
(12) United States Patent 
Shashua et al. 

USOO96651OOB2 

US 9,665,100 B2 
May 30, 2017 

(10) Patent No.: 
(45) Date of Patent: 

(54) 

(71) 

(72) 

(73) 

(*) 

(21) 

(22) 

(65) 

(63) 

(51) 

(52) 

SPARSE MAP FOR AUTONOMOUS VEHICLE 
NAVIGATION 

Applicant: MOBILEYE VISION 
TECHNOLOGIES LTD., Jerusalem 
(IL) 

Inventors: Amnon Shashua, Jerusalem (IL); 
Yoram Gdalyahu, Jerusalem (IL); Ofer 
Springer, Jerusalem (IL); Aran 
Reisman, Givatayim (IL); Daniel 
Braunstein, Jerusalem (IL) 

MOBILEYE VISION 
TECHNOLOGIES LTD., Jerusalem 
(IL) 

Assignee: 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 

Appl. No.: 15/272,598 

Filed: Sep. 22, 2016 

Prior Publication Data 

US 2017/OO 1061.6 A1 Jan. 12, 2017 

Related U.S. Application Data 
Continuation of application No. 
PCT/US2016/017411, filed on Feb. 10, 2016. 

(Continued) 

Int. C. 
G05D I/02 (2006.01) 
G05D I/O (2006.01) 

(Continued) 
U.S. C. 
CPC ........... G05D I/0221 (2013.01); G0IC 21/32 

(2013.01); G05D I/0088 (2013.01); 
(Continued) 

4 9 O 

RECEIVESPARSEMAP OF ROADSEGMENT 

(58) Field of Classification Search 
CPC. G05D 1/0221; G05D 1/0088; G05D 1/0278; 

G01C 21/32: G08G 1/096725; G08G 
1/O96805 

See application file for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

5,544,087 A * 8/1996 Nakajima .............. GO1C 21, 26 
340,990 

6,449,215 B1* 9/2002 Shell ..................... GOS 7.6245 
367/7 

(Continued) 

FOREIGN PATENT DOCUMENTS 

EP 1 555 511 A1 7/2005 

OTHER PUBLICATIONS 

International Search Report and Written Opinion dated Aug. 23. 
2016, received in corresponding International Application No. PCT/ 
US2016/017411 (21 pages). 

Primary Examiner — Calvin Cheung 
(74) Attorney, Agent, or Firm — Finnegan, Henderson, 
Farabow, Garrett & Dunner, LLP 

(57) ABSTRACT 
A non-transitory computer-readable medium is provided. 
The computer-readable medium includes a sparse map for 
autonomous vehicle navigation along a road segment. The 
sparse map includes a polynomial representation of a target 
trajectory for the autonomous vehicle along the road seg 
ment, and a plurality of predetermined landmarks associated 
with the road segment. The plurality of predetermined 
landmarks are spaced apart by at least 50 meters, and the 
sparse map has a data density of no more than 1 megabyte 
per kilometer. 

16 Claims, 109 Drawing Sheets 

START 

-Y- 

A902 

-Y- 

RECEWE MAGE OF ENIRONMENT 

ANALYZE THE RECEWESPARSE MAP AND 
RCEWEWAGE OF ENWRONMENT 

— 

494 

4906 

DETERMIN NAWIGATIONAL RESPONSE 
4908 

END 

Samsara EX1057 
Samsara v. Motive Tech. Inc. 

IPR2026-00034



US 9,665,100 B2 
Page 2 

Related U.S. Application Data 9,507.346 B1 * 1 1/2016 Levinson ............. GOSD 1,0214 
2008/0085042 A1* 4/2008 Trofimov ............... A61B 5,042 

(60) Provisional application No. 62/114,091, filed on Feb. 382/128 
10, 2015, provisional application No. 62/164,055, 2008.0137908 A1* 6, 2008 Stein .................. GO6K9/00818 
filed on May 20, 2015, provisional application No. 382,103 
62/170,728, filed on Jun. 4, 2015, provisional 2009/0228.737 A1* 9, 2009 Navon ................ GO6F9,300.98 

vs. -- • Is s T13/600 

application No. 62/181,784, filed on Jun. 19, 2015, 2010/0172542 A1* 7/2010 Stein .................. GO6K9/00798 
provisional application No. 62/192.576, filed on Jul. 382,103 
15, 2015, provisional application No. 62/215,764, 2012/0109423 A1* 5, 2012 Pack .................... GOSD 1,0061 
filed on Sep. 9, 2015, provisional application No. 7O1/2 
62/219,733, filed on Sep. 17, 2015, provisional 2012/0200707 A1* 8, 2012 Stein ........................ GO1C 3/22 
application No. 62/261,578, filed on Dec. 1, 2015, 348,148 
provisional application No. 62/261,598, filed on Dec. 2012/0314071 A1* 12/2012 Rosenbaum ...... B6OW 30,0956 
1, 2015, provisional application No. 62/267,643, filed ck 348,148 
on Dec. 15, 2015, provisional application No. 2013,0057690 A1 3/2013 Mitsugi .................. Goss 
62/269,818, filed on Dec. 18, 2015, provisional s s s s 2013/0135444 A1* 5, 2013 Stein ......................... B6OR 1.00 
application No. 62/270,408, filed on Dec. 21, 2015, 348/47 
provisional application No. 62/270,418, filed on Dec. 2013/014 1580 A1* 6, 2013 Stein ........................ HO4N 7/18 
21, 2015, provisional application No. 62/270,431, 348,148 
filed on Dec. 21, 2015, provisional application No. 2013/0332063 A1 12/2013 Pirwani et al. 
62/271,103, filed on Dec. 22, 2015, provisional 2014/02O1126 A1* 7, 2014 Zadeh .................... GO6K 9,627 
application No. 62/274,883, filed on Jan. 5, 2016, 7O6/52 
provisional application No. 62/274.968, filed on Jan. SE-6 A. ck s: P. et al. GO6T 7/OO42 
5, 2016, provisional application No. 62/275,007, filed yTOI . . . . . . . . . . . . . . . . . . . 348,139 

on Jan.5, 2016, provisional application No. 2014/0320485 A1 * 10/2014 Neophytou ........ GO6K9/00214 
62/275,046, filed on Jan. 5, 2016, provisional 345/419 
application No. 62/277,068, filed on Jan. 11, 2016. 2014/0333741 A1* 11/2014 Roumeliotis ............. GOS 5/16 

348.61 
(51) Int. Cl. 2015/0170256 A1* 6/2015 Pettyjohn ... G06Q 30/0639 

GOIC 2L/32 (2006.01) TO5/1449 
G08G I/0967 (2006 01) 2015/0210312 A1* 7, 2015 Stein ..................... B6OW 3O/OO 

TO1/41 
G08G L/0968 (2006.01) 2015,0353082 A1* 12/2015 Lee ....................... B6OW 30,09 

(52) U.S. Cl. TO1/41 
CPC ..... G05D I/0278 (2013.01); G08G I/096725 2015,0353085 A1 12/2015 Lee ....................... B6OW 30, 10 

(2013.01); G08G I/096805 (2013.01); G05D TO1 (533 
2201/0213 (2013.01) 2016/0018229 A1 1/2016. Lee ....................... B6OW 30, 10 

TO1/409 
(56) References Cited 2016/0018822 A1 1/2016. Nevdahs .............. GOSD 1,0094 

TO1/26 
U.S. PATENT DOCUMENTS 2016/0046290 A1* 2/2016 Aharony ............ GO6K9/00798 

TO1/41 
6,744.442 B1* 6/2004 Chan ....................... GO6T 15/04 2016/00731 17 A1* 3/2016 Grasmug ................ GO6T 9,001 

345,582 375,240.26 
7,659,847 B2 * 2/2010 Bausov. ................... E21C 27 24 2016/0107682 A1* 4/2016 Tan .......................... B62D 600 

342,129 TO1/41 
8,948,958 B1* 2/2015 Ferguson ................ GO1S 17/89 2016/0161265 A1* 6/2016 Bagheri ................. GO1C 21/32 

18Of 167 TO1/450 
9,045,144 B2 * 6/2015 Schwindt .......... B6OWSO/OO97 2016/0245657 A1* 8, 2016 Dorum ................... GO1C 21/32 
9,075,938 B2* 7/2015 Vincent ... . GO6F 17,5004 2016/0325753 A1* 11/2016 Stein ..................... B6OW 40,06 
9,221,396 B1* 12/2015 Zhu ........... ... GOIS 17/023 
9,460,622 B1 * 10/2016 Ferguson ............. GOSD 1,0212 * cited by examiner 

  



U.S. Patent May 30, 2017 Sheet 1 of 109 US 9,665,100 B2 

1OO 

Wireless Transceiver 
122 124 

| 
160 

! 

Application Image 
ProCeSSOr ProCeSSOr 

SensOr 

140 150 
130 

User Interface 

170 

FIG. 1 

  

  



U.S. Patent May 30, 2017 Sheet 2 of 109 US 9,665,100 B2 

& 

  



U.S. Patent May 30, 2017 Sheet 3 Of 109 US 9,665,100 B2 

s 

  



U.S. Patent May 30, 2017 Sheet 4 of 109 US 9,665,100 B2 

s 

  



US 9,665,100 B2 Sheet 5 Of 109 May 30, 2017 

OOZ 

U.S. Patent 

  



U.S. Patent May 30, 2017 Sheet 6 of 109 US 9,665,100 B2 

8 

  



U.S. Patent May 30, 2017 

BRAKING 
SYSTEM 
230 

FIG. 2F 

Sheet 7 of 109 

THROTTLING 
SYSTEM 

220 

STEERING 
SYSTEM 

240 

US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 8 Of 109 US 9,665,100 B2 

- 350 

31 O 

122 

170 
32O 

FIG. 3A 

  



U.S. Patent May 30, 2017 Sheet 9 Of 109 US 9,665,100 B2 

122 

FIG. 3B 

  



U.S. Patent May 30, 2017 Sheet 10 Of 109 US 9,665,100 B2 

FIG. 3C 

  



US 9,665,100 B2 U.S. Patent May 30, 2017 Sheet 11 Of 109 

FIG. 3D 

  



U.S. Patent May 30, 2017 

MEMORY 140 or 150 

MONOCULAR 
MAGE ANALYSIS 

MODULE 

402 

Sheet 12 Of 109 

STEREO IMAGE 
ANALYSIS MODULE 

404 

VELOCITY AND 
ACCELERATION 

MODULE 

406 

NAVGATIONAL 
RESPONSE MODULE 

408 

US 9,665,100 B2 

FIG. 4 

  



U.S. Patent May 30, 2017 Sheet 13 Of 109 US 9,665,100 B2 

RECEIVE A PLURALITY OF IMAGES FROM A 
DATA INTERACE 

510 

PERFORM MONOCULAR MAGE ANALYSIS 
OF THE PLURALITY OF IMAGES 

520 

CAUSE ONE OR MORE NAVGAONA. 
RESPONSES BASED ON THE 

MONOCULAR MAGE ANALYSS 
530 

FIG. 5A 

  



U.S. Patent May 30, 2017 Sheet 14 of 109 US 9,665,100 B2 

DETERMINEASET OF CANDDATE OBJECTS 
540 

FILTER THE SET OF CAND DATE OBJECTS 

542 

PERFORM MULT-FRAMEANALYSIS OF THE 
SET OF CANDIDATE OBJECTS 

544 

CONSTRUCT A SET OF MEASUREMENTS 

546 

PERFORM OPTICAL FLOW ANALYSIS 

548 

END 

FIG. 5B 

  



U.S. Patent May 30, 2017 Sheet 15 Of 109 US 9,665,100 B2 

START 

DETECT ROAD MARKINGS 

550 

DEVELOPMODES FOR ROAD MARKINGS 

552. 

CONSTRUCT ASET OF MEASUREMENTS 

554 

PERFORM MULTI-FRAMEANALYSS 

556 

DEVELOPSAFETY MODEL 

558 

END 

FIG. 5C 

  



U.S. Patent May 30, 2017 Sheet 16 of 109 US 9,665,100 B2 

DETECT TRAFFIC LIGHTS 

560 

ANALYZE JUNCTION GEOMETRY 

562 

UPDATE CONFIDENCE LEVEL 

564 

FIG. 5D 

  



U.S. Patent May 30, 2017 Sheet 17 Of 109 US 9,665,100 B2 

CONSTRUCT NITIAL VEHICLE PATH 

570 

UPDATE VEHICLE PATH 

572 

DETERMINE LOOK-AHEAD POINT BASED ON 
VEHICLE PATH 

574 

DETERMINE HEADINGERROR AND 
YAW RATE COMMAND 

576 

END 

F.G. 5E 

  



U.S. Patent May 30, 2017 Sheet 18 Of 109 US 9,665,100 B2 

DETERMINE NAVIGATION INFORMATION 
ASSOCATED WITH A LEADING VEHICLE 

580 

ANALYZE THE NAVIGATION INFORMATION 

582 

DETERMINE WHETHER THE LEADING 
VEHICLE IS CHANG NG LANES 
BASED ON THE ANALYSIS 

584 

FIG. 5F 

  



U.S. Patent May 30, 2017 Sheet 19 Of 109 

RECEIVE A FIRST AND SECOND PLURALITY OF 
MAGES FROM AT LEAST ONE 

DAANTERFACE 

61O 

PERFORM STEREO IMAGE ANALYSIS OF 
THE FIRST AND SECOND 
PLURALITY OF IMAGES 

620 

CAUSE ONE OR MORE NAVIGATIONAL 
RESPONSES BASED ON THE 
STEREO IMAGE ANALYSIS 

630 

END 

FIG. 6 

US 9,665,100 B2 

  

  

    

  

    

  

    

  

  



U.S. Patent May 30, 2017 Sheet 20 Of 109 

RECEIVE A FIRST, SECOND, AND THIRD 
PLURALITY OF IMAGES VIA AT LEAST ONE 

DATA INTERFACE 

710 

ANALYZE THE FIRST, SECOND, AND THIRD 
PLURALITY OF IMAGES 

720 

CAUSE ONE OR MORE NAVIGATIONAL 
RESPONSES BASED ON INFORMATION 

DERIVED FROM TWO OF THE FIRST, SECOND, 
AND THIRD PLURALITY OF IMAGES 

730 

END 

FIG. 7 

US 9,665,100 B2 

  

    

  

  

    

      

    

    

  



US 9,665,100 B2 Sheet 21 of 109 May 30, 2017 U.S. Patent 

8 "SDI 



U.S. Patent May 30, 2017 Sheet 22 Of 109 US 9,665,100 B2 

911 913 

, 6 912 6 

922 
920 

FIG. 9A 

950 

FIG. 9B 

  



U.S. Patent May 30, 2017 Sheet 23 Of 109 US 9,665,100 B2 

O 
N 
O 
ver 

s -X 

s 

  

  

  



U.S. Patent May 30, 2017 Sheet 24 of 109 US 9,665,100 B2 

i g 

s 

  



U.S. Patent May 30, 2017 Sheet 25 Of 109 US 9,665,100 B2 

  



US 9,665,100 B2 Sheet 26 of 109 May 30, 2017 U.S. Patent 



U.S. Patent May 30, 2017 Sheet 27 Of 109 US 9,665,100 B2 

s 



U.S. Patent May 30, 2017 Sheet 28 Of 109 US 9,665,100 B2 

1200 

F.G. 12 

  



U.S. Patent May 30, 2017 Sheet 29 Of 109 US 9,665,100 B2 

s 

: 

s 

s 



US 9,665,100 B2 Sheet 30 Of 109 May 30, 2017 

0£ZT HEAHES 

U.S. Patent 

  



US 9,665,100 B2 Sheet 31 Of 109 May 30, 2017 U.S. Patent 

| | | 



U.S. Patent May 30, 2017 Sheet 32 Of 109 US 9,665,100 B2 

  

  



US 9,665,100 B2 Sheet 33 Of 109 May 30, 2017 U.S. Patent 

OZZI GZ/ | 

  



U.S. Patent May 30, 2017 Sheet 34 of 109 US 9,665,100 B2 

START 

RECEIVE NAVIGATION INFORMATION FROMA PLURALITY OF 
VEHICLES 

1805 

STORE THE NAVIGATION INFORMATION 
1810 

GENERATE AT LEASTA PORTION OF AN AUTONOMOUS 
VEHICLE ROAD NAVGATION MODE BASED ON THE 

NAVIGATION INFORMATION 

1815 

DISTRIBUTE THE AUTONOMOUS VEHICLE ROAD NAVIGATION 
MODEL TO ONE OR MORE AUTONOMOUS VEHICLES 

182O 

FIG. 18 

  



U.S. Patent May 30, 2017 Sheet 35 of 109 US 9,665,100 B2 

RECEIVE, FROM A CAMERA, AT LEAST ONE ENVIRONMENTAL 
IMAGE ASSOCATED WITH A VEHICLE 

1905 

ANALYZE THE AT LEAST ONE ENVIRONMENTAL IMAGE TO 
DETERMINE NAVIGATION INFORMATION 

1910 

TRANSMIT THE NAVIGATION INFORMATION FROM THE 
VEHICLE TO ASERVER 

1915 

RECEIVE FROM THE SERVER AN AUTONOMOUS VEHICLE 
ROAD NAVIGATION MODEL 

1920 

CAUSE AT LEAST ONE NAVIGATIONAL MANEUVER BY THE 
VEHICLE BASED ON THE AUTONOMOUS VEHICLE ROAD 

NAVGATION MODEL 
1925 

FIG. 19 

    

  

    

  

  



US 9,665,100 B2 Sheet 36 of 109 May 30, 2017 U.S. Patent 

0Z "SDIH 000Z Å HOWNE W\, 



U.S. Patent May 30, 2017 Sheet 37 Of 109 US 9,665,100 B2 

START 

RECEIVE, FROM ONE OR MORE SENSORS, OUTPUTS INDICATIVE OF A MOTION OF 
A VEHICLE 

2105 

DETERMINEAN ACTUAL TRAJECTORY OF THE VEHICLE BASED ON THE OUTPUTS 
2110 

RECEIVE AT LEAST ONE ENVIRONMENTAL MAGE ASSOCATED WITH THE VEHICLE 
2115 

ANALYZE THE AT LEAST ONE ENVIRONMENTAL MAGE TO DETERMINE 
INFORMATIONASSOCATED WITHAT LEAST ONE NAVIGATIONAL CONSTRAINT 

212O 

DETERMINE ATARGET TRAJECTORY, INCLUDING THE ACTUAL TRAJECTORY AND 
ONE OR MORE MODIFICATION BASED ON THE DETERMINED INFORMATION 

ASSOCIATED WITH THE NAVIGATIONAL CONSTRAINT 
2125 

TRANSMIT THE TARGET TRAJECTORY FROM THE VEHICLE TO ASERVER 
213 O 

  

  

  

  

  

  

  

  



U.S. Patent May 30, 2017 Sheet 38 of 109 US 9,665,100 B2 

221 O 

2206 d 

2210 

FG. 22 

  



U.S. Patent May 30, 2017 Sheet 39 Of 109 US 9,665,100 B2 

22O5 

JOE'S 
ESTAURANT 

2310 

N- 2340 

2311 

2316 

- 2302 

FIG. 23 

  

  



U.S. Patent May 30, 2017 Sheet 40 of 109 US 9,665,100 B2 

106, 48, -6, -13, -58, 8, 16, -26, 30, 20, -7, -4, -3, 38, 46, 9, -23, 
8, -12, 58, 11, -36, 32, 36, 14, -6, 2, 49, -25, 15, -13, 59 

FIG. 24 

  



US 9,665,100 B2 May 30, 2017 Sheet 41 of 109 U.S. Patent 

2500 

FIG. 25 

  



U.S. Patent May 30, 2017 Sheet 42 of 109 US 9,665,100 B2 

MEMORY 2600 

MODEL UPDATING AND DISTRIBUTION MODULE 
26O5 

LANDMARK IDENT FER DETERMINATION MODULE 
261O 

FIG. 26 



U.S. Patent May 30, 2017 Sheet 43 of 109 US 9,665,100 B2 

ACOUIRE AT LEAST ONE IMAGE OF AN ENVIRONMENT OF A HOST 
VEHICLE 
271O 

ANALYZE THE MAGE TO DENTIFY A LANDMARK 
2720 

ANALYZE THE MAGE TO DETERMINEAT LEAST ONE IDENTIFIER 
ASSOCIATED WITH THE LANDMARK 

2730 

END 

FIG. 27 

  



U.S. Patent May 30, 2017 Sheet 44 of 109 US 9,665,100 B2 

RECEIVE AN IDENTIFIER ASSOCATED WITH A LANDMARK 
281O 

ASSOCATE THE LANDMARK WITH A CORRESPONDING ROAD 
SEGMENT 

282O 

UPDATE AUTONOMOUS VEHICLE ROAD NAVIGATION MODELTO 
INCLUDE THE DENTIFIER ASSOCATED WITH THE LANDMARK 

283O 

DISTRIBUTE THE UPDATED MODE TO A PLURALITY OF AUTONOMOUS 
VEHICLES 

284O 

END 

FIG. 28 

  



U.S. Patent May 30, 2017 Sheet 45 of 109 US 9,665,100 B2 

2900 

MEMORY 2910 

STORAGE DEVICE 292O 

PROCESSOR 293O 

FIG. 29 



U.S. Patent May 30, 2017 Sheet 46 of 109 US 9,665,100 B2 

MEMORY 2910 

LANDMARK IDENTIFICATION MODULE 3010 

LANDMARK POSITION DETERMINATION MODULE 3020 

FIG. 30 

  



U.S. Patent May 30, 2017 Sheet 47 of 109 US 9,665,100 B2 

  



U.S. Patent 

s 

May 30, 2017 Sheet 48 of 109 

2 / / / />1-22 
M / / / 17-11-2 

s): 

N. N. N. nanninSNNNSN 
N. N. N. NYNNNNNNN, 

N. N. N. ny, 
NNNNNNNNNN, 
NYNNNNNNN 

N 
V. N. 
M. N. N. 
V. N. N. N. 

RNR 
MNNNN 
WNNNN 
VV NVN 

s 

US 9,665,100 B2 

s 

  



U.S. Patent May 30, 2017 Sheet 49 of 109 US 9,665,100 B2 

RECEIVE A MEASURED POSITION OF A LANDMARK 
3310 

DETERMINE AREFINED POSITION OF THE LANDMARK BASED ON THE 
MEASURED POSITION AND AT LEAST ONE PREVIOUSLY ACOURED 

POSITION OF THE LANDMARK 

3320 

UPDATE THE LOCATION OF THE LANDMARKSTORED IN A MAP WITH 
THE REFINED POSITION 

333O 

FIG. 33A 

  



U.S. Patent May 30, 2017 Sheet 50 of 109 US 9,665,100 B2 

ACOURE AN ENVIRONMENTAL IMAGE FROM A CAMERA 
3351 

ANALYZE THE ENVIRONMENTAL MAGE TO DENTIFY ALANDMARK 
3352 

RECEIVE GLOBA POSITONING SYSTEM DATA 
3353 

ANALYZE THE ENVIRONMENTAL MAGE TO DETERMINEA RELATIVE 
POSITION OF THE DENTIFIED LANDMARK WITH RESPECT TO THE 

VEHICLE 

3354 

DETERMINE A GLOBALLY LOCALIZED POSITION OF THE LANDMARK 
BASED ON THE GPS DATA AND THE DETERMINED RELATIVE POSITION 

3355 

END 

FIG. 33B 

  



U.S. Patent May 30, 2017 Sheet 51 of 109 US 9,665,100 B2 

FIG. 34 

  



U.S. Patent May 30, 2017 Sheet 52 of 109 US 9,665,100 B2 

FIG. 35 

  



U.S. Patent May 30, 2017 Sheet 53 of 109 

36OO 

START r/ 

ACOURE AN MAGE 

DENTIFY LANDMARKS 

DETERMINE CURRENT POSITION 
OF VEHICLE 

DETERMINE DIRECTIONAL 
INDICATORS 

DETERMINE INTERSECTION POINT 

DETERMINE DIRECTION OF ROAD 
MODEL TRAJECTORY 

DETERMINE STEERING ACTION 

F.G. 36 

3602 

3606 

3608 

3610 

3612 

3614 

US 9,665,100 B2 

  

  



US 9,665,100 B2 Sheet 54 Of 109 May 30, 2017 U.S. Patent 

19 "$DIH 

  



US 9,665,100 B2 Sheet 55 of 109 May 30, 2017 U.S. Patent 

  



U.S. Patent May 30, 2017 Sheet 56 of 109 US 9,665,100 B2 

3900 
START , 

ACOUIRE PLURALITY OF 3902 
IMAGES 

DETERMINE TRAVELED 
TRAJECTORY 

3904 

DETERMINE CURRENT 3906 
LOCATION OF VEHICLE 

3908 
CURRENT 

LOCATION ON 
ROAD MODEL 
RAJECTORY2 

391 O 

DETERMINE 
LATERAL OFFSET 

DETERMINE HEADING 
DIRECTION 

DETERMINE STEERING 3914 
DIRECTION 

3916 
ADJUST STEERING SYSTEM 

FIG. 39 

    

  

  

  

  

  

  

  

  

  

  

    

    

  



U.S. Patent May 30, 2017 Sheet 57 Of 109 US 9,665,100 B2 

401 

FIG. 40 \-- - 

  



U.S. Patent May 30, 2017 Sheet 58 Of 109 US 9,665,100 B2 

41 OO 

Y 

ACOURE ANIMAGE 

DENTFY TWO ORMORE 
LANDMARKS 

DETERMINE DIRECTIONAL 41 O6 
INDICATORS FOR LANDMARKS 

4102 

4104 

DETERMINE CURRENT LOCATION 
OF VEHICLE 

DETERMINE PREVIOUS LOCATION 411 O 
OF VEHICLE 

DETERMINE HEADING DIRECTION 41 12 
OF VEHICLE 

4108 

DETERMINE DIRECTION OF ROAD 41 14 
MODEL TRAJECTORY 

41 16 DETERMINE STEERING ANGLE 

FG. 41 

  

  

  

    

  

  



U.S. Patent May 30, 2017 Sheet 59 of 109 US 9,665,100 B2 

FIG. 42 

  



U.S. Patent May 30, 2017 Sheet 60 of 109 US 9,665,100 B2 

43OO 

ACOURE AN MAGE 43O2 

DETERMINE CURRENT LOCATION 4304 
OF VEHICLE 

VEHICLE 
IN FRST ROAD 
SEGMENT2 

VEHICLE 
NOVERLAP 
SEGMENT2 

DETERMINE FIRST AUTONOMOUS 4310 
NAVIGATIONAL RESPONSE 

ADJUST STEERING SYSTEM -- 4312 

FIG. 43A 

  

    

  

    

  



U.S. Patent May 30, 2017 Sheet 61 of 109 US 9,665,100 B2 

43OO 

VEHICLE 
N SECOND ROAD 
SEGMENT2 

DETERMINE SECOND 
AUTONOMOUS NAVIGATIONAL 

RESPONSE 

ADJUST STEERING SYSTEM 

4316 

4318 

FIG. 43B 

  

  

    

    

  

  



U.S. Patent May 30, 2017 Sheet 62 of 109 

43OO 

(D) Y 

DETERMINE FIRST AUTONOMOUS 4320 
NAVIGATIONAL RESPONSE 

DETERMINE SECOND 
AUTONOMOUS NAVIGATIONAL 4322 

RESPONSE 

DETERMINE ERROR BETWEEN 4324 
FIRST AND SECOND RESPONSES 

4326 

NO 
ERROR 

THRESHOLD 

US 9,665,100 B2 

4332 

DETERMINE THIRD 

DETERMINE THIRD AUTONOMOUS 
NAVIGATIONAL RESPONSE BASED 

ON FIRST AND SECOND 
RESPONSES 

4330 
ADJUST STEERING SYSTEM 

F.G. 43C 

AUTONOMOUS 
NAVIGATIONAL RESPONSE 

BASED ON SECOND 
AUTONOMOUS 

NAVIGATIONAL RESPONSE 

  

  

  

  

  

    

  

  



US 9,665,100 B2 Sheet 63 of 109 May 30, 2017 U.S. Patent 

77 "SOIH 

  



U.S. Patent May 30, 2017 Sheet 64 of 109 US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 65 Of 109 US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 66 of 109 US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 67 of 109 US 9,665,100 B2 

> 1120 

  



U.S. Patent May 30, 2017 Sheet 68 of 109 US 9,665,100 B2 

4900 

RECEIVE SPARSE MAP OF ROAD SEGMENT 
4902 

RECEIVE IMAGE OF ENVIRONMENT 
4904 

ANALYZE THE RECEIVED SPARSE MAP AND 
RECEIVED IMAGE OF ENVIRONMENT 

4906 

DETERMINE NAVIGATIONAL RESPONSE 
4908 

F.G. 49 

  



U.S. Patent May 30, 2017 Sheet 69 Of 109 US 9,665,100 B2 

- 5OO8 

5O12 
5002 

5OO 

SO14. r 
- 5006 

2OO 

5 FIG. 50 

  



U.S. Patent May 30, 2017 Sheet 70 of 109 US 9,665,100 B2 

GPSSATELLITE 

IMAGE ACOUSITION UNIT 

PROCESSING UNIT 

FIG. 51 

  

  



U.S. Patent May 30, 2017 Sheet 71 Of 109 US 9,665,100 B2 

52OO 

5210 

5202 

F.G. 52 

  



US 9,665,100 B2 Sheet 72 Of 109 May 30, 2017 U.S. Patent 

  

  



U.S. Patent May 30, 2017 Sheet 73 of 109 

RECEIVE AT LEAST ONE MAGE 
54O2 

DETERMINE A POSITION OF THE VEHICLE 
54O4 

IDENTIFY ARECOGNIZED LANDMARK 
FORWARD OF THE VEHICLE 

54O6 

DETERMINE A CURRENT DISTANCE 
BETWEEN THE VEHICLE AND THE 

RECOGNIZED LANDMARK 
5408 

DETERMINEA NAVIGATIONAL RESPONSE 
FOR THE VEHICLE 

5410 

F.G. 54 

US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 74 of 109 

MAGING UNIT 
120 

SUSPENSION PROCESSING 
SENSOR UNIT 
5500 110 

FIG. 55 

US 9,665,100 B2 

    

  

    

  



U.S. Patent May 30, 2017 Sheet 75 Of 109 US 9,665,100 B2 

5612 

56OO 

5608 

5614 

F.G. 56 

  



U.S. Patent May 30, 2017 Sheet 76 of 109 US 9,665,100 B2 

DISTANCE 

FIG. 57 



U.S. Patent May 30, 2017 Sheet 77 of 109 US 9,665,100 B2 

FIG. 58 

  



U.S. Patent May 30, 2017 Sheet 78 of 109 US 9,665,100 B2 

- 15980 
5990 5912 

591 O 

FIG. 59 

  



U.S. Patent May 30, 2017 Sheet 79 of 109 

START 

RECEIVE INFORMATION 6002 
FROM SENSOR 

DETERMINE LOCAL 6004 
FEATURE 

6006 
RECEIVE PREDETERMINED 
SIGNATURE FEATURE 

LOCAL FEATURE 
MATCHES PSF2 

YES 

DETERMINE CURRENT 601 O 
LOCATION OF VEHICLE 

DETERMINE HEADING 6O12 
DIRECTION OF VEHICLE 

DETERMINE DIRECTION OF 6014 
PREDETERMINED ROAD MODEL 

TRAJECTORY 

DETERMINE AUTONOMOUS 6O16 
STEERING ACTION 

F.G. 60 

US 9,665,100 B2 

  

  

    

  

  

  



U.S. Patent May 30, 2017 Sheet 80 Of 109 US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 81. Of 109 US 9,665,100 B2 

FIG. 62 

  



U.S. Patent May 30, 2017 Sheet 82 of 109 US 9,665,100 B2 

START 

RECEIVE FROMA REARWARD FACING CAMERA, AT 
LEAST ONE IMAGE REPRESENTING ANAREAAT AREAR 

OF THE VEHICLE 
6302 

ANALYZE THE AT LEAST ONE REARWARD FACNG 
IMAGE TO LOCATE IN THE IMAGE AREPRESENTATION 

OFAT LEAST ONE NAVIGATIONAL AID 
63O4. 

DETERMINEAT LEAST ONE INDICATOR OF POSITION OF 
THE NAVIGATIONAL AID RELATIVE TO THE VEHICLE 

63O6 

DETERMINE A LANE OFFSETAMOUNT OF THE VEHICLE 
WITH IN A CURRENT LANE OF TRAVEL 

63O8 

DETERMINEA FORWARD TRAJECTORY FOR THE 
VEHICLE, AT LEAST IN PART, UPON THE INDICATOR OF 
POSITION OF THE NAVIGATIONAL AD RELATIVE TO THE 

VEHICLE 
631 O 

CAUSE THE VEHICLE TO NAVIGATE ALONG THE 
DETERMINED FORWARD TRAJECTORY 

6312 

END 

FIG. 63 

  



US 9,665,100 B2 May 30, 2017 Sheet 83 of 109 U.S. Patent 

| 

  



U.S. Patent May 30, 2017 Sheet 84 of 109 US 9,665,100 B2 

F.G. 65 

  



U.S. Patent May 30, 2017 Sheet 85 of 109 US 9,665,100 B2 

START 

RECEIVE FROM A CAMERA, A PLURALITY OF IMAGES ASSOCIATED WITH 
AN ENVIRONMENT OF THE WEHICLE 

66 O2 

ANALYZE AT LEAST ONE OF THE PLURALITY OF IMAGES TO EDENTIFY 
A FIRST FREE SPACE BOUNDARY ON A DRIVER SIDE OF THE VEHICLE 

AND EXTENDING FORWARD OF THE VEHICLE, A SECOND FREE SPACE 
BOUNDARY ON A DRIVER SIDE OF THE VEHICLE AND EXTENDING 

FORWARD OF THE VEHICLE AND A FORWARD FREE SPACE BOUNDARY ON 
A DRIVER SIDE OF THE VEHICLE AND EXTENDING FORWARD OF THE 

VEHICLE 
66 O 4 

DETERMINE A NAVIGATIONAL PATH FOR THE WEHICLE THROUGH THE 
FREE SPACE REGION 

66 O 6 

CAUSE THE VEHICLE TO TRAVEL ON AT LEAST A PORTION OF THE 
DETERMINED NAVIGATIONAL PATH WITHIN THE FREE SPACE REGION 

FORWARD OF THE WEHICLE 
66 O 8 

END 

F.G. 66 

  

  

    

    

  

  



U.S. Patent May 30, 2017 Sheet 86 of 109 US 9,665,100 B2 

704 

  

  

  

  



U.S. Patent May 30, 2017 Sheet 87 of 109 US 9,665,100 B2 

START 

RECEIVE FROMA CAMERA, AT LEAST ONE ENVIRONMENTAL IMAGE 
FORWARD OF THE VEHICLE, INCLUDING AREAS WHERE SNOW COVERS 

AT LEAST SOME LANE MARKINGS AND ROAD EDGES 
68 O2 

IDENTIFY, BASED ON AN ANALYSIS OF THEAT LEAST ONE IMAGE, AT 
LEASTA PORTION OF THE ROAD THAT IS COVERED WITH SNOW AND 
PROBABLE LOCATIONS FOR ROAD EDGES BOUNDING THEAT LEASTA 

PORTION OF THE ROAD THAT IS COVERED WITH SNOW 
6804 

CAUSE THE VEHICLE TO NAVGATE ANAVIGATIONAL PATH THAT 
INCLUDES THE DENTIFIED PORTION OF THE ROAD AND FALLS WITHIN 
THE DETERMINED PROBABLE LOCATIONS FOR THE ROAD EDGES 

6806 

END 

F.G. 68 

  



U.S. Patent May 30, 2017 Sheet 88 Of 109 US 9,665,100 B2 

914 

FIG. 69 

  



U.S. Patent May 30, 2017 Sheet 89 of 109 US 9,665,100 B2 

START 

RECEIVE FROMA CAMERAAPLURALITY OF IMAGES 
REPRESENTATIVE OF AN ENVIRONMENT OF THE VEHICLE 

7OO2 

ANALYZE THE PLURALITY OF IMAGES TO DENTIFY AT LEAST 
WO RECOGNIZED LANDMARKS 

7004 

DETERMINE, BASED ONKNOWN LOCATIONS OF THE TWO 
RECOGNIZED LANDMARKS, AVALUE INDICATIVE OFA 
DSTANCE BETWEEN THEAT LEAST TWO RECOGNIZED 

LANDMARKS 
7006 

DETERMINE, BASED ON AN OUTPUT OF AT LEAST ONE 
SENSOR ASSOCIATED WITH THE AUTONOMOUS VEHICLE, A 

MEASURED DISTANCE BETWEEN THEAT LEAST TWO 
LANDMARKS 

7008 

DETERMINE A CORRECTION FACTOR FOR THE AT LEAST 
ONE SENSOR BASED ON A COMPARISON OF THE WALUE 

INDICATIVE OF THE DISTANCE BETWEEN THE AT LEAST TO 
RECOGNIZED LANDMARKS AND THE MEASURED DISTANCE 

BETWEEN THE AT LEAST TWO LANDMARKS 
7010 

END 

FIG. 70 

  



U.S. Patent May 30, 2017 Sheet 90 Of 109 US 9,665,100 B2 

7106 7108 

  



U.S. Patent May 30, 2017 Sheet 91. Of 109 US 9,665,100 B2 

72OO 

START 

DETERMINEA DISTANCE ALONG AROAD SEGMENT BASED 
ON AN OUTPUT OF AT LEAST ONE SENSOR ASSOCATED 

WITH THE AUTONOMOUS VEHICLE 
7202 

RECEIVE, VIAA WIRELESS TRANSCEIVER, ADISTANCE 
VALUE ASSOCATED WITH THE ROAD SEGMENT 

7204 

DETERMINE A CORRECTION FACTOR FOR THEAT LEAST 
ONE SPEED SENSORBASED ON THE DETERMINED 

DISTANCE ALONG THE ROAD SEGMENT AND THE DISTANCE 
VALUE RECEIVED WATHE WIRELESS TRANSCEIVER 

72O6 

END 

FIG. 72 

  



U.S. Patent May 30, 2017 Sheet 92 of 109 US 9,665,100 B2 

7330 
7340 

7310 

FIG. 73 

  



U.S. Patent May 30, 2017 Sheet 93 Of 109 US 9,665,100 B2 

7400 

74.10 7430 7435 7405 

/ M 7.465 

7420 

FIG. 74 

  



U.S. Patent May 30, 2017 Sheet 94. Of 109 

Receive image Representative of Vehicle 
Environment 

Analyze image to identify Landmark 

Determine indicator of Lateral Offset Distance 
Between Vehicle and Landmark 

Determine Lane Assignment of Vehicle Based 
On Lateral Offset 

FIG. 75 

US 9,665,100 B2 

  



U.S. Patent May 30, 2017 Sheet 95 of 109 US 9,665,100 B2 

76OO 

768O 
762O 761O 

WECOME / SPRINGFIELD ?' 7640 
CEgri-E3A5AS 765O 766O 

() 1. 
Business 

Springfield Loop 
EX 112 M. ONLY 

e-s 7670 

  



U.S. Patent May 30, 2017 Sheet 96 of 109 US 9,665,100 B2 

7700 

7725 7710 

7750 // I 
f / / / / / 

/ 1 1 1. 

7715 / / 1 47 7730 

S / 
i | | | 7s 
7720 I | 

FIG. 774 



U.S. Patent May 30, 2017 Sheet 97 of 109 US 9,665,100 B2 

7793 7792 

7791 

FIG 77B 

  



U.S. Patent May 30, 2017 Sheet 98 of 109 

Receive Image Representative of 
Vehicle Environment 

Analyze Image to dentify 
Landmark from Group of Landmarks 

Determine Directional Indicator 
ASSociated with Landmark 

Determine Intersection of Directional 
indicator With Predetermined Road 

Model Trajectory 

Determine Autonomous Steering 
Action for Vehicle 

FIG. 78 

7810 

782O 

7830 

784O 

7850 

US 9,665,100 B2 

  










































































































































































































































