(19) United States

12 Reissued Patent
Fairfield et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE48322E

US RE48.322 E
*Nov. 24, 2020

(54) CONSTRUCTION ZONE SIGN DETECTION
(71) Applicant: Waymo LLC, Mountain View, CA
(US)
(72) Inventors: Nathaniel Fairfield, Mountain View,
CA (US); David 1. Ferguson, San
Francisco, CA (US); Abhijit S. Ogale,
Sunnyvale, CA (US); Matthew Wang,
Mountainview, CA (US); Yangli Hector
Yee, San Francisco, CA (US)
(73) Assignee: Waymo LLC, Mountain View, CA
(US)
(*) Notice:  This patent 1s subject to a terminal dis-
claimer.
(21) Appl. No.: 16/183,534
(22) Filed: Nov. 7, 2018
Related U.S. Patent Documents
Reissue of:
(64) Patent No.: 9,489,601
Issued: Nov. 8, 2016
Appl. No.: 14/883,956
Filed: Oct. 15, 2015

U.S. Applications:
(63) Continuation of application No. 13/603,613, filed on

Sep. S, 2012, now Pat. No. 9,195,914.

(51) Inmt. CL

GOIC 22/00 (2006.01)
(52) U.S. CL

CPC e, GO01C 22/00 (2013.01)
(58) Field of Classification Search

CPC e, GO1C 22/00

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
5,220,497 A 6/1993 Trovato et al.
6,058,339 A 5/2000 Takiguchi et al.
(Continued)
FOREIGN PATENT DOCUMENTS
DE 102006001710 Al 8/2007
DE 102009033058 Al 4/2010
(Continued)

OTHER PUBLICATTONS

Notice of Allowance 1ssued in co-pending U.S. Appl. No. 13/603,620
dated Feb. 13, 2015, 9 pgs.

(Continued)

Primary Examiner — Catherine M Tarae
(74) Attorney, Agent, or Firm — Botos Churchill IP Law

(57) ABSTRACT

Methods and systems for detection of a construction zone
sign are described. A computing device, configured to con-
trol the vehicle, may be configured to receive, from an
image-capture device coupled to the computing device,
images of a vicinity of the road on which the vehicle 1s
travelling. Also, the computing device may be configured to
determine i1mage portions in the images that may depict
sides of the road at a predetermined height range. Further,
the computing device may be configured to detect a con-
struction zone sign in the image portions, and determine a
type of the construction zone sign. Accordingly, the com-
puting device may be configured to modily a control strat-
egy associated with a driving behavior of the vehicle; and
control the vehicle based on the modified control strategy.

26 Claims, 13 Drawing Sheets

---------------------------------------------------------------------

I — ——
l Siﬂng |
I I
' ani;?:r.l:ng I Throftle
l Eystmilz:luduln ! I 140 I
| I
l Inertlal I
' MaasLlilramant l I EE;E l
nit
: 128
il { T
. ' I Sensor Fugion Wireless .
¢ Engine / M RADAR . .
l ng n;ﬂ otor I ' 130 I | Mg;;;hm | | Cusn;;n;iinignn I
| e o ! £
I Energy Lzﬁquum& | ' ““"ﬂgrnde” | | Vision System | I Tcuc?::mn |
: 2 146 T :
E : I ' i I Navigation f I : I '
v v on .
. Transmission I ' Camera ! I Pathing I Microphone I .
4 122 | 134 | System | | 158 E
5 ' I 5
. l Wheels { Tires I Actuators(s) I Avoidance I l Speaker I .
: 124 | s || Systom 158 :
| | | | =] | :
' Propulsion Sansor Systam Control System Paripharals .
] osystemaiz | we | e | Tme |
g e e G e M e A G it .
' | Map Data | [ inetructions i
Power Supply Fm;e;s or 116 13 l User Interface
. 110 | Memory 114 1z
I Computing Device 111 l



US RE48,322 E

(56)

6,004,926
0,560,529

6,970,779
7,616,781

7,979,173
8,031,085
8,000,271
8,311,274
8,311,695
8,332,134
8,370,595

8,503,762
8,521,411
8,593,521
8,605,947
8,825,259
8,990,228

9,056,395
9,193,355
9,195,914
9,199,641
9,221,461
2006/0184297
2008/0125972
2008/0137908
2008/0162027
2008/0189040
2009/0088916
2009/0149990
2009/0216405

2010/0099353
2010/0100268

2010/0104199

2010/0164701
2010/0198488
2010/0200268
2010/0207787

2010/0253541
2010/0256867

Page 2
References Cited 2010/0274430 A1 10/2010 Dolgov et al.
2011/0082640 Al 4/2011 Bohme et al.
U.S. PATENT DOCUMENTS 2011/0149064 A1  6/2011 Uehira et al.
2011/0150348 Al 6/2011 Anderson
A 5/2000 Sarangapani et al. 20;1/0216198 A 9/201; S(‘Tho_ﬁeld et al.
B1* 5/2003 Janssen ... GO1C 21/28 2011/0280026 Al  11/2011 Higgins-Luthman
340/98% 2011/0282581 Al 11/2011 Zeng
B2* 11/2009 Schofield ... . . HO4N 7/18 2012/0046820 Al 2/2012 Allard et al.
187/104 2012/0083960 Al 4/2012 Zhu et al.
- 2012/0098968 Al 4/2012 Schofield et al.
B2 7/2011 Breed _ _ _
- 2012/0150425 Al 6/2012 Chapman et al.
Bl  10/2011 Anderson _ _ _ i
B 1172011 Doleov of al 2012/0176234 Al 7/2012 Taneyhill et al.
RY  11/2012 Berg ann et‘ al 2013/0066511 Al 3/2013 Switkes et al.
| S ‘ 2013/0101174 Al 4/2013 Maeis et al.
B2 11/2012 McKitterick _ _ _ .
_ 2013/0158796 Al 6/2013 Higgins-Luthman
B2 1212012 Zhang et al. 2013/0197804 Al 82013 Luke et al
B2* 2/2013 Higgins-Luthman ........................ . . . ‘
B60Q 1/143 . .
367/466 FOREIGN PATENT DOCUMENTS
B2* 8/2013 Ben Tzvi .............. GO6T 19/006
387/154 EP 2072316 6/2009
B2* 82013 Grabowski ... Goic 21365  EP 2072316 A2 6/2009
701/454 JP 2006-113918 4;2006
x JP 2006113918 A 4/2006
B27 112015 Scholield .......... Bﬁomg?{ j’g IP 2007-290539 Al 11/2007
IP 2007290539 A 11/2007
3
B2% 122015 Zhang w.oo.coocoee.. GRS I 2008-191781 Al 8/2008
IP 2008191781 A 8/2008
Bl * 9/2014 Ferguson ............. G0O5D 1/0214 TP 2009-166822 Al 7/20090
) 104124 jp 2009166822 A 7/2009
Bl 3/2015 Fel‘gllSOIl ............... GO05D 1/021 TP 2010-221909 10/2010
| 701/28 JP 2010221909 A 10/2010
Bl* 6/20th5 Ferguson .............. B60OW 30/16 TP 7012-068965 Al 4/2012
B2* 112015 Ferguson ............ GO05D 1/024 TP 2012068965 A 4/2012
B2* 11/2015 Faurfield ............... B60W 30/10 WO 27011141018 A2  11/2011
B2* 12/2015 Ferguson .............. GO1S 7/4808 WO WO 2011/141018 A2 11/2011
B2* 12/2015 Ferguson .............. B60W 30/12 WO 2012/047743 4/2012
Al 82006 Higgins-Luthman WO 2012047743 A2 4/2012
Al 5/2008 Nefl
Al 6/2008 Stein et al.
Al 7/2008 Murphy et al. OTHER PUBLICATTONS
Al 8/2008 Nasu et al. _ _ _ _ _ _
Al 4/2009 FElgersma et al. Notice of Allowance 1ssued in connection with co-pending U.S.
Al 6/2009 Myeong et al. Appl. No. 13/603,618, U.S. Patent and Trademark Oflice, dated
Al* 82009 Kudo ... B62D 15/025 Nov. 20, 2014, 10 pages.
701/41 International Search Report and Written Opinion i1ssued 1n co-
Al 4/2010 Komori et al. pending International Application No. PCT/US2013/053965, ISA
Al*  4/2010 Zhang .................. B60W 30/09 dated Nov. 14, 2013, 14 pages.
701/25 International Search Report and Written Opinion 1ssued 1n co-
Al*  4/2010 Zhang ................ GO6K 9/00798 pending International Application No. PCT/US2013/053944, ISA
368/199 dated Jan. 21, 2014, 11 pages.
Al 7/2010 Bargman et al. Office Action 1ssued 1n co-pending U.S. Appl. No. 13/603,613 dated
Al 8/2010 Groitzsch et al. Jan. 5, 2015.
Al 8/2010 Suzuki et al. Han et al., “Enhanced Road Boundary and Obstacle Detection
Al* 82010 Catten ............... GOo6F 17/30241 Using a Downward-Looking LIDAR Sensor,” IEEE Transactions
340/905 on Vehicular Technology, vol. 61, No. 3, pp. 971-985, Mar. 2012.
Al 10/2010 Seder et al.
Al 10/2010 Breuer et al. * cited by examiner



U.S. Patent

---------------------------------------------------------------------

Nov. 24, 2020

Sheet 1 of 13

US RE48,322 K

z === ;
: l Steering ' :
E 3= :
: — o — 5
5 | | E
: I Pogilggs :ng I Throttle :
: ' SysteTzf;Iodule ' I 140 '
: ' Inertial l I '
: ' Measurement l l Brake l '
: Unit ' 142 I .
ey — | ———
o | V[ e [ oo 1Y wirs 11
' 118 Il 138 'I 144 'I System 152 l
| | :
| Energy s oz 1 o '| o
|| Energy Source | | | | Rangender/ | | vision Sytom | 1| Touchscreen | | :
| R 1 k
l I I l : Navigation / I l '
. Transmission Camera Pathing Microphone )
: 122 | | 134 | | 3";‘5“‘ | | 156 |
l I I ' I Obstacle I I I :
: ' Wheels / Tires I ' Actuators(s) l I Avoidance ' I Speaker '
X 124 136 System 158 .
| 150 | :
' Propulsion I ' Sensor System I l Control System l Peripherals '
S IR S VR S L B B

(e cmmes e  cmmms  ewmes e St wes  ssmme e

' Map Data Instructions '

Power Supply Proﬁ;sor 116 115 ' User Interface
110 I R Memory 114 112
' Computing Device 111 I

---------------------------------------------------------------------

FIGURE 1



U.S. Patent Nov. 24, 2020 Sheet 2 of 13 US RE48,322 E

AR AN AN NN
TrAAAAAAAAAA
- R T

; ] ] L] ] ] ] ; ] : ] L] ] ] ] : 3
R e e R e e R R R R R R
i e
St o o e A e e o R e Dt e e nE Dot et et e et Tt e R et e e Dut e Tur R DuE ot TaE e e Dt e e e e et e e e e et e e nE et e et et e et R et Rt e R Dot e e Du et Tar D TaE R DuE e e et e et e et e e ne e e et et e Ont e et e R Dur e e e Dut R Dot R e Dar Rt e DaE et R DaE e e e et e e et et e et ] ot o o DR e e e e et e e ne e e et et e et R

L] el L e ]

e )
““““b“*“‘*“"“‘*“b*“"“"“b*“‘:b“.“‘*“"b“*“‘*“"“‘*“b*“"“‘.“b:‘:"“‘.“‘*“"b“'“‘*“"“‘*“‘*“"“‘.“b*“"“‘.“‘*“"b“.“‘*“"“‘*“‘*“"“"“b*“"“"“‘*“"“‘.“‘*“"b“.“‘*“"“‘.“‘*“"“‘.“‘*“"“‘.“‘*“"“"“‘*“"“‘.“‘*“"“‘.“‘*“"‘:‘:‘:‘:‘:"‘z‘.“‘*“"“‘.“‘*“"“"“‘*“"“"“‘*:

. a e

bk rbrrbrrrbrbrrbrrrbrbrrbrlrrlrrrlrlrrlrrrrirrirrirkrir ik F ke r rbr r rbrrbrrrbirbrfbrrfrbrbrfbrrfbrrfbirbrfbrrfbrrfbirirfbirirfbirbrfbirirfbirirfbirirfbirirfbirirfbirirfbirirfbirbirfbirirfbirirfbirirfbirirfbirirfbirir fbirr frrffrf ik F ke rrrbrrrrrrlrr eI
I N N I e I e I I I N e N N N N I N N N N N N | I N N N I e e e I N I N N N e e I I I N N I I e N I I I I I e I I A N N N I N N I N N N | LI I N N I e e N I A I N N R |

U N S R W T S B
LA A :;!n;n; u;nxn oA
T W
XA A A A A
o W
A Ll A Al A
i T
i i, i i i, i
o W
Ao [l ol aala al
i LA

gy R VR L L L A
a .-.-.!.I-H-H'H-I-H-I-H-l!H-I-H'I-HIIIH-I-H!I-H-.".‘- .
.| -
AAdAdAAAAAAAAAAAAARAAAAAAAAAANANN

unn.nn.nn.nn.nn.n.n.nn.nn.nnnnnnnnnnnnnnnﬂnﬂnﬁ
_'HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

L3

oA R MR M NX MMM A MAMXEANXAM XA AN XAXNYNC

i

i A o
rrr kbbb

i A o
rrr kbbb

o dn i e
rr o x kil

o e e e
™

T . qu_q'q_-'r *_-h *-h *-Il *lll '.lll

ror o kel
Xk
T

T o o i
T o o i
T T i

rrrx il

T r Tra

1

_4-:4-:4-:4-:4:4:4:4-:4:4:4:4:4:4-:4:4 *4-:4-:4-:4-:4-:4-:4-:4:4-:4-:4-:4-:4:4:4:4-:4:4:4:4:4:4-:4:4 *4:4:4:4 W *4-:4-:4-:4-:4-:4:4:4:4:4:4:4:4:4:4:4:4- *4:4:4:4:4 *4:4:4:4-:4:4:4 o
Fr r r r'r rk rr rk r e fkrrfkr e fkr e fkir i f i ff i ff i fk e fif i f ke fif e fif ik ff e f if e f e e f e e fif e f e e f e ifif if ik ik Ik I
= h B kb F k Fh ko ko bk FhFE R F bk bk h k h kb bk k- h kb hkFh bk s FRFE R R

wr raxx ikl

Fronf View

.
[ ] ] -
bb bbb *bbﬂ-b bkbb v " v
N A N NN
X N XN

Ll
F e r Ir Ir ir
r r

b:-bbbt*bb;bbbkbbbkbbb‘-bb*:-bbb;bbb;bb*kbbbk*bbkb v v .
Jr"JrJ'Jr"'Jr"J.-"JrJ''Jr"JrJ'Jr"JrJ'JrJ'JrJ''Jr"J.-"Jr"JrJ'JrJ'JrJ'Jr"J.-J'JrJ''Jr"JrJ'Jr::Jr::JrJrJr“_JrJrJrJrarJrJrJr o

e N
' o

e N e At
o o

il

e e e g gy Vg g Vg g g B e

',a:a_nua'a:n:a:a:n" A a: Ha:a:n:a:a = -
b i i L I B

b

ottt ?El': naryriatasnaerateey - prpriaaeyesriatainrese :;E

-
L
L
i
L

S i i T i s O B O i B s B i SR s i e
RN R RN R R R R R R R RN RN
e e e e e e e e e
EnL . S e S e e e e e e e e e e e e e e e e e e e e e e e e e e S e e S e T e e e e e S e e e S e e e )
xRN e Y
H b b b b & & & bk b bk bk b bk b b b b b b B B B b & b b & bk b b b b B b B B B B B B b b & b B bk b b b b B B B & B b & & bk & b bk bk bk E R R R

J - - L] J
NN N
.HHHHHHHHHHHHHH

F'r r r r'r r r r bk k' ke r r e r e fk ek f e f fbr frir fbff ke ffe e e e f e ik f e f f e ik f e ke r f e f ife f f e fire e f i i ifif ik Ik ik

Back View Top View

FIGURE 2




U.S. Patent Nov. 24, 2020 Sheet 3 of 13 US RE48,322 E

300 ( START )
¢

RECEIVING, AT A COMPUTING DEVICE CONFIGURED TO CONTROL A
VEHICLE, FROM A PLURALITY OF SOURCES OF INFORMATION,
INFORMATION RELATING TO DETECTION OF A CONSTRUCTION ZONE ON
A ROAD ON WHICH THE VEHICLE IS TRAVELLING, AND EACH SOURCE
OF INFORMATION OF THE PLURALITY OF SOURCES OF INFORMATION IS
ASSIGNED A RESPECTIVE RELIABILITY METRIC INDICATIVE OF A LEVEL 302
OF CONFIDENCE OF THE DETECTION OF THE CONSTRUCTION ZONE
BASED ON RESPECTIVE INFORMATION RECEIVED FROM THAT SOURCE
OF INFORMATION

DETERMINING, USING THE COMPUTING DEVICE, A LIKELIHOOD OF
EXISTENCE OF THE CONSTRUCTION ZONE ON THE ROAD, BASED ON
THE INFORMATION AND RESPECTIVE RELIABILITY METRICS OF THE

PLURALITY OF SOURCES OF INFORMATION 304

MODIFYING, USING THE COMPUTING DEVICE, A CONTROL STRATEGY
ASSOCIATED WITH A DRIVING BEHAVIOR OF THE VEHICLE, BASED ON
THE LIKELIHOOD 306

CONTROLLING, USING THE COMPUTING DEVICE, THE VEHICLE BASED
ON THE MODIFIED CONTROL STRATEGY 308

(__Eno_
FIGURE 3
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500
4

RECEIVING, AT A COMPUTING DEVICE CONFIGURED TO CONTROL A
VEHICLE, FROM AN IMAGE-CAPTURE DEVICE COUPLED TQ THE
COMPUTING DEVICE, ONE OR MORE IMAGES OF A VICINITY OF A ROAD

ON WHICH THE VEHICLE IS TRAVELLING 502

DETERMINING, USING THE COMPUTING DEVICE ONE OR MORE IMAGE
PORTIONS IN THE ONE OR MORE IMAGES, AND THE ONE OR MORE
IMAGE PORTIONS MAY DEPICT SIDES OF THE ROAD AT A 504
PREDETERMINED HEIGHT RANGE

DETECTING, USING THE COMPUTING DEVICE, A CONSTRUCTION ZONE

SIGN IN THE ONE OR MORE IMAGE PORTIONS

506

DETERMINING, USING THE COMPUTING DEVICE, A TYPE OF THE
CONSTRUCTION ZONE SIGN IN THE ONE OR MORE IMAGE PORTIONS 508

MODIFYING, USING THE COMPUTING DEVICE, A CONTROL STRATEGY
ASSOCIATED WITH A DRIVING BEHAVIOR OF THE VEHICLE, BASED ON

THE TYPE OF THE CONSTRUCTION ZONE SIGN 510

CONTROLLING, USING THE COMPUTING DEVICE, THE VEHICLE BASED

ON THE MODIFIED CONTROL STRATEGY 542

(__END
FIGURE 5
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700

RECEIVING, AT A COMPUTING DEVICE CONFIGURED TO CONTROL A
VEHICLE, FROM A LIGHT DETECTION AND RANGING (LIDAR) SENSOR
COUPLED TO THE COMPUTING DEVICE, LIDAR-BASED INFORMATION

COMPRISING (1) A THREE-DIMENSIONAL {3D) POINT CLOUD OF A
VICINITY OF A ROAD ON WHICH THE VEHICLE IS TRAVELLING, WHERE |—_

THE 3D POINT CLOUD MAY COMPRISE POINTS CORRESPONDING TO 702

LIGHT EMITTED FROM THE LIDAR AND REFLECTED FROM ONE OR

MORE OBJECTS IN THE VICINITY OF THE ROAD, AND (1) INTENSITY

VALUES OF THE REFLECTED LIGHT FOR THE POINTS

DETERMINING, USING THE COMPUTING DEVICE, A SET OF POINTS IN
THE 3D POINT CLOUD REPRESENTING AN AREA AT A HEIGHT GREATER [,
THAN A THRESHOLD HEIGHT FROM A SURFACE OF THE ROAD 704

ESTIMATING, USING THE COMPUTING DEVICE, A SHAPE ASSOCIATED

WITH THE SET OF POINTS 70" 6

DETERMINING, USING THE COMPUTING DEVICE, A LIKELIHOOD THAT
THE SET OF POINTS DEPICTS A CONSTRUCTION ZONE SIGN, BASED ON
THE ESTIMATED SHAPE AND RESPECTIVE INTENSITY VALUES RELATING h\ﬂbjﬂ

TO THE SET OF POINTS

MODIFYING, USING THE COMPUTING DEVICE, A CONTROL STRATEGY
ASSOCIATED WITH A DRIVING BEHAVIOR OF THE VEHICLE, BASED ON [~
THE LIKELIHOOD 710

CONTROLLING, USING THE COMPUTING DEVICE, THE VEHICLE BASED
ON THE MODIFIED CONTROL STRATEGY )

(__END_
FIGURE 7
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900
%

RECEIVING, AT A COMPUTING DEVICE CONFIGURED TO CONTROL A
VEHICLE, FROM A LIGHT DETECTION AND RANGING {LIDAR) SENSOR
COUPLED TO THE COMPUTING DEVICE, LIDAR-BASED INFORMATION
RELATING TO A THREE-DIMENSIONAL (3D) POINT CLOUD OF A ROAD

ON WHICH THE VEHICLE IS TRAVELLING, WHERE THE 3D POINT CLOUD }2

MAY COMPRISE POINTS CORRESPONDING TO LIGHT EMITTED FROM

THE LIDAR AND REFLECTED FROM ONE OR MORE OBJECTS ON THE
ROAD

DETERMINING, USING THE COMPUTING DEVICE, ONE OR MORE SETS OF

POINTS IN THE 3D POINT CLOUD REPRESENTING AN AREA WITHIN A
THRESHOLD DISTANCE FROM A SURFACE OF THE RQAD 904

IDENTIFYING ONE OR MORE CONSTRUCTION ZONE OBJECTS IN THE

ONE OR MORE SETS OF POINTS 90‘ 5

DETERMINING, USING THE COMPUTING DEVICE, A NUMBER AND

LOCATIONS OF THE ONE OR MORE CONSTRUCTION ZONE OBJECTS 90" 8

DETERMINING, USING THE COMPUTING DEVICE, A LIKELIHOQD OF
EXISTENCE OF A CONSTRUCTION ZONE, BASED ON THE NUMBER AND —
THE LOCATIONS OF THE ONE OR MORE CONSTRUCTION ZONE OBJECTS | 910

MODIFYING, USING THE COMPUTING DEVICE, A CONTROL STRATEGY
ASSOCIATED WITH A DRIVING BEHAVIOR OF THE VEHICLE, BASED ON
THE LIKELIHOOD OF THE EXISTENCE OF THE CONSTRUCTION ZONE ON "

THE ROAD 912

CONTROLLING, USING THE COMPUTING DEVICE, THE VEHICLE BASED
ON THE MODIFIED CONTROL STRATEGY ‘

(_Eno
FIGURE 9
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COMPUTER PROGRAM PRODUCT 1100

SIGNAL BEARING MEDIUM 1101

PROGRAM INSTRUCTIONS 1102

e RECEIVING, AT A COMPUTING DEVICE CONFIGURED TO CONTROL A
VEHICLE, FROM AN IMAGE-CAPTURE DEVICE COUPLED TO THE COMPUTING
DEVICE, ONE OR MORE IMAGES OF A VICINITY OF A ROAD ON WHICH THE
VEHICLE IS TRAVELLING

e DETERMINING, USING THE COMPUTING DEVICE ONE OR MORE IMAGE
PORTIONS IN THE ONE OR MORE IMAGES, AND THE ONE OR MORE IMAGE
PORTIONS MAY DEPICT SIDES OF THE ROAD AT A PREDETERMINED HEIGHT
RANGE

e DETECTING, USING THE COMPUTING DEVICE, A CONSTRUCTION ZONE SIGN
IN THE ONE OR MORE IMAGE PORTIONS

e DETERMINING, USING THE COMPUTING DEVICE, A TYPE OF THE
CONSTRUCTION ZONE SIGN IN THE ONE OR MORE IMAGE PORTIONS

¢ MODIFYING, USING THE COMPUTING DEVICE, A CONTROL STRATEGY
ASSOCIATED WITH A DRIVING BEHAVIOR OF THE VERICLE, BASED ON THE
TYPE OF THE CONSTRUCTION ZONE SIGN

e CONTROLLING, USING THE COMPUTING DEVICE, THE VEHICLE BASED ON
THE MODIFIED CONTROL STRATEGY

( o ( “ ¢ -
I COMPUTER | I
: REA(;::LPEU;E;DMM l : RECORDABLE | : COM'&UE“;E;“T ONS |
| MEDIUM | I

110 1105

l | 1104 | 1105
e == S G |

FIGURE 11
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1
CONSTRUCTION ZONE SIGN DETECTION

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.
10
[CROSS REFERENCE] CROSS-REFERENCE TO
RELATED [APPLICATION] APPLICATIONS

The present application 1s a reissue of U.S. Pat. No.
9,489 601, which is a continuation of U.S. patent application 1>
Ser. No. 13/603,615, filed on Sep. 5, 2012, and entitled
“Construction Zone Sign Detection,” and now issued as U.S.

Pat. No. 9,195,914, which [is] are herein incorporated by

reference as 1f fully set forth in this description.
20

BACKGROUND

Autonomous vehicles use various computing systems to
aid 1n transporting passengers from one location to another.
Some autonomous vehicles may require some initial input or 25
continuous 1put from an operator, such as a pilot, driver, or
passenger. Other systems, for example autopilot systems,
may be used only when the system has been engaged, which
permits the operator to switch from a manual mode (where
the operator exercises a high degree of control over the 30
movement of the vehicle) to an autonomous mode (where
the vehicle essentially drives itsell) to modes that lie some-
where 1n between.

SUMMARY 35

The present application discloses embodiments that relate
to detection of a construction zone sign. In one aspect, the
present application describes a method. The method may
comprise receiving, at a computing device configured to 40
control a vehicle, from an 1image-capture device coupled to
the computing device, one or more 1mages of a vicimty of
a road on which the vehicle 1s travelling. The method also
may comprise determining, using the computing device, one
or more 1mage portions in the one or more 1images. The one 45
or more 1mage portions may depict sides of the road at a
predetermined height range. The method also may comprise
detecting, using the computing device, a construction zone
sign 1n the one or more 1mage portions. The method further
may comprise determining, using the computing device, a 50
type of the construction zone sign 1n the one or more 1image
portions. The method also may comprise moditying, using,
the computing device, a control strategy associated with a
driving behavior of the vehicle, based on the type of the
construction zone sign; and further may comprise control- 55
ling, using the computing device, the vehicle based on the
modified control strategy.

In another aspect, the present application describes a
non-transitory computer readable medium having stored
thereon 1nstructions executable by a computing device of a 60
vehicle to cause the computing device to perform functions.
The functions may comprise receiving from an 1mage-
capture device coupled to the computing device, one or more
images of a vicinity of a road on which the vehicle 1is
travelling. The functions also may comprise determinming 65
one or more 1mage portions in the one or more 1mages. The
one or more 1mage portions may depict sides of the road at
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a predetermined height range. The functions further may
comprise detecting a construction zone sign in the one or

more 1mage portions. The functions also may comprise
determining a type of the construction zone sign in the one
or more 1image portions. The functions further may comprise
moditying a control strategy associated with a driving
behavior of the vehicle, based on the type of the construction
zone sign. The functions also may comprise controlling the
vehicle based on the modified control strategy.

In still another aspect, the present application describes a
control system for a vehicle. The control system may
comprise an 1mage-capture device. The control system also
may comprise a computing device in communication with
the 1mage-capture device. The computing device may be
configured to receive, from the 1mage-capture device, one or
more 1mages ol a vicinity of a road on which the vehicle 1s
travelling. The computing device also may be configured to
determine one or more image portions in the one or more
images. The one or more 1mage portions may depict sides of
the road at a predetermined height range. The computing
device further may be configured to detect a construction
zone sign 1n the one or more 1mage portions. The computing
device also may be configured to determine a type of the
construction zone sign in the one or more 1mage portions.
The computing device further may be configured to modity
a control strategy associated with a driving behavior of the
vehicle, based on the type of the construction zone sign; and
control the vehicle based on the modified control strategy.

The foregoing summary i1s illustrative only and is not
intended to be 1 any way limiting. In addition to the
illustrative aspects, embodiments, and features described
above, lurther aspects, embodiments, and features will
become apparent by reference to the figures and the follow-

ing detailed description.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a smmplified block diagram of an example
automobile, 1n accordance with an example embodiment.

FIG. 2 illustrates an example automobile, 1n accordance
with an example embodiment.

FIG. 3 1s a flow chart of a method for detection of a
construction zone using multiple sources of information, 1n
accordance with an example embodiment.

FIG. 4 illustrates a vehicle approaching a construction
zone, 1 accordance with an example embodiment.

FIG. 5 1s a tlow chart of a method for detection of a
construction zone sign, 1 accordance with an example
embodiment.

FIGS. 6A-6B illustrate images of a road and vicinity of
the road the vehicle 1s travelling on, 1n accordance with an
example embodiment.

FIGS. 6C-6D 1illustrate portions of the images of the road
and the vicinity of the road depicting sides of the road at a
predetermined height range, 1n accordance with an example
embodiment.

FIG. 7 1s a flow chart of a method for detection of the
construction zone sign using LIDAR-based information, 1n
accordance with an example embodiment.

FIG. 8A illustrates LIDAR-based detection of the con-
struction zone sign 1n an area at a height greater than a

threshold height from a surface of the road, in accordance
with an example embodiment.

FIG. 8B illustrates a LIDAR-based image depicting the
area at the height greater than the threshold height from the
surface of the road, 1n accordance with an example embodi-
ment.
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FIG. 9 1s a flow chart of a method for detection of
construction zone objects using LIDAR-based information,

in accordance with an example embodiment.

FIG. 10A 1illustrates LIDAR-based detection of a con-
struction zone cone in an area within a threshold distance
from a surface of the road, in accordance with an example
embodiment.

FIG. 10B 1llustrates a LIDAR-based image depicting the
area within the threshold distance from the surface of the
road, 1n accordance with an example embodiment.

FIG. 10C illustrates LIDAR-based detection of construc-
tion zone cones forming a lane boundary, 1n accordance with
an example embodiment.

FIG. 10D illustrates a LIDAR-based image depicting
construction zone cones forming a lane boundary, 1n accor-
dance with an example embodiment.

FIG. 11 1s a schematic illustrating a conceptual partial
view ol a computer program, 1n accordance with an example
embodiment.

DETAILED DESCRIPTION

The following detailed description describes various fea-
tures and functions of the disclosed systems and methods
with reference to the accompanying figures. In the figures,
similar symbols 1dentify similar components, unless context
dictates otherwise. The 1illustrative system and method
embodiments described herein are not meant to be limiting.
It may be readily understood that certain aspects of the
disclosed systems and methods can be arranged and com-
bined 1n a wide vaniety of different configurations, all of
which are contemplated herein.

An autonomous vehicle operating on a road may be
configured to rely on maps for navigation. In some
examples, changes due to existence of a construction zone
on the road may not be retlected 1n the maps. Therefore, the
autonomous vehicle may be configured to detect the con-
struction zone and drive through the construction zone
safely.

In an example, a computing device, configured to control
the vehicle, may be configured to receive, from an 1mage-
capture device coupled to the computing device, one or more
images ol a vicinity of the road on which the vehicle 1s
travelling. Also, the computing device may be configured to
determine one or more 1mage portions in the one or more
images that may depict sides of the road at a predetermined
height range. Further, the computing device may be config-
ured to detect a construction zone sign 1n the one or more
image portions, and determine a type of the construction
zone sign 1n the one or more 1mage portions. Accordingly,
the computing device may be configured to modity a control
strategy associated with a driving behavior of the vehicle;
and control the vehicle based on the modified control
strategy.

An example vehicle control system may be implemented
in or may take the form of an automobile. Alternatively, a
vehicle control system may be implemented in or take the
form of other vehicles, such as cars, trucks, motorcycles,
buses, boats, airplanes, helicopters, lawn mowers, recre-
ational vehicles, amusement park vehicles, farm equipment,
construction equipment, trams, goli carts, trains, and trol-
leys. Other vehicles are possible as well.

Further, an example system may take the form of non-
transitory computer-readable medium, which has program
instructions stored thereon that are executable by at least one
processor to provide the functionality described herein. An
example system may also take the form of an automobile or
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a subsystem of an automobile that includes such a non-
transitory computer-readable medium having such program
instructions stored thereon.

Referring now to the Figures, FIG. 1 1s a simplified block
diagram of an example automobile 100, 1n accordance with
an example embodiment. Components coupled to or
included in the automobile 100 may include a propulsion
system 102, a sensor system 104, a control system 106,
peripherals 108, a power supply 110, a computing device
111, and a user interface 112. The computing device 111 may
include a processor 113, and a memory 114. The memory
114 may include 1nstructions 1135 executable by the proces-
sor 113, and may also store map data 116. Components of
the automobile 100 may be configured to work in an
interconnected fashion with each other and/or with other
components coupled to respective systems. For example, the
power supply 110 may provide power to all the components
of the automobile 100. The computing device 111 may be
configured to receive information from and control the
propulsion system 102, the sensor system 104, the control
system 106, and the peripherals 108. The computing device
111 may be configured to generate a display of images on
and receive mputs from the user interface 112.

In other examples, the automobile 100 may 1include more,
tewer, or different systems, and each system may include
more, fewer, or different components. Additionally, the
systems and components shown may be combined or
divided 1n any number of ways.

The propulsion system 102 may be configured to provide
powered motion for the automobile 100. As shown, the
propulsion system 102 includes an engine/motor 118, an
energy source 120, a transmission 122, and wheels/tires 124.

The engine/motor 118 may be or include any combination
of an 1nternal combustion engine, an electric motor, a steam
engine, and a Stirling engine. Other motors and engines are
possible as well. In some examples, the propulsion system
102 could include multiple types of engines and/or motors.
For instance, a gas-electric hybrid car could include a
gasoline engine and an electric motor. Other examples are
possible.

The energy source 120 may be a source of energy that
powers the engine/motor 118 1n full or 1n part. That 1s, the
engine/motor 118 may be configured to convert the energy
source 120 i1nto mechanical energy. Examples of energy
sources 120 1nclude gasoline, diesel, other petroleum-based
fuels, propane, other compressed gas-based fuels, ethanol,
solar panels, batteries, and other sources of electrical power.
The energy source(s) 120 could additionally or alternatively
include any combination of fuel tanks, batteries, capacitors,
and/or flywheels. In some examples, the energy source 120
may provide energy for other systems of the automobile 100
as well.

The transmission 122 may be configured to transmit
mechanical power from the engine/motor 118 to the wheels/
tires 124. To this end, the transmission 122 may include a
gearbox, clutch, differential, drive shaits, and/or other ele-
ments. In examples where the transmission 122 includes
drive shafts, the drive shafts could include one or more axles
that are configured to be coupled to the wheels/tires 124.

The wheels/tires 124 of automobile 100 could be config-
ured 1 various formats, including a unicycle, bicycle/
motorcycle, tricycle, or car/truck four-wheel format. Other
wheel/tire formats are possible as well, such as those 1includ-
ing six or more wheels. The wheels/tires 124 of automobile
100 may be configured to rotate differentially with respect to
other wheels/tires 124. In some examples, the wheels/tires
124 may include at least one wheel that 1s fixedly attached
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to the transmission 122 and at least one tire coupled to a rim
of the wheel that could make contact with the driving
surface. The wheels/tires 124 may include any combination
of metal and rubber, or combination of other materials.

The propulsion system 102 may additionally or alterna-
tively include components other than those shown.

The sensor system 104 may include a number of sensors
configured to sense information about an environment 1n
which the automobile 100 1s located. As shown, the sensors
of the sensor system include a Global Positioning System
(GPS) module 126, an 1nertial measurement unit (IMU) 128,
a radio detection and ranging (RADAR) unit 130, a laser
rangefinder and/or light detection and ranging (LIDAR) unit
132, a camera 134, and actuators 136 configured to modify
a position and/or orientation of the sensors. The sensor
system 104 may include additional sensors as well, includ-
ing, for example, sensors that monitor internal systems of
the automobile 100 (e.g., an O, monitor, a fuel gauge, an
engine o1l temperature, etc.). Other sensors are possible as
well.

The GPS module 126 may be any sensor configured to
estimate a geographic location of the automobile 100. To
this end, the GPS module 126 may include a transceiver
configured to estimate a position of the automobile 100 with
respect to the Earth, based on satellite-based positioning,
data. In an example, the computing device 111 may be
configured to use the GPS module 126 1n combination with
the map data 116 to estimate a location of a lane boundary
on road on which the automobile 100 may be travelling on.
The GPS module 126 may take other forms as well.

The IMU 128 may be any combination of sensors con-
figured to sense position and orientation changes of the
automobile 100 based on 1nertial acceleration. In some
examples, the combination of sensors may include, for
example, accelerometers and gyroscopes. Other combina-
tions of sensors are possible as well.

The RADAR unit 130 may be considered as an object
detection system that may be configured to use radio waves
to determine characteristics of the object such as range,
altitude, direction, or speed of the object. The RADAR unit
130 may be configured to transmit pulses of radio waves or
microwaves that may bounce ofl any object 1n a path of the
waves. The object may return a part of energy of the waves
to a receiver (e.g., dish or antenna), which may be part of the
RADAR unit 130 as well. The RADAR unit 130 also may
be configured to perform digital signal processing of
received signals (bouncing ofl the object) and may be
configured to i1dentily the object.

Other systems similar to RADAR have been used 1n other
parts of the electromagnetic spectrum. One example 1s
LIDAR (light detection and ranging), which may be con-
figured to use visible light from lasers rather than radio
waves.

The LIDAR unit 132 may include a sensor configured to
sense or detect objects 1n an environment in which the
automobile 100 1s located using light. Generally, LIDAR 1s
an optical remote sensing technology that can measure
distance to, or other properties of, a target by illuminating
the target with light. The light can be any type of electro-
magnetic waves such as laser. As an example, the LIDAR
unit 132 may include a laser source and/or laser scanner
configured to emit pulses of laser and a detector configured
to receive retlections of the laser. For example, the LIDAR
unit 132 may include a laser range finder retlected by a
rotating mirror, and the laser 1s scanned around a scene being,
digitized, 1n one or two dimensions, gathering distance
measurements at specified angle intervals. In examples, the
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LIDAR unit 132 may include components such as light (e.g.,
laser) source, scanner and optics, photo-detector and
receiver electronics, and position and navigation system.

In an example, The LIDAR unit 132 may be configured to
use ultraviolet (UV), visible, or infrared light to image
objects and can be used with a wide range of targets,
including non-metallic objects. In one example, a narrow
laser beam can be used to map physical features of an object
with high resolution.

In examples, wavelengths 1n a range from about 10
micrometers (1infrared) to about 250 nm (UV) could be used.
Typically light 1s reflected via backscattering. Diflerent
types of scattering are used for different LIDAR applica-
tions, such as Rayleigh scattering, Mie scattering and Raman
scattering, as well as fluorescence. Based on different kinds
ol backscattering, LIDAR can be accordingly called Ray-
leigh LIDAR, Mie LIDAR, Raman LIDAR and Na/Fe/K
Fluorescence LIDAR, as examples. Suitable combinations
of wavelengths can allow for remote mapping of objects by
looking for wavelength-dependent changes in intensity of
reflected signals, for example.

Three-dimensional (3D) imaging can be achieved using
both scanning and non-scanning LIDAR systems. “3D gated
viewing laser radar” 1s an example of a non-scanning laser
ranging system that applies a pulsed laser and a fast gated
camera. Imaging LIDAR can also be performed using an
array ol high speed detectors and a modulation sensitive
detectors array typically built on single chips using CMOS
(complementary metal-oxide-semiconductor) and hybnd
CMOS/CCD (charge-coupled device) fabrication tech-
niques. In these devices, each pixel may be processed locally
by demodulation or gating at high speed such that the array
can be processed to represent an 1mage from a camera.
Using this technique, many thousands of pixels may be
acquired simultaneously to create a 3D point cloud repre-
senting an object or scene being detected by the LIDAR unit
132.

A point cloud may include a set of vertices 1 a 3D
coordinate system. These vertices may be defined by X, Y,
and Z coordinates, for example, and may represent an
external surface of an object. The LIDAR unit 132 may be
configured to create the point cloud by measuring a large
number of points on the surface of the object, and may
output the point cloud as a data file. As the result of a 3D
scanning process of the object by the LIDAR unit 132, the
point cloud can be used to identify and visualize the object.

In one example, the point cloud can be directly rendered
to visualize the object. In another example, the point cloud
may be converted to polygon or triangle mesh models
through a process that may be referred to as surface recon-
struction. Example techmiques for converting a point cloud
to a 3D surface may include Delaunay triangulation, alpha
shapes, and ball pivoting. These techniques include building
a network of triangles over existing vertices of the point
cloud. Other example techniques may include converting the
point cloud 1nto a volumetric distance field and reconstruct-
ing an 1mplicit surface so defined through a marching cubes
algorithm.

The camera 134 may be any camera (e.g., a still camera,
a video camera, etc.) configured to capture images of the
environment 1n which the automobile 100 1s located. To this
end, the camera may be configured to detect visible light, or
may be configured to detect light from other portions of the
spectrum, such as infrared or ultraviolet light. Other types of
cameras are possible as well. The camera 134 may be a
two-dimensional detector, or may have a three-dimensional
spatial range. In some examples, the camera 134 may be, for
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example, a range detector configured to generate a two-
dimensional 1mage indicating a distance from the camera
134 to a number of points in the environment. To this end,
the camera 134 may use one or more range detecting
techniques. For example, the camera 134 may be configured
to use a structured light technique 1n which the automobile
100 1lluminates an object in the environment with a prede-
termined light pattern, such as a grid or checkerboard pattern
and uses the camera 134 to detect a reflection of the
predetermined light pattern off the object. Based on distor-
tions 1n the reflected light pattern, the automobile 100 may
be configured to determine the distance to the points on the
object. The predetermined light pattern may comprise inira-
red light, or light of another wavelength.

The actuators 136 may, for example, be configured to
modily a position and/or orientation of the sensors.

The sensor system 104 may additionally or alternatively
include components other than those shown.

The control system 106 may be configured to control
operation of the automobile 100 and 1ts components. To this
end, the control system 106 may include a steering unit 138,
a throttle 140, a brake unit 142, a sensor fusion algorithm
144, a computer vision system 146, a navigation or pathing
system 148, and an obstacle avoidance system 130.

The steering unit 138 may be any combination of mecha-
nisms configured to adjust the heading or direction of the
automobile 100.

The throttle 140 may be any combination of mechanisms
configured to control the operating speed and acceleration of
the engine/motor 118 and, 1n turn, the speed and acceleration
of the automobile 100.

The brake unit 142 may be any combination of mecha-
nisms configured to decelerate the automobile 100. For
example, the brake unit 142 may use Iriction to slow the
wheels/tires 124. As another example, the brake unit 142
may be configured to be regenerative and convert the kinetic
energy ol the wheels/tires 124 to electric current. The brake
unit 142 may take other forms as well.

The sensor fusion algorithm 144 may include an algo-
rithm (or a computer program product storing an algorithm)
executable by the computing device 111, for example. The
sensor fusion algorithm 144 may be configured to accept
data from the sensor system 104 as an mput. The data may
include, for example, data representing information sensed
at the sensors of the sensor system 104. The sensor fusion
algorithm 144 may include, for example, a Kalman filter, a
Bayesian network, or another algorithm. The sensor fusion
algorithm 144 turther may be configured to provide various
assessments based on the data from the sensor system 104,
including, for example, evaluations of individual objects
and/or features 1n the environment 1n which the automobile
100 1s located, evaluations of particular situations, and/or
evaluations of possible impacts based on particular situa-
tions. Other assessments are possible as well

The computer vision system 146 may be any system
configured to process and analyze images captured by the
camera 134 1n order to 1dentily objects and/or features 1n the
environment 1n which the automobile 100 1s located, includ-
ing, for example, lane information, trathic signals and
obstacles. To this end, the computer vision system 146 may
use an object recognition algorithm, a Structure from
Motion (SFM) algorithm, video tracking, or other computer
vision techniques. In some examples, the computer vision
system 146 may additionally be configured to map the
environment, track objects, estimate speed ol objects, efc.

The navigation and pathing system 148 may be any
system configured to determine a driving path for the
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automobile 100. The navigation and pathing system 148
may additionally be configured to update the driving path
dynamically while the automobile 100 1s 1n operation. In
some examples, the navigation and pathing system 148 may
be configured to incorporate data from the sensor fusion

algorithm 144, the GPS module 126, and one or more

predetermined maps so as to determine the driving path for
the automobile 100.

The obstacle avoidance system 150 may be any system
configured to identily, evaluate, and avoid or otherwise
negotiate obstacles 1n the environment in which the auto-
mobile 100 1s located.

The control system 106 may additionally or alternatively
include components other than those shown.

Peripherals 108 may be configured to allow the automo-
bile 100 to interact with external sensors, other automobiles,
and/or a user. To this end, the peripherals 108 may include,
for example, a wireless communication system 152, a touch-
screen 154, a microphone 156, and/or a speaker 158.

The wireless communication system 152 may be any
system configured to be wirelessly coupled to one or more
other automobiles, sensors, or other entities, either directly
or via a communication network. To this end, the wireless
communication system 152 may include an antenna and a
chipset for communicating with the other automobiles,
sensors, or other enftities eirther directly or over an air
interface. The chipset or wireless communication system
152 1n general may be arranged to communicate according,
to one or more other types of wireless communication (e.g.,

protocols) such as Bluetooth, communication protocols
described in IEEE 802.11 (ncluding any IEEE 802.11
revisions), cellular technology (such as GSM, CDMA,
UMTS, EV-DO, WIMAX, or LTE), Zigbee, dedicated short
range communications (DSRC), and radio frequency iden-
tification (RFID) commumnications, among other possibili-
ties. The wireless communication system 152 may take other
forms as well.

The touchscreen 154 may be used by a user to input
commands to the automobile 100. To this end, the touch-
screen 154 may be configured to sense at least one of a
position and a movement of a user’s finger via capacitive
sensing, resistance sensing, or a surface acoustic wave
process, among other possibilities. The touchscreen 154 may
be capable of sensing finger movement in a direction parallel
or planar to the touchscreen surface, in a direction normal to
the touchscreen surface, or both, and may also be capable of
sensing a level of pressure applied to the touchscreen
surface. The touchscreen 154 may be formed of one or more
translucent or transparent insulating layers and one or more
translucent or transparent conducting layers. The touch-
screen 154 may take other forms as well.

The microphone 156 may be configured to receive audio
(e.g., a voice command or other audio input) from a user of
the automobile 100. Similarly, the speakers 158 may be
configured to output audio to the user of the automobile 100.
The pernipherals 108 may additionally or alternatively
include components other than those shown.

The power supply 110 may be configured to provide
power to some or all of the components of the automobile
100. To this end, the power supply 110 may include, for
example, a rechargeable lithium-10on or lead-acid battery. In
some examples, one or more banks of batteries could be
configured to provide electrical power. Other power supply
materials and configurations are possible as well. In some
examples, the power supply 110 and energy source 120 may

be implemented together, as 1n some all-electric cars.
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The processor 113 included 1n the computing device 111
may comprise one or more general-purpose processors and/
or one or more special-purpose processors. To the extent the
processor 113 includes more than one processor; such pro-
cessors could work separately or 1n combination. The com-
puting device 111 may be configured to control functions of
the automobile 100 based on 1nput received through the user
interface 112, for example.

The memory 114, in turn, may comprise one or more
volatile and/or one or more non-volatile storage compo-
nents, such as optical, magnetic, and/or organic storage, and
the memory 114 may be integrated in whole or 1n part with
the processor 113. The memory 114 may contain the instruc-
tions 115 (e.g., program logic) executable by the processor
113 to execute various automobile functions.

The components of the automobile 100 could be config-
ured to work 1n an interconnected fashion with other com-
ponents within and/or outside their respective systems. To
this end, the components and systems of the automobile 100
may be communicatively linked together by a system bus,
network, and/or other connection mechanism (not shown).

Further, while each of the components and systems are
shown to be integrated in the automobile 100, 1n some
examples, one or more components or systems may be
removably mounted on or otherwise connected (mechani-
cally or electrically) to the automobile 100 using wired or
wireless connections.

The automobile 100 may include one or more elements 1n
addition to or mstead of those shown. For example, the
automobile 100 may 1nclude one or more additional inter-
faces and/or power supplies. Other additional components
are possible as well. In these examples, the memory 114 may
turther include 1nstructions executable by the processor 113
to control and/or commumcate with the additional compo-
nents.

FIG. 2 1llustrates an example automobile 200, 1n accor-
dance with an embodiment. In particular, FIG. 2 shows a
Right Side View, Front View, Back View, and Top View of
the automobile 200. Although automobile 200 1s illustrated
in FIG. 2 as a car, other examples are possible. For instance,
the automobile 200 could represent a truck, a van, a semi-
trailer truck, a motorcycle, a golf cart, an off-road vehicle, or
a farm vehicle, among other examples. As shown, the
automobile 200 includes a first sensor unit 202, a second
sensor unit 204, a third sensor unit 206, a wireless commu-
nication system 208, and a camera 210.

Each of the first, second, and third sensor units 202-206
may include any combination of global positioning system
sensors, 1nertial measurement units, RADAR units, LIDAR
units, cameras, lane detection sensors, and acoustic sensors.
Other types of sensors are possible as well.

While the first, second, and third sensor units 202 are
shown to be mounted 1n particular locations on the automo-
bile 200, 1n some examples the sensor unit 202 may be
mounted elsewhere on the automobile 200, either inside or
outside the automobile 200. Further, while only three sensor
units are shown, 1n some examples more or fewer sensor
units may be included in the automobile 200.

In some examples, one or more of the first, second, and
third sensor units 202-206 may include one or more movable
mounts on which the sensors may be movably mounted. The
movable mount may include, for example, a rotating plat-
form. Sensors mounted on the rotating platform could be
rotated so that the sensors may obtain information from each
direction around the automobile 200. Alternatively or addi-
tionally, the movable mount may include a tilting platform.
Sensors mounted on the tilting platform could be tilted
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within a particular range of angles and/or azimuths so that
the sensors may obtain information from a variety of angles.
The movable mount may take other forms as well.

Further, 1n some examples, one or more ol the first,
second, and third sensor units 202-206 may include one or
more actuators configured to adjust the position and/or
orientation ol sensors in the sensor unit by moving the
sensors and/or movable mounts. Example actuators include
motors, pneumatic actuators, hydraulic pistons, relays, sole-
noids, and piezoelectric actuators. Other actuators are pos-
sible as well.

The wireless communication system 208 may be any
system configured to wirelessly couple to one or more other
automobiles, sensors, or other entities, either directly or via
a communication network as described above with respect to
the wireless communication system 152 1n FIG. 1. While the
wireless communication system 208 1s shown to be posi-
tioned on a roof of the automobile 200, 1n other examples the
wireless communication system 208 could be located, fully
or 1n part, elsewhere.

The camera 210 may be any camera (e.g., a still camera,
a video camera, etc.) configured to capture images of the
environment in which the automobile 200 1s located. To this
end, the camera may take any of the forms described above
with respect to the camera 134 1n FIG. 1. While the camera
210 1s shown to be mounted 1nside a front windshield of the
automobile 200, 1n other examples the camera 210 may be
mounted elsewhere on the automobile 200, either inside or
outside the automobile 200.

The automobile 200 may include one or more other
components 1n addition to or mnstead of those shown.

A control system of the automobile 200 may be config-
ured to control the automobile 200 1n accordance with a
control strategy from among multiple possible control strat-
egies. The control system may be configured to receive
information from sensors coupled to the automobile 200 (on
or oil the automobile 200), modily the control strategy (and
an associated driving behavior) based on the information,
and control the automobile 200 1n accordance with the
modified control strategy. The control system further may be
configured to monitor the information received from the
sensors, and continuously evaluate driving conditions; and
also may be configured to modity the control strategy and
driving behavior based on changes in the driving conditions.

FIG. 3 1s a flow chart of a method 300 for detection of a
construction zone using multiple sources of information, 1n
accordance with an example embodiment. FIG. 4 illustrates
a vehicle approaching a construction zone, 1n accordance
with an embodiment, to illustrate the method 300. FIGS. 3
and 4 will be described together.

The method 300 may include one or more operations,
functions, or actions as illustrated by one or more of blocks
302-308. Although the blocks are 1llustrated 1n a sequential
order, these blocks may in some instances be performed 1n
parallel, and/or mn a different order than those described
herein. Also, the various blocks may be combined into fewer
blocks, divided into additional blocks, and/or removed based
upon the desired implementation.

In addition, for the method 300 and other processes and
methods disclosed herein, the flowchart shows functionality
and operation of one possible implementation of present
embodiments. In this regard, each block may represent a
module, a segment, or a portion of program code, which
includes one or more 1nstructions executable by a processor
for implementing specific logical functions or steps in the
process. The program code may be stored on any type of
computer readable medium or memory, for example, such as
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a storage device including a disk or hard drive. The com-
puter readable medium may include a non-transitory com-
puter readable medium, for example, such as computer-
readable media that stores data for short periods of time like
register memory, processor cache and Random Access
Memory (RAM). The computer readable medium may also
include non-transitory media or memory, such as secondary
or persistent long term storage, like read only memory
(ROM), optical or magnetic disks, compact-disc read only
memory (CD-ROM), for example. The computer readable
media may also be any other volatile or non-volatile storage
systems. The computer readable medium may be considered
a computer readable storage medium, a tangible storage
device, or other article of manufacture, for example.

In addition, for the method 300 and other processes and
methods disclosed herein, each block in FIG. 3 may repre-
sent circuitry that 1s wired to perform the specific logical
functions 1n the process.

At block 302, the method 300 includes receiving, at a
computing device configured to control a vehicle, from a
plurality of sources of information, information relating to
detection of a construction zone on a road on which the
vehicle 1s travelling, and each source of information of the
plurality of sources of information may be assigned a
respective reliability metric mdicative of a level of confi-
dence of the detection of the construction zone based on the
information received from that source of information. The
computing device may be onboard the vehicle or may be
ofl-board but 1n wireless communication with the vehicle,
for example. Also, the computing device may be conﬁgured
to control the Vehlcle 1n an autonomous or semi-autonomous
operation mode. Further, the computing device may be
configured to receive, from sensors coupled to the vehicle,
information associated with, for example, condition of sys-
tems and subsystems of the vehicle, driving conditions, road
conditions, etc.

FI1G. 4 illustrates a vehicle 402 approaching a construc-
tion zone on a road 404. The computing device, configured
to control the vehicle 402, may be configured to receive
information relating to detection of the construction zone.
The mformation may be recetved from a plurality of sources.
For example, the information may include image-based
information received from an 1mage-capture device or cam-
era (e.g., the camera 134 in FI1G. 1, or the camera 210 1n FIG.
2) coupled to the computing device. In one example, the
1mage capture device may be onboard the vehicle 402; but,
in another example the 1mage-capture device may be oil-
board (e.g., a given camera coupled to a tratlic signal post).
The image-based imnformation, for example, may be 1ndica-
tive of location of one or more static objects with respect to
the road such as construction zone cone(s) 406, construction
zone barrel(s) 408, construction equipment 410A-B, con-
struction zone signs 412A-B, etc. The construction zone
cone(s) 406 1s used hereinafter to refer to a single cone or a
group/series of cones. The image-based mformation also
may be indicative of other objects related to construction
zones such as orange vests and chevrons. The 1mage-based
information also may be indicative of road geometry (e.g.,
curves, lanes, etc.).

In another example, the mnformation relating to the detec-
tion of the construction zone may include LIDAR-based
information received from a light detection and ranging
(LIDAR) sensor (e.g., the LIDAR unit 132 i FIG. 1)
coupled to the vehicle 402 and 1 communication with the
computing device. The LIDAR sensor may be configured to
provide a three-dimensional (3D) point cloud of the road
404 and vicinity of the road 404. The computing device may
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be configured to 1dentily objects (e.g., the construction zone
cone(s) 406, the construction zone barrel(s) 408, the con-
struction equipment 410A-B, the construction zone signs
412A-B, etc.) represented by sets of points in the 3D point
cloud, for example.

In still another example, the mmformation may include
RADAR-based information received from a radio detection
and ranging (RADAR) sensor (e.g., the RADAR unit 130 1n
FIG. 1) coupled to the vehicle 402 and 1n communication
with the computing device. For example, the RADAR
sensor may be configured to emit radio waves and receive
back the emitted radio waves that bounced off objects on the
road 404 or in the viciity of the road 404. The received
signals or RADAR-based information may be indicative of
characteristics of an object off of which the radio waves
bounced. The characteristics, for example, may include
dimensional characteristics of the object, distance between
the object and the vehicle 402, and whether the object 1s
stationary or moving, in addition to speed and direction of
motion.

In yet another example, the information may include
traflic information. The traflic information may be indicative
of behavior of other vehicles, such as vehicles 414 A-B, on
the road 404. As an example, the traflic information may be
received from Global Positioning Satellite (GPS) devices
coupled to the vehicles 414A-B. GPS imnformation received
from a respective GPS device may be indicative of a position
ol a respective vehicle including the respective GPS device
with respect to the Earth, based on satellite-based position-
ing data.

In another example, the vehicles 414A-B may be config-
ured to communicate location/position and speed informa-
tion to a road inirastructure device (e.g., a device on a post
on the road 404), and the infrastructure device may com-
municate such traflic information to the computing device.
This communication may be referred to as vehicle-to-infra-
structure communication. Vehicle-to-infrastructure commu-
nication may include wireless exchange of critical safety and
operational data between vehicles (e.g., the vehicle 402 and
the vehicles 414A-B) and road infrastructure, intended to
enable a wide range of safety, mobility, road condition,
traflic, and environmental information. Vehicle-to-inira-
structure communication may apply to all vehicle types and
all roads, and may transform infrastructure equipment into
“smart inirastructure” through incorporation of algorithms
that use data exchanged between vehicles and infrastructure
clements to perform calculations, by the computing device
coupled to the vehicle 402 for example, that may recognize
high-risk situations 1n advance, resulting in driver alerts and
warnings through specific countermeasures. As an example,
traflic signal systems on the road 404 may be configured to
communicate signal phase and timing (SPAT) information to
the vehicle 402 to deliver active traflic information, safety
advisories, and warnings to the vehicle 402 or a driver of the
vehicle 402.

In still another example, the traflic information may be
received from direct vehicle-to-vehicle communication. In
this example, owners of the vehicles 402 and 414A-B may
be given an option to opt 1n or out of sharing information
between vehicles. The vehicles 414A-B on the road 404 may
include devices (e.g., GPS devices coupled to the vehicles
414A-B or mobile phones used by drivers of the vehicles
414 A-B) that may be configured to provide trackable signals
to the computing device configured to control the vehicle
402. The computing device may be configured to receive the
trackable signals and extract trathic information and behavior
information of the vehicles 414 A-B, for example.
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In yet another example the trailic information may be
received from a traflic report broadcast (e.g., radio traflic
services). In yet still another example, the computing device
may be configured to receive the traflic information from
on-board or off-board sensors in communication with the
computing device configured to control the vehicle 402. As
an example, laser-based sensors can provide speed statistics
of vehicles passing through lanes of a highway, and com-
municate such imnformation to the computing device.

Based on the trailic information, the computing device
may be configured to estimate nominal speeds and flow of
traflic of other vehicles, such as the vehicles 414A-B, on the
road 404. In an example, the computing device may be
configured to determine a change 1n nominal speed and tlow
of traflic of the vehicles 414 A-B based on the traflic infor-
mation, and compare the change 1n behavior of the vehicles
414A-B to a predetermined or typical pattern of traflic
changes associated with approaching a given construction
Zone.

In yet still another example, the information relating to
detection of the construction zone may include map infor-
mation related to prior or preexisting maps. For example, the
map nformation may include information associated with
traflic signs 416 A-B, a number of lanes on the road 404,
locations of lane boundaries, etc. The prior maps may be
populated with existing signs manually or through electronic
detection of the existing signs. However, the map informa-
tion may not include information relating to recent road
changes due to temporary road work that may cause changes
to road lanes. For example, the map information may not
include respective information relating to temporary con-
struction zone signs such as the construction zone signs
412A-B.

Additionally, each source of information of the plurality
of sources of information may be assigned a respective
reliability metric. The reliability metric may be indicative of
a level of confidence of the detection of the construction
zone based on respective information received from that
source ol mformation. As an example for illustration, the
traflic mformation may be more reliable in detecting the
construction zone than the RADAR-based information; in
other words, the computing device may be configured to
detect, based on the traflic information, existence of a
construction zone with level of confidence that 1s higher than
a respective level of confidence of detecting the construction
zone based on the RADAR-based information. In this
example, the source of the traflic information may be
assigned a higher reliability metric than the RADAR unit,
which may be the source of the RADAR-based information.
In examples, the reliability metric may be determined based
on previously collected data from a plurality of drniving
situations.

Referring back to FIG. 3, at block 304, the method 300
includes determining, using the computing device, a likel-
hood of existence of the construction zone on the road, based
on the information and respective reliability metrics of the
plurality of sources of information. As an example, 1n FIG.
4, based on the information relating to detection of the
construction zone and recerved from the plurality of sources
at the computing device configured to control the vehicle
402, the computing device may be configured to determine
a likelihood of existence of the construction zone on the road
404.

In an example, the computing device may be configured
to determine, from the image-based information receirved
from the 1mage-capture device, a change 1n road geometry
due to the construction zone, and may assign the likelihood
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based on the determined change. For example, the comput-
ing device may be configured to compare the determined
change to a typical change associated with a typical con-
struction zone, and determine the likelihood based on the
comparison. As another example, the computing device may
be configured to identily, using image recognition tech-
niques known 1n the art, construction zone objects (e.g., the
construction zone cone(s) 406, the construction zone
barrel(s) 408, the construction zone signs 412A-B, the
construction equipment 410A-B, or any other construction
zone indicators) depicted 1n 1mages captured by the 1mage-
capture device. In one example, the computing device may
be configured to assign a respective likelihood of identifi-
cation that may be indicative of a level of confidence
associated with identifying construction zone objects, and
determine the likelihood of the existence of the construction
zone based on the respective likelihoods of identification for
the construction zone objects.

Similarly, the computing device may be configured to
identify the construction zone objects based on the LIDAR-
based and/or RADAR-based information. As an example,
the computing device may be configured to identily a
candidate construction zone object (a candidate construction
zone cone, barrel, or sign) represented by a set of points of
a 3D point cloud provided by the LIDAR sensor; and the
computing device may be configured to assign a respective
likelihood of identification for the candidate construction
zone object based on a respective level of confidence for
identification of the object.

In an example, the computing device may be configured
to compare a shape of the candidate construction zone object
(1dentified 1n the 1mage-based information, LIDAR-based
information, or RADAR-based information) to one or more
predetermined shapes of typical construction zone objects;
and also may be configured to determine a match metric
indicative of how similar the candidate construction zone
object 1s to a given predetermined shape (e.g., a percentage
of match between dimensional characteristics of the shape of
the candidate object and the given predetermined shape).
The computing device may be configured to determine the
likelihood based on the match metric. The computing device
also may be configured to use any of the techniques
described below with regard to FIG. 9 to detect and/or
identily construction zone objects.

In an example, the computing device may be configured
to recerve the map information associated with the road 404,
and the map information may include locations and types of
existing signs (e.g., the signs 416A-B) on the road 404. The
computing device further may be configured to determine a
presence ol a candidate construction zone sign (€.g., one or
both of the construction zone signs 412A-B), which may be
missing from the map information. In one example, the
candidate construction zone sign being missing from the
map information may be indicative of temporariness of the
candidate construction zone sign, and thus may indicate that
the candidate construction zone sign 1s likely a construction
zone sign. Accordingly, the computing device may assign a
respective likelihood that the candidate construction zone
sign 1s associated with a construction zone. In an example,
the computing device may be configured to update the map
information to include respective sign information associ-
ated with the candidate construction zone sign and the
likelihood of the existence of the construction zone on the
road, so as to allow other vehicles or drivers on the road 404
to be cautious that there 1s a given likelihood of existence of
a given construction zone on the road 404. The computing
device also may be configured to use any of the techniques
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described below with regard to FIGS. 5 and 7 to detect
and/or 1dentily construction zone signs.

In still another example, the computing device may be
configured to receive the trathic immformation indicative of
behavior of the other vehicles 414A-B on the road 404. In
this example, to determine the likelihood, the computing

device may be configured to determine a change 1n nominal
speed and flow of tratlic of the other vehicles 414A-B based

on the traflic information. The computing device may be
configured to compare the change 1n behavior of the other
vehicles 414 A-B with a predetermined or typical pattern of
traflic changes associated with approaching a given con-
struction zone, and the computing device may be configured
to determine the likelihood based on the comparison. In an
example, the computing device, in determining the likel:-
hood based on the comparison, may be configured to dis-
tinguish a given change 1n trathic associated with an accident
site from a respective change in traflic associated with
approaching a respective construction zone. For example, an
accident site may be characterized by a congestion point
towards which vehicles may slow down and accelerate once
the congestion point 1s passed; alternatively, construction
zones may be characterized by a longer road section of
changed speed and flow of tratlic. In another example, the
computing device may be configured to distinguish an
accident site from a construction zone based on accident
information received from an accident broadcasting service.

In one example, the computing device may be configured
to assign or determine a respective likelihood of existence of
the construction zone for each type or source of information
(¢.g., the image-based information, LIDAR-based informa-
tion, RADAR-based information, the map information, and
the traflic information) and further may be configured to
determine a single likelihood based on a combination of the
respective likelithoods (e.g., a weighted combination of the
respective likelihoods). For instance, the respective likeli-
hood assigned to each source of information of the plurality
of sources of information may be based on the reliability
metric assigned to that source of information. Also, 1n an
example, based on a respective likelihood determined for a
source of the plurality of sources of information, the com-
puting device may be configured to enable a sensor or
module coupled to the vehicle 402 to receive mformation
from another source of mformation to confirm existence of
the construction zone.

In another example, the computing device may be con-
figured to generate a probabilistic model (e.g., a Gaussian
distribution), based on the information relating to detection
of the construction zone received from the plurality of
sources and the respective reliability metrics assigned to the
plurality of sources, to determine the likelihood of the
existence of the construction zone. For example, the likel:-
hood of the existence of the construction zone may be
determined as a function of a set of parameter values that are
determined based on the imnformation from the plurality of
sources and the respective reliability metrics. In thas
example, the likelithood may be defined as equal to prob-
ability of an observed outcome (the existence of the con-
struction zone) given those parameter values. Those skilled
in the art will appreciate that determining the likelihood
function may involve distinguishing between discrete prob-
ability distribution, continuous probabaility distribution, and
mixed continuous-discrete distributions, and that several
types of likelithood exist such as log likelihood, relative
likelihood, conditional likelihood, marginal likelithood, pro-

file likelthood, and partial likelihood.
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In still another example, the computing device may be
configured to process the information from the plurality of
sources and the respective reliability metrics through a
classifier to determine the likelthood. The classifier can be
defined as an algorithm or mathematical function 1mple-
mented by a classification algorithm that maps iput nfor-
mation (e.g., the mformation relating to detection of the
construction zone and the respective reliability metrics) to a
class (e.g., existence of the construction zone).

Classification may involve identifying to which of a set of
classes (e.g., existence or nonexistence ol the construction
zone) a new observation may belong, on the basis of a
training set of data containing observations (or instances)
with a known class. The idividual observations may be
analyzed into a set of quantifiable properties, known as
various explanatory variables or features. As an example,
classification may include assigning a respective likelihood
to “existence of construction zone” or “nonexistence of
construction zone” classes as indicated by received infor-
mation relating to detection of the construction zone (e.g.,
image-based information, LIDAR-based information,
RADAR-based imnformation, map information, traflic infor-
mation, etc.).

In one example, the classification may include a proba-
bilistic classification. Probabilistic classification algorithms
may output a probability of an instance (e.g., a drniving
situation or a group ol observations indicated by the
received information relating to the detection of the con-
struction zone) being a member of each of the possible
classes: “existence ol construction zone” or “nonexistence
ol construction zone”. Determining likelithood of the exis-
tence of the construction zone may be based on probability
assigned to each class. Also, the probabilistic classification
can output a confidence value associated with the existence
of the construction zone.

Example classification algorithms may include Linear
classifiers (e.g., Fisher’s linear discriminant, logistic regres-
s10n, naive Bayes, and perceptron), Support vector machines
(e.g., least squares support vector machines), quadratic
classifiers, kernel estimation (e.g., k-nearest neighbor),
boosting, decision trees (e.g., random forests), neural net-
works, Gene Expression Programming, Bayesian networks,
hidden Markov models, and learning vector quantization.
Other example classifiers are also possible.

As an example for 1llustration, a linear classifier may be
expressed as a linear function that assigns a score or like-
lihood to each possible class k (e.g., “existence of construc-
tion zone” or “nonexistence ol construction zone”) by
combining a feature vector (vector ol parameters associated
with the information relating to the detection of the con-
struction zone and received from the plurality of sources and
the respective reliability metrics) of an instance (e.g., a
driving situation) with a vector of weights, using a dot
product. Class with the higher score or likelihood may be
selected as a predicted class. This type of score function 1s
known as a linear predictor function and may have this
general form:

Score(X,,k)=p, "X, Equation (1)

where X, 1s the feature vector for instance 1, p, 1s a vector of
weights corresponding to category k, and score(X k) 1s the
score associated with assigning instance 1 to category k.
As an example, a tramning computing device may be
configured to receive training data for a plurality of driving
situations of a given vehicle. For example, for each of the
plurality of driving situations, respective training data may
include respective 1mage-based information, respective
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LIDAR-based information, respective RADAR-based infor-
mation, respective trailic information, and respective map
information. Also, the training computing device may be
configured to receive positive or negative indication of
existence of a respective construction zone corresponding to
the respective training data for each of the driving situations.
Further the training computing device may be configured to
correlate, for each driving situation, the positive or negative
indication with the respective training data; and determine
parameters (e.g., vector of weights for equation 1) of the
classifier based on the correlations for the plurality of
driving situations. Further, in an example, the training
computing device may be configured to determine a respec-
tive reliability metric for each source of information based
on the correlation. The parameters and respective rehiability
metrics of the plurality of sources of information may be
provided to the computing device configured to control the
vehicle 402 such that as the computing device receives the
information, from the plurality of sources of information,
relating to the detection of the construction zone, the com-
puting device may be configured to process the information
through the classifier using the determined parameters of the
classifier to determine the likelihood.

In one example, the likelihood may be qualitative such as
“low,” “medium,” or “high” or may be numerical such as a
number on a scale, for example. Other examples are pos-

sible.

Referring back to FIG. 3, at block 306, the method 300
includes modifying, using the computing device, a control
strategy associated with a dniving behavior of the vehicle,
based on the likelihood.

The control system of the vehicle may support multiple
control strategies and associated driving behaviors that may
be predetermined or adaptive to changes 1n a driving envi-
ronment of the vehicle. Generally, a control strategy may
comprise sets of rules associated with traflic interaction 1n
various driving contexts such as approaching a construction
zone. The control strategy may comprise rules that deter-
mine a speed of the vehicle and a lane that the vehicle may
travel on while taking into account safety and trailic rules
and concerns (e.g., changes in road geometry due to exis-
tence of a construction zone, vehicles stopped at an inter-
section and windows-of-opportunity 1n yield situation, lane
tracking, speed control, distance from other vehicles on the
road, passing other vehicles, and queuing 1n stop-and-go
traflic, and avoiding areas that may result in unsafe behavior
such as oncoming-trathic lanes, etc.). For instance, in
approaching a construction zone, the computing device may
be configured to modily or select, based on the determined
likelihood of the existence of the construction zone, a
control strategy comprising rules for actions that control the
vehicle speed to safely maintain a distance with other
objects and select a lane that 1s considered satest given road
changes due to the existence of the construction zone.

As an example, 1n FI1G. 4, 11 the likelihood of the existence
of the construction zone 1s high (e.g., exceeds a predeter-
mined threshold), the computing device may be configured
to utilize sensor information, received from on-board sen-
sors on the vehicle 402 or ofl-board sensors 1n communi-
cation with the computing device, 1n making a navigation
decision rather than preexisting map information that may
not include information and changes relating to the con-
struction zone. Also, the computing device may be config-
ured to utilize the sensor information rather than the preex-
isting map information to estimate lane boundaries. For
example, referring to FIG. 4, the computing device may be
configured to determine locations of construction zone
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markers (e.g., the construction zone cone(s) 406) rather than
lane markers 418 on the road 404 to estimate and follow the
lane boundaries. As another example, the computing device
may be configured to activate one or more sensors for
detection of construction workers 420 and making the
navigation decision based on the detection.

In an example, a first control strategy may comprise a
default driving behavior and a second control strategy may
comprise a defensive driving behavior. Characteristics of a
the defensive driving behavior may comprise, for example,
following a vehicle of the vehicles 414A-B, maintaining a
predetermined saife distance with the vehicles 414A-B that
may be larger than a distance maintained in the default
driving behavior, turning-on lights, reducing a speed of the
vehicle 402, and stopping the vehicle 402. In this example,
the computing device of the vehicle 402 may be configured
to compare the determined likelthood to a threshold likeli-
hood, and the computing device may be configured to select
the first or the second control strategy, based on the com-
parison. For example, if the determined likelihood 1s greater
than the threshold likelihood, the computing device may be
configured to select the second driving behavior (e.g., the
defensive driving behavior). If the determined likelihood 1s
less than the threshold likelihood, the computing device may
be configured to modily the control strategy to the first
control strategy (e.g., select the default driving behavior).

In yet another example, alternatively or in addition to
transition between discrete control strategies (e.g., the first
control strategy and the second control strategy) the com-
puting device may be configured to select from a continuum
of driving modes or states based on the determined likel:-
hood. In still another example, the computing device may be
configured to select a discrete control strategy and also may
be configured to select a driving mode from a continuum of
driving modes within the selected discrete control strategy.
In this example, a given control strategy may comprise
multiple sets of driving rules, where a set of driving rules
describe actions for control of speed and direction of the
vehicle 402. The computing device further may be config-
ured to cause a smooth transition from a given set of driving
rules to another set of driving rules of the multiple sets of
driving rules, based on the determined likelihood. A smooth
transition may indicate that the transition from the given set
of rules to another may not be perceived by a passenger 1n
the vehicle 402 as a sudden or jerky change 1n a speed or
direction of the vehicle 402, for example.

In an example, a given control strategy may comprise a
program or computer 1nstructions that characterize actuators
controlling the vehicle 402 (e.g., throttle, steering gear,
brake, accelerator, or transmission shifter) based on the
determined likelihood. The given control strategy may
include action sets ranked by priority, and the action sets
may include alternative actions that the vehicle 402 may
take to accomplish a task (e.g., dnving from one location to
another). The alternative actions may be ranked based on the
determined likelihood, for example. Also, the computing
device may be configured to select an action to be performed
and, optionally, modified based on the determined likel:-
hood.

In another example, multiple control strategies (e.g.,
programs) may continuously propose actions to the com-
puting device. The computing device may be configured to
decide which strategy may be selected or may be configured
to modify the control strategy based on a weighted set of
goals (safety, speed, etc.), for example. Weights of the
weilghted set of goals may be a function of the determined
likelihood. Based on an evaluation of the weighted set of
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goals, the computing device, for example, may be config-
ured to rank the multiple control strategies and respective
action sets and select or modily a given strategy and a
respective action set based on the ranking.

These examples and driving situations are for 1llustration
only. Other examples and control strategies and driving
behaviors are possible as well.

Referring back to FIG. 3, at block 308, the method 300
includes controlling, using the computing device, the vehicle
based on the modified control strategy. In an example, the
computing device may be configured to control actuators of
the vehicle using an action set or rule set associated with the
modified control strategy. For instance, the computing
device may be configured to adjust translational velocity, or
rotational velocity, or both, of the vehicle based on the
modified driving behavior.

As an example, 1n FIG. 4, controlling the vehicle 402 may
comprise determining a desired path of the vehicle, based on
the likelihood. In one example, the computing device may
have determined a high likelihood that a construction zone
exists on the road 404 on which the vehicle 402 1s travelling.
In this example, the computing device may be configured to
take into account lane boundary indicated by the lane
markers 418 on the road 404 as a soft constraint (1.e., the
lane boundary can be violated 1t a safer path 1s determined)
when determining the desired path. The computing device
thus may be configured to determine a number and locations
of the construction zone cone(s) 406 that may form a
modified lane boundary; and may be configured to adhere to
the modified lane boundary instead of the lane boundary
indicated by the lane markers 418.

As shown 1n FIG. 4, the vehicle 402 may be approaching
the construction zone on the road 404, and the computing
device may be configured to control the vehicle 402 accord-
ing to a defensive driving behavior to safely navigate the
construction zone. For example, the computing device may
be configured to reduce speed of the vehicle 402, cause the
vehicle 402 to change lanes and adhere to the modified lane
boundary formed by the construction zone cone(s) 406, shift
to a position behind the vehicle 414 A, and follow the vehicle
414A while keeping a predetermined safe distance.

In one example, 1n addition to determining the likelihood
of the existence of the construction zone, the computing
device may be configured to determine or estimate a severity
of changes to the road 404 due to the existence of the
construction zone. The computing device may be configured
to modily the control strategy further based on the severity
of the changes. As an example, 1n FIG. 4, the computing
device may be configured to determine, based on the con-
struction equipment 410A-B, number and locations of the
construction zone cone(s) 406 and barrel(s) 408, how severe
the changes (e.g., lane closure, shiits, etc.) to the road 404
are, and control the vehicle 402 1n accordance with the
defensive driving behavior. In another example, the con-
struction zone may comprise less severe changes. For
example, the construction zone may comprise a worker that
may be painting on a curb lane on a side of the road 404. In
this example, changes to the road 404 may be less severe
than changes depicted 1n FIG. 4, and the computing device
may be configured to reduce the speed of the vehicle 402 as
opposed to stop the vehicle 402 or cause the vehicle 402 to
change lanes, for example.

These control actions and driving situations are for illus-
tration only. Other actions and situations are possible as
well. In one example, the computing device may be config-
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ured to control the vehicle based on the modified control
strategy as an interim control until a human driver can take
control of the vehicle.

As described above with respect to FIGS. 3 and 4, the
computing device may be configured to determine the
likelihood of the existence of the construction zone based on
identification or detection of a construction zone sign (e.g.,
the construction zone sign 412A) that may be mdicative of
the construction zone.

FIG. 5 1s a flow chart of a method 500 for detection of a
construction zone sign, 1 accordance with an example
embodiment. FIGS. 6 A-6B illustrate 1mages of a road and
vicinity of the road the vehicle 1s travelling on, 1 accor-
dance with an example embodiment, and FIGS. 6C-6D
illustrate portions of the images of the road and the vicinity
of the road depicting sides of the road at a predetermined
height range, in accordance with an example embodiment.
FIGS. 5§ and 6A-6D will be described together.

The method 500 may include one or more operations,
functions, or actions as 1llustrated by one or more of blocks
502-512. Although the blocks are illustrated 1n a sequential
order, these blocks may 1n some instances be performed 1n
parallel, and/or 1n a different order than those described
herein. Also, the various blocks may be combined into fewer
blocks, divided into additional blocks, and/or removed based
upon the desired implementation.

At block 502, the method 500 includes receiving, at a
computing device configured to control a vehicle, from an
image-capture device coupled to the computing device, one
or more 1images of a vicinity of a road on which the vehicle
1s travelling. The computing device may be onboard the
vehicle or may be off-board but 1n wireless communication
with the vehicle, for example. Also, the computing device
may be configured to control the vehicle 1n an autonomous
or semi-autonomous operation mode. Further, an 1mage-
capture device (e.g., the camera 134 in FIG. 1 or the camera
210 1n FIG. 2) may be coupled to the vehicle and 1n
communication with the computing device. The i1mage-
capture device may be configured to capture images or video
of the road and vicinity of the road on which the vehicle 1s
travelling on.

FIGS. 6 A-6B, for example, 1llustrate example images 602
and 604, respectively, captured by the 1mage-capture device
coupled to the vehicle 402 1n FIG. 4. In an example, the
image-capture device may be configured to continuously
capture still images or a video from which the still images
can be extracted. In one example, one or more 1mage-
capture devices may be coupled to the vehicle 402; the one
or more 1mage-capture devices may be configured to capture
the 1mages from multiple views to take into account sur-
roundings of the vehicle 402 and road condition from all
directions.

Referring back to FIG. 5, at block 504, the method 500
includes determining, using the computing device, one or
more 1mage portions in the one or more 1mages, and the one
or more 1mage portions may depict sides of the road at a
predetermined height range. In some examples, the prede-
termined height range may correspond to a height range that
1s typically used for construction zone signs. In many
jurisdictions, construction zones on roads are regulated by
standard specifications and rules, which may be used to
define the predetermined height range. An example rule may
state that a construction zone sign 1ndicating existence of a
construction zone on the road may be placed at a given
location continuously for longer than three days and may be
mounted on a post on a side of the road. Further, another rule
may specily that a minimum sign mounting height for a
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temporary warning construction zone sign, for example,
may be 1 foot above road ground level. In other examples,
in addition to or alternative to the minimum sign mounting
height, a height range can be specified, 1.e., a height range
for a temporary warning construction zone sign may be
between 1 foot and 6 feet, for example. In some locations
where the construction zone sign may be located behind a
traflic control device such as a traflic satety drum or tem-
porary barrier, the minimum height may be raised to 5 feet
in order to provide additional visibility. Additionally or
alternatively, a height range can be specified to be between
5 feet and 11 feet, for example. These numbers and rules are
for illustration only. Other standards and rules are possible.
In some examples, the predetermined height range or mini-
mum height of a typical construction zone sign may be
dependent on location (e.g., geographic region, which state
in the United States of America, country, etc.).

The computing device may be configured to determine
portions, in the images captured by the image-capture
device, which may depict road sides at the predetermined
height range of a typical construction zone sign according to
the standard specifications. As an example, in FIG. 6A, the
computing device may be configured to determine a portion
606 1n the image 602 depicting a side of the road 404 at a
predetermined height range specified for typical construc-
tion zone signs according to the standard specifications.
Similarly, in FIG. 6B, the computing device may be con-
figured to determine a portion 608 in the 1image 604 depict-
ing another side of the road 404 at the predetermined height
range. F1G. 6C 1llustrates the image portion 606 of the image
602 illustrated in FI1G. 6A, and FIG. 6D illustrates the image
portion 608 of the image 604 1llustrated in FIG. 6B.

Referring back to FIG. 3, at block 506, the method 500
includes detecting, using the computing device, a construc-
tion zone sign in the one or more image portions. The
standard specifications also may include rules for shape,
color, pattern, and retroretlective characteristics of typical
construction zone signs. As an example for illustration, the
standard specifications may specily that a typical construc-
tion zone sign may be a 48 inchesx48 mches diamond shape
with black letters of symbols on an orange background
having a standard type of reflective sheeting. These speci-
fications are for i1llustration only, and other specifications are
possible.

As an example, referring to FIGS. 6 A-6D, the computing
device may be configured to detect candidate construction
zone signs, such as the sign 412A and the sign 416B 1n the
image portions 608 and 606, respectively. The computing
device further may be configured to determine, using image
recognition techniques known in the art for example,
whether a candidate construction zone sign relates to a
construction zone, based on one or more of the shape, color,
pattern, and retlective characteristics of the candidate con-
struction zone sign as compared to the standard specifica-
tions of typical construction zone signs. For example, the
computing device may be configured, based on the com-
parison, to determine that the sign 412A 1s a construction
zone sign, while the sign 416B 1s not.

In an example to illustrate use of 1mage recognition, the
computing device may be configured to compare an object
detected, 1n the one or more 1mage portions, to a template of
the typical construction zone sign. For example, the com-
puting device may be configured to 1dentily features of the
object such as color, shape, edges, and corners of the object
in the one or more 1mage portions. Then, the computing
device may be configured to compare these features to
orange/yellow color, diamond shape with sharp edges, and
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corners (1.e., “corner signature”) of the typical construction
zone sign. The computing device may be configured to
process the features (e.g., color, shape, etc.) or parameters
representative of the features of the object through a clas-
sifier to determine whether the features of the object match
typical features of the typical construction zone sign. The
classifier can map 1mnput information (e.g., the features of the
object) to a class (e.g., the object represents a construction
zone sign). Examples of classifiers, training data, and clas-
sification algorithms are described above with regard to
block 304 of the method 300 1llustrated 1n FIG. 3.

In an example, the computing device may be configured
to use information received from other sensors or units
coupled to the vehicle 402, in addition to image-based
information received from the image-capture device, to
confirm or validate detection of a construction zone sign. For
example, the computing device may be configured to assign
or determine, based on the image-based information, a first
likelihood that a candidate construction zone sign in the
image portions relates to a construction zone. Further, the
computing device may be configured to receive, from a
LIDAR sensor (e.g., the LIDAR unit 132 1n FIG. 1) coupled
to the vehicle 402 and 1in communication with the computing
device, LIDAR-based information that includes a 3D point
cloud corresponding to the image portions (e.g., the image
portion 608) depicting the candidate construction zone sign
(c.g., the sign 412A). The 3D point cloud may comprise a set
of points based on light emitted from the LIDAR and
reflected from a surface of the candidate construction zone
sign. The computing device may be configured to determine
a second likelihood that the candidate construction zone sign
relates to the construction zone, based on the LIDAR-based
information, and confirm existence or detection of the con-
struction zone sign based on the first likelihood and the
second likelihood.

In another example, 1n addition to or alternative to recerv-
ing the LIDAR-based information, the computing device
may be configured to receive, from a RADAR sensor (e.g.,
the RADAR unit 130 1n FIG. 1) coupled to the computing
device, RADAR-based information relating to location and
characteristics of the candidate construction zone sign. The
RADAR sensor may be configured to emit radio waves and
receive back the emitted radio waves that bounced ofl the
surface of the candidate construction zone sign. The
received signals or RADAR-based information may be
indicative, for example, ol dimensional characteristics of the
candidate construction zone sign, and may indicate that the
candidate construction zone sign 1s stationary. The comput-
ing device may be configured to determine a third likelihood
that the candidate construction zone sign relates to the
construction zone, based on the RADAR-based information,
¢.g., based on a comparison of the characteristics of the
candidate construction zone sign to standard characteristics
of a typical construction zone sign. Further, the computing
device may be configured to detect the construction zone
sign based on the first likelihood, the second likelihood, and
the third likelihood.

As an example, the computing device may be configured
to determine an overall likelihood that 1s a function of the
first likelithood, the second likelihood, and the third likeli-
hood (e.g., a weighted combination of the first likelihood,
the second likelthood, and the third likelihood), and the
computing device may be configured to detect the construc-
tion zone sign based on the overall likelihood.

In one example, the computing device may be configured
to detect the construction zone sign based on information
received from multiple sources such as the image-capture
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device, the LIDAR sensor, and the RADAR sensor; but, in
another example, the computing device may be configured
to detect the construction zone sign based on a subset of
information received from a subset of the multiple sources.
For example, images captured by the image-capture device
may be blurred due to a malfunction of the image-capture
device. As another example, details of the road 404 may be
obscured 1n the 1mages because of fog. In these examples,
the computing device may be configured to detect the
construction zone sign based on imformation received from
the LIDAR and/or RADAR units and may be configured to
disregard the mmformation received from the image-capture
device.

In another example, the vehicle 402 may be travelling in
a portion of the road 404 where some electric noise or
jamming signals may exist, and thus the LIDAR and/or
RADAR signals may not operate correctly. In this case, the
computing device may be configured to detect the construc-
tion zone sign based on information received from the

image-capture device, and may be configured to disregard
the mformation received from the LIDAR and/or RADAR

units.

In one example, the computing device may be configured
to rank the plurality of sources of information based on a
condition of the road 404 (e.g., fog, electronic jamming,
etc.) and/or based on the respective reliability metric
assigned to each source of the plurality of sources. The
ranking may be indicative of which sensor(s) to rely on or
give more weight to 1 detecting the construction zone sign.
As an example, 1f fog 1s present 1n a portion of the road, then
the LIDAR and RADAR sensors may be ranked higher than
the 1image-based device, and information received from the
LIDAR and/or RADAR sensor may be given more weight

than respective information recerved from the image-capture
device.

Referring back to FIG. 35, at block 508, the method 500
includes determining, using the computing device, a type of
the construction zone sign in the one or more 1mage por-
tions. Various types ol construction zone signs may exist.
One construction zone sign type may be related to regulating
speed limits when approaching and passing through a con-
struction zone on a road. Another construction zone sign
type may be related to lane changes, closure, reduction,
merger, etc. Still another construction zone sign type may be
related to temporary changes to direction of travel on the
road. Example types of construction zone signs may include:
“Right Lane Closed Ahead,” “Road Work Ahead,” “Be
Prepared to Stop,” “Road Construction 1300 1t,” “One Lane
Road Ahead,” “Reduced Speed Limit 30,” “Shoulder Work,”
ctc. Other example types are possible.

In an example, the computing device of the vehicle may
be configured to determine a type of the detected construc-
tion zone based on shape, color, typeface of words, etc. of
the construction zone sign. As an example, the computing
device may be configured to use 1mage recognition tech-
niques to 1dentify the type (e.g., shape of, or words written
on, the construction zone sign) from an image of the
detected construction zone sign.

As described above with respect to block 506, the com-
puting device may be configured to utilize image recognition
techniques to compare an object to a template of a typical
construction zone sign to detect a construction zone sign. In
an example, to determine the type of the detected construc-
tion zone sign, the computing device may be configured to
compare portions of the detected construction zone sign to
sub-templates of typical construction zone signs. In one
example, the computing device may be configured to 1den-
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tify individual words or characters typed on the detected
construction zone sign, and compare the 1dentified words or
characters to corresponding sub-templates of typical con-
struction zone signs. In another example, the computing
device may be configured to determine spacing between the
characters or the words, and/or spacing between the words
and edges of the detected construction zone sign. In still
another example, the computing device may be configured
to 1dentity a font 1n which the words or characters are printed
on the detected construction zone sign and compare the
identified font to fonts sub-template associated with typical
construction zone signs.

As an example, the computing device may be configured
to detect a construction zone sign having the words “Road
Work Ahead” typed on the detected construction zone sign.
The computing device may be configured to extract indi-
vidual characters or words “Road,” “Work,” “Ahead,” 1n the
one or more 1mage portions, and compare these words and
characteristics of these words (e.g., fonts, letter sizes, etc.) to
corresponding sub-templates typical construction zone
signs. Also, the computing device may be configured to
compare spacing between the three words and spacing
between letters forming the words to corresponding sub-
templates. Further, the computing device may be configured
to compare spacing between the word “Road” and a left edge
of the detected construction zone sign and the spacing
between the word “Ahead” and a right edge of the detected
construction zone sign to corresponding sub-templates.
Based on these comparisons, the computing device may be
configured to determine the type of the detected construction
Zone sign.

These features (e.g., characters, words, fonts, spacing,
etc.) are examples for 1llustrations, and other features can be
used and compared to typical features (1.¢., sub-templates) of
typical construction zone signs to determine the type of the
detected construction zone sign.

In one example, 1n addition to or alternative to using
image recognition, based on the RADAR-based informa-
tion, the computing device may be configured to determine
shape and dimensions of the construction zone sign and infer
the type and associated road changes ifrom the determined
shape and dimensions. Other examples are possible.

At block 510, the method 500 includes modifying, using
the computing device, a control strategy associated with a
driving behavior of the vehicle, based on the type of the
construction zone sign. The road changes due to existence of
a construction zone on the road may be indicated by the type
of the construction zone sign existing on ahead of the
construction zone. The computing device may be configured
to modily control strategy of the vehicle based on the
determined type of the construction zone sign.

Examples of modilying the control strategy are described
above with regard to block 306 of the method 300 1llustrated
in FIG. 3. As examples, the computing device may be
configured to determine whether a lane shift and/or speed
change are required as idicated by the type; utilize sensor
information received from on-board or ofl-board sensors 1n
making a navigation decision rather than preexisting map
information; utilize the sensor information to estimate lane
boundaries rather than the preexisting map information;
determine locations of construction zone cones or barrels
rather than lane markers on the road to estimate and follow
the lane boundaries; and activate one or more sensors for
detection of construction workers and making the navigation
decision based on the detection. These examples and driving
situations are for illustration only. Other examples and
control strategies and driving behaviors are possible as well.
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At block 512, the method 500 includes controlling, using,
the computing device, the vehicle based on the modified
control strategy. Examples of controlling the vehicle based
on the modified control strategy are described above with
regard to block 308 of the method 300 1llustrated 1n FIG. 3.
As examples, the computing device may be configured to
adjust translational velocity, or rotational velocity, or both,
of the vehicle based on the modified dniving behavior 1n
order to follow another vehicle; maintain a predetermined
sate distance with other vehicles; turn-on lights; reduce a
speed of the vehicle; shift lanes; and stop the vehicle. These
control actions and driving situations are for illustration
only. Other actions and situations are possible as well.

As described with respect to block 506 of the method 500
illustrated 1n FIG. 5, the computing device may be config-
ured to detect or confirm detection of the construction zone
sign based on mformation received from a LIDAR sensor
coupled to the vehicle and 1n communication with the
computing device.

FI1G. 7 1s a flow chart of a method 700 for detection of the
construction zone sign using LIDAR-based information, 1n
accordance with an example embodiment. FIG. 8A 1llus-
trates LIDAR-based detection of the construction zone sign
at a height greater than a threshold height from a surface of
the road, i accordance with an example embodiment. FIG.
8B illustrates a LIDAR-based image depicting the area at the
height greater than the threshold height from the surface of
the road, 1n accordance with an example embodiment. FIGS.
7 and 8A-8B will be described together.

The method 700 may include one or more operations,
functions, or actions as illustrated by one or more of blocks
702-712. Although the blocks are 1llustrated 1n a sequential
order, these blocks may 1n some instances be performed 1n
parallel, and/or 1n a different order than those described
herein. Also, the various blocks may be combined into fewer
blocks, divided into additional blocks, and/or removed based
upon the desired implementation.

At block 702, the method 700 includes receiving, at a
computing device configured to control a vehicle, from a
light detection and ranging (LIDAR) sensor coupled to the
computing device, LIDAR-based information comprising (1)
a three-dimensional (3D) point cloud of a vicinity of a road
on which the vehicle 1s travelling, where the 3D point cloud
may comprise points corresponding to light emitted from the
LIDAR and reflected from one or more objects 1n the
vicinity of the road, and (11) intensity values of the reflected
light for the points. A LIDAR sensor or unit (e.g., the
LIDAR umt 132 in FIG. 1) may be coupled to the vehicle
and 1n communication with the computing device configured
to control the vehicle. As described with respect to the
LIDAR unit 132 1n FIG. 1, LIDAR operation may involve
an optical remote sensing technology that enables measuring
properties ol scattered light to find range and/or other
information of a distant target. The LIDAR sensor/unit, for
example, may be configured to emit laser pulses as a beam,
and scan the beam to generate two dimensional or three
dimensional range matrices. In an example, the range matri-
ces may be used to determine distance to an object or surface
by measuring time delay between transmission of a pulse
and detection of a respective reflected signal.

In another example, the LIDAR sensor may be configured
to rapidly scan an environment surrounding the vehicle in
three dimensions. In some examples, more than one LIDAR
sensor may be coupled to the vehicle to scan a complete
360° horizon of the vehicle. The LIDAR sensor may be
configured to provide to the computing device a cloud of
point data representing objects, which have been hit by the
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laser, on the road and the vicinity of the road. The points may
be represented by the LIDAR sensor 1n terms of azimuth and
clevation angles, in addition to range, which can be con-
verted to (X, Y, 7Z) point data relative to a local coordinate
frame attached to the vehicle. Additionally, the LIDAR
sensor may be configured to provide to the computing
device mtensity values of the light or laser reflected off the

objects.

At block 704, the method 700 includes determining, using
the computing device, a set of points in the 3D point cloud
representing an area at a height greater than a threshold
height from a surface of the road. As described with respect
to the method 500, construction zones on roads may be
regulated by standard specifications and rules A minimum
sign mounting height may be specified for a typical con-
struction zone sign, for example. FIG. 8A illustrates the
vehicle 402 travelling on the road 404 and approaching a
construction zone indicated by the construction zone sign
412A. The LIDAR sensor coupled to the vehicle 402 may be
scanning the horizon and providing the computing device
with a 3D point cloud of the road 404 and a vicinity (e.g.,
sides ) of the road 404. Further, the computing device may be
configured to determine an area 802 at a height greater than
a threshold height 804; the threshold height 804 may be the
minimum sign mounting height specified for a typical con-
struction zone sign according to the standard specifications
ol construction zones, for example. FIG. 8B illustrates a
LIDAR-based image 806 including a set of points (e.g., a
subset of the 3D point cloud) representing or corresponding,
to the determined area 802.

Referring back to FIG. 7, at block 706, the method 700
includes estimating, using the computing device, a shape
associated with the set of points. The computing device may
be configured to identily or estimate a shape depicted by the
set of points representing the area at the height greater than
the threshold height. For example, the computing device
may be configured to estimate dimensional characteristics of
the shape. In an example, the computing device may be
configured to fit a predetermined shape to the shape depicted
in the set of point to estimate the shape. As an example, 1n
FIG. 8B, the computing device may be configured to esti-
mate a diamond shape 808 1n the set of point included 1n the

LIDAR-based image 806.

Referring back to FIG. 7, at block 708, the method 700
includes determining, using the computing device, a likeli-
hood that the set of points depicts a construction zone sign,
based on the estimated shape and respective intensity values
relating to the set of points. In an example, referring to FIG.
8B, the computing device may be configured to match or
compare the estimated shape 808 to one or more shapes of
typical construction zone signs; and the computing device
may be configured to determine a match metric indicative of
how similar the estimated shape 808 is to a given predeter-
mined shape (e.g., a percentage of match between dimen-
sional characteristics of the estimated shape 808 and a
diamond shape of a typical construction zone sign). In one
example, the computing device may be configured to 1den-
tily edges of the estimated shape 808 and match a shape
formed by the edges to a typical diamond shape of typical
construction zone signs. The likelithood may be determined
based on the match metric, for example.

Further, typical construction zone signs may be required
by the standard specifications of construction zones to be
made of a retroreflective sheeting materials such as glass
beads or prisms, and the computing device may be config-
ured to compare intensity values of points forming the
estimated shaped 808 to a threshold intensity value of the
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retroreflective sheeting material. Based on the comparison,
the computing device may be configured to confirm that the
estimated shape 808 may represent a given construction
zone sign. For example, 1t the intensity values are close to
or within a predetermined value of the threshold intensity
value, the computing device may be configured to determine

a high likelihood that that the estimated shape 808 may
represent a construction zone sign.

In an example, the computing device may be configured
to determine a first likelihood based on a comparison of the
estimated shape 808 to a predetermined shape of a typical
construction zone sign, and may be configured to determine
a second likelthood based on a comparison of the intensity
values to the threshold intensity value. The computing
device may be configured to combine the first likelihood and
the second likelihood to determine a single likelithood that
the set of points, which includes the points forming the
estimated shape 808, depicts a construction zone sign.

In another example, the computing device may be con-
figured to generate a probabilistic model (e.g., a Gaussian
distribution), based on the estimated shape 808 (e.g., dimen-
sional characteristics of the estimate shape 808) and the
intensity values, to determine the likelihood that the set of
points depicts a construction zone sign. For example, the
likelihood may be determined as a function of a set of
parameter values that are determined based on dimensions
of the estimated shape 808 and the respective intensity
values. In this example, the likelihood may be defined as
equal to probability of an observed outcome (the estimated
shape 808 represents a construction zone sign) given those
parameter values.

In still another example, the computing device may be
configured to cluster points (e.g., the points forming the
estimated shape 808) depicted 1n the LIDAR-based image
806 together into a cluster, based on locations of the points
or relative locations of the points to each other. The com-
puting device further may be configured to extract from the
cluster of points a set of features (e.g., dimensional charac-
teristics of the estimated shape 808, and the intensity values
of the points forming the estimated shape 808). The com-
puting device may be configured to process this set of
teatures through a classifier to determine the likelihood. The
classifier can map nput information (e.g., the set of features
extracted from the cluster of points) to a class (e.g., the
cluster represents a construction zone sign). Examples of
classifiers, training data, and classification algorithms are
described above with regard to block 304 of the method 300
illustrated in FIG. 3.

In one example, the likelihood may be qualitative such as
“low,” “medium,” “high” or may be numerical such as a
number on a scale, for example. Other examples are pos-

sible.

Referring back to FIG. 7, at block 710, the method 700
includes modifying, using the computing device, a control
strategy associated with a driving behavior of the vehicle,
based on the likelihood. Based on the likelihood (e.g., the
likelihood exceeds a predetermined threshold), the comput-
ing device may be configured to determine existence of a
construction zone sign indicative of an approaching con-
struction zone. Further, the computing device may be con-
figured to determine a type of the construction zone sign to
determine severity of road changes due to existence of the
construction zone on the road. For example, the computing
device may be configured to modily control strategy of the
vehicle based on the determined type of the construction
zone sign.
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As described above with respect to block 508 of the
method 500 1n FIG. 5, various types of construction zone
signs may exist to regulate speed limits when approaching
and passing through the construction zone, describe lane
changes, closure, reduction, merger, etc., and describe tem-
porary changes to direction of travel on the road, for
example. The computing device of the vehicle may be
configured to determine the type of the detected construction
zone sign based on shape, color, typeface of words, etc. of
the detected construction zone sign.

Examples of modilying the control strategy are described
above with regard to block 306 of the method 300 1llustrated
in FIG. 3.

At block 712, the method 700 includes controlling, using
the computing device, the vehicle based on the modified
control strategy. Controlling the vehicle may include adjust-
ing translational velocity, or rotational velocity, or both, of
the vehicle based on the modified driving behavior.
Examples of controlling the vehicle based on the modified

control strategy are described above with regard to block
308 of the method 300 illustrated in FIG. 3.

In addition to or alternative to detection of the construc-
tion zone sign using the LIDAR-based information, the
computing device may be configured to detect construction
zone objects (e.g., cones, barrels, equipment, vests, chev-
rons, etc.) using the LIDAR-based information.

FIG. 9 1s a flow chart of a method for detection of
construction zone objects using LIDAR-based information,
in accordance with an example embodiment. FIG. 10A
illustrates LIDAR-based detection of construction zone
cones 1n an area within a threshold distance from a surface
of the road, 1n accordance with an example embodiment.
FIG. 10B illustrates a LIDAR-based image depicting the
area within the threshold distance from the surface of the
road, 1n accordance with an example embodiment. FIG. 10C
illustrates LIDAR-based detection of construction zone
cones forming a lane boundary, in accordance with an
example embodiment. FIG. 10D 1illustrates a LIDAR-based
image depicting construction zone cones forming a lane
boundary, in accordance with an example embodiment.
FIGS. 9 and 10A-10D will be described together. Detection
ol construction zone cones 1s used herein to 1illustrate the
method 900; however, other construction zone objects (e.g.,
construction zone barrels, equipment, vests, chevrons, etc.)
can be detected using the method 900 as well.

The method 900 may include one or more operations,
functions, or actions as illustrated by one or more of blocks
902-914. Although the blocks are 1llustrated 1n a sequential
order, these blocks may 1n some instances be performed 1n
parallel, and/or 1n a different order than those described
herein. Also, the various blocks may be combined into fewer
blocks, divided into additional blocks, and/or removed based
upon the desired implementation.

At block 902, the method 900 includes receiving, at a so
computing device configured to control a vehicle, from a
light detection and ranging (LIDAR) sensor coupled to the
computing device, LIDAR-based information relating to a
three-dimensional (3D) point cloud of a road on which the
vehicle 1s travelling, where the 3D point cloud may comprise
points corresponding to light emitted from the LIDAR and
reflected from one or more objects on the road. A LIDAR
sensor or unit (e.g., the LIDAR unit 132 1n FIG. 1) may be
coupled to the vehicle and 1n communication with the
computing device. As described above with respect to the
LIDAR unit 132 1n FIG. 1, and block 702 of the method 70
illustrated 1n FIG. 7, the LIDAR sensor may be configured
to provide to the computing device a cloud of point data
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representing objects, on the road and the vicinity of the road.
The points may be represented by the LIDAR sensor in
terms of azimuth and elevation angles, 1n addition to range,
which can be converted to (X, Y, Z) point data relative to a
local coordinate frame attached to the vehicle. 5

At block 904, the method 900 1includes determining, using
the computing device, one or more sets of points in the 3D
point cloud representing an area within a threshold distance
from a surface of the road. As described above with respect
to the methods 500 and 700, construction zones on roads 10
may be regulated by standard specifications and rules. As an
example, traflic satety cones may be used to separate and
guide traflic past a construction zone work area. Cones may
be specified to be about 18 inches tall, for example. In
another example, for high speed and high volume of traflic, 15
or mghttime operations, the cones may be specified to be 28
inches tall, and retro-reflectorized, or comprising bands
made of retroreflective material. These examples are for
illustration only, and other examples are possible.

FI1G. 10A 1llustrates the vehicle 402 travelling on the road 20
404 and approaching a construction zone indicated by the
construction zone cone 406. The LIDAR sensor coupled to
the vehicle 402 may be configured to scan the horizon and
provide the computing device with a 3D point cloud of the
road 404 and a vicimty of the road 404. Further, the 25
computing device may be configured to determine an area
1002 within a threshold distance 1004 of a surface of the
road 404. For example, the threshold distance 1004 may be
about 30 1nches or more to include cones of standardized
lengths (e.g., 18 inches or 28 inches). Other threshold 30
distances are possible based on the standard specifications
regulating a particular construction zone. FIG. 10B illus-
trates a LIDAR-based image 1006 including sets of points
representing objects 1n the area 1002.

Referring back to FIG. 9, at block 906, the method 900 35
includes 1dentifying one or more construction zone objects
in the one or more sets of points. For example, the comput-
ing device may be configured to i1dentily shapes of objects
represented by the sets of points of the LIDAR-based 3D
point cloud. For example, the computing device may be 40
configured to estimate characteristics (e.g., dimensional
characteristics) of a shape of an object depicted by a set of
points, and may be configured to fit a predetermined shape
to the shape to identity the object. As an example, 1n FIG.
10B, the computing device may be configured to identify a 45
construction zone cone 1008 in the LIDAR-based image
1006.

In an example, to 1dentily the construction zone objects in
the sets of points, the computing device may be configured
to determine, for each i1dentified construction zone object, a 50
respective likelihood of the identification. As an example, in
FIG. 10B, the computing device may be configured to
determine a shape of the cone 1008 defined by respective
points of a set of points representing the cone 1008. Further,
the computing device may be configured to match the shape 55
to one or more shapes of standard construction zone cones.
The computing device may be configured to determine a
match metric indicative of how similar the shape 1s to a
given standard shape of a typical construction zone cone
(e.g., a percentage ol match between dimensional charac- 60
teristics of the shape and the given standard shape). The
respective likelihood may be determined based on the match
metric.

In another example, 1n addition to or alternative to i1den-
tifying the cone 1008 based on shape, the computing device 65
may be configured to cluster points (e.g., the points forming,

the cone 1008) depicted 1n the LIDAR-based image 1006
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together into a cluster, based on locations of the points or
relative locations of the points to each other. The computing,
device further may be configured to extract from the cluster
of points a set of features (e.g., minimum height of the
points, maximum height of the points, number of the points,
width of the cluster of points, general statistics of the points

at varying heights, etc.). The computing device may be
configured to process this set of features through a classifier

to determine whether the cluster of points represent a given
construction zone cone. The classifier can map nput infor-
mation (e.g., the set of features extracted from the cluster of
points) to a class (e.g., the cluster represents a construction
zone cone). Examples of classifiers, training data, and clas-
sification algorithms are described above with regard to
block 304 of the method 300 illustrated in FIG. 3.

Further, typical construction zone cones may be required
by the standard specifications of construction zones to be
made of a retroreflective sheeting materials such as glass
beads or prisms, and the computing device may be config-
ured to compare intensity values of points forming the cone
1008 to a threshold intensity value of the retroretlective
sheeting material. Based on the comparison, the computing
device may be configured to confirm identification of the
cone 1008, for example.

In some examples, the computing device may be config-
ured to exclude cones that are away from the road by a
certain distance, since such cones may indicate a work zone
that 1s away from the road and may not affect trathic. Also,
in an example, the computing device may be configured to
exclude sets of points that represent objects that clearly
cannot be construction zone cones based on size as com-
pared to a typical size of typical construction zone cones
(e.g., too large or too small to be construction zone cones).

In an example, for reliable 1dentification of a construction
zone cone, the computing device may be configured to
identify the construction zone cone based on LIDAR-based
information received from two (or more) consecutive scans
by the LIDAR to confirm the identification and filter out
false 1dentification caused by electronic or signal noise 1n a
single scan.

Referring back to FIG. 9, at block 908, the method 900
includes determining, using the computing device, a number
and locations of the one or more construction zone objects.
As an example, 1n addition to specilying dimensional char-
acteristics and retlective properties of typical construction
zone cones, the standard specifications for construction
zones also may specily requirements for number of and
spacing between the cones. In an example, tighter spacing
may be specified, under some conditions, to enhance guid-
ance of vehicles and drivers. Table 1 1llustrates an example
of minimum spacing between construction zone cones based
on speed limits.

TABLE 1

Spacing for Speed A Spacing for Speed B

Speed A: 50 mph 40 fl 80 1l
Speed B: 70 mph
Speed A: 35 mph 30 fl 60 fl
Speed B: 45 mph
Speed A: 20 mph 20 fl 40 fl
Speed B: 30 mph

These examples are for 1llustration only. Other examples

ol spacing requirements are possible as well.
In an example, 1f respective likelthoods for 1dentification
of the identified cones exceed a threshold likelihood, the



US RE48,322 E

31

computing device may be configured to further determine
the number and locations of the identified cones. In FIG.
10C, the computing device may be configured to detect or
identify, based on the LIDAR-based information, the cone(s)
406 and also determine number of the cone(s) 406 as well as
locations or relative locations of the cone(s) 406 with respect
to each other. For example, the computing device may be
configured to determine a distance 1010 between the
cone(s), and compare the distance 1010 with a predeter-
mined distance (or spacing) specified 1n the standard speci-
fications.

FIG. 10D 1illustrates a LIDAR-based image 1011 includ-
ing sets of points representing construction zone cones
1012A-D. In addition to detecting or identitying the con-
struction zone cones 1012A-D i the LIDAR-based image
1011, the computing device may be configured to estimate
a respective distance between pairs ol cones.

Referring back to FIG. 9, at block 910, the method 900
includes determining, using the computing device, a likeli-
hood of existence of a construction zone, based on the
number and locations of the one or more construction zone
objects. As an example, a single cone on a side of the road
may not be indicative of an active construction zone. There-
fore, 1n addition to detecting presence of or 1dentifying cones
on the road, the computing device may be configured, for
example, to determine, based on the number and locations
(e.g., relative distance) of the cones, that the cones may form
a lane boundary and are within a predetermined distance of
cach other, which may be indicative of an active construc-
tion zone causing road changes. The computing device thus
may be configured to determine a likelithood or confirm that
the cones are indicative of a construction zone, based on the
determined number and locations of the cones.

In an example, the computing device may be configured
to determine the number and locations of the construction
zone cones based on the LIDAR-based information, and
compare a pattern formed by the 1dentified construction zone
cones to a typical pattern formed by construction zone cones
in a typical construction zone (e.g., pattern of cones forming
a lane boundary). The computing device may be configured
to determine that the detected construction zone cones are
associated with a construction zone based on the compari-
son, and determine the likelihood accordingly.

In another example, the computing device may be con-
figured to generate a probabilistic model (e.g., a Gaussian
distribution), based on the determined number and locations
ol the cones to determine the likelihood of existence of the
construction zone. For example, the likelihood may be
determined as a function of a set of parameter values that are
determined based on the number and locations of the i1den-
tified cones. In this example, the likelihood may be defined
as equal to probability of an observed outcome (the cones
are indicative of a construction zone on the road) given those
parameter values.

In still another example, the computing device may be
configured to process information relating to the number and
locations of the cones through a classifier to determine the
likelihood. The classifier can map input information (e.g.,
the number and location of the cones) to a class (e.g.,
existence of the construction zone). Examples of classifiers
and classification algorithms are described above with
regard to block 304 of the method 300 1llustrated 1n FIG. 3.

As an example, a traiming computing device may be
configured to receive training data for a plurality of driving
situations of a given vehicle. For example, respective train-
ing data may include, for each of the plurality of driving
situations, respective LIDAR-based imnformation relating to
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a respective 3D point cloud of a respective road. Based on
the respective LIDAR-based information of the respective
training data, the computing device may be configured to
identily respective cones as well as determine respective
number and locations of the respective cones. Also, the
computing device may be configured to receive positive or
negative idication of respective existence of a respective
construction zone corresponding to the respective training
data for each of the driving situations. Further the training
computing device may be configured to correlate, for each
driving situation, the positive or negative indication with the
respective training data, and determine parameters (e.g.,
vector of weights for equation 1) of the classifier based on
the correlations for the plurality of driving situations. These
parameters may be provided to the computing device con-
figured to control the vehicle such that as the computing
device receives the LIDAR-based information, the comput-
ing device may be configured to process the LIDAR-based
information through the classifier using the determined
parameters of the classifier to determine the likelihood.

In one example, the likelihood may be qualitative such as
“low,” “medium,” “high” or may be numerical such as a
number on a scale, for example. Other examples are pos-
sible.

Referring back to FIG. 9, at block 912, the method 900
includes modifying, using the computing device, a control
strategy associated with a driving behavior of the vehicle,
based on the likelihood of the existence of the construction
zone on the road. The computing device may be configured
to modily or select, based on the determined likelithood of
the existence of the construction zone, a control strategy
comprising rules for actions that control the vehicle speed to
sately maintain a distance with other objects and select a
lane that 1s considered safest given road changes due to the
existence of the construction zone. Examples of moditying
the control strategy based on the likelihood are described
above with regard to block 306 of the method 300 1llustrated
in FIG. 3.

At block 914, the method 900 includes controlling, using
the computing device, the vehicle based on the modified
control strategy. Controlling the vehicle may include adjust-
ing translational velocity, or rotational velocity, or both, of
the vehicle based on the modified driving behavior.
Examples of controlling the vehicle based on the modified
control strategy are described above with regard to block
308 of the method 300 1illustrated in FIG. 3.

In some embodiments, the disclosed methods may be
implemented as computer program instructions encoded on
a computer-readable storage media 1n a machine-readable
format, or on other non-transitory media or articles of
manufacture. FIG. 11 1s a schematic 1llustrating a conceptual
partial view of an example computer program product 1100
that includes a computer program for executing a computer
process on a computing device, arranged according to at
least some embodiments presented herein. In one embodi-
ment, the example computer program product 1100 1s pro-
vided using a signal bearing medium 1101. The signal
bearing medium 1101 may include one or more program
instructions 1102 that, when executed by one or more
processors may provide functionality or portions of the
functionality described above with respect to FIGS. 1-10.
Thus, for example, referring to the embodiments shown 1n
FIGS. 3,5, 7, and 9, one or more features of blocks 302-308,
502-512, 702-712, and 902-914 may be undertaken by one
or more 1instructions associated with the signal bearing
medium 1101. In addition, the program 1nstructions 1102 in
FIG. 11 describe example instructions as well.
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In some examples, the signal bearing medium 1101 may
encompass a computer-readable medium 1103, such as, but
not limited to, a hard disk drnive, a Compact Disc (CD), a
Digital Video Disk (DVD), a digital tape, memory, etc. In
some 1implementations, the signal bearing medium 1101 may
encompass a computer recordable medium 1104, such as,
but not limited to, memory, read/write (R/W) CDs, R/W
DVDs, etc. In some implementations, the signal bearing
medium 1101 may encompass a communications medium
1105, such as, but not limited to, a digital and/or an analog
communication medium (e.g., a fiber optic cable, a wave-
guide, a wired communications link, a wireless communi-
cation link, etc.). Thus, for example, the signal bearing
medium 1101 may be conveyed by a wireless form of the
communications medium 1105 (e.g., a wireless communi-
cations medium conforming to the IEEE 802.11 standard or
other transmission protocol).

The one or more programming instructions 1102 may be,
for example, computer executable and/or logic implemented
instructions. In some examples, a computing device such as
the computing device described with respect to FIGS. 1-10
may be configured to provide various operations, functions,
or actions 1n response to the programming instructions 1102
conveyed to the computing device by one or more of the
computer readable medium 1103, the computer recordable
medium 1104, and/or the communications medium 1105. It
should be understood that arrangements described herein are
for purposes of example only. As such, those skilled 1n the
art will appreciate that other arrangements and other ele-
ments (e.g. machines, interfaces, functions, orders, and
groupings of functions, etc.) can be used 1nstead, and some
clements may be omitted altogether according to the desired
results. Further, many of the elements that are described are
functional entities that may be implemented as discrete or
distributed components or 1n conjunction with other com-
ponents, 1n any suitable combination and location.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of 1llustra-
tion and are not intended to be limiting, with the true scope
being indicated by the following claims, along with the full
scope of equivalents to which such claims are entitled. It 1s
also to be understood that the terminology used herein 1s for
the purpose of describing particular embodiments only, and
1s not mtended to be limiting.

What 1s claimed 1s:

1. A method comprising:

receiving, at a computing device configured to control a
vehicle, from an 1mage-capture device coupled to the
vehicle, an 1mage of a vicinity of a road on which the
vehicle 1s travelling;

selecting, from the image, using the computing device, an
image portion corresponding to a side of the road at a
predetermined height;

detecting, using the computing device, a construction
zone sign 1n the 1image portion;

[determining, using the computing device, a type of the
construction zone sign;]

detecting one or more construction zone objects on the
road;

determining, based on a number and locations of the one
or more construction zone objects, a severity of road
changes; and
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controlling, using the computing device, the vehicle based
on [(1) the type of the construction zone sign, and (ii)}
the construction zomne sign and the severity of road
changes.

2. The method of claim 1, wherein controlling the vehicle
comprises controlling the vehicle in an autonomous opera-
tion mode.

3. The method of claim 1, wherein detecting the construc-
tion zone sign comprises:

detecting a candidate construction zone sign in the 1mage

portion; and

determining that the candidate construction zone sign

relates to a construction zone based on one or more of
shape, color, and pattern of the candidate construction
Zone sign.

4. The method of claim 1, further comprising;:

detecting a candidate construction zone sign in the 1mage

portion;

determining a first likelihood that the candidate construc-

tion zone sign relates to a construction zone based on
one or more of shape, color, and pattern of the candi-
date construction zone sign;

recerving, at the computing device, from a light detection

and ranging (LIDAR) device coupled to the vehicle,
LIDAR-based mformation comprising a three-dimen-
stonal (3D) point cloud corresponding to the image
portion, wherein the 3D point cloud comprises a set of
points based on light emitted from the LIDAR and
reflected from a surface of the candidate construction
zone sign; and

determining a second likelihood that the candidate con-

struction zone sign relates to the construction zone
based on the LIDAR-based information, wherein
detecting the construction zone sign 1s based on the first
likelihood and the second likelihood.

5. The method of claim 1, further comprising:

detecting a candidate construction zone sign in the 1mage

portion;

determining a first likelihood that the candidate construc-

tion zone sign relates to a construction zone, based on
one or more of shape, color, and pattern of the candi-
date construction zone sign;
receiving, at the computing device, from a radio detection
and ranging (RADAR) device coupled to the vehicle,
RADAR-based information relating to location and one
or more characteristics of the candidate construction
zone sign; and
determining a second likelihood that the candidate con-
struction zone sign relates to the construction zone
based on the RADAR-based information, wherein
detecting the construction zone sign 1s based on the first
likelihood and the second likelihood.
6. The method of claim 5, wherein the RADAR-based
information includes dimensional characteristics of the can-
didate construction zone sign and indicates that the candi-
date construction zone sign 1s stationary.
7. The method of claim 1, [wherein determining the type
of the construction zone sign comprises] further comprising:
determining a tvpe of the construction zone sign by
determining a shape of the construction zone sign; and

matching the shape to one or more of shapes of typical
construction zone signs, and wherein controlling the
vehicle is further based on the determined type of
construction sign.

8. The method of claim 1, wherein the one or more so
construction zone objects comprise a cone, a barrel, a
worker, a barrier, or construction equipment.
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9. A non-transitory computer readable medium having
stored thereon instructions that, when executed by a com-
puting device of a vehicle, cause the computing device to
perform operations comprising:

receiving, from an 1mage-capture device coupled to the

vehicle, an 1image of a vicimity of a road of travel of the

vehicle;
selecting, from the 1mage, an 1mage portion correspond-
ing to a side of the road;
detecting a construction zone sign in the 1image portion;
[determining a type of the construction zone sign;]
detecting one or more construction zone objects on the

road;
determining, based on a number and locations of the one

or more construction zone objects, a severity of road

changes; and

controlling the vehicle based on [(i) the type of the
construction zone sign, and (i1)] the construction zone
sign and the severity of road changes.

10. The non-transitory computer readable medium of
claim 9, wherein the one or more construction zone objects
comprise a cone, a barrel, a worker, a barrier, or construction
equipment.

11. The non-transitory computer readable medium of
claim 9, wherein the operations further comprise:

identifying a lane boundary defined by the one or more

constructions zone objects, wherein determining the
severity of road changes 1s further based on the i1den-
tified lane boundary.

12. The non-transitory computer readable medium of
claim 9, wherein the operations further comprise:

detecting a candidate construction zone sign 1n the image

portion;

determining a first likelihood that the candidate construc-

tion zone sign relates to a construction zone, based on
one or more of shape, color, and pattern of the candi-
date construction zone sign;
receiving, from a light detection and ranging (LIDAR)
device coupled to the vehicle, LIDAR-based informa-
tion comprising a three-dimensional (3D) point cloud
corresponding to the image portion, wherein the 3D
point cloud comprises a set of points based on light
emitted from the LIDAR and reflected from a surface
of the candidate construction zone sign; and

determining a second likelihood that the candidate con-
struction zone sign relates to the construction zone
based on the LIDAR-based information, wherein
detecting the construction zone sign 1s based on the first
likelihood and the second likelihood.

13. The non-transitory computer readable medium of
claim 9, wherein the operations further comprise:

detecting a candidate construction zone sign 1n the image

portion;

determining a first likelihood that the candidate construc-

tion zone sign relates to a construction zone, based on
one or more of shape, color, and pattern of the candi-
date construction zone sign;

receiving from a radio detection and ranging (RADAR)

device coupled to the vehicle, RADAR-based informa-
tion relating to location and one or more characteristics
of the candidate construction zone sign; and
determining a second likelithood that the candidate con-
struction zone sign relates to the construction zone
based on the RADAR-based information, wherein
detecting the construction zone sign 1s based on the first

likelihood and the second likelihood.
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14. The non-transitory computer readable medium of
claim 13, wherein the RADAR-based information includes
dimensional characteristics of the candidate construction
zone sign and indicates that the candidate construction zone
sign 1s stationary.

15. The non-transitory computer readable medium of
claim 9, [wherein determining the type of the construction
zone sign comprises] further comprising:

determining a type of the construction sign by determin-

ing a shape of the construction zone sign in the image
portion; and

matching the shape to one or more of shapes of typical

construction zone signs, and wherein controlling the
vehicle is further based on the determined type of
construction sign.

16. A control system for a vehicle, comprising:

an 1mage-capture device;

a computing device in communication with the image-

capture device; and

data storage comprising instructions that, when executed

by the computing device, cause the control system to

perform operations comprising:

receiving, from an image-capture device coupled to the
vehicle, an 1image of a vicinity of a road of travel of
the vehicle,

selecting, from the image, an i1mage portion corre-
sponding to a side of the road;

detecting a construction zone sign 1n the 1mage portion,

[determining a type of the construction zone sign,}

detecting one or more construction zone objects on the
road,

determining, based on a number and locations of the
one or more construction zone objects, a severity of

road changes, and
controlling the vehicle based on [(i) the type of the
construction zone sign, and (i1)] the construction zone
sign and the severity of road changes.

17. The control system of claim 16, wherein controlling
the vehicle comprises controlling the vehicle 1n an autono-
mous operation mode.

18. The control system of claim 16, wherein detecting the
construction zone sign CoOmprises:

detecting a candidate construction zone sign 1n the 1mage

portion; and

determining that the candidate construction zone sign

relates to a construction zone based on one or more of
shape, color, and pattern of the candidate construction
Zone sign.

19. The control system of claim 16, wherein the one or
more construction zone objects comprise a cone, a barrel, a
worker, a barrier, or construction equipment.

20. The control system of claim 16, wherein the opera-
tions further comprise:

identifying a lane boundary defined by the one or more

constructions zone objects, wherein determining the
severity of road changes 1s further based on the i1den-
tified lane boundary.

21. The method of claim 1, further comprising selecting a
control strategy for controlling the vehicle based on the
severity of road changes, and wherein controlling the
vehicle is further based on the control strategy.

22. The method of claim 21, wherein the control strategy
comprises default driving behavior.

23. The method of claim 21, wherein the control strategy
comprises defensive driving behavior.

24. The method of claim 1, wherein the controlling the
vehicle is further based on traffic information.
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25. The method of claim 24, wherein the traffic informa-

tion is received from one or more of (i) Global Positioning
Satellite (GPS) device, (ii) vehicle-to-infrastructure commui-
nication, (iii) vehicle-to-vehicle communication, and (iv) a
traffic report broadcast. 5
26. The method of claim 1, further comprising:
determining a type of the comnstruction zone sign by
determining a shape of the construction zone sign; and
matching the shape to one or more of shapes of typical
construction zone signs, and wherein controlling the 10

vehicle is further based on the determined type of
construction Sign.
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