WO 2019/165150

PCT/US2019/019052

1/80

. ) ° °r’9~\ ° *
o ° | Server | |.Dagal.
g% o J. ..
e 08 129‘
) P
oc [mim me = [ S
-]
‘o o - ol L1 L M
N N e R R
RN g \
| IR S ==
mmmmmmmm “:"’E&:j EEEEEEREEES EE._HE |
140



PCT/US2019/019052

2/80

022 —__
-
IR} 1
091 0 =S= O
{ CoD CIDIUBAIRDR
e -

WO 2019/165150

SIO8USS8 WO
!

(

pIZ




WO 2019/165150 PCT/US2019/019052
3/80

e ereren?
r"“ly"“‘_—1
| Controt |
’ and |
greceiveri

o ‘

L = \

J— \) . - - \\ 1
A !

I ———~, _*Z/I_ _______ b ,’,L/é_—__—_"j:\‘r_____J
V| a0 370 354 |
344 240 ! From sensors | 390
|
374

FIG. 3



WO 2019/165150 PCT/US2019/019052
4/80

- 160

410 W";re!es data

470~

422

Toffrom sensor 424

7

\

N
474

FIG. 4



WO 2019/165150 PCT/US2019/019052
5/80




WO 2019/165150 PCT/US2019/019052
6/80

FIG. 6



PCT/US2019/019052

WO 2019/165150

7/80

FIG. 7



WO 2019/165150 PCT/US2019/019052

8/80
T
522" |
] 504 —.
N »
534 ™
TN
532 >
< - 820
i\\_«— 840 810
-842 )
542 1812
)
502

FIG. 8



PCT/US2019/019052

WO 2019/165150

9/80

FIG. 8A



WO 2019/165150 PCT/US2019/019052
10/80

8?2
) 850
X \\\\&Q\

892
888 |
~— 891
Pl \\\
8817 = 880
889 888



WO 2019/165150 PCT/US2019/019052
11/80

9%2 / 800

- 820

942

FIG. 10



WO 2019/165150 PCT/US2019/019052
12/80

1120 4440 1110




WO 2019/165150 PCT/US2019/019052
13/80

T 1300

™-1330




WO 2019/165150 PCT/US2019/019052
14/80

FIG. 14A



WO 2019/165150 PCT/US2019/019052
15/80




PCT/US2019/019052

WO 2019/165150
16/80
1820
1800
¥
™ 1810
1858 ; 1858
1866 | 1866 / »»18661860
S ’1870 1870 1870 ) ’
1870 — & s 1830
1864 — &b Eacm(ééoo a&qéaé o@m&o/o/ox’:__
1854 ___________m\) / {ﬁ} \ S {870
——_B!" 2] Q feXe o] Q{?QO / l\ QQG? FeXsY s XeTo] Q
- “%Ugf Vo ) ¢ QU
H \Qazo 1870 N\ 870 \ 1870 WB
1866 1850 ( v 11884
\ 1866 854 | 1866
1840 18do
FIG. 18
y///1800
/”‘181@
"
-1920
Q{ﬂ1852
Q~\ ~
~ 1840
\, 1850
1848



WO 2019/165150

17/80

; ) 1850 1 TR
4 1840 \ g7
1842 18{461844 1870 s,
1854
“' 1870"

FIG. 20

PCT/US2019/019052




PCT/US2019/019052

WO 2019/165150

18/80




WO 2019/165150

Controller

19/80

PCT/US2019/019052




WO 2019/165150 PCT/US2019/019052
20/80

FIG. 24



WO 2019/165150

PCT/US2019/019052
21/80
2500 2330
V2510
| % .
3 / ] / ot -2334
\ [
| 2 N
| \\ 2332
E
—— L
R
I/ \\
FA— >¥—-—“ (\\ \
% \ g
| \ /
\ \ A
\, 2530
2300



WO 2019/165150

2664
26621

2672

PCT/US2019/019052

22/80

/2640 2610 20
2646/
' 2612
[ —Y

\

'
[ ‘\\ 2656
4 ]

2652 | 2654

\
2642 ]

2644 2650
FIG. 26

U
P



WO 2019/165150 PCT/US2019/019052
23/80

FIG. 26A



WO 2019/165150 PCT/US2019/019052
24/80

FIG. 27



WO 2019/165150 PCT/US2019/019052
25/80

2822

28!30 _,,m%.%/w
‘\\““\
i
Controlier
[Vision

J

;

2880

FIG. 28



WO 2019/165150 PCT/US2019/019052
26/80

|
2869 2867

2873~ Y
2872 %/

FIG. 28A

28;"0 2888 2886

LA |

! X ;
' J
2869 '
f — i

28\\60 \

HController

-H- 2882 ] 12885
- 2884 =

} I  o—
2867 4+ 2863 _
I = //fi.,'~'f3\mmmmm

booocd | ]

2886 <2872 2862

2868~ 1~

IS
&
\
¥
o

FIG. 288



WO 2019/165150 PCT/US2019/019052
27/80

_— 2870

2882

” 2884 2881 2860
2868 | j
Y

FIG. 28C



PCT/US2019/019052

WO 2019/165150

28/80

6¢ Ol

EG6C/0568 8FEL/IOPBE {4 gsTALATA
osE|aLpUSIT umopsdn Wbue
[P | J— | P |
| | Josues | | Josues || Josues | |
|| uomsod || || uonisod || uonisod || _
" | seaul | ! Seaul
|| Jolenoe || -sod 1| ioerpe || -sod 4 oenpe || -s0d
! Baur m | saur “ eaur] “
S— S puwio _rnllshfssx[ pLuo mrssLh sssss _m pio
N N
op8el T 0187
i
10888001 (ojsseaoud | . Qienbunsmess _HABN/SdD)
LWID)SAS LIDISIA ) UOHIBULOD PUBLLLLDG Y sm-Ag
! 1
| )
! Em&mw:mmm& £ m ! ﬁ\
UIHmg Jabriu ZL62 .
UOYAS Japui
ainsssaud abusi elswen
olRWNSU JoseT N
rsd //salszxwlx\ ////eoomw
0962 0567




WO 2019/165150

PCT/US2019/019052

29/80

3000~

Preconditions

s The aulonomy system on the truck
connects the terminal tractor to the
trailer kingpin
The terminal tractor is in a state
where:

s No throttle is applied

e Full service brakes are applied

# 1he steering wheel is pointed

straight ahead, and

No air is supplied to the trailer

brakes

14

Command trnsmission fo
FORWARD

T IS transmission in
FORWARD? 7

e, T T - 3006
yYes 3008
Fully release service brakes =
B - No
" Are service brakes ™
~_ Tully released? -
- N 3010

YYes

Move the iermmi tractor forward
by applying a preset throttle effort

3022

Yes ~

}

- X

Automonous fruck tug test failed
as tractor failed to properly

connect with the trailer
¥
Stop the tractor by fully releasing
throttle and fully applying the
service brakes
\ i

7 Forward ™\

“movement profileNy

of tractor-trailer
cornbination
matches the

~. forward movent
\_ profile of the

Jractor?”

Autonomous truck tug test |
successful 3018

R
3024

FIG.

= End e~ 3020

30



WO 2019/165150

30/80
3030
\ Single Tug Test
N\
'Y ( Start 3034
] N

Prepare for tug test:

e Apply service brakes on the
fractor

@ Command FNR to FORWARD

& Release throttie/propulsion

- Conditions met?™
“e Tractor is stationary
(zero speed)

PCT/US2019/019052

3032
/!

2_FNRis in FORWARD

Precondition

® The tractor has backed up to
hitch the trailer, such that
system believes the trailer's
kingpin has been inserted into
the tractor's fifth wheel hitch

& No airline {emergency or

service brakes) connection
have been made {o the trailer.

& The tractor is stationary,

with service brakes applied.

Attempt movement

@ Noie navigation data (s.g position, ocdometer)

& Apply throtile/propulsion profile (X%throttle/
propulsion for Y seconds of duration)

8 Note final navigation data

Did Tractor move?™

" (check navigation data) :

Did trailer come™

»{ Tug Test Failed)

unhatched? s
~[check state of hitch) ~~

Tug Fast >
Passed

FIG. 30A

»{ Tug Test Failed )




WO 2019/165150

_~+"Does hitch rep S
~._kingpin inserted? -~ g

PCT/US2019/019052
31/80

MultipleTug Test

30564
\
» )
»{ Tug Test Faile@

T 2064
YES |
3 A
3096~  Perform eSupply trailer air
"Single Tug Test" ePark tractor
(intial) #Release service brakes
eHaise trailer to driving height
~ - e Optionally pull slightly
3058 ~ [ Raise Fifth forward to move away
Wheel from dock
by Small
Distance X
y
3 .~ 3066
3060 —~_ Parform Remove trailer air supply
"Single Tug Test”
{intermeaditate)
¢
3 3068
3062 ~ | make trailer air Perform :Smg!e Tug
and electrical Test" (Final)
connection
‘ 3076

FIG. 30B



WO 2019/165150

32/80

3100

S

ACME TRUCKING

PCT/US2019/019052

—— 3110

3140



PCT/US2019/019052

WO 2019/165150

33/80

sicienioe
LoloWw
880.5)

4

08ce

¢
glep

LoNoW

880I6)

0L2e

{

woshs

0z

Ze g

UoISIA

¢
0GZe

0LzZe 00Z8



PCT/US2019/019052

WO 2019/165150

34/80

e Old

0gee -
00EE

N

7

ke -

i

7




PCT/US2019/019052

WO 2019/165150

35/80

3434

|
I

3450

3420 3410

w

o c =

mm ¢ 8 ® oo 8

@ R =y = 48

= 2 T 2o w22

> o &= &0

bt
\ \ \
] | i
o <t 0
P ~ -
< <t <
™ %) o

FIG. 34



WO 2019/165150 PCT/US2019/019052
36/80

34{34 3440
3551 0 35520 35[303540 \ 2470 \ 2437
i | /
s e d:,_um/ummL

ya

3480



WO 2019/165150 PCT/US2019/019052
37/80

FIG. 36



WO 2019/165150 PCT/US2019/019052
38/80

\\\\\\\\\
NN \ R
\\\\\\\\\:\ ARRN \ ]

\ \\ NN \\\\\\\\\\\\ \ \\ \\\ \\ 7T
AT \\\:\\\\\\\ A\
\\\\\\\\ /

FIG. 36A



WO 2019/165150 PCT/US2019/019052
39/80

_ Unigque 3-D edge




WO 2019/165150 PCT/US2019/019052
40/80

FIG. 38



WO 2019/165150 PCT/US2019/019052
41/80




WO 2019/165150 PCT/US2019/019052
42/80




WO 2019/165150 PCT/US2019/019052

43/80
e |
L\ \ 4o01g 4014 |
| ‘\« ] | 4016 . 4010 |
; / / f/, 491 2 BEEGBEDOO0 :
: ? " Qoetsodhovss CR0UONN0 :
VAN !

4042 ) , J |
: 4040 i :
| \ % |
| 4030 ‘, |
§ . z
| 58 | [
| . i z
] ]
| |
| £ i
z 41| e
| |



WO 2019/165150 PCT/US2019/019052
44/80

FIG. 40



WO 2019/165150 PCT/US2019/019052
45/80

) =i

Y o o B =13 —
i/ 6 %‘ﬂ’@ %{0@9 @@@ ® ©c08] o0 e |
i @&\e O @ § - i
; ® 1% ® $00 @ e e & QY o0 & |

H [} ]

| | - E
4332 :
) |
! |
i
1
| |
i |
| |
L e e J



WO 2019/165150 PCT/US2019/019052
46/80

P 40 4350, |
v
| o 4300\

FIG. 43



WO 2019/165150 PCT/US2019/019052
47/80

. Robot
4590 — | controller

4

%

Fine
sensing

T
4592 system

FIG. 45



WO 2019/165150 PCT/US2019/019052
48/80

4614

]
4674

FIG.46A



WO 2019/165150 PCT/US2019/019052
49/80

4710 — 4700

FIG. 47A



WO 2019/165150 PCT/US2019/019052
50/80

FIG. 48A



WO 2019/165150 PCT/US2019/019052
51/80

FIG. 49



FIG. 50



WO 2019/165150 PCT/US2019/019052
53/80

FIG. 51



WO 2019/165150 PCT/US2019/019052
54/80

A(//»51OO

/ T
/
5422

FIG. 52




WO 2019/165150 PCT/US2019/019052
55/80
_— 5300
&
Connect system receives
conneact c:ommand N 5310

5318 :

; -y e o 8312

{ Trailer anglé™w.

\ NO provided? Yes

| y e 3

Use camera color conirast Use geometry data to™ I\ 5314

to detect trailer face. detect trailer face.

i }
Reduce searchareato | 7 5320
bottom of trailer. T
5326 S _— 5322

; Use 30 ™.~ 5324
\ sensing? " )

\ No ey ‘Yes ;

X ¥ l

Locate areas with color samplings Locate

different than trailer face.

differences from irailer face.

areas with geomeitric

!

Rank locations from highest to lowest |
probability of giadhand presence.

~— 5330

!

Select to highest
probability location.

~.

S 5332

Navigate manipulator within

5334 —. reach of desired locations | | Choose next highest
using gross positioning probability location.

system ;

7 % yi

) Inspect location using (
5336 N camera for gladhand 5340

presence.

" Are gladhands ™
~._presert? =<




WO 2019/165150 PCT/US2019/019052
56/80

5300
o
Determine gladhand pose using
combination of color camera, |
stereo camera,near IR camera, | .
. -~ 5350
and laser rangsfinder.

Use fine manipulation system I 5360 5384
to position gladhand interface =
mechanism near gladhand. |

I /

!

. Back fine manipulation
5362 TN Eﬁgage gladhand using system away from
- interface mechanism. trailer
é 4
Test proper gladhand i
connection. S 5370 5382
]
/
7/
Connection Retrisve inteﬁéce
successful? 7 mechanism.
— g
5380

< C{)r}nec‘tmn >
complete.
" 5390

FIG. 53A




WO 2019/165150 PCT/US2019/019052

57/80
/ 5440
-7 4
e ¥i
| | 45430
| |
! ]

FIG. 54



00000000000000000

FIG. 55



WO 2019/165150 PCT/US2019/019052
59/80




PCT/US2019/019052

WO 2019/165150

60/80




WO 2019/165150 PCT/US2019/019052
61/80

A 5820




WO 2019/165150 PCT/US2019/019052
62/80

5910 —~_ [

FIG. 89



00000000000000000




WO 2019/165150 PCT/US2019/019052
64/80




WO 2019/165150 PCT/US2019/019052
65/80

FIG. 62



00000000000000000




00000000000000000

FIG. 64



00000000000000000




WO 2019/165150 PCT/US2019/019052
69/80

FIG. 66



WO 2019/165150 PCT/US2019/019052
70/80




WO 2019/165150 PCT/US2019/019052
71/80




WO 2019/165150 PCT/US2019/019052
72/80




PCT/US2019/019052

WO 2019/165150

73/80

108820040
2By

JO8S820.4
T

OLOL ——

/

(AN

0004



PCT/US2019/019052

WO 2019/165150

74/80

L4 Old

~0004



WO 2019/165150 PCT/US2019/019052
75/80




WO 2019/165150

76/80

N 71

PCT/US2019/019052

7320

112 7134 7136

,—\; v y
\ [ )
|
!
! -WTp |
s e E
mmmmmm N 7130
~ i
Loy CZICTH--7132
N—7110 A




PCT/US2019/019052

WO 2019/165150

77/80

.l Ol

ceLL  ogls

081ep

JO8S820.4
T

LdBuE

/

(AN

A
N0z

T—Q0p L



PCT/US2019/019052

WO 2019/165150

78/80

ZELL
{

/.
r i s

|
!
i
f
!
|
{
!
L

Om:

AN

——

T—Q0p L



WO 2019/165150 PCT/US2019/019052

79/80
7662 7680
- j /j\ -
e - L o o seoooo s ™~ ~.
7812 7610
e / / ~
<\ — . , - \
~ (oo . ~7620 .~
N
. 8 @ © e oe s o— -~
< 7650
7652 P

™~ ~
Eij:\«7022

FIG. 76



WO 2019/1651

50 PCT/US2019/019052

80/80

Acquire image(s) of trailer front with (e.g.) lidar device

and segregate found points into groups

7710

1

Search for three adjacent but discrate groups and
flanking groups are relatively flat and middle group is
shorter and closer to sensor

7720

—~ 7730

“Candidate group
~._ lrio found?

| es

Report position of kingpin as average of middle group
points

7740

1

Report Kingpin height

7750

1

Transform kingpin coordinates from sensor cocrdinate
space o vehicle/navigation coordinate space and store

7760

Compare kingpin coordinates from step 9660 to
previously stored (if any) kingpin coordinates

7770

7700—.
T
No -
7782
N
Append to previously

stored Kingpin

. value
coordinates

51 Increment confidence

7784

Priortize list of kingpin coordinates based on
accumulated confidence/vehicie proximity

~—7790

]

Cutput highest priorty

7702

FIG. 77



