl +adaptive cruise "le s can drive
Features G 3P0 control control at the Sieenng everywhere

wheel may or
may not be
+lane departure

warning Installed

inall
conditions

Ny same time

For a more complete description, please download a free copy of SAE J3016: https://www.sae, 201806/
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[¥131: https://www.quora.com/What-is-the-most-important-component-of-a-self-driving-car]
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DAL
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- Ultrasonic viamulaenisuaesaduidsseaniiiiensiaduing

LIDAR *
Light Detection And Ranging

GNSS

Global Navigation Satellite System

IMU

|ner!|al MEBSUYEI’T\EI’\I Unll

CAMERA

PASSIVE SENSORS | ACTIVE SENSORS *

o
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IR Camera ¥

Infrared Cameras

Long Range RADAR *
Radio Detection And Ranging

Short & Medium
Range RADAR *

ULTRASONIC *
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[ f1un (E‘U‘%ﬁ&l): https://www.wired.com/2017/03/autox-slaps-50-webcams-car-make-drive/ ]
[ 137 (E‘UGU’N): https://www.independent.co.uk/tech/self-driving-car-crash-racial-bias-black-people-study-

a8810031.html ]
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[ Aun: https://www.kdnuggets.com/2022/07/bounding-box-deep-learning-future-video-annotation.html ]
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https://www.wired.com/2017/03/autox-slaps-50-webcams-car-make-drive/
https://www.independent.co.uk/tech/self-driving-car-crash-racial-bias-black-people-study-a8810031.html
https://www.independent.co.uk/tech/self-driving-car-crash-racial-bias-black-people-study-a8810031.html
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1. Intrinsic Properties 1{u Parameter fisnaudioqnautfvesaudfinnssoguuiindas vil
wihiiuuas 3D Point Tulana3e iu 20 Point Tunm
2. Extrinsic Properties 18w Parameter fivsusnsiunisaindsaviaudisuiusumiadneds

3. Distortion Coefficients 1Tu Parameter AUUaNA98N¥ULNISUATEIYBININ

U7l 2-4 nsfadenmesnmannaud (jUdhe) warmsudnistndennnaud (GUun)
[ 9111 LearnOpenCV ]

gll‘ﬁl 2-5 n15%11 Camera Calibration

[ un: https://www.researchgate.net/figure/Calibrated-output-image-of-the-Raspberry-Pi-Camera-using-
OpenCV_fig3 340252770 ]


https://www.researchgate.net/figure/Calibrated-output-image-of-the-Raspberry-Pi-Camera-using-OpenCV_fig3_340252770
https://www.researchgate.net/figure/Calibrated-output-image-of-the-Raspberry-Pi-Camera-using-OpenCV_fig3_340252770

u fx O cf [m m2 m3 X

Y

s|v| =10 fy cy| [t ™2 ™13 t; 7
] O 0 1 T3] T3 T33 t3 .I

Extrinsic properties
(Camera Rotation
and translation)

2D Image Intrinsic properties
Coordinates (Optical Centre, scaling)

3D World
Coordinates

Distortion coef ficients = (ky, ka p; ps k3
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lvatradunmedelvaifidenit Depth Map lnenmnain Depth Map axfidnwazilunindunas
wardayalu Pixel 3wUansA1AUIvRTinglunMINNSBIUsaLF? %asﬁagaiu Depth Map @13138
ildnnameanudnvesinglulanasale

Observed point

P

Disparity

T €T To
Y1 H B H Depth
. Epipolar line H .
LRt CEEEEE CEERERECEEE T | EEEEPPTTEPPEERY TR .- D
Focal Imagf_-d point Imag?d point Focal
length P D2 length
f f
Captured image Captured image :
Ii(z,y) Iy(z.y)
I Baseline i -
Camera 1 B Camera 2

gﬂﬁ 2-7 watA Stereo Camera
[911: https://www.mdpi.com/1424-8220/22/23/9050 ]
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E‘Uﬁ 2-8 Stereo Image NWmALA Stereo Camera

2.2 lam$ (Light Detection And Ranging: LiDAR)

wulwed LIDAR Wuwuwesilduaslunisnsiaduing Tng LDAR Afesldlugusudsnlusiily
#aqu e 3D LIDAR Bsmeludimumefussnmilaziiuvasiiiinuas Tnsuasazgnisluliagiiouu
nszanfiannsaviu 360 samilagsey Jsenunsauiuspeiiieuasislunnnsenufuingiiiaugs
uaneerulel Welawesazieunduinaninguingwuwes iwesazgnagieunduluisiiuuas iile
Uswanaua uaziansaningfinsaduldnely sl nasuusyssan LDAR ldsuanadenlutlagdu
fio nssuunmudunuty (Layen) flannsonsadurugsosinglél 19y LIDAR 16 1du Ao LIDAR 7
annsavdesuannly 16 @iluwuaunuds Tas LIDAR #iflsiuau Layer 1nn agiisianumnandn Lidar 74
U Layer Uow

U 2-9 iguwes LIDAR
[7un: Velodyne]



Tilting mirror

Optical rotary
encoder

Servo motor

dptical rotary
encoder
Laser source

Receiver

sU#t 2-10 nalnnsvieuues LIDAR
[7: https://www.glsun.com/article-p180-types-of-lidar-technical-architecture.html ]

Laser Sensor positions in VLP-16 scanner head
JUN 2-11 nsUdpeuasosauees LIDAR

[ﬁm: International Conference on Methods & Models in Automation & Robotics 2017 ]

fiail Foyailléfuain LIDAR Tasdaulvgjusznauludie 3 a1 fail ssazvna (Range, 1) yiuna7n
(Azimuth, @) wagyaLeg (Elevation, B) Wnendumssmuasumisvoad manglufitaidda (Polar
Coordinates) sdndusiodldnsduimmunguisiinadd (Trigonometry) LﬁaLLUmﬁﬁLmﬂﬁmqmﬂ
fiffadst (Polar Coordinates) T dusundsvesingluiiinesideu (Cartesian Coordinate) Fadu
fifaflanansafiuyuddues uazannsavhandlaldheniiidadsta (Polar Coordinate)

Target

\

1
a VAzimuth M |
; ST

AN

Lidar &

xB
JUN 2-12 Toyanlasuannisuees LIDAR
[P https://www.researchgate.net/figure/LiDAR-range-and-bearing-measurements-with-body-

frame_fig2 354125102 ]


https://www.glsun.com/article-p180-types-of-lidar-technical-architecture.html
https://www.researchgate.net/figure/LiDAR-range-and-bearing-measurements-with-body-frame_fig2_354125102
https://www.researchgate.net/figure/LiDAR-range-and-bearing-measurements-with-body-frame_fig2_354125102

5U# 2-13 Point cloud #ilé3umnisuiees LIDAR
[ #1311 NVIDIA ]

2.3 1513 (Radio Detection and Ranging: RADAR)
wue$ Radar Sudnmsinuadieadsiuisuiges LIDAR uwiflruusnsnsiluseasBondal

1. Radar ldpduAnglunsmsiaduing

2. Radar Tdusaienanmelunisudesdyarailviladeyaauiii

3. Radar siuenUssinmanusyegynaiingaduingld Tag Long Range Radar aansonsaaduing
Ieluszezlng usasilyaaes (Field Of View) wau Tuvadi Short Range Radar a513aa3798y
Togloluszeylng uwsagilyuwe (Field Of View) n1andn

4. Yoyaildsuain Radar aiiuArII LTINS TEINeTnquAs A IsuLeed LaAN91NTl LIDAR
anunsadnanly Tnsrnudaduivsszninsinguazisuesidunaanusngnisalfonnass
(Doppler Effect) Fsdmalvinauingfagvioundumnainingianuiiasunvasianiaden

MeNUdegoanlUnniiguges

Second-Generation Long-Range Radar Third-Generation Long-Range Radar

Radar Dome - Radar Dome-

Printed Circuit
Board for
Processing and
Power Supply

Body with
Separate -
Connector

Body .

Printed
Circuit Board

- Printed Circuit
Board for
Processing and
Powaer Supply

+ Die-Cast
Backplane

- Plastic Backplane
with Connector

JUN 2-14 839AUsENoUTRUYULET Radar

-10-



2.4 danslaiin (Ultrasonic)

|wuwed Ultrasonic Slimnuadneadsiu Radar ust Ultrasonic azudesadudsaiielilunisnsiadu
g osnnisarudwesndudssiudniausmesriuuas wasaduing Jedenalssesnidy
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Parking..

==

JUN 2-15 nsldauveawuiyes Radar

2.5 Mm3Tudayadniwuiwas (Sensor Fusion)

dlesan wuwesurazviafinuandd uardnvuznsldnuiuandaiueenly madenlfivuees
Fnzan FadudssndusemsWamneusunsnludd Tnedadefimsinnsanlunsidenwuyes
dwsuldaulugueunsnluld@ Ao i%UUﬁﬁ]%ﬁ?%@iﬂaf\]’mL%UL"UEJﬂUI%J\‘i’m NS FIUVDIEIUY
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Electronic Mirror

Replacement
360° 4

Surround View  Blind Spot
Detection

Lane Keeping Cross Traffic Rear Co!llsion
Assist Alert =+ . Warning

: : 360°
Ag,'.ﬁ'm Podo ﬁrlln Detection Surround View
se )

Park Assist

Traffic Sign
Recognition

Blind Spot
Exterior Camera Suvroien%‘,wew DQ!QCQE”I
I interior Camera Electronic Mirror

Replacement
LIDAR

Short/Medium Range Radar
I Long Range Radar
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[‘ﬁm: https://www.telematicswire.net/autonomous-vehicle-mahindra-and-mahindra/]

Wwuweswrassin ganiven waztoldaunnaienuly Lﬁ'aﬁﬁmmLﬁaﬂLszful,szja%ﬁéfmmﬂ%’mumu
Podesng 9 udr eanuieueesildnuivannatesin Finsiwuesiviwiafuuiusesiiana
Sy Azaansavawedeideveaiusasiuld Megradu MsvieusIniusEring 15ans (Radar) Wu
wumesnEdediniTosnsduuntssinning minmaduveuesing uaznsnmduiduiaunuy
uazndes fanunsavnedediiavensons (Radan) Hu avanmnsnssuuiluldinuuugeidutedidn
18 usoghalsinu szdosfinisiamunsanesuiienisldnusiufuseninaeumesian i 399z
wsdeyalaegngneies warilusyansam

-12-



Sensor fusion will provide redundancy for autonomous functions.

Sensor function ratings

. Good @Far @ Poor

Ultra- Radar + Lidar + Radar +
lidar camera camera

)
2
=%
]
]
c
o
o
]
@
o
2
o

Camera

Object detection

Object classification
Distance estimation
Object-edge precision

Lane tracking

Range of visibility
Functionality in bad weather

Functionality in poor lighting

Cost

Production readiness

Radar and camera most likely combination in next 5-8 years, although solid-state lidar and camera' will be

dominant in the long term when proven and integrated into mass-production designs

"Comparison with other technologies not yet possible due to low maturity of technology.

McKinsey&Company

U 2-17 PrwiansnsavesLie fusaz il
TnedoyafilssuanumesuazUssinnazgninuiiunssuiunssadeyaanieuees (Sensor
Fusion) Fafunszuiumssiunudeyavesaumesuiazuszian ievilvinszuiunmsnsiaduingd
auusiugnnty Tasedeaauivesisuesusazeinaifioanynseuveasuesnvionis lng
N3¥UIUNNT Sensor Fusion Lilensaaduinganansautseentiiu 2 Ussiam 16iun Early Fusion uag
Late Fusion
1. Early Fusion 1unszuiunnssudeyaiiu (Raw Data) veawuiwesidnsnedu neuflaziing
n3EUILNIRTITUTRg WU msthdeRaniwuwes LIDAR fianinsansiaduszegisvesinglé
agausiug lunisuUasdeyanuszezring uazay (Project) asuuamildannndes Tuvesd
ndesazasaduing uazidonulnadiauls (Region Of Interest) antiudsihdeyaszersindly
'U%Lamﬁuuaif\gLﬁuﬂﬁagamaﬁmqﬁmmﬂéﬂﬁﬁaLLamﬂugﬂﬁ 2-18

Early Fusion

3D POINT CLOUD o
Point Cloud 2D Projection 2D ROI Matching

2D IMAGE

° 2D Object Detection
gﬂﬁ 2-18 N13v11 Early Fusion
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2. Late Fusion Lunszuaunssndeyaingiinaduldveusasmumesitrfediu sndetis
WU Uayadn LIDAR uar ndes gnleuidng Classification Machine Learmning Model Faazld
foyatngiinmadulfveasueesusorsiaoonin MniuSsiinsufuduoyainginsadu
161ae75 Late Fusion FathAsilssumnudesluiiagtiuilesainnsfamn Machine Learning
Model Tutlagtudsnalyiisumesusiazuszian i Machine Learning Model fianansatianld
numsaduingleogsarain wazilnnuutugngs duandlugud 2-19

Late Fusion

3D POINT CLOUD o 3D Obstacle Detection

D Projection

B

L~ N

E‘U‘ﬁ' 2-19 N1591N Late Fusion

BNi88719MIYH Late Fusion S¢vinandos waw LIDAR Huaglésudoyaun 2 g uandluguil 2-20
ile léteya Boundary Box vesingiinsraduldtiueuimesusazvdiauds nsvuIunIs Late Fusion
avthdaya Boundary Box nfimnsansaufuiimansiaaeuinglasfsaonsugeidugniouniiousy
viselal Inefinsvuaunsiilendszendld 235 fle Intersection Over Union (1oU) wae Kalman Filter

JUN 2-20 Yayaiildannndes (@e) uway Toyanilaan LIDAR (¥31)

P59 2-1 MIUAAAIUBYATIATUIINNGDY L LIDAR

Camera Detection Result Data Format | LiDAR Detection Result Data Format
Boundary Box X, Y, w, h X,Y,2L,wrh
Confident Score conf conf
Class Confident Score clsl conf, cls2 conf, ... clsl conf, cls2_conf, ...

Intersection over Union (loU) ifun1sewiamegiuuanusivlavesdoyansaesuseinn diunns
° X 4 a v YY) . Y & A &
ATUIUNUN Boundary Box Ngaununu (Intersection) 1135038 NUNTINVDS Boundary Box V9@
naes (Union) 38n31A1 loU Tagan loU agliddnlng 1 Wenavean1snsinduingiinuaaieaieiu
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Matinsguuns Fusion medstasiiveids Inevnan loU aldsndnndmunld deyaingazligninly
f1seusie Tunenduiu mnen loU AladAmnnIAinualideafiansanfnseuIunIsauILm
srgyvinavesingaanaivansaumiey

Area of Overlap

loU = =
Area of Union

Poor Good Excellent

g‘d‘ﬁ 2-21 NMSAUIAKUY Intersection over Union

Kalman Filter Tuynangud] fie in3esilelunisuszanaun State 9ndoyaitinls (Observation) uay
State fiHusneIsEUY il Kalman Filter anansathanuUszendldiunsrsdeyaiiinldaneuses
2 Usmalsl Tnewaiildazidurfignuiuliivanzan (Optimized) nanafe mnldfan Kalman Fitter Tt
\uszeziatuiu Jeyaiiaiain Kalman Filter aziudoyaiigniesiian Tag Kalman Filter 98]
nszvIuMslumaU TR

1. uasdeyavessuoiviaosssavlvegluzuuuuifieat

2. ﬁwmmmﬂ'ﬁmmLﬁ?iaﬁ’uiwdwﬁagaﬁﬂaawﬁm (Kalman Gain) 91nALARNALARBUYBINAGHS

filsnnyndeyaneunth

3. fumadwsildainns Fusion (Estimation)

4. ﬁmammwmmmm‘ﬁammmaé’wé (Estimate Uncertainty)

5. yiddie 1 - 4 Bnadalaglddoyadaluildunnisures
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Predicted state Optimal state Measurement
estimate estimate

U 2-22 nqwfin19vin Kalman Filter

NNNsEUIUNTRTINTUTRY vl usudsalusiinsuisihumiwesing i natlanaimis us
ognalsfinm Teyasunnd wazmmsadudnyadeyaddydmiveueudslui@ ielymsuds
ngAnssuvosinguinzeia Fatunszuaunisinniuing (Object Tracking Fedianusudulunns
finsaniringiinsaduldluudazdrsnanduingietunield S1ingfingaaduliduingieadu
Fayadunisvasinglunaiang g avanunsaidrudwialudeyaninuiuazanusels oy
N32UUN1T Object Tracking lutlagduiiniswauniueg1euinefin1std Machine Learing die
AnmuingiiuduuredalsAfingzuaunis Intersection over Union Wag Kalman Filter 711414
N3¥UIUNTS Sensor Fusion §aaalasuauiien wasiunUssyndldiunszuiunis Object Tracking
o¢) Tnemsdeudoyandeyaeumedieiintu Wudeyaiilianmsnudeyaaineuses (Sensor
Fusion) Tuasnsiuuny

gﬂﬁ 2-23 N3 Object Tracking

N1SUIUNITAATIIEVBY Perception Process UadenueuAdnluds Ao nsvuIunIsneInsaliums
&/ . . g & [J v o P
28330 (Object Prediction) lnenszurunsiilunszuiunsiueidunianisindeuinluouianves
Tnns1a3ule edeyarina1IuIfiasanILKRLNSIATBUTIveIE UBUASALUTR nszuIunIsll
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annsasuiunistilae nmshdegasumia A wazas #iléan Object Tracking 1AW
ruanmInsadamans leviduninisiedeuiivesinglusuian wiogslsffiosanteyadils
PNLUEDIUNTF Y r18d3UNIU (Noise) dqmalﬁ%gaﬁléfma Object Tracking Huilnansznuaas
deyeyrausuniutzduageie nsyuIUNIs Object Prediction JainAuinilagAvuntainne 3 au fe
fngianausudadunsil (Fixed Linear Velocity) fngfinanuiadeyunsd (Fixed Angular Velocity)
wagIngilmnnisensil (Fixed Acceleration) sntugiimunenathdoyaiildainiis 3 dosiaunsuriu
s Kalman Filter iflevnidunsmisiadeuivesinglusuemdusugarinelé

;J‘Uﬁ 2-24 n15%1 Object Prediction
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INNTEVIUMIAN 9 Ananuludeiu ansoagunssuiunsiioademuaunsatun1ssus

[

Y

YDIULUARDALUNR 1A 9Tl

1.
2.

wuigesuiazviavimininsaduinglaesoueseusuddalul
Foyarviilinnidusesusazvinazgniloudignssuumsiinneideya (Pre-Processoing)
dievlvidoyavensuweiutaraiadmuminzaniionilusuiunsdoluludunouns
M3193U Mg

Foyairunszurumengideyavesumeiusarain awgnioutingnizuiunimsadu
g (Detection) AidfiunsusnfumumnuisnzaivessuresuLiaz i
Foyaiiléainnszuiunisnsraduing (Detection) 9zgndaringnszuiunissaudeyasin
W3 (Sensor Fusion) lelsfumisiigndesvesingiignasiaduls
fundsvesingazgndeudngnszuiunisnisinaiuing (Object Tracking) Lilofuanmn
ANILST UaTAILTY Vasinguaasile

AIUVUY AALEY waTAIALeeeTRg dvgnasludinseutunisanine nszuIuNIIeINTel
suiswesing (Object Prediction) iefummiumislusunanuesinqusiazaiin

Raw data

Pre-

Camera — Detection

Processing

Pre-

. Detection
Processing

Sensor
Fusion

Tracking Prediction

Pre-

. Detection
Processing

Pre-

Ultrasonic Detection

Processing

gﬂﬁ 2-25 AMNFINTYINUVBY Perception
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unil 3 AENNNTATUNITIEYAIMIALY (Localization)

Auanansalun1sseysdiunia (Localization) Ae nszurumsiivinlieusudsnlufAnsiuis
dumiatlagtuvesiiesdauteyadifydmivnsnunuiduniavesszuududsnlul@ Tne
n33UIUN1S Localization anunsauuseantendu 2 Uszian laun GNSS Localization A9 nszuiuns
TLUMUMLIAI85EUUINNNAIEANILTIEN uazVisual Localizationfa nsyuiumsszysuwmviilagende
foyanneuseiiRakioguUsnnToUTEuR
3.1 NITTYUAMUIAYTZUUAI BN (GNSS Localization)

GNSS Localization #38n358UUN1558UALMIIAI8TzUUATLTBudiTes LunssuIunissey
sumisifenldanily enfisunsssyiumidnsdwitefefldnssuunmsssyiumisUssanild
asmliﬁmumiixqﬁwLmﬂqéhs%%ﬁﬁﬂ’nmt,ﬂué’ﬂﬁ@?w uazvniienns wieguassauuasdnyaai
dunnsruunufisatihses favdsasomuusluivesssuussysumidld vetmndesnisliszuy
GNSS Localization fiauusiugunniudslussiumuiiuns szruusrymmiasndudelasudya o
uhlvananniiniaiiu (Base Station) iilesasaunaInAdouvaINITTEYRuLdld udagrdlshd
msassaniimaiuidodite Wesmnuiazanansonszredyyaudleifauusgildngly
$afl 50 Alawwmsiintu

JUN 3-1 msszysumisiag GNSS

fv o a gj 1 (Y va Yo Y o 1 U

gunsalfudayayias GNSS finnsegenueuisnlulid aglasuderulunisseydumis s atagdu
TugUiuuves azfign aosdyn wasdafiyn wisgnslsinny nszUszananasumislugueudsnlulf
v gy ° & = 1 P Y 19 a Yo . .
dnlivmhevesnssvymuniaduans dedansaldnuliandeyanlaniuunain GNSS Localization
loviuit S1dudesiinsulamiiennasign adyn uazdagn Widuwiuwndmiviedu wes lay
nisluszuuiiiandedld Ao Universal Transverse Mercator (UTM)

UTM Coordinate Systern tunszuiunisuuadan azfgn aesdgn uazdanyn Widuniiewns
lnedigariuila (Origin) ag#iaziyn wazaodgai (0,0) 5vuu UTM Coordinate System aguuaiiuii
vaslanlumsne uazinupduniswesgadnvemsusastandussezraseninganiila 39019
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wlaAashign uazasadgmiu UTM Coordinate System vilalasnisiuSeuiisusiumilanlasuain
GNSS ey #1519U99 UTM Coordinate System

UTM Zone Numbers
010203 0405 05070808 10 11 2 13141515 T8 SNUNNUBE TBI0 T HENT I QUO0UE 6T U0E 035858 890
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Peter H. Dana 97/94

5U#l 3-2 UTM System

N3¥UIUNT Dead Reckoning iudnnszuiunisfitrsuniveteinnainuesnisssyiumisie
GNSS Localization lngafedayanumninsudaduy amusnuday wasauswessosus Inedeya
AUANUSATLEY ANILEUTI wazauswassaeud azgniundwanludunilagiuves
S08UA AANEAAINUNITUIUNTS Object Prediction mmfuszw%ﬁﬁagas‘f%mﬁqﬁléfmﬂ GNSS
Localization wazdilsarnnsfunsnsaniu (Fusion) K1u Kalman Filter lilevnduvmisilusiugwes
soeudsnluda o Jagdu

GNSS receiver MU
Pseudo range H GNSS doppler Angular rate H Velocity

! v

‘ Position ‘ ‘ Velocity

Yaw rate

Heading / Sideslip angle
Estimation
‘ Trajectory Estimation ‘

]

v
Position Estimation

gﬂﬁ 3-3 N3¥UIUNTT Dead Reckoning
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3.2 NTITUUAUMIIAIBIRWRRS (Visual Localization)

Visual Localization L‘ﬂuﬂizmumiizqﬁ'}meimamﬁa%’auﬂaa’mLsszszia%ﬁaw??aang%nmiaU
sopus Tnsweumesildsuamudienldlunssuiunsil Ao LIDAR iosnn LIDAR uewse$illitoya
Fumisvesingdimsiusasudluniownsls uasteyaildFuandauusiugngs desaliiumied
I#Suannssuaunsifiautusigedoduiy wiogrlsfinunssunidndufeodetoyadids
nanfe Teyaunuiininuazidengs (HD Map) ieiludeyasnsdedmiunstirdeyaiildsuain
wuwenTouiisuiudeyadneds uazussilumiumisessasudsalusiRvunsuiiamazBongs
(HD Map) Wisuiaioufiuinilusasudfiendedoyaainnisueafiuanuiisng 4 sousasa wagiiun
Wisuiflsuiuusuifieglueamsssin aanudisng o fueaiiu og a Usadle vesusud Fadwils

annsafinIsadayas LT udINAuIlITBsEn N Nitouiule

IIIIIIIII@!IIIIQ

Map Landmark (m)

@ Lidar Measurement (n)

JUN 3-5 uNufiauagtdengs (HD Map)
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Simultaneous Localization and Mapping (SLAM) tfunszuaunisdaday Tunisadiawnudianaig
aziduagsdmiunmsldanilussun Visual Localization veseusudsnlui@ Buduainmansesdnuas
ddy vidoTlmosvasanimuandeniildarnisumes o1fitu whsuymvesin niuihdeyafiaesin
f57 Q1 LW 9 e we s uEUASILLR o ATt 7 Wlensuiuniesafi
Waguly a nawing o uda SLAM Sanediin azihdenaiiu vie RAW data veseuwesiingraduldn
asafuunuiinnuasengs Tnedradshumisestoyafivandoyamumis a nardurose e
SelusfAnlananlineunth

fiadl nszvaunsaiisunuiicuasBengediag SLAM Sane3fiu iunssuiunisfiendeaniug
yauadinmansiuge Sdudsfifud fimuneuouinlugd enlduimsgussnounisifiens
Fenmaysnumsdse wazaiausud lumsaausuiimnuazdengs Ahanldaeuluseudsnlua
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Uil 4 ANUEINITALUNITIUNLLEUNY (Path Planning)

AUAINNTAIUNTINUNULE LN (Path Planning) Uesenusuaonlul® aansauvsesnlmdu 2
N3EUIUNTTERY Ao Global Planning ABATEUIUAITINMHULAUNIINITAUNILAETINYDIU UL UR
Saluilf ua Local Planning Fadunsyuiunisnununisedeufiveseusuisaludffiefuiieny
annandeluusnuTe v usUASRLULR

© 2018 Realtime Robotics, Inc.

=

U

€N

4-1 Path Planning

Local path candidates (green)
l Selected path (purple)

4.1 N3TUAUNTIUHUEUNIINSAUNNGIAESINVDIIUBUABALULR (Global Planning)

Global Planning A ASEUIUAITINUKHULEUN WU uAUNITIMNLLEUN1e Ty Navigation
Application ﬁﬁ@éﬁgqagiuiwiﬁwﬁﬁaﬁa niesnouiluilagiiu feg1a9u Google Map Fa1du
n3EUILMIMILNULEUSl TN Bud FosnnsiaziAun1aainan A lUdsan B agdasitu
w@unglatng Tne dane37nladlunis Global Planning @1unsanuseanlasn 2 Uszian laun Free
Space Planning k&g Graph Planning

4.1.1 MIINUNUEUNISUUNUTIN (Free Space Planning)
. [ 1 N o & & va
Free Space Planning 1Junszuiumsinausudunislszianusniigninunldluguguadnluila
Wawnlaeeans1asdlunmingds MIT Ussineansowing Inedanesiiugniaunduunly

[
a

Yz Ao Rapid Random Tree (RRT) lagdanasfiuiidunszurunisneueudsnludf azdu
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Gumdluszaznadu 1 TusndefuaudunisfiazanutsaimaeusuddaluiRlugsgagongld
Iﬂ&JLaumqau 9 avaﬂai'mﬂuummﬂmimu'smamﬂmiuﬂmﬂaaumaamuaumam’lum‘tmvavL';m
nils Mainszuaunmsidsddoids Wesmnmsahadumadunszuaunisuovde slfdumedign
asstuluudarainglimiloutu unsifnunsdlidudunss sasnnaamnedssesmslng uas

(%

[N]
 a

Huneugniieugudsnludfedeuiilanii nseuiunistagldnatlunsAumiduniaunuiiunig

120 : : : : . .
100 | <
a0 b
m -
40 R
|
ol
2% 0 20 20 80 ) 100 120

5Ufi 4-3 391 Free Space Planning

Y

YUNBUNITNNNUYDY Rapid Random Tree (RRT)

1.
2.

ﬁuﬁammuumuﬁm 190

AU Node ‘VﬂﬂaﬂU‘\]ﬂVlﬁﬁJﬁJ’mVlaﬂ yinsa¥radulyszninageiidy uay Node Litoifu
Aen198198 9000 EUN19T39 9nTurinnsads Node Tusuuduus lusyy mm‘aummmsa
wasuildly 1 wirean waz Node fiadrslmlazdosldonuonidunis maamaﬂmmqau
Iul,muﬁ

(% ]
a o 1 a o

‘VI']‘U']GZJE] 1 ey ZIUQUﬂi”W\? Node V]ﬁ‘i']\ﬂﬁ/illE]EJM’N‘\]’]ﬂﬁ]ﬂﬁU?!ﬂGﬂﬂ’)’ﬁ% RRVATI bl
L‘U?Jll Node VILUUT\]WL’iQJG]u“U@QLEﬁU‘Uu L“U’]ﬂ‘UQﬂﬁ‘Uﬁﬂ

Y



gﬂﬁ 4-4 FupauUnn5¥N9UVeY Rapid Random Tree (RRT)

4.1.2 Msnuudumdasadedeyaluguuuunsiu (Graph Planning)
Graph Planning lunsnsunudunialagerdedeyaauuiiiuliluguiuuaes Graph Structure

1a8 Graph Structure azUsznausedoya 2 Uszinm leun Node Bsuansisiumisuesqadmuesauy
viEouansingg way Edge Fanansdanuuiidonudazuend gty tnely Node uway Edge 919U559
Foyadu q wadnld 017ty Aasigean fiemnanistud uazszesmadudiu Wedeyavesauugn
Farulilusuuuunes Graph §aun9zaunsaiin Graph Search Algorithm 3nUszendldifiann
dumsld Tnedanesiiuiifenldun A* staiin1sld Graph Search Algorithm vngnueussaludf oy
s udumaiiagyioumudusiennnin Free Space Planning Wosndumsazgniausuandeya
auufigndnviliaaamihudn
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gﬂﬁ 4-5 71591 Graph Planning

A* (A-stan) L udanesfiunsneusudunisitldlunsdunidunsiduiiaalunsl Tasviinis
finsanszezmaliiumilundy wasmsuszanaszesaivasludadiene dunsdulnen Cost
ENAIREINYY NITINUNUNNSAUNIINGA A lUgagn E e Cost ﬁ@mﬁu 9 (H) wag A1 Cost 5ewing
W (G) Fauandluguil 4-6

JUT 4-6 #01UMT0ITNA0INTIUNUNITIAUNIIAIEY A%
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Funeulumaviiuves A* Sanesiulunsdisiesg

1. Wlosnngn A WugaEudy Teflen Cost widu H vi3e 10 e
2. 7130 B Wdunnsiiilen Cost toeiignfie 2 A lU B e 11 (7+4) wig
3. fign C 1dumMsiiilen Cost Yosflande 91 B U C fio 7 (5+2) e
4

I ]

. 7190 D idumneiidlan Cost Ueeiianda 90 B U D Ao 14 (9+5) niag

=) =

5. V19 E wdunienidien Cost Waenigafio 910 C WU E a3 (0+3) wiae

9
=

Aty @un1afida Cost Woedign Ao wdun1ain AU BlU Cuas TU E Tnedian Cost sauudu
3+7+11+10 = 31 U

JUN 4-7 MINAUNUNTIAUNGIY A*

AT 4-1 MITIERINITATUINAITIIURUNITIAUN Y A

Node G H F = G+H Previous Node
A (Start) 0 10 10 None
B 4 7 11 A
C 2 5 7 B
D 5 9 14 B
E (End) 3 0 3 C

dlonszuaumsneRudunesiiunisudnase deyadunisazgnulasiidudeya Waypoints
~ ] ] ° Y] . 2 Y a o ¢ v = PN ~ =
Werudedemsthluldau Ing Waypoint fie 9na19deWisaauddaaadauiinng wWslilufisganing
@agnsgnsies Waypoint anansaussydeyania 9 Adulusenismunusoeus 17wy fuvimesge
AVIIEIVRITOBUA 04 AT TiFn19N13TVT wawAdansgan s
3.
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JU 4-8 Uang Waypoints 21NMI3HHUEUN 1M ALY e UA SR LULR

4.2 NSTUAUMIIUNUMSIADUTIvaseuBudsaludAfaudafuannuandauluudinusavenuy
BuAanludf (Local Planning)

N38UIUN15 Local Planning aglddumis oy JagUuvessasudainnisii Localization waz
Waypoints 910115911 Global Planning LLasﬁﬁﬂﬁﬂﬂLLNULﬁuVlN%umGLmJ' 1At Jun19919uHLY
Funsluszazyands doandumisdagtuvessasus nedunidniinusuiuasfionsands
annuInaeulag ey Imsmﬁaﬁﬁa;ﬂamﬂizwLsejuLezjaii'ﬁﬁmé?qagjiaUmuauﬁﬁmiuﬂa DITLTYU NS
maLLmuLﬁumaﬁm%’ULﬂﬁﬂ%@ﬁ%ﬁﬂﬂﬁ@Lmsaauﬁﬁaamagumuﬁu 1nnszuUIUNT Local Planning
#fieulda1u fia Free Space Planning wag Lane Sampling

4.2.1 MIINUNULEUNIUUNUTIN (Free Space Planning)
Free Space Planning @435U Local Planning #imMuAd18AdsAyu N1 Free Space Planning

d1m3u Global Planning usiazfmuavauuANIsiAGiaunvassasus (Boundary) egluusiaailndifes
FOOUAWIIUL LNBNISUAUNANEINAUINTD19UIINGTU LASUIIFUNINITAUN

1L, L] L [ SL ] sl
gﬂﬁ 4-9 MIINLHUNITAUNLUY Free Space

Planning

NT2UUNTT Free Space Planning U94n52UUNTT Local Planning 32uan#1991n Free Space
Planning 984 Global Planning lag Free Space Planning 984n52U21N13 Local Planning azande A
Planning Tun1571aunudun s sieli A* Planning Tu Global Planning dnaglunszuiun1s Graph
Planning wiag19l5Aa Tudiuves Local Planning 93gndniiu Free Space Planning Lile4ann
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nsvuIuNsaiateya Graph Structure umsadsanfiuiiteuinsalfifssiufeueudsnlus
Tneuds Graph Structure ms1dluiiuiilndifosfusse waziiszozinanin q fu dewalfosueus
Solulfaddestalunisiadeuditosniinisiauaunuy Global Planning waagnslsd n15919uny
Local Planning Aenseuiun1s A* inAdn1snineing tazailun1sa1uinun 91aliunziunis
Tnulusosudfisienisdgs

U7 4-10 N15a379 Graph Structure UUWUTINg

4.2.2 mMsunudunilagedunisdiasaau (Lane Sampling)

N32UIUNTT Lane Sampling Humsadretemeaasesiintuan suiui Waypoints 7170
As¥UIUMS Global Planning Tnedeamsasiasfiadrstuunlnidu asinnsiuamelddne (Cost)
nzaufierlfeueudsaluiRndeuiinudomanasiuiseld Tnenmsanaldaneaulngas
913001970 3 Fade ldun n3vanedesnnasiagingdu sregrinavesdesaasiuingdu uas
sveviean Waypoints s1dn vl Jadeihluanaldans annsausursasuldmunnumanzenly
anmnisasasludagiud edomisasasdesgnatisuasiuinailditondnasooueud
SnluiRazidenindouiinudemnsasasdosiifl anldanes fianilonaunandsinvnuas fsnny
Global Waypoints o

E‘U‘ﬁ' 4-11 A% Lane Sampling
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$1981971591 Lane Sampling Tugufl 4-12 uanansiiunisveseusudsalusia @ien) idds
indouiiegluiaud winsaduldiiiing @uas) egdumi Jaihmsduadunisesnin 3 s
oA 1@une A @umng B uag iduna C lu 3 wade laun
1. S593maeeeTasiuingdu
2. 338111997n Waypoints %80
3. NNFPBNUBNYBINVIEAN
fiail viadealddeiiunundusesdunssumainsauisesnlfidu 2 Ussiam 1 Alddean
svoga uazATlTIeFansang nande Aldiieainszeginarestesnsasiuingdu uasszeyiing
971 Waypoints #dn 1unsaiwiuatldainainssezmineluniismns uaegslsnadesslunis
FuaAldieresis 2 Ussam frnuwansaiueg
Tunsdlvesszogisvesonsasiuingdu fszepviwesdesnsasiuingduiiatosuaniitves
masstuiamnndesdiasnianiseu snnitesnnad sseziisvesesasasiutagduidiunn
ogalsfid vhszernslumunaniudlidies Wesusuddaluifidendemefifaldaedes
flgn o19identessesitisvessinwesdensiestuingdulies nanlii Aldisasiidnvasly
mMaulannifuiusyeginuestesasasiuingdu
Tuyenduiiuszesineann Waypoints 980 ddeunnuansiieusudsmlusifuunltuiasndoud
WINBENINEUNINEIBANNTT Fo993191571 852829119910 Waypoints ndnties na1ilén aldane
vzilanwazlunsilaiunsaiuszezIeaIn Waypoints wan
lunsdlvasniseenuendeamnaniIeuiaiiouAldieludmssngaans nande Alddeegly
anwrYRIRLTInTINEAans 919 19 viselily Inemntemnasasesnaindesmnamdn anldangly
mnetagiiandu 1 waglunendudu smndesmaasasegludomnadn alddelumnaiasian
Ju o
ol mMsinuAldeveemmanastesuanseglunei -2 wazfinssuiunsiuu
1. U A
- flsveminaenuestesasasiuingdudu 0 vl Cost voaduma A manlails (1/0)
- 5%8¥Y9IN Waypoints Bandainiu 0
- hifinnseenuentaaniwidn (0)
2. Ld#unn9 B
- flsveminaenvestesasasiuiagdudu 1.78 viili Cost voadumis B 10u 1/1.78
- SEYERNRIN Waypoints ManIANUIAY 2.5
- lufinsesnuanyaamandn (0)
3. Ldunna C
- fiszogisanvestesasasiuingdudu 5.74 vidli Cost veadums C 1Hu 1/5.74
- 93HERININ Waypoints #andALinAu 6.53
- dnsesnuenyasmaman (1)
MMIAINTENT 3 Eums wu s B dadlesdian fedususudsaluifandeniiunis
AUAUN B
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AN 4-2 ANTNNITANINATITTI8 (Cost) Vad Lane Sampling

U7l 4-12 fhegramsi Lane Sampling

srovvnaesaIRIiUIngay melald 1/1.78 1/5.74
3281990 Waypoints ¥ian 0 2.5 6.53
N130NUBNYBINNUAN 0 0 1
3 wialailel 3.11 77

V91 ENIUNTEUIUNT NN UEUN1INIIALETY Wunilnsulasdlngjinazegluguuuuves
Waypoints fsfinaniluneunti dwzgndwieludssuuniuausasud iemadensnlusentsdey

guAdnludRliaunsainiouniany Waypoints nausuldegnsgndes wagdasnse



unil 5 Auamnsalun1saluAusa (Control)

ANNAINTALUNITAIUANTA (Control) A NTEUIUNITAIUTAEUAILAGEUTIANY Waypoints 71la
I1NANTLUIUNIT Path Planning Faanansauvseenidudinssuiunisgesde Waypoints Following iLa¥
Actuator Control

5.1 nwmugﬂﬁmusuﬁé’ﬂuﬁaLﬂﬁauﬁﬂqu Waypoints (Waypoints Following)

Waypoints Following 1unssusunisddgfiagitlieueudsmudfiannsaniouiinnudunisd
Musully 1ty suuidmmng ez Wethludsnueueudslutiludusoly Tay
Waypoints Following Algorithm filde1uldazain wazldsearufendmiveueud saludadid
AuLE Ao Pure Pursuit Tnedudnnsvieuduansly fe shnsaunfyevanesserdu (Goal
Position) Tiuneuesuddnluifi TasUnfudrasimusliaavanssssdustinsaneueudslusifdy
Arasil ntudumAesmanden Safianulds ®) fiilisasudludagavanessesdu woy
idouiiseanuiaviiuaausfidaiveglu Waypoint filndsasusiunniign (Nearest Point) a
uanslugufl 5-1 fenszurumssananagldnadnsoonundy

1. vel cmd Ae Auafidaiiueglu Waypoint #lndsasnniign
2. str_cmd fp psmmandsiiduanniaiaulfwenisiedounsasudandurdstagdy
lumemnesvezdy

Geometric Relationship Curve  Goal Position

\ |

Actual Path of Vehicle

E - : ) ‘—En'ortracking
“ITOT cglcylate ~ 5 i

Nearest Posion

Defined Path

E‘U‘ﬁ 5-1 Waypoint Following

NTEUIUNITAIUINTDY Pure Pursuit tiiamsasiannulas (R) aannanluneunin iWunssuiunis
ANIUMBAUIALALNE I bASATANUTAY (R) Mszey Look ahead distance (L) lnesasiaulAsanuigg

MlAanauns
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dx = |gx — px]|

dy = |gy — pyl ,
L
r=dy+d=+d?*+dx?=——
2 xdy
y L2
fratuaglaI r =
2xdy

TgAMMIEmeTiNe 9 anansamlanaandlugui 5-2

A
X B Goal point (gx, gy)
2
4,
,b L
7/ N
’ : .
U4 R
/ . =
d 3 AF
/ . S
/ - “
U4 o %
/’ : -
/ : dx ._‘
4 » .
/ : .
/) . . -
g L: Look ahead : x
g distance :
Current Position(px, py) v %
C H ——fit
< > < .
dy y
d

JUA 5-2 M3AMIMLUY Pure Pursuit

A v vy o Y Ay % N s A v 2 o & % a

dielasaiiaulAsideinsud lunsalsasudinfounaniennuiiin 0swn1sideiveddevsiian
WiiuaernsEnIuduRINTeafnNatde fudusatinnulas daaliaunsomeaiosmnisiells
NAUNT

—_ L ~ P 1Y
S =tan"1 (=) e L fe seorsrude (Wheelbase)
T 9

(%
v o

TneAAmdsnu57 (vel cmd) wasAdseemniaungds (str_cmd) aggnasludaduneu nsaivay
Anseaulusneus (Actuator Control) sialy

5.2 nM3auAuAInszdulusasud (Actuator Control)
msmuAufmnsgiulusneud (Actuator Control) aunsauwdseaniaiiunisauau 2 sedu fe N3
< 4 s .
AUANAILET 1ne Speed Controller uagnsaunugUnsalniglusagud (By-Wire system) 3 szUU
lAWA S¥UU Drive-by-wire S¥UU Brake-by-wire Wag S¥UU Steer-by-wire
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5.2.1 msmuANAIIST (Speed Controller)

n3PUANAING] (Speed Controller) ilugunsaiildlunsaunuduiss uasiusnuessaenud 1ng
AunnurnsmuANgunsalang  3nANIEIswes vel_cmd wazanudalutiagiuvessosudneuiiaz
A1 Fdaauss thr cmd) wazedausn (brk_cmd) Lﬁamuamzwmuamﬁmiﬁaaé’fgggwmmq
Iyl (Drive-wire) uag seuUmUANUINAIEd Al Brake-by-wire) fauanslusuil 5-3

Thr_Cmd Vehicle
Throttle

Controller

Vehicle

Brake
Controller

Vehicle
Steering

Controller
e e ——————————— |

JUN 5-3 msmuRuimnszAulusaeus (Actuator Control)

Vel_Cmd Speed

Controller

Brk_Cmd

Y

Str_Cmd

A4

By-Wire System AD ivw‘wmuﬂmmimmummaﬂﬂsmmq i mawaaummaammmmﬂﬂﬁw 2013]

ﬂiu‘U’JUﬂ'ﬁﬁ@ﬁ'ﬁLL‘UU CAN Protocol “ZNﬂ’iofU’]Llﬂ'ﬁﬁE]?ﬂ3‘1/1191i‘Uﬂ’J']ﬂJUEJlJﬂ']‘IﬁiUﬂ'ﬁﬁ@ﬁ'ﬁiu‘WJ’N

gunsalsng q melusasudt Tnegunsalfiierdestunsindeuiivessnsuiuszneulude 3 szuu il

5.2.2 szuumuauAusswednanunslilill Orive-by-wire)

a Jagtu sovuddlnglaiumnldmussiihunususads Toe Ausslaiagnsiadudiuns

Yosfusilaggunsalinediannseiind fie Potentiometer Fulusadiuniuusuala lnedyaiams

I fidsoanu1ain Potentiometer agidudyaaeuiaeniiusanuliuustunssiudumisves

(% | ! A Y A IS Y ! a r-g v PN o U 1
AULIN NANIAB LLi\WI‘L!iWW’]"\]%QQLN@@JﬂWiLMEJEJ‘Uﬂ‘ULiﬁLWM‘UU@QLL&@QELMEUVI 5-4 1a8 NSEFIIUAULTS

50—

45—

40—

36—

SIGNAL (volts)
= = NN
o h o o o

| 1T 1T 1

o
Ea
I

UNDER TRAVEL
|— PERMISSIBLE

PERMISSIBLE

OVER TRAVEL

sneuRsRlulR anansavilalnensdsdyanaeundeniiianvinAusuilse S suA LT

30 40
THROTTLE SHAFT ROTATION in DEGREES

JUN 5-4 syuumuaNAUsssgdyaam1alii (Drive-by-wire)

50 60

70

80 90

100
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5.2.3 szuumuauuIndudganangnii (Brake-by-wire)

Tuilaqtu Sunltufiagld Hydraulic drive unit Weadraussuthifuusnaglussutiusn wnui
msluemesnadiusnlagnss dudussuuiiieenuuudmiumsldanuduszuuusnilolin Tng
$¥UU Hydraulic drive unit asgndanusig ECU filsfutoyanismBeulusniunain Potentiometer 7
Andagfiutiuusn ileTnsumisesnisimBeuiusn Tasn1svhanumes Potentiometer gasuuiusn
T Sidnwamsiouiu Potentiometer ¥8358UU Drive-by-wire

Brake pedal Service valve (Wr cylinder Hydraulic control
y unit

B —der—om

Pedal ) Iﬁf
simulator&

Motor control

Brake
signal

sinal

Electric control unit

unit
\'chl.clc state é A Hydraulic pressure signal
signal e
'
Mechanical Hydraulic i
— . > § ==& Electric signal
connection connection

JUT 5-5 sguumuauusnaedaanmsbnin (Brake-by-wire)

5.2.4 spuumuUANIBNgumsdyy Ui (Steer-by-wire)

UV Steer-by-wire WaIL191n52 UL Electric Power Steering Fuugunsalyizadiusuie?
g Ul Tngluseuu Steer-by-wire 9xUsenaunig Controller 2 i WiTMINAIAIUANNINEEY
L DT1ABIUTINIUVBINITANLRYINIEGY kazAIUANLILEEINARINLUA I Controller uAnzAIY
- Y A 1w = - =i & Y vy
doansiunu CAN Livedsdayanainisidenlufl Controller NAuANMTIAEIVRIRELN

V9l N5rUIUNSEY Electric Power Steering Tidadumisundelugeeamndesnisgwamundndud
wApdlasutayazunuunsadady Ity CAN 31NUIRUIMBIANIBNAEINANEIDIMNINNGY
(str_crnd) Wuendaaugu 16 fiszuu Electric Power Steering fiasmslsiagnsgnsios

1.Steering wheel

—

2.Angle sensor

\
T

3.Road sense motor

/S,Slcc ring wheel controller

™

[ ]
4.Road sense motor Controller
current sensor: CAN bus—==

&Stccritw

Controller

6.Steering gear controller
7.Steering motor
current sensor

"-._____.
~—_  9.Angle sensor
10.Worm gear

11.Rack and pinion
steering gear

JUN 5-6 sruumuaNndemedygamalii (Steer-by-wire)
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