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AUTOMATIC VEHICLE EQUIPMENT MONITORING,

WARNING, AND CONTROL SYSTEM

CROSS~-REFERENCE TO RELATED APPLICATION

{00011 This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Patent Application Serial Numbers 61/308,497, filed on February 26, 2010, 61/356,843,
filed on June 21, 2010, 61/390,794, filed on October 7, 2010, and 61/413,797, filed on
November 15, 2010, all of which are hereby incorporated herein by reference in their

entivety.

FiEln OF THE INVENTION

{0002] The present invention generally relates to an automatic vehicle control system and
method thereof, and more particularly, an automatic vehicle countrol system configured to

process high dysamic range images and wethod thereof,

BACKGROUND QF THE INVENTION

{0003] Generally, a vehicle can include an imager, and an image captured by the imager is
used to control one or more components of the vehicle, Typically, the imagers are
complementary metal-oxide-semiconductor (CMOS) or charge coupled device (CCD)

Inagers.

SUMMARY OF THE INVENTION

10004] According to one aspect of the present invention, an automatic vehicle equiproent
control system is provided, and includes at least one imager configured to acquire a
continuous sequence of high dynarmic range single frame 1mages, and the at least oue
imager includes a pixel array, and a processor in communication with the at feast one
imager, and configured fo process the continuous sequence of high dynamic range images.
The system further includes a color spectral filter array in optical communication with the
at least one imager, the color spectral filter array including a phurality of color filters, at
lcast a portion of which are different colors, and pixels of the pixel array being 1o optical
conmmunication with substantially one spectral color filter, and a lens in optical

comurunication with the at feast one imager and the color spectral filter array, wherein the
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imager is configured to capture a non-saturated image of nearby oncoming headlamps and
at least one of a diffuse lane marking and a distant tail larap in one troage frame of the
contirous sequence of high dynamic range single frame tmages, and the autornatic
vehicle equipment control system configured to detect at least one of said highway
roarkings and said tail laraps, and quantify light frora the oncoming headlamp from data in
the one tmage frame.

10005] According to another aspect of the present invention, an automatic vehicle control
systers inchudes at least one imager configured to acquire a continuous sequence of high
dynamic range single frame images, and the at least one imager having a pixel array, and a
color spectral filter array in optical communication with the at least one imager, the color
spectral filter array including a plurality of color filters, at least a portion of which are
different colors, and pixels of the pixel array being 1o optical comnmunication with
substantially one said spectral color filter. The automatic vehicle control system further
includes a lens in optical communication with the at least one imager and the color
spectral filter array, and a processor in communication with the at least one imager, and
configurcd to process the continuous sequence of high dynamic range images, wherein the
processor is further configured to use color information for pixels of the pixel array to
cuhance yellow colored features in the high dynamic range images to detect yellow lane
markers.

10006] According to yet another aspect of the present invention, an automatic vehicle
control system includes at least one imager configured to acquire a continuous sequence of
high dynamic range single frame images, and the at lcast one imager having a pixel array,
and a color spectral filter array in optical conununication with the at least one fmager, the
color spectral filter array inchuding a plurality of color filters, at least a portion of which
substantially one said spectral color filter. The automatic vehicle control system further
mcludes g lens in optical communication with the at least one imager and the color
spectral filter array, and a processor in communication with the at least one imager,
wherein the processor 18 configured to aggregate mulitiple bright sports into a single light
source object in at least one image of the continuous sequence of high dynamic range
images.

16007] According to another aspoct of the present invention, an automatic vehicle control
system includes at least one imager configured to acquire a continuous sequence of high
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dynamic range single frame images, and the at least one imager having a pixel array, and a
color speetral filter array 1n optical cormmunication with the at least one imager, the color
spectral filter array including a plurality of color filters, at least a portion of which are
different colors, and pixels of the pixel array being in optical communication with
substantially one said spectral color filter. The automatic vehicle control system further
includes a lens in optical communication with the at least one imager and the color
spectral filter array, and a processor in coramunication with the at least one imager, said
processor being configured to detect an alternating current (AC) light source in the
continuous sequence of high dynamic range images, wherein the at least one imager 18
configured to have a sampling image repetition period that is longer than a flicker cyele
peried of the AC light source.

10008] According to yet another aspect of the present invention, a method of generating a
iane departure warning includes the steps of populating a world coordinate system grid for
incoming pixel data, scoring marker points, processing the scored marker points,
determining a type of lane lines based upon the processed and scored marker points,
computing a vehicle departure from the lane lines, and determining if 8 warning should be
emitted.

16009] According to another aspoct of the present invention, a method of generating a
control signal for vehicle headlamp control includes the steps of exiracting a list of light
objects, combining single-peak light sources info multi-peak light abjects, connecting
current light sources to light sources countained i previous irnages, and determining an
appropriate state of a vehicle’s headlamp.

16010} These and other features, advantages, and objects of the present invention will be
further understood and appreciated by those skilied in the art by refereuce to the following

specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The present invention will become more fully understood from the detailed
description and the accompanying drawings, wherein:

0012} Fig. 1 is an environmental view of a controlled vehicle having an antomatic vehicle
equipment control system, in accordance with one embodiment of the present invention;

{0013] Fig. 2 1s a schematic view of a controlled vehicle having an automatic vehicle
equipment control system, 1 accordance with one embodiment of the present invention;

-3~



WO 2011/106578 PCT/US2011/026145

{0014} Fig. 3a is a front perspective view of a rearview device having an automatic

vehicle equipment control system, in accordance with one embodiment of the present

mvention;
{G015] Fig. 3b is a rear perspective view of the rearview device of Fig. 3a;
16016] Fig. 4 1s an exploded perspective view of an imager housing of a rearview device,

in accordance with one embodiment of the present tnvention;

10017} Fig. 5 1s a chart dlustrating a column score with respect to column coordinates
{pixels), in accordance with one embodiment of the present invention;

10018] Fig. 6 is a chart illustrating a row score with respect to row coordinates {pixels), in
accordance with one embodiment of the present invention,

{0019] Fig. 7a is a chart tllustrating an effect of exposure time at a frame rate, in
accordance with one embodiment of the present invention;

{0020] Fig. 7b is a chart illustrating an effect of exposure time at a frame rate, in
accordance with one embodiment of the present invention;

10021} Fig. 7¢ is a chart tllustrating an effect of exposure time at a frame rate, in
accordance with one embodiment of the present invention;

10022} Fig. 8ais a chart illustrating an effect of exposure time at a frame rate, in
accordance with one embodiment of the present invention;

16023] Fig. 8b is a chart illustrating an effect of exposure time at a fraroe rate, in
accordance with one embodiment of the present invention,

{0024} Fig. ¥c is a chart illustrating an effect of exposure time at a frame rate, in
accordance with one embodiment of the present invention;

{0025] Fig. 9 is a schematic diagram of an imager system imagining a scene, in
accordance with one cmbodiment of the present invention;

10026] Fig. 10 is a diagram of pixel arrangements, in accordance with one embodiment of
the present invention;

10027} Fig. 11 is a diagram of pixel arrangemeuts, in accordance with one embaodiment of
the present invention,

16028] Fig. 12 is a circuit block diagram of an automatic vehicle equipment control
system, in accordance with one embodiment of the present invention,

10028} Fig. 13 is a circuit block diagram of an automatic vehicle equipment control

sysiern, 10 accordance with one erabodiraent of the present invention;
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{0030} Fig. 13ais a circuit block diagram of an automatic vehicle equipment control
systern, in accordance with one embodiment of the present invention;

10031} Fig. 14 is a chart illustrating light inteusity with respect to an iroage frame for a
plurality of light sources, in accordance with one embodiment of the present invention;

16032] Fig. 15 is a chart illustrating light intensity with respect to an image frame for a
plurality of light sources, in accordance with one embodiment of the present invention;

$0033] Fig. 16 is an environmental view of a controlied vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
mnvention;

10034} Fig. 17 is an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

{0035] Fig. 18 is an environmental view of a controlied vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

10036] Fig. 19 15 an environmental view of a controlled vehicle having an automatic
vehicle equiprment control system, 1n accordance with ove erobodimoent of the present
nvention;

16037] Fig. 20 is an environmental view of a controlled vehicle having an sutomatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

10038] Fig. 21 is an environmental view of a controlled vehicle baving an automatic
vehicle equipment control systen, in accordance with one embodiment of the present
invention;

f0039] Fig. 22 is an environmental view of a controlied vehicle having an automatic
vehicle equipment control system, in accordance with one ermbodiraent of the present
nvention;

10040} Fig. 23 is an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
nvention;

10041} Fig. 24 15 an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;
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00421 Fig. 25 is an environmental view of a controlled vehicle having an antomatic
vehicle equipment control system, in accordance with one embodiment of the present
mvention;

10043] Fig. 26 is an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

10044} Fig. 27 15 an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

10045] Fig. 28 1s an environmental view of a controlled vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
mvention;

{00486] Fig. 29 is an environmental view of a controlied vehicle having an automatic
vehicle equipment control system, in accordance with one embodiment of the present
invention;

{0047] Fig. 30 is a flow chart of detecting a lanc departure, in accordance with one
embodiment of the present invention;

{0048] Fig. 31a is a schematic diagram of an image pre-processor, in accordance with one
cmbodiment of the present invention;

{0049] Fig. 31b is a schematic diagram of an image pre-processor, in accordance with one
embodiment of the present invention;

10050] Fig. 31c is a schematic diagram of an image pre-processor, in accordance with one
embodiment of the present invention;

16051} Fig. 31d is a schematic diagram of an image pre-processor, in accordance with one
embodiment of the present invention;

10052] Fig. 32 is a flow chart of controlling at least one exterior light of a vehicle, in
accordance with one embodiment of the present invention;

{0053] Fig. 33a i3 a divisional replacement algorithm, in accordance with one ecmbodiment

of the present invention,

{0054] Fig. 33b is a chart iltustrating the divisional replacement algorithm of Fig. 33a;
{0055] Fig. 34 is an environmental view of a ficld of view of an imager, in accordance

with one embodiment of the present invention;
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{0056] Fig. 35 is a chart illustrating of various samples of an imaged light source, in
accordance with one embodiment of the present invention; and
i0057] Fig. 36 is a flow chart of a method for detecting an alternating current {AC) light

source in an image, in accordance with one embodiment of the present invention.

DETATLED DESCRIPTION

10001} The present ittustrated embodiments reside primarily in combinations of method
steps and apparatus components related to an automatic vehicle equipment control system
having at least one high dynaruic range imager and mcthods thereof.  Accordingly, the
apparatus components and method steps have been represented, where appropriate, by
conventional symbols in the drawings, showing only those specific details that are
pertinent to understanding the embodiments of the present invention so as not to obscure
the disclosure with details that will be readily apparent to those of ordinary skili in the art
having the benetit of the description herein.  Further, hike numerals in the description and
drawings represent like elements.

§0058] In this document, relational terms, such as first and second, top and bottom, and
the like, are used solely to distinguish one cutity or action from avother entity or action,
without necessarily requiring or implying any actual such relationship or order between

3

such cutitics or actions.  The terms “comprises,” “comprising,” or any other variation
thereof, are intended to cover a non-exclusive incluston, such that a process, method,
article, or apparatus that comprises a list of clerents does not include only those elements
but may include other elements not expressly listed or inherent to such process, method,
article, or apparatus.  An clernent proceeded by “coraprises . . . a” does not, without
more constraints, prechude the existence of additional identical elements in the process,
method, article, or apparatus that comprises the element.

10059] Referring initially to Fig. 1, for illustrative purposes, an automatic vehicle
cquipment conftrol system generally indicated at reference identifier 106 is shown to be
instatled within a conirolled vehicle 105, Although the control system 106 1s depicted
to be integral with the interior rearview mirror assembly, it should be understood that
the control system, or any of the individual compounents thereof, may be mounted in
any suitable location within the interior, or on the exterior, of the controlled vehicle
105, The term “controlled vehicle” can be used heremn with reference to a vehicle
comprising an automatic vehicle exterior light control system, a lane departure
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warning system, other vehicle control systems described herein, the like, or a
combination thercof, according to one embodimuent. The control system 106 can
include at least ove imnager (Image sensor, imaging device, caruera, elc.), wherein
suitable locations for mounting the imager can be those locations that provide a
substantially unobstructed view of the scene generally forward of the controlied
vehicle 105 and allow for detection of headlights 116 of oncoming vehicles 115 and
taillights 111 of leading vehicles 110 within a glare zone 108 associated with the
controlled vehicie 105, As explained below, according to some embodiments, the
control system 106 can vary an illumination pattern 107 (e.g., intensity, shape, ctc.} of
the controlled vehicle’s 105 exterior lights so as to reduce glare for drivers of any
vehicles in the glare zone 108,

10060} Fig. 2 depicts a controlled vehicle 105 comprising an interior rearview mirror
assembly incorporating the automatic vehicle equipment control system 106 having a
processing and countrol system {e.g., a processor, a controller, ete) and the imager. The
processing and control system functions to send configuration data to the imager,
receive image data from the imager, to process the frnages and to generate exterior
light control signals. Detailed descriptions of such automatic vehicle equipment
control systems are contained in cornmonly assigned U.S. Patent Nos. 5,837,994,
5,990,469, 6,008,486, 6,130,448, 6,130,421, 6,049,171, 6,465,963, 6,403,942,
6,587,573, 6,611,610, 6,621,616, 6,631,316, 7,683,326, 6,774,9¢8, 6,631,316,
6,587,573, 6,861 809, 6,895,684, and U.S. Patent Apphcation Publication No.
2004/0201483; the disclosures of which are incorporated herein in their entirctics by
reference. The controlied vehicle 105 is also depicted to include a driver’s side outside
rearview mirror assembly 210a, a passenger’s side outside rearview mirror assembly
210b, a center high mounted stop hight (CHMSL) 245, A-pillars 250a, 250b, B-pillars
255a, 255b and C-pillars 260a, 260b; it should be understood that any of these
locations may provide alternate locations for an imaging device, imaging devices,
related processing, and/or, control components. it should be understood that any, or
all, of the rearview mirrors may be automatic dimming clectro-optic mirrors, and that
descriptions of rearview nurrors is for purposes of explanation and vot limitation, such
that at icast a portion of the control system 106 can be included in a rearview device
{c.g., a murror, a display, etc.). The controlled vehicle 105 is depicted to mclude a
plurality of exterior lights including headlights 220a, 220b, foul weather lights 230a,
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230b, front turn indicator/hazard lights 235a, 235b, tail lights 225a, 225b, rear turp
indicator lights 226a, 226b, rear hazard hights 227a, 227b, and backup lights 2404,
240b. It should be understood that additional exterior lights may be provided, such as,
separate low beam and high beam headlights, integrated lights that comprise
rouitipurpose lighting, ete. It should also be undersiood that any of the exterior lights
may be provided with positioners to adjust the associated primary optical axis of the
given exterior light. It should be understood that the controlled vehicle of Fig. 2 18
generally for illustrative purposes and that suitable automatic vehicle exterior light
control systems, such as those disclosed in the patents and patent applications
incorporated herein by reference, may be ermployed along with other features
described herein and within disclosures incorporated herein by reference.

10061] In at least one embodiment, a plurality of imaging devices are incorporated in a
vehicle vision systemn along with at least one display configured to provide the driver
with a “bird’s eye” view of the area surrounding the controlled vehicle. For example,
a first imaging device is integrated into an interior rearview mirror assembly viewing
generally forward of the controlled vehicle, a second imaging device 1s integrated into
a CHMSL 245 assembly or rear license plate area assembly viewing generally
rearward of the controlled vehicle, a third imaging deviee is mounted proximate the
driver’s side of the controlled vehicle and a fourth imaging device is mounted
proximate the passenger’s side of the controlled vehicle. In at least one related
embodiment, a digital image processing algorithm is implemented to synthetically
“stitch” the mdividual images into one contiguous image for display to the driver. Any
given imaging device, combination of imagiog devices or sub-combination of 1maging
devices may then be employed for additional automatic control/warning tasks, such as;
automatic high-beam assist, blind spot detection, lane departure, accident
reconstruction, collision avoidance, tunnel detection, pedestrian detection, sign
recognition, fog light control, etc.

10062] Turning now to Figs. 3a and 3b, an embodiment of an interior rearview mirror
assembly is generally shown at reference identifier 300, The mirror assembly 300 can
include a stationary accessory assembly, generally indicated at reference identifier
302, which includes a front housing 385 and a rear housing 390. The front housing
385 can be configured to define an aperture 386 for an imaging device visual opening.
The stationary accessory assembly 302 along with a rearview mirror 300 is carried by
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an attachment member 355, The rearview mirror 300 comprises a8 mirror housing 360,
a bezel 361, and a mirror element 362, A wire cover 394 is included to conceal related
wiring 315, The rearview mairror asserubly 300 also incorporates an ambient light
sensor 363, at lcast one microphone 366, a glare light sensor 365, operator interfaces
363, indicators 364 and at least one information display 370.

{0063] Turning now to Fig. 4, there is shown an exploded, perspective, view of the
accessory assembly 302, In a preferred embodiment, the accessory assembly 302 can
provide a rigid structure for mounting a repositionably mounted interior rearview
roirror along with a precisely aligned imaging device cither stationarily mounted, as
described in more detatl within commonly assigned 1.8, Patent Application
Publication No. 2004/0164228, or automatically repositioning, as described in
comumonly assigned U.S. Patent No. 7,565,806, both of which are hereby incorporate
in their entireties herein by reference. A preferred accessory assembly 302 can
facilitate case of asserbly as well as provide for repeatable, reliable and precise
alignment of the related components. In at least one embodiment, the associated
imager i used for automatic exterior vehicle light control for which precision
alignment of the image sensor is preferred. It should be understood that various
ventive aspects of ernbodirnents described herein have broad application to hight
sensing optics generally, in addition to, automotive and consumer electronics
applications.

10064] Fig. 4 illustrates various electrical and mechanical components and orientations
thereot that can be at least partially enclosed in the accessory assembly 302, according
to one crmbodiment. frnager board 410 18 provided with an imaging device with lens
411, In a preferred embodiment, the imager board 418 will also include an image
scusor control logic and timing circuit, cornmunication hine drivers and wire harness
receptacie 413, Optionally, the imager board 410 may comprise a processor for
receiving and, at least partially, processing images obtained from the imaging device.
In a preferred embodiment, the imaging device and at least one other device selected
from the group comprising; 1) an imaging device control logic; 2} an A/D converter;
3} a low voltage differential signal line driver; 4) a teraperature sensor; 5) a control
output; 63 a voltage regulator; 7) a sccond image sensor; 8} a microprocessor; 9) a
rnoisture sensor; 10) a FPGA; and 11) a corpass are mtegrated in 4 common
application specific integrated circuit {ASIC), most preferably on a common silicon
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wafer. In at least one embodiment, the imaging device with lens 411 includes lens
cover snap portions 412 configured for engaging a lens cover 420 and snap clips 421,
The lens cover can be configured to define an aperture 422 for alignment with an
optical axis of the imaging device and lens 411.

10065] Animager board wiring harness is preferably provided with plugs on either end
thereof. The imager board is preferably provided with a male receptacle for receiving one
of the plugs of the imager board wiring harness, An imaging device in accordance with
the present invention employs approximately 5.62 um pixels and a high quality lens
structure, according to onc erabodiraent.

{0066] In at least one embodiment, a general purpose processor can be configured to
determinge clectro-optic cloment control parameters, as well as, other functions, such as,
automatic exterior light control; blind spot meonitoring; mformation display; a sub-
combination thereof; or combination thereof. In at least onc embodiment, a first
controlled vehicle CAN bus interface circuit can be configured to interface the general
purpose processor to the controiled vehicle CAN bus. In at icast one embodiment, a
graphics processing unit can be configured to perform at least one of the functions: Lane
Departure Warning (LDW Y, Adaptive Cruise Control (ACC); Collision Avoidance {CA);
Trattic Sign Recognition (TSR}, Automatic Headlamp Control (AHC); Pedestrian
Detection (PD); Cecupant Identification (Ol); Drowsiness Detection (B2D); Smart Airbag
Deployment (SAD); Vehicle Thett Identification (VT1); Drive-by Wire (DBW); Blind
Spot Detection (BSD); a sub-combination thereof; or a combination thereof.

{0067] In at least one embediment, a first imaging device can be at least partially enclosed
in the accessory assevably 302 having a generally forward view of the controlled vehicle
185, A second imaging device can be located proximate a license plate arca of the
controlled vehicle 105 having a generally one-hundred-eighty degree, rearward, view of
the controlled vehicle 105, The first imaging device is configured to perform at least one
of the functions: Lane Departure Warning (LDW); Adaptive Cruise Control (ACCH;
Collision Avoidance (CA); Traffic Sign Recognition {TSR); Automatic Headlamp Control
{AHC); Pedestrian Detection (PDY; Occupant Identification (O1); Drowsiness Detection
{D3D): Smart Airbag Deployment (SAD); Vehicle Theft Identification (VT Drive-by
Wire (DBW); Blind Spot Detection (BSD); a sub-combination thercof] or a combination
thereof. The second imaging device is configured to perform at east one of the functions:
Lane Departure Warning (LDW); Adaptive Cruise Control {ACC); Collision Avoidance
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(CA); Traffic Sign Recognition (TSR}, Automatic Headlamp Control (AHC); Pedestrian
Detection (PD); Occupant Identification {(OF); Drowsiness Detection (DD}, Smart Airbag
Deployment (SAD); Vehicle Theft Identification (VT1); Drive-by Wire (DBWY; Blind
Spot Detection (BSD); a sub-combination thercof; or a combination thereof. It should be
understood that a first imaging device may be counfigured to function along with a second
imaging device to perform at least one of the functions: Lane Departure Warning (LDW);
Adaptive Cruise Control (ACC); Collision Avoidavce (CA); Traffic Sign Recognition
{TSR}; Automatic Headlamp Control (AHC); Pedestrian Detection (PD); Occupant
Identification (O1); Drowsivness Detection (DD); Smart Airbag Deployment (SAD);
Vehicle Theft Identification (VT1); Drive-by Wire (DBW); Blind Spot Detection (BSD); a
sub-combination thereof; or a combination thereof. It should be understood that the
optical flow algorithms as described in commonly assigned U.S. Patent Application
Publication No. 2010/0073480, which 1s hereby entirely incorporated herein by reference,
may be emploved to perform at least one of the functions: Lane Departure Warmning
(LDW); Adaptive Cruise Control (ACC); Collision Avoidance (CA); Tratfic Sign
Recognition (TSR}, Automatic Headlarp Control (AHC): Pedestrian Detection (PD);
Occupant Identification (Ol); Drowsiness Detection (DD} Smart Airbag Deployment
{(SAD); Vehicle Thett Identification (VTI); Drive-by Wire (DBW); Blind Spot Detection
(BSDY); a sub-combination thereof, or a4 combination thereof.

10068] In at least one embodiment, the present invention relates to algorithrs (o acquire
data from a high dynamic range imaging device that is mounted in an approximately
forward facing position, preferably so that it provides a view of the road ahead through the
windshield of the controlled vehicle 105, This imaging device is utilized to provide
tmages that are used to perform functions, preferably more than one, that include sensing
of the vehicle’s 105 position relative to lane markers on the roadway. Some of the other
functions for which the imager s used may also include detection of lights from other
vehicles on the road to make a determination of headlamp settings to use to minimize glare
to drivers of other vehicles that are on the road. To perform this function, it is preferable
to provide an imaging device that incorporates a color filter array to enable a
determination of the color of lights, particularly red tail lamips 111, oncoming headlamps
116, and lane markers that are detected in the images. The provision of color sensing
capability 1s then useful for other imaging device functions including the lane detection
function.
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{0069] For purposes of explanation and not limitation, the system 106 can be used to
detect one or more lane markers, such that the system 106 can be omit a lane departure
warning {e.g., visual, audible, tactile, mechanical, etc.), and the system 106 can be
configured to enhance a color {¢.g. yellow} of a lane marker. Many of the lane markers
used to mark boundaries between laves used for opposing divections of travel are yellow
or perhaps orange in color, particularly in the United States. Somce implementations of
lane departure warning process black and white or grayscale images to perforro the lane
detection function. When a tiled Bayer color filter array or other color image sensing
technology 1s used to scuse color, the generation of a high quality black and white image 1s
preferably accomplished by first interpolating at least one of the color components at each
pixel site where it 1s missing to provide all or at least one of the color components at cach
pixel site and the grayscale image is preferably generated as a weighted average or other
function of once or more of the color components at cach pixel location. Following
luminance extraction for grayscale conversion, even if all of the interpolated color
components are not used to provide the grayscale image, remaining color components may
be needed for specific functions. For exarople, yellow i1s complementary to blue, so
detection of yellow road markings depends at least in part on use of the pixel’s blue value
to detect the low blue content relative to the red and green content of the pixel. This s
typically the strongest indicator that distinguishes yellow lane markings from the
surrounding roadway.

{0070] When the system 106 includes the imager that is configured to capture high
dynamic range images, the systern 106 can be configured to enhance high dynarnic range
color interpolation. With imagers having a conventional Bayer red, green, green, blue
color filter array, only onc in four pixels has a red (blue) filter so the image created by the
red (blue) color componeuts is greatly enhanced by provision of the interpolated red (blue)
values for non-red (non-bluc) pixel locations and the quality of the interpolated image is
strongly dependent on the guality of the interpolation algorithra that is used. The color
interpolation algorithm preferably includes analysis of image data to detect edge patterns
in the image and inferpolated values are based, at feast o part, on detected edge patterns.
A preferred interpolation arrangement described in commonly assigned U8, Patent
Application Publication No. 2010/0195908, the disclosure of which is incorporated in its
entirety herein by reference, performs edge pattern and/or other pattern detection based
primarily on pixels in a five by five pixel neighborhood of the pixel site for which an
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interpolated value is being calculated and selects an interpolation equation based in part on
edge patterns and/or other patterns that are detected. The edge pattern detection may
optionally be Himited to pixels having color filters of a selected color— green for example.
Then an interpolation equation is selected at least partially based on the position of the
pixel relative to the mosaiced color filter array pattern, the color of the missing compoucnt
that is being calculated, and the edge pattern, if any, detected for the pixel lpcation where
the mnterpolation 1s being performed.

{0071} With a high dynamic range camera the ratio of pixel values of adjacent pixels, even
for pixcls with filters of diffcrent colors are normally himited due to limnttations of the lens
and the imaging device. However, the ratio in values between a first pixel and a second
pixel that are adjacent may be nearly as high as the ratio in values between the second
pixel and a third pixel that is adjacent to the second pixel on a side opposite to that of the
first pixel so that the ratio between the values of first pixel and the third pixel with only
one pixel between them may nearly equal the square of ratios of values of adjacent pixels.
A five by five neighborhood of an interpolation site contains sixteen pixels that have one
pixel between them and the miterpelation site at the center of the array, while a three by
three neighborhood of an interpolation site has no pixels with an intervening pixel between
them and the interpolation stie at the center of the array.

[0072] For interpolation calculations using pixel values from the five-by-five array, the
extreracly large ratios between the pixel value at the interpolation site at the center of the
array and the non-adjacent pixels may lead to one or two pixel values that dominate the
calculated result, Since color interpolation tn an image is an approximation process, such
results for interpolated color values may differ drastically from the true color or intensity
of the pixel’s color components that are being approximated by the interpolation and these
errant pixel values may stand out as objectionable biemishes in the resulting visual image
and may lead to errors or to degraded performance in image interpretation when used in
roachine vision applications. The witerpolation errors propagate o calculated grayscale
values so that they also adversely affect use of associated grayscale images. Inspection of
high contrast portions of high dynamic range images baving interpolated valoes based on
use of pixel values in a five by five (5x5 kernel) array of values surrounding an
interpolation site confirmed the occurrence of objectionable mumbers of pixels having
serious interpolation errors. A set of interpolation equations that are primarily a function
of pixel values from a three by three neighborhood of the interpolation site was developed,
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as detailed 1o commonly assigned U.S. Patent Application Publication No. 2018/0195508,
includes pixel values of pixels having filter colors different from the color being
interpolated in a substantial number of the interpolation equations. These equations were
selected based on edge detection algorithms that use pixel values that inchade values of
pixels that are outside of the three by three neighborhood of the interpolation site.

{0073] Using the edge pattern detection with the larger pixel base to select interpolation
equations that used the smaller pixel base provided results having far fewer interpolation
crrors that stand out in the image as compared with similar edge pattern detection
algorithms used to select interpolation equations based on values from a five by five
neighborhood of the interpolation site. The interpolation equation used to calculate cach
missing color component 1s selecied based on the edge patiern detection using pixel values
from a neighborhood of the interpolation site that extends beyond a three by three
neighborhood of the interpolation site and the interpolation equations are priraarily based
on values that fall within a three by three neighborhood of the pixel for which a missing
color component is being calculated. Stated another way, the interpolation equations are
primarily based on the values of pixels that are at the mterpolation site or are immediate
neighbors of the interpolation site and patterns that are detected using pixel values, which
include values of pixels that are vot at the interpolation site or an unmediate neighbor of
the interpolation site. The interpolation values based on pixel values from the smaller
neighborhood of the interpolation site and edge pattern detection based on a larger
neighborhood of the interpolation stte also provided a dramatic timprovement over bilinear
mterpolation that also calculates interpolated values based on pixel values in a three by
three neighborhood of the interpolation site. However, conventional bilinear interpolation
docs not ermploy edge patiern detection and uses pixel values only from pixels with like
colored filters to calculate an interpolated value for the color. The present method, as
detailed in commonly assigned ULS, Patent Application Publications Nos. 2010/0195901
and 2010/0195908, the disclosures of which are incorporated in their entireties herein by
reference, includes pixel values of pixels having filter colors different from the color being
interpolated 1o a substantial number of the interpolation equations.

10074] In a preferred embodiment, an image that includes a view of the roadway is
acquired with an iraging device that has a color filter array. Interpolation to supply
missing pixel color components is performed, preferably using edge pattern detection as
indicated carlier and in commonly assigned U.S. Patent Application Publication Nos.
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2010/0195901 and 2010/0195908, and color component values are preferably calculated
for pixels in the image. Grayscale valucs related to the luminance for cach pixel are also
preferably calculated and used. Color component values of pixels in the tmage are
preferably analyzed to detect pixels that are in a color range that indicates that they may be
road markings of a selected color or colors or range of colors, yellow for example. In the
preferred embodiment, yellow pixels are detected. The grayscale values for pixels of the
selected color are modified, preferably by increasing their values relative to the non-
vellow pixels, in order to factlitate their detection as lane markings in the monochrome
image based ou the grayscale pixel values, and the grayscale values are modified to
enhance detection of lane markings as indicated herein to be analyzed to determine the
presence of lane markers along with the position of the vehicle 105 relative to the markers.
Selection of pixels of a particular color is typically most effective when applied to a color
or colors such as yellow that counstitutes a common class of lane markings. Additionally a
color, such as yellow, that is normally more prevalent tn road markings than in other
portions of the roadway makes it a preferable choice.

[0075] As an option, the indication that a pixel is in a preselecied color range may be
communicated in other ways such as setting an indicator bit associated with the pixel, but
when a particular image s processed to detect and analyze roadway roarkings, it is
preferable to modify this image to enhance pixels of the selected color in a way that
facilitates extraction of pertinent features. In a preferred embodiment, the grayscale
values of yellow pixels in the image used for analysis were approximately doubled relative
to other pixel values., Certain devices used for image analysis map the pixels to reshape
the image by application of a spatial transformation for purposes, such as, but not limited
to, presenting a top down view, correcting lens distortion, or stitching multiple images.
Such transformations of the image can make it difficult to keep track of separate pixel
related information as the image 15 subjected to these transformations. Thus, in the
preferred embodiment, color related features in an image are detected and used to enhance
a gray scale version of the image prior to performing a spatial transformation or mapping
of the image so as to reshape it In the preferred implemcutation, the color based
enhancements arc subjected to substantially the same spatial transformation as the rest of
the image.

[0076] According to one embodiment, the system 106 can be configured to dynamically
adjust color detection criteria based upon probable prevailing lighting conditions.
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Skylight has stronger blue coutent than direct sunlight and shadowed areas normally
receive more Humination from the blue skylight than from the direct sunlight altering the
apparent color of objects in shadows relative to objects in direct sunlight. The
determination that a pixel was yellow was made using image pixel data with all of the red,
green, and blue color component values after juterpolation. To determine if a selected
pixel is yellow, the color ratios of various color component values for a pixel to other
selected color component values for the same pixel are tested to see if they all fall within
specified ranges and a pixel is classified as yellow when the specified criteria are met.
Comparisons are preferably arvanged to utilize raultiple operations 1ostead of divides that
normally require more resources and computing time. The ratio bracketing comparisons
for yellow generally include comparisons to assure that the bluc pixel color component
value is sufficiently low relative to the red and/or green color component values for the
same pixel and that the ratio between the red and green pixel color component values 18 in
a range consistent with the color being classified under the current lighting condition.
Pure yellow is normally specified as full red and full green countent with no blue content.
With the high dyvamic range 1mage, the readings depend very strongly oun dlumination so
yvellow needs to be identified over a wide range of illumination levels and for a wide range
of light sources as well as for a wide range of yellow road marker conditions. Use of the
same criteria for yellow in both shadowed arcas and directly sun lighted arcas results in
classifying too much as yellow in the sunlight arcas of the road and/or classifying too bittle
as yeliow in shadowed arcas. Since pixel values in arcas exposed to direct sunlight are
normally more than ten times higher than corresponding pixel values 1 full shadow arcas,
higher pixel readings may be used to differentiate sunlit from shadowed arcas. As an
example for a specific ynaging deviee, a green pixel value of 30,000 was selected a5 a
threshold level between typical pixel values for sunlit and shadowed arcas and pixels with
grecn pixel color comnponent values that exceeded this level were classified as yelow
using a direct sunlight criteria tuned to a lower color temperature and pixels with green
pixel color component values that did not cxceed this level were classified as yellow using
a shaded area criteria tuned to a higher color temperature. As further options, a fimctional
relationship with pixel values might be established to adjust the yellow classification
criteria in a continuous or ultiple stepwise fashion. Additionally, other vellow
classification criteria are appropriate for cloudy days versus sunny days, and yet another
for headlamp illumination where the classification criteria 1s preferably selected
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particularly for the type of headlamp on the vehicle on which it is installed and optionally
for more individualized characteristics of the headlamp system as well, The type and
color characteristics of the roadway may also be taken into account in selection of the
color criteria. Here, the relative color content of pixels classed as yellow versus the color
countent of pixels not classified as yellow may be assembled wn hustogram forro and the
resulting histograms may be analyzed to determine threshold levels in relative color
content that provide good separation between the yellow and non-yellow classification.
Adjustment of the thresholds used for the classification may then be based at least in part
on these threshold levels, Optionally, when conditions are such that the histograms reveal
that separation is poor, the color enhancement mode may be turned off or de-emphasized.
10077} Color detection parameters may be adjusted based at least in part on pixel intensity
to compensate for illumination directly from the sun in sunlit areas and from skylight with
higher blue content in shadowed arcas, and such adjustments may be extended to
accommodate other situations. For example, the color of daylight is also affected by the
type and degree of cloud cover. To evaluate the type and degree of cloud cover, portions
of the sky may be detected 1n irages acquired by the camera and detection of various
types of clouds may be based in part on color, pixel intensity, or on spatial variation in
pixel fntensity indicating partial cloud cover. This data roay be used to further
differentiate lighting conditions to indicate probable or directly measured color content of
the ilumination source and selection of color detection thresholds roay be based in part on
image data from images of the sky. Additionally, the color of pixels from images of lane
raarkings wdentificd by features such as position, size, and orientation, as well as of general
color may be used to adjust color detection thresholds to increase inclusion of these colors.
Likewise, the color of arcas that are detected as lane marking colors but are clearly not
may be used to adjust color thresholds to decrease inchusion of these areas. For night-time
driving, general iHumination levels may be used to indicate that ithumination 1s primarily
from the headlamps 220a, 220b of the vehicle 105 on which the lane departure control is
mounted and known propertics, particularly color content, of the vehicle’s headlamps
22{a, 200b may be used as the basis for the color detection criteria. The use of color
detection is more beneficial in some cases than others depending on the relative difficulty
in the detection of the color of lane markers and of the difficulty 1 detection of lane
markers without use of the color information so, as an option, the color detection may be
enabled selectively based ou lighting conditions that are detected in rouch the same way
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that color detection parameters are adjusted based on detection of lighting conditions when
color detection 1s used. As a further option, rather than enabling or disabling the use of
color detection altogether the level of image enhancement applied as a result of the
detected colors may be altered based on asscssments of the quality of the color detection
and/or of the benefit of applying the color enhancement.
{0078} The following s the “C” programaming language code that can be used to classify
yellow for a sunny day as just described.
/* Parameters to define yellow and to define the red proportion
in the lurninance calculation, green makes up balance. ¥/
*Pixel color component ratio threshold levels for sunlit areas. *#/
static float MinRedToBlue = (float)1.7;
static flpat MinRedToGreen = (float)}.75,
static Hloat MaxRedToGreen = (float)1.7;
*Pixel color component ratio threshold levels for shadow areas. */
static float MinRedToBlueSh = (float)1.5;
static float MinRedToGreenSh = (float)(.6,
static float MaxRedToGreenSh = (float)l 3;
FHraction of Red to green used in pixel luminance caleulation™/
static float YRedFraction = {float)}0.4;
tmprf = (floatjtmpr;
tmpbf = {(floatitmpb;
trapgf = (tloatitmpg;
H{ {{ompgf > 30000.0) &&
/*Color test for high turmimation “Sunlight™/
{tmpr{> MinRedToBlue * tmpbf) && {tmprf >
MinRedToGreen * tmpgh) && (tmprf < MaxRedToGreen ™ tmpgf))
I
/*Color test for low illumination “Shadow™*/
{{tmpgl <= 30000.0) &&
{tmprf > MinRedToBlueSh * tmpbf) && (tmprf >
MinRedToGreenSh * timpgl) && (tmprf < MaxRedToGreenSh * tmpgh)
/*Double pixel values to enhance pixel of when classified to be in specified color
range™/
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{
tnprf = 2.0;
tmpgf *=2.0;
tmpbf *=2.0;
§

/*Pixel luminance calculation™/
[Frapg below was intended to be tmpgfiostead but was tested this way with
favorable results so will not be “corrected” until the effect of correction is investigated™/
by = topg = trapb = (0132 O((tmprf * YRedFraction) + tropg * (1 -
YRedFraction)));

{00791 According to one embodiment, the system 106 can be configured to reduce an
amount of processing performed by onc or more processors on the systern 106, One
example is to replace a denominator term that requires a repetitious division by a
calculated adjustment to an exponent that is already a part of a calculation to provide an
approximation to the origimal equation that eliminates the repetitious division. Turning
now to Figs. 33a and 33b a division replacement algorithm is described for replacement of
various mathematical divide functions that would otherwise be utilized to calculate various
image information. BASE is the bilateral filter value that is calculated for cach pixel. In
equations depicted wn Fig. 33a and as represented i Fig. 33b, BASE 1s represented either
by BASE or as B. Equations 1] through 9] used to support the approximation to eliminate
the denominator term are listed in Fig. 33a below. Equation 1] indicates the maximum
value, Bmax, and minimum value, Broin, of BASE to be used to map a pixel into the
output image. Brange 1s Bmax minus Bmin. These values are established on a frame by
frame basis. Equation 2] is a Durand-—DBDorsey equation used to calculate the compression
factor, CF(BASE, Cr), as a function of BASE, the bilateral filter value calculated for cach
pixel, and of the compression ratio, Cr, that is calculated for each frame. Equation 3]
indicates the bFactor that can be added as a multiplying factor of the Durand-—Dorsey
compression factor CF to substantially improve the tonal balance of the resulting iroage.
Equation 4] indicates the combined compression factor that, for convenience of plotting in
Fig. 33b, 18 norroalized to 1 for BASE equal to Bmax. In the actual application, the
constant scaling factor would preferably be chosen to properly limit the number of pixel
values that are saturated after tone mapping.
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{0080} The per pixel division needed to implement the denominator term of Equation 3] is
costly to implement. A logarithmic plot of the compression factor, CF, of Equation 2] is a
straight line whose slope 1s determuned by the compression ratio, Cr. A logarithmic plot of
the denominator term in Equation 4] s close cnough to a straight line that it may be
approximated by a straight line. Equation 5] is the numerator of Equation 3] normalized
to 1 for the BASE equal to Bmax. Equation 6] is the denominator of Equation 3} in its
reciprocal form, normalized to 1 for the BASE equal to Bmax. Equation 7{is a
calculation of the compression ratio medification, CrD, that is used m an cxponential
expression to approximate the value of Denomn n of Equation 6], When CrD 1s used 1o an
exponential expression similar to the one for CF and 1s scaled to 1 for BASE equal to
Bmax, the value of the exponential expression 1s equal to the expression for the
normalized denominator in Equation 6] for BASE equal o Bmin and for BASE equal to
Bmax. Then Equation 8] indicates that the product of the exponential terms for the
Durand—Dorsey compression factor CF and the approximation for the denominator term
reduces to the addition of CrD to Cr in the Durand—Dorsey expression, 1.e. of 2
maodification of the compression ratio in the Durand—Dorsey expression that is already
part of the compression factor calculation. Thus, the once per pixel evaluation of the
denorivator term, along with the division that i requires, 1s replaced by the evaluation of
Equation 7] once per frame and addition of the result to the compression ratio Cr used in
the Durand—Dorsey equation. The scaling rmoultiphier 15 also adjusted to reflect the
adpastment to Cr and then only the numerator term and the Durand—Dorsey compression
factor rernain to be calculated on a per pixel basis. Equation 9] indicates the final
approximating equation normalized to one for BASE equal to Bmax,

10081} In Fig. 33b below curve A] is a plot of the product of Durand—Dorsey
compression factor and the modifier; curve B] is a plot using the approximation that
climinates the denominator termy; curve €1 is a plot of the denominator term in its
reciprocal form; and curve D] 1s a plot of the exponential approximation used for the
denominator tern.

i0082] According to one embodiroent, the system 106 can be configured to process the
one or more high dynamic range images to control exterior lights of the vehicle 1035, such
as, but not liroited to, detecting headlights 116 of the onconung vehicle 115 and/or
taillights 111 of the leading vehicle 118 to turn on or off high beam lamps of the
controlled vehicle 105, control an illumination pattern of the headhight 220a, 220b of the
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controlled vehicle 105, the like, or a combination thereof. Turning now to Fig. 9, lens 1
represents g preferred irnaging device lens. Object 24 represents a remotely iHuminated
object having a diffusely reflecting surface that is positioned at a distance A from the
imaging device and object 2b represents the same object after it is moved to distance B
that 18 twice as far as distance A from the lens 1. Dashed line square 3a represents the arca
from object 2 at distance A that is projected onto a pixel 3 of the imaging device, and point
4a vepresents a small area Hght source, also at distance A that is projected as a spot 4 oun
the pixel 3. In this example, object 2b, dashed line square 3b, and smali area light source
4b represent the same componeuts as at location A but woved from location A to Jocation
B so they are twice as far from the imaging device. In the example, it is assumed that the
illurnination of the object and the mtensity of the small area light source are the saroae at
location B as at location A. The linear dimensions of the square 4b are double and the
arca four times that of the Hnear dimensions and arca of square 4a. The light that is
projected onto area 4 of pixel 3 from the small area source or from a given very small area
of the larger object decreases as the square of the distance to A or to B so0 1t 15 one fourth
as great at B but the area of the square 4b is four times larger than square 4a offsetting the
reduction due to distance so the contribution to light intensity projected onto the pixel
rernains nearly constant with distance for the large area lighted surface so long as its
projected area covers the pixel whereas the intensity of the small area light source falls off
as the square of its distance frov the imaging device.

{0083] Below are example advantages of an imaging device in accordance with the
present invention for headlamp control using a repetitive frame rate imuaging device and
investigate ways to utilize the strengths to mitigate the challenges presented by the
repetitive frame acquisition and loss of flexibility to acquire images using a large variety
of capture sequences and the loss of the solid color spectral filter patterns provided by the
dual lens imaging device of the prior art. With the seven to one decrease in pixel arca
compared to the imaging device of the prior art, an imaging device in accordance with the
present invention has reduced sensitivity to lighted obiects having a large area and low
fuminance; but, for small area light sources of high lominance and with a high quality lens,
most of the light from such a light source that strikes the lens (more accurately, the
cutrance pupil of the lens) way be focused onto a single pixel or a very small group of
adjacent pixels. With the high quality, well focused lens, even light from distant tail
laraps 111 gives a relatively strong response for pixel reading for the tudividual pixel or
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small chuster of pixels on which the light is focused. The high dynamic range of the
imaging device in accordance with the present invention malkes it possible to fage
headlamips 116 and tadl lamps 111 directly whether they are very close or very distant and
to do so without saturation of the imaging device. By providing a device to efficiently
locate and provide image data for these light sources in successive images, statistically
calculated light levels may be provided for cach of the spectral filter array colors and
comparisons of the statistically calculated values for cach of the color components, based
on readings taken over time as the position of the projected image changes over time, may
be used to differentiate one type of lamp such as red tadd lamps 111 from other light
sources. The same image data from successive frames for a given light may be further
uttlized to provide other classifications for position and trajectory of the light sources that
may be used with or even in place of color to differentiate various types of hight sources
mcluding headlamps 116, tail lights 111, street lights, and illuminated signs. Statistically
calculated intensity may also be one of the best indicators of distance given the square law
falloff of light level with incressing distance to indicate the distance of the light source
frow the vehicle with the imaging device. With imaging devices with a conventional
dynamic range, dircct images of light sources are normally saturated except for images of
very distant lamps and prior art high dyvamic range imaging devices have not typically
provided accurate light level readings over their usable dynamic range, having addressed
these 1ssues with the iroaging device used to practice this invention, effective use of this
option is enabled and enhanced by the very high dynamic range of the imaging device.

16084] For light sources that are 100 or more yards away, the typical image of an
individual headlamp or tail lamp may be comparable to the size of an individual pixel and
as the position of the headlamp or tail larmp changes in the field of view of the imaging
device, the image will strike vartous pixels or more normally be divided between a very
small cluster of two or more adjacent pixels. Individual images 1n a sequence of images
may be analyzed, preferably as they are acquired, to locate bright spots in the image. This
data is preferably recorded in a way that provides indication of the locations of the bright
pixels in the array along with indication of the color of the spectral filter that covers the
given pixel{s). The indication of the spectral filter color may be implicit given the pixel
location. Then the recorded data on bright spots may be analyzed to classify ones that are
likely to have originated from light sources such as headlamps or tail lamps to which the
control should respond. Once bright spots are classified as ones needing further
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processing, a record is created and maintained to record data such as position and an
indication of relative time of acquisition, and intensity as measured for pixels in the
neighborhood of the bright spot so that pixels with spectral filters of more than one color
are included and this record is maintained and refined as the associated bright spot is
tracked through multiple images. This data may be used mamediately for analysis and/or
entered in the record as needed. In one algorithm that uses data acquired as indicated
above, for each of the sets of pixel readings taken for a given light source through color
array spectral filters of a given color, the pixel readings of pixels associated with the light
source may be querted to find the one or ones with the peak pixel reading n a sequence of
images and this peak reading may be used for the color component. Optionally, other
algorithros or a combination of algorithras may be used to analyze data to formulate an
estimate of color and intensity of the light source. Additionally, other information such as
trajectory, relative speed, and size of the light source, the presence of an associated
separate light source such as the other light from a pair of headlamps of an oncoming
vehicle or tail laraps of a leading vehicle may be detected and used as further attributes to
classify a given light source. The accuracy of a measureroent such as color, intensity, or
position of a dual or multiple light sources may be improved by taking and utilizing
rocasureraenis taken on the light from one or more of the associated fmages of the light.
Note here the synergy of locating and keeping track of a light source through mulitiple
images and then using this data base for determiming more than one property of the light
source. These properties may include, but are not limited to, determinations of color,
intensity, a profile of intensity versus timne, position, trajectory, velocity, the like, or a
combination thereof.

10085] When the image of a hight source moves randormly on the surface of the imaging
device, which is often the case with an imaging device mounted in the controlled vehicle
105, totaled response of pixels having spectral filters of a given color will be
approximately proportional to the density of these pixels having spectral filters of the
given color in the array and to the number of values accumulated in the total. For
example, 1 a conventional Bayer patiern spectral filter array, 25% of the pixels have red
spectral filters, 50% of the pixels have green spectral filters, and 25% of the pixels have
blue spectral filters so that totaled respouse of green spectral filtered pixels will be about
twice that of totaled response of red or of blue pixels relative to response of pixels of each
color to direct exposure to the imaged light source. Totaled response of pixels of a given
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color to the light source will be approximately proportional to the percentage of pixels that
have the particular color spectral filter in the spectral filter array, for example 25% for red
and for blue and 50% for green. These percentages are best adjusted based on
experimental results. Since the methods are statistical, it is prudent to provide ways to
estimate the accuracy of the results. Oue way to estimate the accuracy is to apply more
than one algorithm to obtain two or more results and to compare values calcunlated using
the different algorithms to see if they are acceptably close. For example, peak readings
may be compared against totals adjusted for the number of readings and the density of the
pixels with spectral filters of the given color 1n the array, Other quality assessments may
be made. For exampie, for a conventional Bayer pattern RGB color spectral filter array,
half of the pixels with green spectral filters are 1n rows having alternate neighboring pixels
with red spectral filters and the other half of the pixels with green spectral filters are in
rows having alternate neighboring pixels with blue spectral filters. Statistically, the total
response for pixels in these two sets should converge to nearly equal values as pixel
respornse to a light 1s observed over g number of sequential images. Suras of green pixel
values for green pixels n the row with blue pixels and for green pixels in the row with red
pixels may be separately accummlated and compared to provide an additional estimate of
the statistical quality of maeasurervents based on time averaged response of pixels with
spectral filters of a given color to a given Hght source adjusted for density of said pixels in
the imaging array.

{0086] The problem of detecting headlamps 116 and tail larmps 111 increases with
distance. Detection of headlamps 116 out to several thousand feet and of tail laraps 1 to
over a thousand feet 1s needed to appropriately control the headlamp dimming function of
the controlled vehicle 105, Most headlights 116 and tail hights 111 have dimensions
smaller than those subtended by one pixel for distances from the imaging device that
exceed several hundred feet and may be reasonably classed as small area sources whose
intensity falls off as the square of the distance from the imaging device when distances
exceed several hundred feet.

i0087] As noted above, iroages of light sources that cover only a very small number of
pixels do not provide adequate information to provide reliable color information based on
interpolation. The image may be diffused, perhaps by using bivefringent filters, but
precisely controlled diffusion is expensive to implement and reduces image resolution.

As also explained and iHustrated above, one way to preserve high resolution 1s to take
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advantage of the relatively high image frame rate and to locate and create histories
associated with particular light sources in the sequence of images. A first and
computationally intensive step to locating light sources tn an image is to scan the image
and locate local pixels with peak reading values that exceed a nunimum threshold set fora
given spectral filter color. Since both tail lamps 111 and headlamps 116 have red content,
detections of lights in the image may be based on the location of red pixel values that are
greater than or equal to the pixel values of the vearest red neighbors. The munimam
thresholds for each color are preferably set based on various image parameters such as the
density of bright spots in an adjoining area of the iroage. The minivourn thresholds for
cach color may optionally be equal.

10088] When a color spectral filter array is used, edge preserving color interpolation is
typically needed to provide pixel color and luminance information for objects that are
large enough to span several contiguous pixels i the image but normal color interpolation
is not appropriate for determining color for an isolated image of a distant small area light
source and different alporithms are needed to provide reliable color data for images of
these distant, small area light sources. This said, color interpolation and locating local
peaks of image pixel readings in the 1mage through different calculations that serve
different purposes are cach coraputationally mtensive and cach is preferably based ou the
same pixel data from the imaging device. Furthermore, each may be primarily based on
pixel data acquired by the imaging device in a small neighborhood of a targeted pixel
location. For both it can be advantageous to provide a device that presents pixel data
acquired by the imaging device for pixels in a neighborhood of a targeted pixel location
and to share this data to perform the separate color interpolation and peak detection
functions. The targeted pixel location 18 sequenced through an image or ares of an image,
preferably pixel-by-pixel for pixels in a row and then row by row for rows in an image and
imaging device pixel data for pixels in the neighborhood of the targeted pixel is updated to
keep it current relative to the location of the currently targeted pixel whose pixel value s
also supplied. As indicated above, the imaging device pixel data for pixels in the
neighborhood that inchudes supporting pixel data for the kemnel for a targeted pixel is
preferably shared to calculate pixel color interpolation data and also to perform
comparisons of the targeted pixel valoe with neighboring pixel values in order to identify

localized peaks or plateaus in readings for the targeted pixel.
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{0089] A successful prior art headlamp control system is based on a camera that captures
information used to control headlamps through acquisition of a mix of individual image
frames and short sequences of fmage frames. Duoring the capture sequence, image
exposure, image frame position, image frame size, and image capture rate are regularly
adjusted over large ranges to acquire information used to control the headlamps. The
camera is specialized to the headlamp control function and utilizes a dual lens
configuration to project dual images, cach through a separate color filter to separate
portions of the imaging array. The camera is primarily dedicated to headlamp control, and
sequences of images acquired using several different acquisition settings arc typically used
to classify varied features present in the image during a short interval of time to provide
input for the headlamp control function. As one cxample of short sequences of images
used for specialized purposes, the system stitches information from three separate images
taken at separate exposure levels to provide the dynamic range needed to view brightly
lighted signs without saturating in order to distinguish them from headlamps of an
oncoming vehicle. As another example, the imager takes rapid sequences of exposures
using relatively fow pixels in small image windows centered on hights to measure AC
content to see if the lights are street lamps.

10080} It has become desirable to provide froagers that are equipped to acquire images for
more than one function and many of these functions are preferably implemented so that
images of large portions of the scene are acquired at periodic acquisition rates that exceed
the rate at which images of large portions of the scene are needed for headlamp control.
Additionally, some of the functions require much higher resolution. For imagers using
much higher resolution and acquiring images including large portions of the scene at
relatively high frame rates for other control functions, the time and the distuptive nature of
interposing specialized image acquisition sequences stmilar to those used by the prior art
imager referred to above would result in excessive pixel data rates and limit time available
to provide exposures that are long enough to provide needed low light level sensitivity.
Prior art cameras are currently being used with higher pixel counts in a repetitive video
maode, but meany do not perform the beadlarp control function as well as the more
dedicated, lower cost prior art system briefly described above.

16091} With application of a camera used to provide data for headlamp control and
additionally to provide other functions such as lane departure warning that benefits from
higher resolution and from an acquisifion scquence that 18 preferably mamtained at a
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uniform, reasonably rapid, frame rate, it is preferable to shift the paradigm from capture of
a variety of umnages, with cach adjusted to serve a specialized purpose, to capture of g
preferably single sequence of images preferably acquired at a specified frame rate that
more nearly resembles a video camera capturing a uniform sequence of images rather than
a specialized camera that captures a varied assortment of highly specialized fmages. As
indicated, there are prior art devices that also use this paradigm to varying degrees, but
maost 1if pot all saffer from bimitations failing to provide images based on capture of images
having relatively high and uniform pixel readout accuracy over a greatly extended
dynamic range while providing much or all of the extended dynamic range to 1mage
features that may be separated by a relatively few pixels in individual images.

10092} As an example when images of substantially the same scenc taken with multiple
imager acquisition modes are not available, a single sequence of tmages then needs to
provide information that is adequate to perform the specified functions. A significant
obstacle in the reliance on a commonly used sequence of tmages is the very large range of
brightness levels that are encountered in image details that need to be analyzed.
Additionally, dim and bright objects that cach need to be viewed to perform a respective
camera based functions may be relatively close to cach other in the same image frame. As
an exaraple, using a high dynamic range caroera haviog a low light level sensitivity needed
to see headlamp illuminated road marking detail at night, direct images of headlarps of
close oncorming vehicles occasionally register pixel readings that are more than one
million times higher than those from headlamp illuminated roadway markings used for
iane departure warning. Distant tail laraps 111 of interest might register peak pixel
readings that are more than ten thousand times lower than the brightest headlamp 116
readings. AC street lamps of interest are preferably analyzed for AC flicker content that
indicates that they are powered by an AC power line to distinguish them from automotive
headlamps. Such street laraps may, for exaraple, have peak pixel readings ranging from
one hundred to several hundred thousand times brighter than roadway markings. Any mix
of the features indicated above may be present in the same image, even in neighboring
regions, so the wide dynamuic range is preferably available on a per pixel basis. An
example of such a camera is described in one or more patents or patent applications
incorporated herein by reference. Prior art cameras known to the inventors and targeted
for automoetive applications have not possessed a dynamic range that provides the needed
readout resohution over substantially all of the dynamic range in combination with
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provision of nearly the full dynamic range to features approaching one pixel in size where
the primary limits are in the optics and adjacent pixel cross-talk as provided by the camera
referenced above. The combination of the high dynamic range with its uniformly high
accuracy over most of the range that extends to features that are close together (e.g., less
than about 100 pixels, less than about 50 pixels, less than about 10 pixels, less than about
5 pixels, less than about 2 pixels, onc pixel) in an image so that it provides detatled
information to detect and classify objects and features alluded to above all frow a shared
sequence of high dynamic range images acquired preferably as a single stream of high
dynamic range images with a igh dyonamic range imaging device. As a further exaraple,
with the same high dynamic range camera and lens configuration used to experiment with
features included 1n this invention, light levels would need to be attenuated by less than
two to one (o avoid saturation of a significant proportion of pixel readings even when
viewing the sun directly. Yet, some mdividual pixel readings were occasionally saturated
by the headlamps 116 of oncoming cars as they passed.

100931 Most of the features described herein are not limited to but perform well when
operating on a single set of high dynamic range images using a camera based on the
description in one or more patents or patent applications incorporated herein by reference,
and using one reading per pixel per image with caraera exposure and tmage acquisition
settings that remain unchanged through extended periods of operation and that may in
somie cases be used as permanent settings for the application. The ability to directly read
pixel exposure levels for the directly viewed lamps, inchuding tail lamps, street lamps,
signs, and even headlamps 1 all but the brightest conditions greatly enhance the ability to
perform analysis for AC content and to use other algorithms to detect color and to use
intensity as an attribute that i1s very helpful to distinguish signs frorn headlamps in
classification of various light sources. These capabilitics work in concert to provide a
control that responds appropriately to sutomotive headlamps and tail lamps without
excessive numbers of false detections.

10094] Thus, the imager can be configured to capture a non-saturated image of nearby
oncoming headlamps 116 and at least one of a diffuse ighway marking and a distant tail
iamp 111 in one image frame of a continuous sequence of high dynamic range singic
fravae fmages, and the control system 106 can be configured to detect at least one of the
highway markings and tail lamps 111, and quantify light from the oncoming headlamp
116 from data in the onc mmage frame. Typically, the capturing of a non-saturated image
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is at least partially a function of cach pixel 3 of the pixel array being able to determine an
integration period independent of an integration period for other pixels of the pixel array,
such that at least two pixels of the pixel array have a different integration period.
Additionaily or alternatively, the control system 106 can be configured to simultancously
detect and quantify dim light sources in a single frame while also detecting and
quantifying bright light sources without saturating pixels of the pixel array. Typicaily, an
acquisition sequence of the tmager remains unchanged for an extended period of time,
which can inchide when multiple different types of light sources are detected.

16095] According to one embodiment, the system 106 can be configured to detect
brightness peaks in an image. In such an embodiment, the processor {¢.g., an FPGA ) can
be configured tor brightness peak detection and share at least one processing
resource/component with a demosaicing process or gray scale image reconstruction
process. Commonly assigned U.S. Patent Application Publication No. 2010/0195908
discloses a color interpolation algorithm based on use of a 5x5 kernel that is centered at
the target pixel location for which missing color values are provided. In the following
description, the image pixel data flow and buffering to support the 5xS keroel used as a
base to generate the multiple pattern images and for the calculations to provide missing
color components may also be used to generate a map of pixels in the iroage whose values
equal or exceed those of nearest neighbors (preferably in cight directions) in their color
plane in the iroage to facilitate location of Hght sources in the image. The row buffering
memory and logic for handling pixel data to move it into (through) a set of registers to
provide ready access to data in the kernel array 18 already provided by the cireuit used to
provide interpolated color values so the logic additions to provide peak detection are
minirnal. The peak detection may optionally emaploy s own compare circuits or make
shared use of compare circuits used to generate the pattern images that are used in the
edge or pattern detection and classification for color mterpolation. In either event, there s
economy in sharing circuits used to access pixel data to perform color interpolation or
luminance or grayscale extractions and peak detections to locate lights. Their combined
functions are preferably performed inan FPGAL

10096] In Fig. 10 three pixel arrays are indicated with G, R, and B representing pixel
values for pixels having green, red, and blue color spectral filters, respectively. The center
pixel having the C subscript in each array is the targeted pixel for which the peak pixel
reading or bright spot determination is being made. The suffix values of 0§ through 7
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indicate the closest neighboring pixels that are in the same color plane as the targeted
center pixel for cach array and that include pixels aligned vertically, horizontally, and
diagonally with the targeted center pixel that has the C subseript. Pixels depicted in each
of the three arrays of Fig. 10 are preferably a subsct of the 5x35 kernel array and the arrays
are shown when a green, a ved, and a blue pixel, respectively, are in the targeted pixel
location at the center of the 5x5 kemnel array. The conditions used in the exampie for
classification of the pixel with the C subscript as a bright spot are indicated below each of
the arrays. In the example local maxima or plateaus with the center pixel being equal to
one ot more of the nearest neighbors and greater than the others 1o the respective color
plane are included as local maxima. In alternate implementations, the criteria nay be
altered to require that the conter pixel 1s greater than rather than just greater than or cqual
to some or all of its nearest neighbors in the color plane. Since pixel data is preferably
shifted through the kernel array, the locations of pixels in cach of the arrays correspond to
their location tn the 5x5 kernel array so compare circuits may be directly connected
between the corresponding locations in the kernel array. GO, G2, G4, and G6 have the
same locations as RO, R2, R4, and R6, and B, B2, B4, and B6 so the saroe four corapare
circuits may be used for cach of the three cases. G1, G3, G5, and G7 have different
locations than R1, R3, R3, and R7 or B, B3, BS, and B7 that share the same locations so
two sets of four directly connected compare circuits are needed to implement these two
discrete array configurations for pixels that are used for the corapare operations n the two
different array configurations.

16087] Fig. 11 indicates an option to perform the cight compare operations in three cycles
using a total of five rather than twelve separate compare circuits and providing a selection
for the center pixel in the right hand coluran in the first array, in the center columu of the
second array, and in the left hand column of the third array. As indicated in commonly
assigned ULS. Patent Application Publication No. 2010/0195908 discloscs pixel values for
the kernel array that are entered a column at 8 time on the right and columns of pixel
values that are already in the array arc shifted one column to the left as cach new column
is entered. Fig. 11 indicates pixel locations in the kernel array at three different points n
the processing sequence. The array on the left indicates the first location of pixel values
when pixel Ce is in the vight hand columu, the arvay i the middie indicates the second
location of pixel values that occurs two pixel processing times later when columms in the
kernel array have been shifted two colurnus to the left with new pixel data appearing in the
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rightmost two columns and pixel Cr is now in the center column, and the array at the right
indicates the third location of pixel values that occurs two pixel processing times later
when columns in the kernel array have been shifted two more columns to the left with new
pixel data appearing in the rightmost two columns and pixel Ce is now in the left hand
column of the kernel array. The civcutt provides a data selector to access Co frovo its three
positions as depicted in cach of the arrays. Pixel compare values with the B subscripts are
selected for the green pixels and compare values with the A subscripts are selected for the
red and blue pixels. Compare circuits are provided to compare the selected Ce value
against each of the five pixel values. The pixels that are used 1u compare operations are
depicted by the darker shading of pixels in the first and second columns of the kernel array
froma the right. The coraparcs are performed in three operations onc when pixel values are
in gach of the three locations as indicated in Fig. 11 with U selected. The appropriate
subsets of compare indications are sclected for cach of the three operations and logically
combined to provide an indication of whether or not Cc is greater than or equal to cach of
its cight nearest neighboring pixels that have the same spectral filter color. The example is
for a standard Bayer patiern spectral filter array, if ved and green are interchanged so that
there are twice as many reds, the first array in Fig. 10 is used for red instead of green
pixels and 1o Fig. 11 values with B subscripts are used for red nstead of green pixels.
Such an embodiment can be used for headlamp control applications where detection of
distant red taad famps 111 18 important. If ouly two color spectral filters are used with cach
in a checkerboard pattern, then patterns indicated for the green checkerboard pattern are
used for all of the compares and the alternate pattern indicated for use with red and blue 18
not needed. The selector circuit used to implement the configuration of Fig. 11 may need
about as many resources as three compare circuits 50 the net hardware savings to
implement the version in Fig. 11 may be about 30 percent.

16098] According to one embodiment, the detected bright spots or peaks in an image can
be compared to a variable threshold in order to prioritize and/or classify the brightness
peak. The luminance (this is per unit arca} of signs and other relatively large area surfaces
that reflect light diffusely and that are illurninated by external sources is normally so much
iower than the luminance of the light emitting area of a headlamp or tail lamp that pixel
readings for most externally tlumivated objects are far lower than statistically calculated
peak pixel readings for all but very distant headlamps and tail lamps. However, light
reflected from various objects including snow and ice, frov crystals or shiny surfaces of
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stones, from shiny objects, or from lenslets built into retro-reflecting surfaces may not be
diffuse and may result in numerous, relatively intense, spots in the image when they are
intensely lighted and also relatively close to the imaging device. Such spots tend to be
small and numerous and because of their specular nature, their intensity tends to fall off as
the square of the total distance of the path from the light source to the point of reflection
and from the point of reflection to the imaging device. To reduce the number of bright
spots that undergo further processing, it is preferable to provide a screening mechanism to
screen out a significant number of the peaks in pixel readings due to these specular
reflections while retaining response o bright spots that are hikely to originate from light
sources that need to be detected. The majority of bright spots due to specular reflections
that are bright enough to be of concern are generally confined to regions close to and
directly iHluminated by the vehicle headlamps or perbaps by other bright, nearby light
sources and when they occur in these areas, there are often many of themn. At the
relatively short distances from the imaging device where most of the bright spots oceur,
direct trmages of headlamps or tatl lamps are normally very bright so that prudent increases
in the threshold brightness used to screen peaks having lower pixel readings from some of
the further processing steps does not result in rejection of bright peaks from headlamps
and tail lamps of nearby vehicles. A relatively high deusity of bright spots in a zone in the
image provides a reasonable indication that specular reflections are occurring making it
prudent to raise the screeniug threshold for minimum brightness of bright spots based on
increased density of bright spots in the near vicinity or proximate of the bright spot being
screened.

{0099] {One way to implement this is to partition the image into vertical stripes {preferably
but not necessarly roore than one) and to provide an indicator, preterably having clamped
fimits for its maximum and minimum values, for cach of the stripes. The values of each
clamped indicator 15 sct to the high clamping limit when attempting to incrcasce the
indicator value above its high limit and is set to the Jow clamping limit when attempting to
decrease its value below its low limit. Then an incremental value associated with the
occurrence of a buight spot and optionally dependent on the level of the bright spot may be
added to the clamped indicator value associated with the stripe when a pixel in the stripe is
classified as a bright spot and a decremental value associated with the absence of a bright
spot may be subtracted from the clamped indicator value when a pixel in the stripe is not
classified as a bright spot.
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{00100} A first screening threshold that may be a constant is preferably used to classify a
pixel as a bright spot used for the density indication and a preferably different second
screening threshold that s preferably based in part on the bright spot density indication is
preferably used to screen bright spots that are subjected to further processing.  The first
value of the fivst screening threshold 1s preferably selected to be less than values that may
be assigned to the second screening threshold.  In general, the incremental value added to
the clarmped indicator value as bright spots occur is preferably substantially larger than the
decremental value that is subtracted from the clamiped indicator value when a pixel is not
classed as a bright spot.  The incremental value may for exaraple be 400 timnes greater
than the decremental value. The intended result is achieved by appropriate selection of the
inerernental value added for the occurrence of a bright spot, the decremental value
subtracted for the absence of a bright spot, the width of the stripes that form the
boundaries of the zones and the amount by which the screening threshold is raised based
on the vahue of the clamped indicator. In one trial, 10 vertical stripes were used and the
second screening threshold was adjusted over a 30 to | range. With appropriate values
for parameters indicated above, the value of the clamped indicator increases for a higher
density of bright spots in the most recently processed, and thus the nearby, region of the
associated stripe, and decreases when the density of bright spots 1o the most recently
processed, and thus the nearby, region of the associated stripe is low. Then when a bright
spot is identified, a screening threshold based on the clamped indicator value for the stripe
and optionally also for clamped indicator values for adjoining stripes is used in making a
determination to classify or not to classify the detected bright spot as one that should be
included in a list or bit map that provides an indication of bright spots to be included in a
further processing step. The screening threshold is preferably increased, within a himited
range, as the density of bright spots in the associated stripe or stripes increases.

100101] A digital device presents a sequence of target pixel values from an imaging device
providing an associated kernel array of pixel values that includes its associated target pixel
value and the pixel values in the associated array bear a uniform spatial relationship to the
current target pixel. The sequence of target pixels and the associated array are used as the
basts to provide data for two or more separate calculation sequences used to caleunlate
separate sircams of data that are used for separate applications that may include provision
of missing color values and provision of a map of relative bright spots or plateaued areas
of brightness in an image.
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{00102] The circuit in Fig. 12 is described in detai] in commonly assigned U.S. Patent
Application Publication No. 2010/0195908. It depicts an embeodiment of a logic device
that in circuits of 1250 buffers rows of pixel data from an imaging device with a color
spectral filter array and converts and transfers the pixel data to the 5x6 array 1251 of pixel
data storage locations that provide access to data for the data kernel based calculations
performed in blocks 1241 A and 1252, Pixel data with all of the color components is
converted to forms that are needed for the application in block 1253, Fig. 12 is included
because the row buffering and conversion of pixel data in block 1250 and the assembly of
data for target pixel S22 and the associated array of pixels that in the example include 500,
S02, 804, 811, 813, 828, 824, 831, §33, 840, 542, and 544 are used as indicated in Fig.
12 and also shared to provide data for the bright spot detection circuit depicted in Fig. 13.

100103} Fig. 13 is a block diagram of a circuit configured to perform comparisons for
image bright spot detection as indicated in Fig. 10. The circuit may be readily modified to
perform the calculation wn multiple stages with fewer hardware components as depicted in
Fig. 11. Additionally, in certain embodiments, compare circuits in block 1241A of Fig. 12
may be shared to provide some or all of the compare operations for the peak detect
calculations in Fig. 13, Compare circuits in the column 1303 compare pixel values 502,
S04, 813, 524, 544, S33, 542, 540, 831, 820, S00, and 511, respectively, against the pixel
value of target pixel 822 1301 to provide a set of comparison values that is used to
deterraine if the targeted pixel value S22 1s local maxima or platcau i light mtensity
values relative to neighboring pixels that preferably have color spectral filters of the same
color as target pixel 822, The CP circuit 1304 indicates the pattern of the color spectral
filter array for the target pixel that is used by peak detect logic circuit 13035 to select
compare inputs fo select the correct set of neighboring pixels for the pattern of the color
spectral filters for pixel S22, For exaraple, for the Bayer pattern spectral filier pattern
depicted in Fig. 10, the A suffixed compare values for 804, 844, 540, and S00 arc used
for pixels with red and blue spectral filters and the B suffixed coropare values S13, 833,
S31, and 511 arc used instead for pixels with green spectral filters. It should be
appreciated by those skilled in the art that wheo two red pixels, one green pixel, and one
blue pixel are used in the color spectral filter pattern, reference to red and green are
interchanged in the description herein.

{00104} Target pixel value 822 1301 is compared against threshold value T1 1306 by
compare cireuit CT1 1307 to screen low pixel values from those that are used to provide
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an indication of bright spots to include 1n the bright spot density calculation performed in
the zoned indicator circuit 1309, Logic gate ZS 1308 provides an indication that the target
pixel 522 is a bright spot only when pixel S22 is a local peak or plateau in intensity as
indicated by peak detect logic 13035 that also exceeds a threshold value T1. The zoned
indicator circuit 1309 is preferably configored to maintain a clamped accamulating
indicator for cach zone and the indicator associated with the zone of which 822 is a
member is increased by a first larger value when S22 15 in the zone and circatt ZS 1308
classifies 822 as a bright spot that exceeds intensity T1. The same indicator associated
with the zoue of which 822 1s a mewaber is decreased by a second smaller value;
otherwise, when 522 is in the zone but is not a bright spot that exceeds threshold value T1.
Optionally, other algorithms or refinements of the one just detailed may be used to provide
the zoned indicator value and such modifications are considered to be in the scope of this
mvention. Zoned indicator circuit 1309 includes inputs not shown in the simplified
diagram to select the active zone or zones that correspond to 522 to make calculations and
provide zoned indicator data that 1s correlated to the zone to which target pixel 822
belongs. The effect 18 to merease the value of the indicator associated with a given zone
when a modest to high proportion of the recently processed target pixels in the zone are
classified as bright spots and to decrease the value of the indicator when a low proportion
of the recently processed target pixels in the zone are classified as bright spots. The
relation between the value of the zoved mdicator and the deusity of bright spots 1s given as
an example and may be established 1n any of a number of different ways to facilitate the
desired effect of raising the screcning threshold T2 when the density of bright spots in the
vicinity of the target pixel is larger.

100105] The second threshold value T2 1310 is preforably based at least in part on the
zoned indicator value 1309 for the zoune of which 822 is a member and optionally
additionally on zone indicator values for certain neighboring zones or on being in g central
region in the image. In a preferred embodiment, the zone indicator for the zone for which
pixel S22 18 a member may be used directly as the threshold value T2, Target pixel value
S22 1301 1s compared against threshold value T2 1310 in compare cirenit CT2 1311 fo
screen low pixel values from those that are used to provide an indication of bright spots to
include 1o the buight spot maatrix 1313 of bright spots indicated for additional processing.

Logic gate BS 1312 provides an indication that the target pixel 522 is a bright spot when
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pixel 822 is a local peak or platean in intensity as indicated by peak detect logic 1305 that
exceeds a threshold value T2

1001086} Bright spot matrix 1313 includes indications of bright spots in the image that are of
interest for further processing. This data is preferably communicated to a microcomputer,
a digital processing unit, or other computing device to provide image data on occurrence
of bright spots in the tmage to facilitate further analysis to provide headlamyp or other
control or warning ot notification functions related to the image that is acquired. The data
may be provided in any one of a number of optional formats including but not limited to
an array of, preferably single bit, indicators organized in a matrix with cach bit position
corresponding to a related pixel location in the image, or as a list of bright spots cach with
an indication of the location of the related target pixel, as an indication included with cach
pixel value.

160107} For the device of Fig. 13, it 1s preferable to process the image progressively from
top to bottorn and begin with settings for the zoned indicators that result in values of T2
that are close to the maximum screening sensitivity since distant tail lamps for which the
greatest sensitivity is needed, tend to appear higher in the scene. This may be
accomplished by initializing the clamped zoned indicator values in block 1308 to their
rotnimam or close to their minirourn vahues at the start of each frame and then depending
on the higher spatial density of peaks within the zones to increase corresponding zoned
indicator values to thereby increase the T2 threshold to screen out more of the low
intensity peaks. Hhuminated roadway, particularly the lane markings that are directly
ithaminated by the vehicle’s headlamps, tend to be lower 1n the scene and to create
numerous peaks of low to moderate intensity in the image. By beginning with high
scusitivity {zoned indicator initialized to a value that indicates a low spatial density of
peaks) at the top of the scene and progressing to lower sensitivity (increasing density of
peaks) when a zoned indicator for a zone adjusts to increased density of peaks due to
vehicle lights or other sources of illumination there is normally a sroooth transttion in a
peak screening threshold that permits sensing of most distant tail lamps, while preventing
reporting of excessive number of peaks due to reflections from snow or from the roadway.
{t is preferabic to sct the CT1 threshold considerably lower, for example—one half, of the
roinimam setting for the variable threshold T2, so that the zoned indicators may respond to
lower peak values and adjust the variable threshold T2 before large numbers of peaks
exceed the T2 threshold so that they are reported.
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100108] One situation where the scenario does neot perform as well is when there are
numerous overhead lamps such as street lamps that appear higher in the scene than distant
tail lamps so that seosifivity s reduced before the tail lamps are scanned. To mutigate this
problem, since distant tail lamps normally appear within a relatively smail region in the
central part of the image, this central region of the 1mage s identified and maximum or
near maxinmum sensitivity {low value selected for T2} to peaks are is applicd for screcning
peaks to report when they are i this region. Preferably, the adjustment of zoned
indicators is allowed to continue normally while in the central region, but a value s
selected for T2 that permits peaks from relatively distant tail lamps to be reported.

{00109] Fig. 13a is similar to Fig. 13 with blocks 1301 and 1303 through 1313 being
substantially unchanged, and blocks 13 14a through 1317b are added. The central region
1315a may, for example, include approximately six degrees of coverage in the horizontal
and vertical directions but much smalicr or much larger central regions are still considered
to be 1o the scope of the nvention. The wost important selection is for the lower boundary
of the central region 13152 in the image since if it 18 too low, a lot of peaks in the
ithuminated roadway will be reported and if it 1s too high, many tail lamps will not be
included. Other portions of the headlamp glare control function are dependent on aiming
of the camera so camera airaing orientation relative to the forward divection of the vehicle
1314A either provided as a factory calibration and/or as a dynamically or periedically
adjusted parameter, is already available. This camera aim indication 1314a 15 preferably
used to position the central region 13135a for which peak reporting sensitivity is maintained
at a high level. For portions of the irnage that e within the variably positioned central
region 1315a select circuit 1317a selects central region threshold 1316a for T2 1310 that
provides adeqguate sensitivity to report relatively distant tail laraps that appear within the
central region 1315a. The adjustroent of zoned 1ndicators in 1309 1s preferably permitted
to continue normally while processing pixels that are in the central region 13132 so,
preferably, only the selection of the threshold T2 is changed while in the central region.

100110} The zoned indicator circuit screens many of the peaks in imtensity due to specular
reflections while still providing satisfactory response to bright spots from headlamps and
tail lamps in these regions and also providing response to very distant headlamps and tail
lamps that are likely to be in areas in zones that do not contain high densities of bright
spots. Here it is preferable to configure the imaging device to order the image data
acquisition to provide pixel data fror more distant regions first so that the zoned indicator
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values will tend to be based on regions within the zones that are farther away. This may
be accomplished by positioning image rows in g gencrally horizontal orientation and
progressing from the row that images projected from the upper portion of the scene before
that projected from the lower part of the scene. Then, for example, in the case that the
image of a distant tall lamp suddenly appears over the crest of a hill, the zoned ndicator
values will be based on the distant portions of the scene rather than on brightly light arcas
of the road present tn the image close to the vehicle and before the crest of the road.
100111} After peaks or local plateaus have been located, they may be used to locate and
identify light sources i the scene. Peaks in the following will refer to peaks or local
plateaus where a pixel of a given color is greater than or equal to the values of cach of the
cight neighboring like colored pixels in the vertical, horizontal and diagonal directions.
Red peaks will refer to peaks for pixels having red filters. As an option, peaks with any or
all of the color filter colors may be used. For detection of vehicle headlarups and tail
lamps, the distant tail lamps are the dimmest and the light from headlamps has substantial
red content so a preferred option is to scarch for red peaks and use these peaks as a starting
point to find hghts to classity. After finding peaks, a region of the froage that surrounds
the peak may be analyzed to classify it for various propertics such as brightness and size.
(00112 According to one embodiment, the system 106 can be configured to group two or
more pixels or brightness peak, such that the system 106 can further process the group a
single entity rather than mdividually processing each merober of the group. More than one
peak may be associated with a single object, so it is advantageous to locate groups of
peaks belonging to the same object. The tollowing algorithm 1s useful i hnking peaks
that are associated with a common object. It is based on determining that the peaks are
both {all} members of a connected set of pixels in the image that exceed a threshold
brightness that is preferably based on the intensity at least one of the peaks. The threshold
intensity may, as an option, be sclected as a fraction (fifty percent, for examplie) of the
brighter peak. Here, a set of pixels 1s counsidered connected if 1t 1s possible {0 traverse
between adjacent pixels in a horizontal, vertical, or diagonal direction, one pixel at a time,
to travel frov any starting pixel to any ending pixel in the set without leaving the set. Ifa
peak is less than the threshold brightness, it is not connected to the other peaks. When one
or more peaks exceed the threshold brightuess, i 1s necessary to see which of the pixels in
question are members of a connected set of pixels that exceed the selected threshold
brightness. A connected set of pixels that exceed the threshold brightness may be
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constructed by creating a binary threshold brightness image over a preferably rectangular
region selected so that it includes the peaks in question, preferably with the region made
large enough so that peaks being considered are at least several pixels (five, for example)
from a nearest boundary. Pixels in the selected region whose brightness values
approximately exceed the threshold brightness are 1ncluded 1u the set of pixels that form
the brightness threshold image. Then a connected set of pixels may be constructed
iteratively from pixels that are members of the brightness threshold fmage. The connected
set may be constructed iteratively by sclecting one of the peaks, preferably the brightest,
as the seed member to constract a set of connected pixels and this conuected set 18
iteratively expanded by an iterative application of morphological dilation which expands
the set to inchude additional pixels from the set that forms the brightness threshold image
and that are adjacent to a pixel that is already a member of the connected set. This
iteration may be continued until the iteratively generated connected set includes the
remaining point or points whose connectedness 18 in question or until no more points are
added by additional tterative steps. When no more points are added by an iterative
morphological dilation step, any peaks i question that are not in the connected set are not
conmected with the peak used as the seed pixel and according to the criteria are not part of
the same lighted object. Peaks that are part of the same connected set are, according to the
criteria, part of the same lighted object.

100113] Imager pixels may be covered by a filter pattern such as Bayer filter pattern and as
options, pixels of different colors may be treated separately or different weighting may be
given to pixel values for pixels of different colors. n a preferred configuration, only
brightness peaks of red filtered pixels are selected as light source candidates and pixel
values of pixels of all of the colors are treated without regard to their color in the test for
connectedness, as described herein. Because red and blue pixels are not adjacent in a
Bayer filter pattern, multiple peaks from relatively pure red or relatively pure blue sources
are not connected in the test as outlined above. Tests for connectedness may be modified
in a number of ways to be more color-blind or color inclusive. For example, options may
include but are not restricted to using only red or only blue pixels, respectively, for
predominantly red or predominantly blue light sources or the test for connectedness may
be doune using a structuring element in the iterative morphological dilation steps that will
allow gaps between like colored pixels. It is preferable to limit spacing of peaks that are
tested for connecteduess. For example, peaks that are within 30 pixels of each other in
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both the x and in the y direction might be considered. The counnectedness classification
aids in the formulation of more refined classifications such as the identification of signs or
of pairs of lights that move together.

100114} Light {c.g., bright spots or peaks) aggregation {(¢.g., grouping} can be performed by
creating a binary tmage in the neighborhood of both candidate peaks using an adjustable
threshold (2.g., 0.5 or .25}, where pixel values greater than the thresheold are represented
as ones and pixels equal o or below the threshold are represented as zeroes, according to
onc embodiment. This can also be done on a single color channel {e.g., green) such that
color differences do not affect the calculation.

{00115] Once the binary image is created, a seed fill operation can determine whether or
not a path cxists between the two peaks mn which all pixels in the path are above the
threshold. Typically, the seed fill starts from one of the peaks and tests its neighborsin a
plurality of directions (typically NLE,W.,S, where these are abbreviations for North, East,
West, and South, respectively). I the tested pixel meets one or wore criteria {e.g.,
brightness), its neighbors can then be checked. Checking the neighbors can continue until
no neighbors of pixels of interest have et the criteria. This can be implerented very
cfficiently using recursion.

160116} In the course of doing the sced fill, if the other peak in question is ever the pixel of
interest, we know that we have a direct path of pixels, all of which meet or exceed our
criteria, between the two peaks, and that the two lights should be aggregated mnto one.
Thus, any mumber of lights can be aggregated into a single light.

601171 In any embodiment where brightness peaks are detected, the peaks {or groups) can
be prioritized so that maore important peaks are processed prior to less imporiant peaks.
The headlamps 220a, 220b of the controlled vehicle 105 are controlled using image data
frow a high dynamic range camera captured at a repetitive frame rate to miniroize glare to
other drivers. Detection of other vehicles 110, 115 on the road is based primarily on
detecting headlamps 116 and tail larops 111 of these vehicles110, 115 the sequence of
high dynamic range images and detection of these vehicular lamps 111, 116 normally
begins with detection of red peaks or maxiraa in the images. The red peaks are screened
according to an acceptance threshold that is adjusted according to position n the scene and
to the frequency of occurrence of peaks in zones 1n the fmage. With these sercening
features, a reasonably small number of peaks are reported for most images. However, it is
still desirable to process peasks approximately in order of importance with the most
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important peaks being processed first so that important lights are not likely to be missed
even when the processor runs out of time and 1s forced to skip over peaks that have not yet
been processed. In a preferred embodiment, a 4 bit, 16 level priority number is generated
in the same FPGA, and this number is reported as a four bit entry along with the
occurrence of cach peak that 18 reported. Typically, the FPGA used is the same FPGA
used to analyze the image and detect the peaks as the image 1s scanned.

100118} Additionally, for cach peak that is reported the direction of a brightest adjacent
pixel of cach of the other colors can be reported. For red peaks, there are four adjacent or
neighboring green pixels one to the right, one below, one to the left, and one above the red
pixel, and four neighboring bhue pixels at diagonal corners of the red pixel. One two bit
item 1s used to report the direction of a brightest (or one of the brightest when there 1s
more than one) adjacent blue pixel and a second two bit item is used to report the direction
of a brightest adjacent green pixel. With two red pixels for cach pair of green pixels and
blue pixels, the direction of the brightest blue and brightest green pixels may be reported
using this or any suitable alterpative encoding method. Thus, cight bits of information are
reported with each red peak including ove item of four bits for the priority and two items
of two bits cach for to indicate the direction of a brightest adjacent blue and a brightest
adjacent green pixel. In a preferred embodiment, only red peaks are reported since the
lights of real interest are headlamps and tail lamps which both have red content.
Optiovally, green and/or blue peaks may also be reported and sivoilar priotitizing and
brightest neighbor direction indications may be used for them. For green pixels, there are
four other green neighbors and two red pixels on opposite sides and two bluc pixels on
opposite sides. For configuration with two red pixels for cach green pixel and blhue pixel
pair, there are two adjacent green pixels, two adjacent bluc pixels, and four diagonally
adjacent red pixels.

100119] The FPGA can gencrate an importance weighting of the pixels having the peak
readings that are reported based on the sum of wndividual weighting factors that preferably
include weightings factors for the row position of the peak in the image array, the column
position of the peak in the iroage arvay, the approximate logarithm of the brightoess of the
peak, and the magnitude of the peak relative to that of adjacent red and blue pixels.

160120] As an cxample, a Xilinx Spartan 6 FPGA based logic circuit can be used to detect
peaks in the portion of the image sensed through red filters of a Bayer filter array used on
a wide VGA (480 row x 752 column} high dynamic range camera. The FPGA 1s also used
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to calculate a four bit ranking index with higher numbers that indicate the likelihood that
the peak is of interest. First, separate ranking values basced on individual propertics of a
given peak are calculated as follows: A row rank ranging from ¢ to 120 is calculated as the
row number divided by 2 for row numbers that are less than or equal to 240 and as (480 -
row number)/2 for the remaining rows. A column rank ranging from 0 to 117 is calculated
as the column number times 5/16 for column numbers that are less than or equal to 376
and as 235 winus the column number times 5/6 for the remaining colurons. A peak
brightness rank ranging from 0 to 460 is calculated as 20 times the bit position of the
leading one in the 24 bit integer representation of the peak pixel reading. Pixel bit
positions are numbered from ( for the least significant bit to 23 for the most significant bit
and the bit position of the leading one in the pixel value corresponds to the ntegral portion
of the logarithm to the base 2 of the peak reading pixel value. The sum of the pixel values
of the green and blue pixels that are adjacent to the peak red pixel arc summed and a
redness rank that ranges from 0 to 322 is assigned based on a comparison of the pealk red
value to this sum. The redness rank is set to 322, 242, 161, or 80 it the peak red pixel
value is, respectively, greater than 1, ¥, Y, or & of the surn of adjacent nov-red pixels and
is set to zero otherwise. This may be modified to greater than 2, 1, ¥4, or Y fora
configuration with two red pixels for cach pair of green and blue pixels.

100121} The row position, column position, peak brighiness, and redness ranks as described
above are summed, and the four highest order bits of the ten bit number are used as the 4
bit priority ranking assigned to the peak and reported with it to the processor that evaluates
the peaks. The surn of the maximum values for the individual rankings 1s yust under 1023
s0 the priority ranking may range from { to 15.

100122) According to one embodiment, once a pixel 1s found to be peak, a score can be
given to this peak, which can dictate how this peak is processed downstream. The scoring
can be based upon a combination of pixel value, location in the image, color estimate, the
itke, or a combination thereof. Additional or aliernative features that can be used, include,
but are not limited to, height, width, brightness, motion, age, contrast ctc. Further, the
individoal score computed for cach feature can be weighted i any combination to produce
the desired result.

160123] For purposes of explanation and not limitation, the column location of the pixel
can produce a column score, which will then be input to a final computation of an overall
peak score. It the column location is less than the image width divided by two, then the
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columin score equals the sum of the column location divided by sixteen and the column
ipcation divided by four. If the column location 1s greater than the image width divided by
two, then the column score equals the sum of the difference between the image width and
column location divided by 16 and the difference between the image width and the column
location divided by four. This column scoring wethod results 1o a Hinearly increasing
score from cither edge of the image to the center of the image (Fig. 5).

100124} The row location of the pixel can produce a row score, which can then be mput to
the final computation of the overall peak score. If the row location is less than the image
height divided by two, then the row score equals the row location divided by two. I the
row location is greater than the image height divided by two, then the row score equals the
difference between the image height and row location divided by 2. The row scoring can
result in a lincarly increasing score from etther edge of the image to the center of the
image (Fig. 6).

100125] The color score can be based on the premise that a higher ved content should vield
a higher priority peak. A weighting scale of the ratic between the red pixel and the green
and blue pixels can be used to efficiently estimate the red content of a peak. An exarmple

color score is:

rval = pixel value of the peak; //peak is always found on red (in this algorithm}
gval = maximur value of the green pixels adjacent to the peak;

bval = maximum value of the blue pixels adjacent to the peak;

it rval is greater than gval + bval then color score equals 322

else if rval > (gval + bval} / 2 then color score equals 242

else if rval > {gval + bval} / 4 then color score equals 161

else if rval > (gval + bval) / 8 then color score equals 80

clse color score equals §

100126] Another feature that can be used in the overall peak score calculation is the
limearized pixel value of the peak pixel. This feature can be based on the assumption that
brighter light sources tend fo be of more interest than dimmer sources. The peak value
score can increase as a logarithmic function,

001271 An example of such a logarithmic function can be where a peak value score =20 *
(1 + log{lincarized pixel value)log(2}), with the exception of the zero case in which the
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peak score is set to zero. The final computation of the peak score is a summation of the
individual feature scores divided by 64. Peak score = {colurmn score + row score + color
score + peak val score} / 64. The final result can now be a score on the scale of ¢ to 15,
wherein 0 is the lowest priority peak and 15 is the highest priority peak.

100128] The processor can now use the peak score information to process the peaks in
order of priority. This is done in order to more mtelligently work around the constraints of
the system, particalarly tiroe and wmemory. Thus, the system 106 can be configured to
filter out low priority peaks to save processing time and memory usage, and the system
106 can be contigured to process the peaks in order of highest priority peaks first, and if
time is a factor, then the system 106 can be ensured to have processed the most important
peaks first.

100129] Typically, the system 106 can detect non-headlight or taillight light sources, such
as alternating current {AC) like sources {c.g., street lights). In an ernbodirnent wherein the
control system 106 1s counfigured to control the vehicle’s 105 headlights 2208a, 220b, the
systern 106 can detect an AC light source, and disregards such light sources, such that the
systera 106 does not generate a high beam off signal based upon detection of a street light.
Detecting and distinguishing street lamps from headlamps presents a challenge for
nighttime light identification systerns. Both laraps share many characteristics in that they
generate their own luminance instead of simiply presenting reflections like signs,
mailboxes, and other roadside objects. However, headlamp dimrer systems should ignore
street lamps (in general} while responding to headlamps.

160130} This similarity of lights is exacerbated by the fact that many imagers run at
approximately 20 or 30 frames per second, which is on or near a harmonic frequency with
the AC flicker rate of many strectlights (120 Hz in North America and parts of Japan, 100
Hz elsewhere). Because of this, street lamps are, in many justances, sampled in phase
with the lights flicker frequency, and its varying flicker 1s not readily detectable.
Additionally, observing the flicker rate can be best accomplished by looking
approximately directly at the light source with the camera and including even the brightest
pixels 1o the image of the light in the 1mage. Most prior art cameras have not provided a
dynamic range to provide accurate, unsaturated, preferably linear, readout of the
mtensitics of these light sources as part of the standard video image.

{00131} One solution to this problem is to use an imager with a very high dynamic range
and run the iruager at a noun-harroonic frequency of either 120 Hz or 100 Hz lights with the
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image capture frequency chosen specifically to create a beat frequency with the lights over
the course of a nurober of frames. In typical applications, the frame rate at which
successive images are acquired is substantially lower than the AC induced flicker rates
creating aliasing artifacts. The AC line frequency is normally known to be cither 50 Hz or
60 Hz with flicker rates typically at twice the AC line frequency, and the camera frame
rate and flicker rates are normally well known so many of the aliasing artifacts are
predictable. The presence of the response patterns, even though they are aliased duc to
sampling at a rate that is well below the flicker rate, may be used to indicate that the light
is likely to be a strecthight or other Hue frequency supplied light source as opposed to an
automotive headlamp. In contrast, the absence of the response pattern may be used to
indicate that the light is likely to be from an automotive or other vehicular source. For
initial calibration or for verification that an alternate line frequency is not being
cuncourtered, it may be necessary or beneticial to determine whether the AC source 1s

50 Hz or 60 Hz and characteristics of the aliased response pattern may be used to make
this determination.

100132] As a refinement to the above, it can be advantageous to select an odd integer n, and
denote the period {inverse of the frequency) of the flicker as the flicker period. A
repetition period (Juverse of image repetition rate) of the image acquisttion can then be
selected so that it is a little longer or a little shorter by a predetermined amount than the
flicker period wultiphied by w2, The tntent of the selection of the integer v as odd and
division of n by 2 is to make the phase of the flicker component of the light at the time that
the 1mage 1s acquired alternate by approximately (preferably not exactly) 180 degrees
between successive image acquisition cycles. Then when an image is acquired near the
peak of the thicker cycle for onc image, it 1s likely to be acquired near the valley of the
flicker cycle for the next image that is acquired causing a near maximum variation in
mtensity of the light in the image from one cycle to the next. The repetition rate of the
image acquisition can be set a little higher or lower than the rate at which the phase of the
flicker would change the phase by precisely 180 degrees for each successive image to
prevent a static phase relationship strmilar to that indicated above for a light with a 120 Hz
flicker rate acquired at 30 frames per second (1.e. 33 5 milliscconds per frame) or a light
with a 100 Hz flicker rate acquired at 25 frames per second.

001331 Instead, to prevent the problem indicated above for selection of 25 or 30 frames per
second, the repetition rate of the image acquisition can be selected to create a beat
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frequency half cycle period that is preferably at least two image acquisition periods long
{not necessarily an integral nurber) so that during the beat frequency half eycle period,
the phase of the alternating acquisition pattern shifts by approximately 180 degrees
refative to the flicker cycle. The result is a beat pattern in which the signal for the sub-
sampled flicker frequency tends to oscillate at a vate that is approximately equal to oue
half of the frame rate (i.c. approximately one image frame period between a positive
inflection and negative imflection and approximately one image frame period between the
negative inflection and the next positive inflection yielding approximately two image
frarae periods for the coroplete cyele) and the phase of this signal s inverted during each
of the beat frequency half cycle phase reversal perieds. Thus, the complex sampled
wavctorm of the flickering light provides a waveform on which the higher frequency
alternating pattern is modulated by the phase shift envelope with the phase of the higher
frequency altornating pattern reversed for each half cycle of the phase reversal,

{00134} With the power line frequencies precisely set to 50 or to 60 Hz and the camera
acquisition rate established with a precise crystal oscillator, the frequencies and perinds
referred above are highly reproducible. Thus, a correlation filter may be used to detect the
presence and relative strength of the waveforms just described. Here strong correlation
indicates that the Hight 18 powered from a line frequency source and presumably stationary
as opposed to vehicular. The data that 1s used is preferably assembled using devices
described elsewhere in this document and in related applications incorporated by reference
elsewhere heretn. Steps in assembling the data may include, first locating lights as peaks
or platcaus of brightness in the image preferably acquired using a high dynaric range
camera, then relating peaks or groups of peaks to light sources, then tracking and
maintaining & frame by frame history on the sources of mnterest, then calculating an
intensity based on the sum of the intensities of brighter pixels related to the light source in
cach image, and then performing various analytical operations such as the one just
described to classify the sources and finally to respond appropriately as, for example, by
dimming headlamps for oncoming vehicles.

100135] The control system 106 can be configured to use a sampling image repetition
period that is longer, such as, but not limited to, an integral multiple n of a flicker cycle
period of the AC light source, wherein v is greater than one to detect AC content of hight
sources imaged in one or more high dynamic range tmages. The images used to sample
the AC content can also be analyzed to locate other probably points of interest. The
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flicker content can be detected and measured by a Fourier based analysis, an added
restriction that n is an odd mumber and uses a correlation filter based analysis, the like, or a
combination thereof.

100136] According to one embodiment, as illustrated in Fig. 14, the intensity of lights from
various sources can be traced, the lights being identified on the right as a Street Light,
Stop Sign, Yellow Sign, Mailbox, House Light, and a Reflector. The values plotted are
acquired frovn 16 successive images identified at § through ~15 on the x axis, wherein
image 0 is the most recently acquired. The brightness level for each light source is based
on the sum of pixel values related to the respective light and 1s plotied on the y axis.
Measurements are all taken from the 15 images and lines connecting the measured values
are provided only to indicate trends and associated points. The frame rate was just over 22
frames per second and line freguency in the local was 60 Hz so there are approximately
5.4 flicker cyeles between acquisition of each successive image for a related 120 Hz
flicker rate. These flicker variations are not measured and are not indicated by the lines on
the graphs that connect the points representing the measurements that are taken.
{dentification of the light sources 1s based on the measuared values and as explained above,
the aliased results as depicted do not represent the true waveform of the light source, but
still provide information that is sufficient to formulate a useful classification of the light
source. Intensity measurements for the street light are indicated by the 16 points 1401
through 1416 on connected point curve 1400, Phase reversals occur close to imager
reading sample points 1405 and 1412 spanning roughly 7 frames for a half cycle of the
beat frequency so there are roughly 14 frames for a complete beat cycle.

001371 As a brief example, it is preferable to first normalize readings prior to application
of a corrclation filter so that the filter output is more closcly related to the shape and
frequency content of the curve than to the overall magnitude of the brighiness readings.
The preferably normalized brightness readings from the light are processed by a filter that
sams points 1401, 1403, 1406, 1408, 1410, and 1413 with weighting factors of 1, and
points 1405 and 1412, with weighting factors of 0, and points 1402, 1404, 1407, 1409,
1411, and 1414 with weighting factors of -1, and that takes the absolute value of the sum.
For curve 1400, this provides a strong positive indication that would still hold if the points
with the greater magnitude were interchanged with the points of lesser magnitude. There
is benefit in extending the number of samples used in the correlation filter, particularly to
increase the rejection of lights that do not display the lower beat frequency. One way to
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do this is to repeat the pattern above extending it from 14 to 2K pixels. The benefits of
these options are preferably balanced against the need for relatively quick response. One
option is to first use a quick responding filter that may provide a usable indication after
about seven frames, and then through analysis of a history of succeeding correlation
indications for the light and/or of correlation indications generated from a larger sample
base, the indication may be revised or refined. For fastest response, a usable indication of
AC content may be obtained with seven samples.

100138} Once the lights™ histories are known (as in Fig. 14), their AC likelihood can be
rmathematically determined by normalizing the data and passing the results through a
correlation filter. A correlation filter has maximum output when the input waveform
matches the pattern sought by the correlation filter.

100139] Normalization can inchide determining the range of brightnesses for a given light
by subtracting the minimur brightness from the maximaum brightness, dividing that range
by two, and adding the miniraurs brightness and the (divided) range to get an offset. This
offsct is subtracted from cach sample, and then cach sample is divided by the range to get
all samples into a -1 fo +1 space.  After these operations, no sample will be above +1 or
below -1.

160140} Because the carncra 1s moving, lights are often varying in brightness because the
sources are approaching the vehicle 105, 1t can be important to separate the AC line
brightness variation {gencrally sinusoidal when sampling frequencies are chosen as
described above) from distance variation (generally increasing in an approximately linear
ranner for the time frames under discussion for approaching lights). At the cost of
increased computational complexity, this variation can be subtracted during the
normalization step using any mumber of linear approximations (least squares regression,

endpoints, averaging multiple endpoints, ete.) for each point. Normalization can be

computed with the foliowing equation:

Zi:(Yi—{(Xi *m)%”b})/R;

wherein Z; is the normalized brightness, Y, is the raw brightness sample, X
is the corresponding sarple momber (or relative timestamp, it available}, m s the best-fit
siope of the lincar approximation, b is the best-fit intercept of the linear approximation,
and R 1is the range of the raw brightonesses {maximum brightness minus minimum

brightness).
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100141} After normalization, the samples should be submitted to the correlation filter set.
At 22 2Hz to detect 120Hz flicker, a beat frequency of 14 frames becomes apparent.  The
filter coetficients are:

{+1 -1+ -+ -1 0, - L - L - O

00142} The result of the correlation filter 1s that of a standard FIR filter with the most
recent sample multiplied by the first coefficient, the next most recent sample multiplied by
the second cocfficient, and so on, accumulating cach of those results and taking its
absoiute value. This output will range from 12 {perfect match) to § (no match at all}.

160143} Because the system has no a priori knowledge of its phase within the beat
frequency cycle, we can apply a number of correlation filters to test each phase for
maxirurn detectability.  Because of the symmetrical nature of the correlation filter
coefficients, only half of the combinations need calenlating.  To change the phase of the
correlation filter, simply rotate the last cocfficiont onto the front. For example, the filter
specified above becomes:

LV DU TR o DU DR o RS U (N o5 DR R DRSS TR o8 SOS

00144} QOne more tteration makes it

{~1,0,+1, -1, +1, -1, +1, -1, 0, +1, -1, +1, -1, +1 }

160145} And so on until cycling through arrives back at the original correlation filter. By
feeding the normalized data through each of these filters, and taking the maximum, the
best-matching phase can be detected.

[001486] This measurement can also be compared over a number of frames to
determine whether the lights phase is cycling through cach of the correlation filters as
expected, which provides more confirmation that the light source is powered by AC Hue
voltage. The base measurement provides a likelihood of an AC powered light, and this
confirmation provides a great deal of confidence in discriminating between AC powered
lights and other varying lights.

100147} By preferably normalizing the result to the general brightness of the light source
and applying similar filters with zero coefficients corresponding to approximate phase
reversal positions at 1401 and 1408, and at 1402 and 1409, and at 1403 and 1410, and at
1404 and 1411, and at 1406 and 1413, and recording the maximum value, an AC flicker
correlation value for the light source can be determined. As an option that takes more
acquisition time, only one, or a reduced number of correlation measurements may be
acquired at cach point and the maximum correlation vahue over the last seven readings
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may be used. Optionally, components such as straight line trends may be removed by, for
example, subtracting a best fit line from the set of values used for the corrclation
measurement. Results are somewhat different since the sample point base is skewed and
rnore time is required, but results should be similar and fewer calculations are performed.
The normalizing step may, for exarple, be to divide the resulting value by the average of
the 14 brightness measurements used in the calculations. Note that in the above, the use of
absolute values permits cach correlation measarements to apply to two separate cases so
that the filter operations do not need to include seven additional steps where all the signs
of all of the weighting factors are inverted. The correlation filter just described provides a
higher output value for the street light that 1s powered by a 60 Hz power source so that it
has g 120 Hz flicker rate than for the other sources. The house light 1s likely to have a
bulb with a tungsten filament and may have a weaker 120 Hz signature that may be useful
in sorne situations since it is preferable to also distinguish this ight from an automotive
light source.

{00148] According to an embodiment illustrated in Fig. 15, which 15 a plot 1300 similar to
that of Fig. 14 {c.g., poiuts 1501-1516 are associated with 1401-1416) that depicts the
measured brightnesses of five different light sources recorded for 16 successive image
fraraes. It is included to demonstrate performance when the street light is approximately
twice as far away as the onc in Fig. 14 so the measured light intensitics are about 25% of
those for the Hght source m Fig. 14. Reflections from the yellow sign in Fig. 15 are bright
so they are scaled to one tenth of their original values so that they fit on the graph.
Because of the preferred normalizing step, the shape of the plot 1s still appropriate. As
visually apparent, the 120 Hz correlation indication is not as strong for this dimmer light,
but s still high enough to clearly distinguish the AC powered strect lamp from the other
light sources.

100149] Embodiments preferably employ a frame rate that provides a frame-to-frame phase
change of approximately 180, or optionally approximately 120 degrees, approximately
240 degrees, or other suitable change in the phase of the light flicker signal from an AC
powered light. This provides a relatively high frequency component due to AC line
induced flicker in the aliased record of light level readings. Preferably, the embodiment
also includes a substantially sroaller superimoposed frame-to-frame phase shift component
in sampling of the flickering light signal from the AC light source that beats at a lower
frequency against the phase of the flicker level. The combination of the higher froquency
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and the beat frequency may be evaluated by a correlation filter to provide an ndication of
flicker components in light sources that indicate that they are powered frorn the AC line.

100150] It is preferable to use a frame rate that provides satisfactory performance for a line
frequency of either 50 Hz or 60 Hz. This necessitates compromises and, as an option, the
system way be configured fo provide optimiized performance for etther 50 Hz or 60 Hz
with only a small change in frame rate so that sensitivity and other gualitics of image
capture will not change substantially. For best performance, the image capture period
should be an integer multiple of the AC line period plus one half cycle (e.g., 3.5x, 5.5%),
rodified slightly to create the beat frequency.  This modification 18 also crucial to
determine the period (i.e., the number of frames} for detecting the beat frequency. A
reasonably short beat period (6-20 frames) 18 preferred both for responsiveness (i.e.,
having to examine fewer consecutive frames} and memory usage {(1.¢., less storage for
historical data).

100151] For 120 Hz there are 4.5 flicker cycles per frarae for a 26.67 frames per second
image capture rate. For 100 Hz there are 3.5 flicker cycles per frame for a 28.57 frames
per second fmage capture rate. For 120 Hz there are 5.5 flicker cycles per fravae for a
21.818 frames per second image capture rate. For 100 Hz there are 4.5 flicker cycles per
fravae for a 22.22 fraroes per second image capture rate. To provide a 180 degree shift of
the flicker signal relative to frame capture during seven frame times the frame rate may be
increased frorn 21.818 to 22.11 frames per second for a 120 Hz flicker rate and decreased
from 22.22 to 21.875 frames per second for 100 Hz flicker rate. Here, the change of less
than one quarter frame per second or slightly more than one percent in camera frame rate
allows one to adjust the camera for similar flicker detection properties in going between
arcas using 60 Hz and 50 Hz. For the 22.11 frames per second setting selected for 60 Hz
and for 7 capture frames for a 180 degree phase shift of the flicker cycle relative to frame
capture, there will be 21.9 (almost 22} capture frames per 180 degrees of phase shift when
used with 50 Hz. For the 21.87S frames per second setting selected for 50 Hz and for 7
capture frames for a 180 degree phase shift of the flicker cycle relative to frame capture,
there will be 35 capture frames per 180 degrees of phase shift when used with 60 Hz.
These excessively slow beat frequencies may be detected and used to indicate that the
camera is not in the proper frame rate capture mode and should presumably be changed

from the 50 Hz to the 60 Hz mode or vice versa,
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{00152] According to one embodiment, the system 106 can be configured to utilize a
discrete-time Fourier transform (DTFT) to detect an AC light source in one or more
images. With respect to Figs. TA-RC and 35, the systern 106 can be configured to take
several samples of a detected light source. Typically, the sarmaples include a direct current
{DC) sample and seven differcut cornplex sinusoidal samples (AC, to AGy) (e.g., AC
frequency buckets or bins). The DC sample and AC samples can be compared in order to
deterroine if the imaged light source 15 a DC light source (¢.g., a headhight 116 ora
taillight 111} or an AC light source (e.g., a street light}. The sample period can be
between 15 Hz and 30 Hz, between 20 Hz and 25 Hz, or other suitable sample period.
Additionally or alternatively, the sample pertod is configured so that AC lights sources
operating at 60 Hz and AC light sources operating at 50 Hz can be detected. Thus, the
systern 106 can be configured to monitor both 50 Hz AC and 60 Hz Light sources
substantially simultancously, such that the system 106 does not need to be reconfigured
based upon the type of AT source to be detected.

{00153] In regards to Figs. 7a-7¢, these charts illustrate an effect of exposure time using an
approximately 22,1124 Hz frame rate, wheretn Fig. 7a illustrates an exposure tirae of
approximately 44.99 ms, Fig. 7b illustrates an exposure time of approximately
11.3008 ms, and Fig. 7¢ tllustrates an exposure time of approximately 2.8252 rus. As io
Figs. 8a-8c, these charts illustrate an effect of exposure time using an approximately
23.3293 Hz frame rate, wherein Fig. 8a illustrates an exposure time of approximately
42 .64 s, Fig. 8b illustrates an exposure time of approximately 16.7192 ms, and Fig. 8¢
ithustrates an exposure tirae of approxiraately 2.6797 ms.

{00154] With respect to Figs. 35 and 36, a method of detecting an AC light source in one or
more high dynamic range images is generally shown in Fig. 36 at reference identifier
3600, At step 302, a hight history is retrieved, which can include retrieving data that bas
been stored for a detected light source for two or more images. According to one
embodiment, seven approximately counsecutive images can be used, which vields a DC
bucket and 6 AC bins. Alternatively, other suitable number of approximately consecutive
images can be used, such as, but not lirotted to, 14 images, which yields a DC bucket and
13 AC bins. Taking the DTFT of the sample yields the BC sample and the various AC
samples. At step 3604, detected DC 15 subtracted from the samples in the time domain,
and step 3608, the determined energy is compared to other AC frequency samples
{buckets) and the DC sample.
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{00155] At decision step 3610, it is determined if the determined energy is greater than the
other AC samples. If it is determined at decision step 3610 that the determined energy is
greater than the other AC saraples, then the method 3600 proceeds to decision step 3612,
wherein it is determined if the determined energy is greater than the DC. Hitis
determined at decision step 3612 that the determined energy is greater than the DC, theo
the method 3600 proceeds to step 3614, wherein the imaged light source is classified as an
AC light source. However, it is deternuned at decision siep 3612 that the determined
energy is not greater than the DC sample, then the method 3600 proceeds to step 3616,
wherein the imaged light source 1s classified a distant light source {¢.g., far away from the
controlled vehicle 105} if the exposure was approximately 10 ms or greater.

100156] If it is determined at decision step 3610 that the determined energy is not greater
than the other AC samples (it can already be determined that the hght source s not an AC
fight source}, the method 3600 proceeds to decision step 3618, wherein it is determined if
the determined energy is greater thav the DC saraple. If it is determined at decision step
361%¥ that the determined energy is not greater than the DC sample, then the method 3600
proceeds to step 3622, wherein if is determined that the hight source 18 vot an AT hight
source {¢.g., a headlight 116 or taillight 111}, However, if it is determined at decision step
361K that the determined energy is greater thau the DC sample, then rocthod 3600
proceeds to step 3620, wherein the imaged light source is classified as noise {e.g., light
flickering duc to motion).

{00157] In at least one embodiment, exposure performance of an imaging device is
configured for sudden change of brightness in the scene, such as; frecway underpasses;
shadows from trees along side freeways; and freeway tunnel entrances/exits. In at least
onc emboediment, a high dynamic range imaging device, such as that described in
commonly assigned U.S. Patent Application Publication Nos. 2008/0192132,
2009/01609¢7, 2009/0256938, and 2000/01900135, and Tatwanese Patent Application No.
97103404, filed January 30, 2008, the disclosures of each of the above are incorporated in
their entirctics herein by reference. The disclosures of each of the above are incorporated
in their entireties herein by reference. In at least one embodiment, a WVGA, 1/3 inch,
stand-alone CMOS imaging device p/n MTOV(24, as available from Aptina imaging is
incorporated; i g related crobodirnent, a “synthetically” created high dynamic range

source may be made available via combination of non-high dynamic range images
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utilizing two or more unique integration periods for a given non-high dynamic range
tmaging deviee as is known.

100158] In at least one embodiment, a control system is configared to incorporate a
synthetic high dynaric range image as described in commonly assigned U.S. Patent
7,683,326, the entire disclosure of which is hereby incorporated herein by reference. Inat
least one embodiment, an imaging device may incorporate an integration period that is at
least in part a function of a second light sensor having a field of view different from the
imaging device.

160158] The present invention is particularly advantageous when incorporated in lane
departure warning, lane tracking and lane keeping systems utilized in various vehicular
applications. In at least one embodiment, the systern 106 18 configured to detect lane
markers where one lane marker is in a shadow and another lane marker is within a portion
of a scene not within a shadow. In at least one embodiraent, a controller is configured to
detect both lave markers in shadows and those exposed to sunlight within a common
image. In at least one embodiment, the system 106 is configured to detect lane markers at
night even with headlight{s) 116 of oncoming vehicle(s) 115 present in a given scene; ina
preferred embodiment, the system 106 is configured to detect lane markers with oncoming
vehicles 115 1o a closest lane.

0016017 In at least one embodiment, the system 106 is configured to detect lane markers
with shiny road surfaces (example, wet pavement); a preferred embodimacnt 1s configured
to detect lane markers on shiny road surfaces when the associated controlied vehicle is
being driven toward a rising or setting sun.

00181} With respect to one embodiment directed towards detecting lane markers on wet
pavement and Fig. 34, reflections of lights on wet pavement, particularly from tail lamps
111 or headlamps 116 of other vehicles 110, 115, frequently appear as clongated streaks
that may be confused as road lane markings. Elongated reflections of the type likely to be
contused as {ane mwarkings often come from bright Hghts that are close to the road and
headlamps 116 and tail lamps 111 are frequently the source as indicted above. The system
106 described roay locate other lights and is not limited to headlamps 116 or tail lamps
111. A way to screen out many of these false lane indications is to locate the associated
bright Hight source as the cause of the retlection or to verify that there are no likely sources

of such reflections to confirm that the image is likely to be a mark on the roadway. Since
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images used in this device include close, directly viewed lamps, a camera with an
exceptionally wide dynamic range greatly enhances performance of the device,

100162] To correctly associate light sources and their reflections and to expedite the search
to locate such sources, it is instructive to investigate some typical geometric characteristics
of these reflections. A water coated, smooth, level section of highway may approximate a
modestly diffuse horizontal reflecting surface. A body of water having modest surface
ripples moay provide similar reflections. In a pictare of a scene that includes a still, wirror
itke, body of water and a reflected scene taken with a camera aimed in a horizontal
dircction that includes the scene and its retlected frage, the features in the reflected image
are inverted but vertically aligned with the corresponding features in the actual scene.
When ruodest ripple 1s introduced, the predominant effect is to modestly widen the image
of a reflection and lengthen it, sometimes greatly, in a generally vertical direction along
the vertical line through the image of the object and the arca of strongest reflection m the
reflected image. Here the arca of strongest reflection is normally close to the vertically
aligned arca where the reflected image would appear with still water. These
characteristics correlate well with reflections from wet, flat, level roadway. Oue
characteristic difference is that most highways are not flat but have a modest crown. The
crown causes the aligoment of the light source and the associated reflected image to tilt
modestly to the left on the left side of the scene and modestly toward the right on the right
side of the scene. This causes a modest divergence in the camera iroages of hoes drawn
through light sources and their associated reflected images in going from reflections on the
icft to reflections on the right. This is indicated by slightly wider separation of lines 3407,
3408, 3400, 3410, and 3411 in Fig. 34 as one progresses from closer locations toward the
bottom of the image to more distant locations viewed toward the top of the image. In the
above, vertical and horizental arc used to indicate relative orientation. Since a vehicle is
positioned relative to the portion of the road that is in contact with its tires, it tends to
maintain its angular orientation relative to any incline that this portion of the road might
have, and it should be understood that this angular orientation of the road where the
vehicle is supported is technically a better reference than references to vertical or
horizontal. Thus, the descriptions above apply just as well to flat or crowned and
uniformly inchined portions of the roadway as they do to horizontally oriented flat or
crowned surfaces, and in this more general case, the vertical reference is replaced by a
reference to a normal to the road surface.
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001631 In a preferred application, a scan is performed to locate features in the image that
are likely to be lane markings. This may, as an option, be done using a version of the
scene on which a perspective transformation has been applied, but references to location
and orientation apply to the image before such transformations are applied. Then,
searches are performed to locate or verify the absence of bright peaks that indicate an
intense light source in a relatively narrow region above cach of the feature that are in
question. If a light source is found in the restricted area above a feature, i indicates the
itkelihood that the associated mark is a reflection and the absence of such a light source
adds evidence that the mark is on the road. The arca searched may be adjusted to
compensate for the crown of the roadway by providing a modest counterclockwise
rotation of the scarch arca on the loft side of the image and a modest clockwise rotation of
the search on the right side of the image centering these rotations oun the feature being
evaluated as g reflection. The color of a marking in question may also be compared with
the color of an associated light source as further verification of a maich. Here, for
example, a reflection from a tail lamp has considerably more red content than green or
blue content, and reflections from a headlamp have appreciable green coutent velative to
the red content (this docs not mean that the green is necessarily higher than the red, just
that 1t 18 not expected to be extremely low compared to the red). The color content of
different headlamps and even different tail lamps may differ considerably, so a best way to
perform the match is to obtain color rocasurements of both the hight from the reflection
and the assoctated light and to compare the relative colors of these measured valnes. The
color content of the reflected light does not necessarily match that of the source, so
tolerance are preferably provided to accommeodate these vartations as well as color
measurement errors. A preferred ernbodimaent provides a color matching score that is used
to in part to calculate the probability that the feature is a road marking.

100164] Fig. 34 represents features of a digital image taken by a camera mounted to view
the road in the forward direction through the windshield of the vehicle 105 (Figs. 1 and 2)
in which it is mounted. Reflections on the road are visible from both tail lamps 111 of
truck 1107 and car 110", and reflections from the driver side headlamp 116 of car 115 are
also visible. In more detail, reflections from tail lamp 111 of the truck 110’ create a visible
stripe on the road as indicated by the thuicker Hue 3411, The lighter dashed construction
line 3414 indicates the approximate co-linear alignment of the lamp 111 and its reflection
3411 on the road and the approximately vertical oricntation of the line in the image.
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Heavier lines 3407, 3408, 3409, and 3410 indicate reflections of the other four Hights from
the wet paverncnt, and dashed construction lines similar to line 3414 indicate the
approximate vertical orientation and approximate co-lineartty of the light sources and their
associated reflections. The very modest divergence of the associated construction lines in
the upward direction indicates the effect of the crown in the road. Lines 3401 and 3412
mark edges of the road, dashed line 3413 is a lane marker, and 3405 is a center barrier.
Note the relatively large angle of convergence for these lines in the perspective view of the
relfatively straight roadway as opposed to the near parallel lines of reflection that even
diverge modestly due to the crowned roadway. These geowetric features may optiovally
be used as other indicators to distinguish reflections from roadway markings. However, in
sorue cases, only one reflected feature may be sensced, and it is moore straightforward to
search a relatively well defined area for a bright light source than to compare the relative
oricntation of featurces in the image not knowing if they are reflections or actual markings.

f00165] Cameras used for lane departure warning are often used for associated functions
such as headlamp dirmnming and/or aiming control that depends in part on locating lights in
the sceue so mformation used o locate the hights way be shared. The vear vertical
orientation of the reflections refers to the original image and not to a mapping, such as a
transformation to a top down view that changes the directional orientation of Hues, so the
method indicated may necessitate converting the location of features in question from a
mapped space back to an onientation related more divectly to the original image m order to
access the right data to locate associated lights if they are present. As an alternative, some
or all of the nceded inforrmation may be mapped to the transform space, and oricntations
that are near vertical in the image may be classified so that they may be identified in the
transtormed 1rnage space.

100166} In at least one embaodiment, the system 106 is configured to detect lane markers
with dark road surfaces; a preferred embodiment is configured to detect lane markers
when the controlied vehicle 1s being driven during twilight gloom or evening time. o at
least one embodiment, the controller is configured to detect lane markers during twilight
gloom or evening fime with headhight{s) of oncoming vehicle(s) within the scene. Toa
related embodiment, the controller is configured to detect lane markers within an image
during twilight ¢loom or evening tirac with headlight(s) 116 of oncoming vehicle(s)

11 5within the image at a closest oncoming traffic lane.
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{00167] iun at least one embodiment of the present invention, the controller is configured to
detect lane markers within an image that was acquired while an associated controlled
vehicle 1035, and therefore the associated umaging device, was moving vertically and/or
horizontally in addition to parallel to a roadway. A preferred embodiment is configured to
detect lane markers within a series of images acquired while an associated controlled
vehicle 105 is moving vertically and/or horizontally in addition to parallel to a rocadway.
In at least one cmbodiment, the controller is configured to corpute the eco-motion within
a series of individual images. A related embodiment enmaploys at [east one accelerometer
input to impart image stabilization. A preferred embodiment of the present invention is
contfigured to associate a detected lane marker in a given image with a detected lane
marker in a second image within a serics of images; in at least one embodiment, the
controller is configured to detect and track a given lane marker within a series of stabilized
images. In a related embodiment, the system 106 is configured to detect and track lane
roarkers within a series of stabilized images when the associated controlled vehicle s
being driven in an environment, such as night time or in a tunnel, where an associated

imaging device has a relatively long exposure time.

1001868] In at least ove embodiment, the system 106 is provided to detect low countrast
markers; a preferred embodiment is configured to detect both yellow and white lane
markers on concrete pavement road surface. In a related embodiment, the controller is
configured to detect tinted lane markers; a preferred embodiment is configured to detect
tinted lane markers at night. At least one embodiment of the present mvention 18
contfigured to detect lane markers that are comprised of a series of protrusions potted into
the roadway surface; a preferred embodiment 18 configured to detect lance markers
comprised of a series of protrusions potied into the roadway surface when the lane
rnarkers are in shadows during the day. Often, the series of protrusions are referred to as
Botts' dots, which are round noun-reflective raised pavement markers, In maoy U.S. States
and in several other countrics, Botts' dots are used (along with reflective raised pavement
markers) to mark lanes on highways and arterial roads. They provide tactile feedback to
drivers when they move across designated travel lanes, and are analogous to rumble strips.
Botts' dots are roost commonly white, but may also be yellow when used to substitute for
the yellow lines that divide opposing directions of traffic in North America. The dots are

made of various ceramic materials, or plastics like polyester. On some roads, lanes are
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marked only with a mix of Botts' dots and conventional reflective markers, eliminating the
need to repaint lane divider lines.

160168} In at least one ermbodiraent a system 18 provided to detect lane markers when a
corresponding controlied vehicle is being driven in the rain and fog. A related
embodiment may be configured as described in commonly assigned U.S. Patents
5,923,027, 6,863 403, and 7,019,275, the disclosures of which are herein incorporated in
their entiretics by reference.

1001740] In at least ove embodiment, the system 106 is configured to detect lane markers
when there is small distance between the associated controlled vehicle 105 and a
preceding vehicle 110; 10 a preferred emwbodiment a controller 1s coufigured to vot detect
lane markers when there is small distance between the associated controlled vehicle 105
and a preceding vehicle 110, and the speed of the controlled vehicle 105 1s below a speed
threshold.

{00171} In at lcast one embodiment, the system 106 is provided to detect lane markers in
strong voise environments, for example: roadway surface with mottling surface pattern; tar
rarks after roadway maintenance /tire mark {skid mark); low contrast lane marker
{concrete surface with yellow lane marker); mncompletely deleted lane markers 1620 as
depicted in Fig. 16; paint on road surface {except lane markers); snow outside of the lane;
pavement joint hines; vehieles running side-by-side (close vehicles in proximate lanes);
curb - local roads (in general); guard rail; walls close to fane markers ; ratn/ water on the
readway/controlicd vehicle windshield wiper movement; nighttime non-vehicular hghting;
shadows parallel to fane markers. As depicted in Fig. 16, the controlied vehicle 105 is
located on a roadway 1600 having loft lane markers 1615 and right lane markers 1610.

00172] In at least on embodiment of the invention a controller 18 configured to detect low
density lane markers (markers with large space, up to 2.5 meters); a preferred emboediment
is configured to detect lane markers comprised of a series of low density protrusions
potted into the roadway surface.

100173]) In at lcast one embodiment, the system 106 is configured to detect lane markers
within a detect time period subsequent to driving the controlled vehicle 105 through a toll
gate, after a roadway merger section, and after intersections. In a related embodiment, the
system 106 s configured to cease lane marker detection within a no~detect time period
subsequent to when lane markers disappear. With reference to Fig. 17, warning 18 not

necessary at 1735 when the controlied vehicle 105 is drive along path 1706, and at 1730.
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In at least one embodiment, the system 106 1s configured for low false-alert rate when the
vehicle 105 1s within mtersection. As depicted in Fig. 17, the countrolied vehicle 105 18
located on a four lane roadway 1700 having left lane markers 1715a, 1715b; center lane
rarkers 1720a, 1720b; and right lane markers 1710a, 1710b.

(00174 Iu at least one embodiment, lane markers that define curvature in the roadway are
detected; in a related embodiment a system thresheld for lane marker curvature radius is
sclected such that lane markers are detected on steep road curves. In at least one
embodiment a change ratio of lane marker curvature is utilized to detect lane markers; ina
preferred embodiment, a change ratio by time 18 linear to a speed of the controlied vehicle
195.

{00175] At least one embodiment of the present invention is configured to detect unigque
lane markers. As depicted in Fig. 18, the controlled vebicle 105 is located on a roadway
1800 having left lane markers 1815 and right lane markers 1810, In at least one
embodiment, unigue lane markers, such as: multiple lane markers side by side and
composite lane markers. As depicted in Fig. 1K, the system 106 is configured that warning
against solid line 18235 15 defined as appropriate timing, warning against first dashed lane
marker 1828 is an carly warning, and warning against second dashed lane marker 1830 is
considered a late warnings. There are 10 predominate patterns associated with roadways
of mterest; a preferred exabodiment 1s configured to detect all 10 patterns of coroposite
patterns. At least one embodiment is configured to detect lane markers on roadways
having a carpool lane (HOV lane) 1920a as depicted 1 Fig. 19, it should be appreciated
that there are various type of carpool lanes throughout the World.  As depicted in Fig. 19,
controlled vehicles 1054, 105b are located on a roadway 1900 having loft lane markers
19154, 1915b, respectively, right lane markers 1910a, 1910b and a non-carpool lane
1920b. In at least one ermbodiment, the system 106 1s configured such that when a
controlled vehicle 105 is driven in a carpool lane, warning at 1925 is appropriate and
warning at 1930 and 1935 arc considered late warnings. In at least one embodiment, the
system 106 1s configured such that when a controlled vehicle is driven in a non-carpool
lane, warning at 1935 is appropriate and warning at 1925 and 1930 are considered late
warnings.

{00176} As depicted in Fig. 20, the controlled vehicle 105 is located on a roadway 2000
having loft lane markers 20135, right lane markers 2010a, 2010b and a road branch without
lane markers. In at least one embodiment, warnings should not gccur at 2020, warnings
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are desired at 2025, and warnings are considered pending at 2030; a preferred embodiment
docs not gencrate warnings at 2020 and 1s able to gencrate warnings at 2025, As depicted
in Fig. 21 a controlled vehicle 2105 s located on a roadway 1600 with a merge not having
iane markers, left lanc markers 2115 and right lane markers 2110a, 2110b, 2110c¢.

100177] As depicted 10 Frg. 22, the controlled vehicle 105 1s located on a roadway 2200
having branch lane markers 2210b, left lane markers 2215 and right lane markers 2210a,
2210¢; a preferred cmbodiment 1s configured to generate warnings at arca 2220,

{00178} As depicted in Fig. 23, the controlled vehicle 105 is located on a roadway 2300
having a loft turn lane, loft lane markers 2315a, 2315b and right lane markers 2310; a
preferred embodiment is configured to not generate warnings 2320 and should be ready to
generate warnings at 2325,

100179] As depicted in Fig. 24, the controlled vehicle 105 is located on a roadway 2400
having a right turn lane, left lane markers 2415a, 2415b and right lane markers 2410; a
preferred embodiment 1s configured to not gencerate warnings 2420 and should be ready to
generate warnings at 2425,

100180} As depicted in Fig. 25, the controlled vehicle 105 is located on a roadway 2500
having a car pool lane exit section, left lane markers 2515 and right lane markers 2510a,
2510b; a preferred embodiment is configured to not gencrate warnings at 2520, is ready to
gencrate warnings at 2530 and should generate warnings at 2525,

{00181] As depicted in Fig. 26, the controlied vehicle 105 is located on a roadway 2600
having tentatively shared zone, left lane markers 26135, right lane markers 26103, 2610b,
pylons 2635 and temporary line markers 2640; a preferred embodiment of the present
invention is configured to gencrate warnings at 2620, warnings at 2625 and/or 2630 arc
defived as late warnings.

{00182} At least one embodiment is configured to detect lane markers on walls proximate a
roadway. lu at least ove erobodiroent a system is counfigured to exhibit hysteresis for
sporadically spaced lane markers, such as, in car pool lanes, composite lane markers,
roadways with mottling surface pattero, fixed roadway surface patterns (tar/ship), short
lane markers, and lane markers with long gaps between. In at least one embodiment, the
systern 106 15 configured to detect a general road width on roadways where no lane
markers are detectable, such as, snow covered roadways and narrow roadways with no
iane roarkers. At least one erabodiraent is configured to detect single lane markers only in
the ceunter of a roadway,

52~



WO 2011/106578 PCT/US2011/026145

{00183] As depicted in Fig. 27, the controlled vehicle 105 is located on a roadway 2700

having curves, left lane markers 2715, and right lane markers 2710. Atleast one
embodiment of the present invention is configured to not generate a false-alert at 2720

when the controlied vehicle 105 is driven from position 27035z to 2705b along path 2706.

160184} As depicted in Fig. 28, the controlled vehicle 105 18 located on a roadway 2800

having curves, left lane markers 2815, and right lane markers 2810, At least one
embodiment of the present invention is configured to not generate false-alert at 2820 when

the controlled vehicle 105 is driven from position 2805a to 2805b along path 2806,

100185] As depicted in Fig. 29, the controlled vehicle 105 is located on a roadway 2900

haviog curves, left lane warkers 2915, and right lane markers 2910, At least one
embodiment of the present invention is configured to not generate a false-alert at 2720

when the controlled vehicle 105 s driven from postiion 29054 to 2905b along path 2906,

{30186] It should be understood that the right curve has more chance of a false-alert in

countrics where cars drive on a right side of the roadway, therefore, a preferred systern is
contfigured to detect whether the controlled vehicle 105 1s being driven in a right band or
ieft hand drive country and to autornatically compensate. In at least one ernbodiruent, the
systern 106 is configured to have a low false-alert rate with "Out-1n-Out” of the lane

marker driving which drivers intentionally do at curve sections.

100187] Turning to Fig. 30, a vehicle lane departure warning (LW} algorithm block

diagram 3000 is depicted that can be included in the system 106. Preferably, the lane
departure warning initiation block 3005 runs ounce per power cycle. During initiation, a
lockup table is created. This lookup table expedites the process of transiating an image
coordinate system to a world coordinate system as described n commonly assigned U.S.
Patent Application No. 7,881,839, the entire disclosure of which is incorporated by
reference herein. This translation converts images from a generally forward facing

imagiog device o a plan view.

160188] In the beginning of cach image processing cycle block 3010, the LDW application

populates a world coordinate sample grid from incoming pixel data. Iu at least one
embodiment, the algorithm uses luminance information only obtained from the imaging
device. A bilinecar interpolation 1s performed in cases where sample grid points translate
to fractional coordinates in the image plane. In at least one embodiment, incoming
imaging device data is preseuted m 24 bit luminance + 8 bit chrominance format, the 8 bits
of chromnance data is reset to zero.
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{00189] In block 3015 marker points (e.g., detected lane markers) are “scored.” The LDW
application calculates a cross correlation error for a serics of grid sample points. By fitting
a template to the translated fmage data, one can calculate a score indicating the hikelihood
that a scries of grid sample points represent a lane marker. The output of this step results
in a set of index/tow pairs, pertaining to centers of potential lane roarkers, and a
corresponding score for indicating the probability that they are actual lane marker points.
In at least one embodiment, the current state of the LDW application only scores points
that fall within specific regions of interest.

(601907 In block 3020, the points scored in block 3015 are processed. This step classifics
the lines into eight possible line types: unknown, single, single-dashed, single-anknown,
double, double-dashed-left, double-dashed-right, or double-unknown. This classification
is mostly based upon the vurnber of points found along the edge of 4 lane marking and the
displacement of points along the lane edges.

160191} In block 3025, lane lines arc determined based on the type of line
{Double/Solid/Dashed) and the side of the vehicle 105 of which the lane lines are detected.
This step 1 the LDW application calculates which line to fit on cach side of the vehicle
105, For a given line, the algorithm tries every combination of line angle, curvature
radius, and curvature rate, starting with the most likely candidates, and moving out to
extreme cases. For cach set of possibie values for those three pararueters, a lateral offset is
computed yiclding the best possible line fit. The best line fit is defined as the sum of the
absolute difference between the computed line and the actual points. The process of
determining the best line it is halted once it falls within acceptable limits (i.¢., it is not an
exhaustive scarch). There is also some bookkeeping performed at the end. Based on the
line, initial gates for the next frame can be set based on the line, which can make the line
fithing process more ctticient in successive frames. This is also done to ensure some level
of confidence or consistency in the lane lines. In at least one embodiment, a level of
consistency 18 required prior to any potential warning.

100192] In block 3030, vehicle departure from lane lines is computed. Ifthe LDW
application has been tracking a line for a certain period of time, and the vehicle 105 s
crossing over that Hine, a warning s flagged to be issued. The potential for crossing a line
is calculated using a 1-D Kalman filter. Kalman filtering is based upon the model history
and current rate of approach. Output from the Kahman filter determines time to lane
crossing {TLC). if the vebicle 105 is on a rapid approach toward a lane edge, a warning
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condition is passed up to the decision logic. Once the vehicle 105 has completely crossed
a line (for example, when changing into the next lane), the LDW application copics all of
the history of the left side nto the right side (for example) in ovder to maintain all relevant
history.

100193] The decision logic block 3035 handles the output from the LDW application. This
step determines whether or not 8 warning should be given. The decision to warn is based
upon at least one of the following mputs: 1) Speed, 2) Turn signal switch position, 3) Yaw,
and 4} Gutput from the LDW application (to warn or not to warn). Timing data can be
mputted for hysteresis purposes. Typically, if the systemn 106 has indicated a warning, the
system 106 will not warn again inside of a 5 second time limit.

{00194] Turning to Fig. 31a an image pre-processor 3100z is depicted; as discussed
elsewhere herewn, preferably a field programmable gate array (FPGA) is craployed to
facilitate the image pre-processor. In at least one embodiment, two imaging devices,
CAMO and CAMI, provide sources of images to the image pre~-processor. In at least one
embodiment, an inter-integrated circuit (C) 31052 is incorporated that comprises a slave
3110a and registers 31154, and provides a multi-master serial single-ended computer bus
having a serial data line (SDA) and a serial clock (SCL) connecting the 1'C to external
processor(s). A third video input, VID2, 15 accommaodated for input of an at least partially
pre-processed image streara. In at least one embodiment, a peak detect algorithm block
3120a is provided to extract possible points of interest (POPD) as described herein. In at
least one embodiment, demosaicing blocks 3125a, 31404 are provided to iropart roissing
color data to cach pixel of the incoming imaging device data as described in commonly
assigned UK. Patent Application Publication No. 2010/0195908, as well as herein. In at
least one emboediment dark pixel adjust blocks 3135a, 3150a are provided to compensate
raw pixel data for dark current noise. In at least one embodiment, color conversion blocks
3130a, 3145a are provided for conversion of image data from a Red, Green, Blue (RGB)
format to a YUV format; suitable algorithms are described herein. In at least one
embodiment, a tone roapping block 3165a 1s incorporated for converting high dynamic
range image data to lower range data as described in commonly assigned U.S. Patent
Application Publication No. 2010/0195901. In at least one embodiment, a
resizer/alphablender block 31552 and a thin-film transistor {(TFT) conversion block 3160a

are provided to interface the VID2 video input to a TFT display.
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001951 The system 106 can include one or more executable software routines that are
executed by one or more processors o process the captured images and generate a control
signal, according to one embodiment. Typically, the one or more executable software
routines can be configured to reduce an amount of processor required by the processor.
Options exist for high dynamic range pixel data formats for high dynamic range images
include Loghuv TIFF which encodes high dynamic range image data in a format that
provides a lumninance component and two relatively compact color components that are
cssentially independent of luminance. The format is based on perceptually uniform color
cncoding from the CIE 1976 Standard. An carlier CIE 1931 standard introduced an xyY
color space where Y represents luminance and x and y represent luminance independent
color coordinates. For its many advantages, the LogLuv encoding 1s computationally
difficult to implement in a digital device such as an FPGA and conversions to and from
the color space both require divide operations that arc ditficult to iraplement efficiently.
The xvY color space is a little easier to implement but still requires divides and other
computations to convert to or from the xyY color space.

100196} Conversion of color images to black and white, machine vision, and many tone
mapping algorithms perform extensive computations based on luminance. Black and
white pictures, including those shown on black and white television, use pixel values
based on luminance and NTSC utilizes YUV and variants such as YIQ are utilized in color
telovision standards to provide compatibility between color and black and white sets, and
to provide commonality of the luminance channel and computationally simple conversions
between YUV and RGB. YUV separates the luminance component Y from the Uand V
components intended primarily to convey color information, but because the U and V are
imearly related to color components that scale directly with intensity, they also scale
directly with changes in intensity or luminance Y. Even for image data in a livatted
normal dynamic range, the scaling of the color components with luminance limits color
resolution at lower lumivavnce levels. For high dynamuc range umages, the situation is
exacerbated and all three of the color components, not just the luminance, need to be
expanded in size to provide the desired dynamic range. The pixel encoding that is part of
the present invention, unlike the CIE formats, may be cconomically implemented in an
FPGA and, unlike RGB or YUV, requares expanded bit size of only the luminance
component to encede high dynamic range pixel data. By dividing U and Veach by Y or
by a value closely related to Y such as (Y + 1), color componcents that are dimensionally
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independent of fuminance are created. The division can include dividing by Y + 1 or
optionally by Y modificd in another way so that it is nonzero and positive to avoid
division by zero. Then instead of needing about the same number of bits for luminance
and for cach color component as is the case with RGB or YUV, the number of bits needed
for the two color components 15 reduced to the number needed to adequately couvey the
color information for display or for image processing, and only the luminance valie needs
to convey the high dynamic range information. Since many tone mapping algorithms such
as described in commonly assigned U.S. Patent Application Publication No.
2010/0195901, a scale lominance can be used to compress the image and theo re-apply the
color, wherein the ratios of U/AY+1) and V/(Y-+1) are substantially unchanged by the tone
mapping operation. This saves computational steps and greatly reduces the memory
needed to store pixel color data while tone mapping is in progress.

(001971 In a further improvement, the coraponents Y, U, and V, or similar coraponents
from another color space having a luminance component, and two or more color related
components whose values scale with luminance, are cach converted to a logarithmic form
{with provision for separate handling of negative values), and the division operation is
replaced by a subtraction of the log of the luminance (or of the luminance + 1) from the
log of cach of the color components in the logarithmic domain. Since the number of bits
that contain usceful information, even in a high dynamic range image, is limited by the
precision of the A/D conversion, logarithmic conversion of pixel values that preserve most
of the accuracy present in the readings does not require as much computation time or use
as many FPGA resource as a relatively high speed divide operation, which roakes this a
desirable alternative.

100158] A preferred alternative pixel ropresentation of the value of a high dynamic range
pixel that is performed on pixel data that contains a luminance component and two color
components that scale with luminance is illustrated here starting with conversion to a
variant of YUV with coethicients to transform from the RGR color space selected for the
application. The first stage of the transformation from RGB resembles transformation
frora RGB to YUV in that pixel data for a pixel s transforroed to color coordinate values
that arc preferably hinearly related to the RGB, wherein the transformed pixel data
includes one value that is primarily related to the laminance of the pixel and two other
components that are primarily related to the color of the pixel. To calculate the luminance
{value of Y}, 52.3% of the red value, 47.3% of the green value, and 0.4% of the blue
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value are added together. More typical luminance values would be based roughly on 30%
red, 60% green, and 10% blue. The example s based on values for lane departure warning
and a specific camera configuration, and are pot intended to limit the scope of the
invention.

100199] The U and V color components are now converted to forms that convey the color
information in a form that preserves the high dynamic range capability and that are
dimensionally independent of light energy. The form chosen restricts the large number of
bits needed to encode high dynamic range pixel data to the luminance channel aliowing a
rore compact encoding of the pixel information for U and V in their alternately encoded
forms. In the example, 20 bits of the original 24 bit luminance resolution is retained so
using only & bits each for the U and V color information encoded in the new format along
with 20 bits of luminance data to provide pixel data with reasonable color fidelity overa
20 bit range in a (20:6:6) data format requires only 32 bits of data. This would require 60
bits in a more conventional RGB encoding and perhaps 62 bits to include negative signs
possible for U and V in a YUV format.

[00200] As detailed in the example, the values of Y, U, and V are calculated as indicated,
and U and V are cach separated into a onc bit sign variable (Us and Vs, respectively, with
Us and Vs equal to the sign of U and the sign of 'V, respectively, preferably using § fora
plus and 1 for a minus) and an absolute value variable (Uabs and Vabs, respectively, with
Uabs and Vabs cqual to the absolute value of U and the absolute value of V, respectively).
Then, Yiog, Ulog, and Viog, logarithms, preferably to the base 2, are calculated for Y,
Usabs, and Vabs, respectively. Denote the logs to the base 2 of the ratios of (Uabs + 1) /(Y
+ Pyand {(Vabs + 1}/ (Y + 1) by Ualr and Valr, respectively, to denote the logarithm of the
ratio of the absolute value of U to luminance and of the absolute value of V to luminance,
respectively, Use Yel to denote the value of Y wodified by clamping values of Y that
exceed a specified maximum value to the maximum value. Packed forms Uslrp and Valp
of Ualr and Valr are formed by rounding or truncating lower order bits of Ualr and Valr
and higher order bits of Ualr and Valr are clamped. The resulting values are encoded
using a selected forrmat such as twos complement that is preferably formulated to preserve
propertics of ordering and equality. The results including Yel, Us, Ualrp, Vs, and Valrp
are packed in a prescribed order into a binary representation of the colored pixel value. In
the preceding operations, by caleulating the color components based on Y rather than on
Ycl, correct color components are maintained for the full original dynamic range so that
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proper colors are retained even in many of the areas where luminance is clipped whereas,
color mformation is typically lost when pixel values are saturated.

100201]) Here is an exaraple implemented in an FPGA using a variant of V.UV with the
new pixel representation utilizing 20 bits for lnminance and 6 bits for cach of the two

color components 1o a (20:6:6) pixel value layout.

1. Take the lincarized RGB (24:24:24) through a color conversion fo

YUV(24:25:25), where U and V are signed, linear results (hence the 25th sign bit).
‘ g { B

2. Color conversion s performed by applying the formulas:
Y = 0.523%R + 0.473%G + 0.004*B
U =0.340%R - 0.336*G - 0.004*B
Vo= -0 297FR - 0.266%G + 0.563%8
3. For Y, compute a log base 2 of Y {Ylog), and clamp the hnear Y valuc to

20 bits (Yl

4. For the U and V (25 bit, signed inputs) set Us and Vs equal to the signs of

U and V, respectively.
¥

5. Take the absolute value of U and of 'V to create vartables Uabs and Vabs.
6. Calculate the log to the base 2 of Uabs and of Vabs to create Ulog and

Viog (format is 18-bits with 5 integer bits and 13 fractional bits).

7. Set Ulog = logy{Uabs +1} and Vieg = logy(Vabs +1) and Yiog = logy(Yabs

+1}. The 1’s are added to prevent taking the log of zero.
5. Set Ualr = Ulog-Ylog and Valr = Vieg-Ylog

. To pack Ualr forming Ualrp, truncate the fractional part Ualr and clamp the
integral portion fo five bits. Express the signed mteger portion wn a 3 bit 27s complement

format (+15 to -16 is the range). Call this Ualrp.
10. Do the same for Valr to create Valrp.

11 For transmission, send Yl for the 20 bit luminance portion. For the U
portion send 6 bits as the original sign of U and the packed logarithmic value of the ratio
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of (Uabs +1)/(Vabs +1). This result is arranged as a one bit sign followed by a five bit
packed logarithimic value as (Us:Ualrp).  For the V portion, send 6 bits assembled in the
same way as just described for the U portion as (Va:Valrp). Note we have 2 sign bits in

cach of the U and V components. Also note, the U and V are normalized to Y.

12. Inn the compact 6 bit formats, multiplication by luminance may be
performed by adding the logarithm of luminance or a simple lookup table may be used to
convert cach of the 6 bit logarithmically encoded color components to lincar forms that

may be multiplied by the lumimance value as needed.

100202] Turning to Fig. 31b an image pre-processor 3100b is depicted, according to one
embodiment; as discussed elsewhere herein, preferably a field programmable gate array
{(FPGA) s emiployed to facilitate the image pre-processor. In at {east one embodiment,
two imaging devices, CAMO and CAMI, provide sources of images to the image pre-
processor. In at least one embaodiment, av optical flow block 3170b s incorporated;
commonly assigned U.S. Patent Application Publication No. 2010/0073480, describes
optical tlow algorithras for use with the present invention, the entire disclosure of which s
incorporated by reference herein. In at least one embodiment, an inter-integrated circuit
(I'C) 3105b is incorporated that comprises a slave 3110b and registers 3115b provides a
multi-master serial single-ended computer bus having a serial data hine (§DA) and a serial
clock {SDL) connecting the I'C to external processor(s). A third video input, V1D2, is
accommodated for mput of an at least partially pre-processed image stream. lo at least
onc emboediment, a peak detect algorithm block 3120b is provided to extract possible
points of interest (POPY) as described herein. In at least one embodiment, demosaicing
blocks 3125b, 3140b are provided to tmpart missing color data to cach pixel of the
incoming imaging device data as described i commonly assigned ULS. Patent Application
Publication No. 2010/0195908, as well as herein. In at least one embodiment, dark pixel
adjust blocks 3135b, 3150b arc provided to compensate raw pixel data for dark current
noise. In at least one embodiment, color conversion blocks 3130b, 3145b are provided for
conversion of image data from a RGB format to a YUV format; suitable algorithms are
described herein. In at least one embodivaent, a tone mapping block 3165b is incorporated
for converting high dynamic range image data to lower range data as described in

commonly assigned U.S. Patent Application Publication No. 2010/0195901. In at lcast
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one embodiment, a resizer/alphablender block 3155b and a thin-film transistor {TFT)
conversion block 3160b are provided to interface the VIDZ video input to a TFT display.
100203] Turning to Fig. 31¢ an image pre-processor 3100c¢ is depicted, according to one
embodiment; as discussed elsewhere herein, preferably a field programmable gate array
{(FPGA) s emiployed to facilitate the image pre-processor. In at {east one embodiment,
two imaging devices, CAMO and CAM], provide sources of images to the image pre-
processor. In at loast one embodiment, an inter-integrated cireuit (1°C) 3105¢ is
incorporated that comprises a slave 3110¢ and registers 3115¢ provides a multi-master
serial single-cnded computer bus having a serial data line (SDA) and a serial clock {SDL)
connecting the I'C to external processor(s). In at least one embodiment, a phase lock loop
control block 3116¢ is provided for synchronization of at least one device external to the
image pre-processor 3100c. In at least oue erubodiment, a line buffer 3117¢ is provided
for buffering incoming imaging device data. In at least onc embodiment, an integer
conversion block 3119¢ is provided for conversion of logarithmic represented irnage data
to a linerized format. A third video input, V1ID2, is accommodated for input of an at least
partially pre-processed fruage strearn. In at least one embodiment, a peak detect algorithi
block 3120c¢ is provided to extract possible points of interest (POPI) as described herein.
In at least one embodiment, a 5x5 kernel block 3121¢ is incorporated to analyze sub-arrays
of pixels as described herein and as in commonly assigned U.S. Patent Application
Publication Nos. 2010/0195001 and 2010/0195908. In at least one embodiment,
demeosaicing block 3125¢ are provided to irapart raissing color data to cach pixel of the
incoming imaging device data as described in commonly assigned U8, patent application
publication 20100193908, the disclosure of which 1s incorporated in its entivety herein by
reference, as well as herein. o at least one embodiment dark pixel adjust block 3135¢ are
provided to compensate raw pixel data for dark current noisc. In at least one embodiment,
color conversion block 3130¢ are provided for conversion of image data from a RGB
format to a YUV format; suitable algorithms are described herein. In at least one
embodiment, a tone mapping block 3165¢ is incorporated for converting high dynamic
range image data to lower range data as described in commonly assigned U.S. Patent
Application Publication No. 2010/0195901. In at least one embodiment, a
resizer/alphablender block 3155¢ and a thin-film transistor {TFT) conversion block 3160c¢
are provided to interface the V1D2 video mput to a TFT display. Tu at least one
embodiment, an output format block 31R0c is provided for formatting the associated pre-

74



WO 2011/106578 PCT/US2011/026145

processed image data into a Y24, YUV(20:6:6) or YUV(IR:7:7} format. In at least one
embodiment, a duplicate imaging device data path 3185¢ identical to that associated with
CAMUG is provided for a CAM] input minus the peak detect algorithm block 3120¢ fora
connection to an imaging device facing generally rearward of a controlled vehicle 105,
The iroaging device connected to CAMUO input is generally forward facing of the
controlled vehicle 105

{00204} It should be understood that in at least one embodiment of the present invention, a
field programmable gate array (similar to the FPGA depicted tn Fig. 31c) is configured
such that automatic sclection of a given color ("RGB- to-YUV™") conversion algorithm
{block 3130c, split into 3130¢1, 31302, ...... }is based upon an external bit of
information; such as, 1) whether it is day (high ambient light environment), or 2} night
{low ambient light envivonment). In related embodiments, color conversion block 3130¢
is configured with two or more color conversion algorithins (i.e.: first color conversion
algorithm, second color conversion algorithm, etc.); automatic selection of a given color
conversion algorithm may be based upon whether it image data is desired for display
purposes, automatic vehicle exterior light control purposes, lane detection purposes, lane
tracking purposes, lane keeping purposes, blind spot warning purposes, any sub-~
combination thereof or combination thereof; a given external device imntluences the FPGA
to perform a desired color converston algorithm.

{00205] Turning now to an embodiment tlhustrated in Fig. 31d, a frame grabber 3100d is
depicted having a first inter-integrated circuit (I°C) 3105d1 is incorporated that comprises
a slave 3110d1 and registers 3115d1; a second inter-integrated circuit (1°C) 310542 is
incorporated that comprises a slave 3110d2 and registers 3115d2; and a third inter-
integrated circuit (I'C) 3105d3 is incorporated that comprises a slave 3110d3 and registers
3115d3 providing a plurality of multi-master serial single-ended computer buses having
individual serial data lines (SDA) and individual serial clocks (SBL} connecting the given
1°C to an oxternal device; digital signal processor (DSP), CAMO, and CAMI, respectively.
In at feast one embodiment, a first phase lock loop control block 311641 is provided for
synchronization of at least a first device external to the frame grabber 3100d and a second
phase lock loop control block 3116d2 is provided for synchronization of at least one
second device external to the frame grabber 3100d. In at lcast one embodiment, a first line
buffer 311741 1s provided for buffering incoming imaging device data from a first imaging
device. In at least one embodiment, a second line buffer 3117d2 is provided for buffering
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incoming imaging device data from a second imaging device. In at least one embodiment,
a first integer conversion block 3119d1 is provided for conversion of logarithmie
represented image data received from a first imaging device to a linerized format. In at
icast one embodiment, a second integer conversion block 3119d2 18 provided for
conversion of logarithmic represented image data received from a second imaging device
to a linerized format.

100206] An application programroing mterface (AP1) is an interface traplemented by a
software program which enables it to interact with other software. It facilitates interaction
between different software prograros similar to the way the user interface facilitates
interaction between humans and computers. An API s implemented by applications,
libraries, and operating systenis to determine their vocabularies and calling conventions,
and 15 used to access their services. It moay include specifications for routines, data
structures, object classes, and protocols used to communicate between the consumer and
the implementer of the APL

{00207] With reference to Fig. 32, a vehicle exterior light control algorithm block diagram
3200 for embedded systems s depicted. The preferred processing is one of a configurable
"black box" library. Each major arca of computation uses a standardized functional
mterface into which any variety of processing can be plugged. The resulting external
algorithm API is a compact and mituitive 2-function wterface: 1) mitialize an exterior light
state structure and configure each of the computational areas of the related algorithm, and
2) process oue frame of fmage data, and outputting the configuration-defined exterior light
state based on the current frame of image data as well as any historic data which has been
saved in the headlamp control state variable,

{00208] The preferred embedded system on which this algorithm runs may vary in
computational power and configuration. froage data pre-processing block 3205 18
preferably performed in a field programmable gate array (FPGA) or other such device.
The algorithm accepts a pre-defined input which includes 32-bit Hinearized pixel data and
some book keeping performed n the FPGA which indicates pownts of potential interest
(POPD.

100209] The algorithra 3200 has been partitioned into six areas of related computation.
Each area of computation has a functional interface which facilitates both comptle time

determined computing, or runtime pluggable computing. Each arca of related computation
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takes as its input, the data calculated by all preceding areas of computation, and then
generates output either on a per-light or a per scenc basis,

100210} The POPI refinement algorithm block 3210 converts all of the POPIs generated by
a pre-processor into a list of light objects. 1t is broken up into two distinet steps: 1) POPI
Harvest, and 2) POPI Blossorm Refinemcot, The POPI barvester parses the pre-processed
encoded output from block 3203, and creates a list of POPI blossom objects. The POPI
refinernent process passes this list of POPI blossoms to cach of the registered refining
factorics. At the end of refinement, the factories should allocate light source objects and
populate the "single peak™ hight hist which 1s a list of light sources that contain only a

single pre-processed tmage located peak.

{00211} The first step of POPI refinement is to harvest all the POPIs, which the pre-
processing step has found and encoded into the fncoming pre-processed fmage data. The

interface between the image data pre-processor and the POPY harvester is as follows: 1)
Peaks (POPIs) withio a row are indicated tn a bitfield which follows each row of fmage
data. Each bit represents a column in the row, and tf the bit is set to 1 then that pixel was
marked as a point-of-possible-interest by the pre-processing block 3205, and 2) For cach
POPI in a row, the FPGA will also pack 8-bits of informational "meta"” data iunto the top 8-
bits of iruage data. This is only done for pixels marked by a 1 in the POPI bitficld. The
"meta” data format 1s as follows: 1) Pixel{31:301 Direction of the pixel underneath Bayer
filter colorA which is the highest in a 3x3 neighborhood of the peak (POPI}, 2)
Pixel[29:28] Direction of the pixel underneath Bayer filter colorB which is the highestin a
3x3 neighborhood of the peak (POPI), and 3) Pixel[27:24] Priority (015} calculated to
weight peaks which are bright, red and in the center of the mage frame most heavily.

{00212 Bayer spectral filter colorA and colorB are the two colors which are not the same
as the color of the peak pixel, and the direction 15 an encoding of cither North-East-South-
West (,1,2,3}, or NorthEast-SouthEast-SouthWest-NorthWest {6,1,2,3) depending on the
color of the peak pixel. If the peak pixel is red {or blue) then colorA will be the green
pixel to the North, East, South, or West of the peak pixel, and colorB will be the blue, (or
red respectively} to the NorthEast, SouthEast, SouthWest or NorthWest of the peak pixel.
If the peak 1s a green pixel then colorA will be the red or blue pixel to the North or South,
and colorB will be the blue or red pixel to the East or West.

160213] At least one POPI refining factory is responsible for iterating through the list of
POPE source blossom objects created by the harvester and allocating / initializing a light
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source object structure for blossomas which it deems appropriate for further consideration.
It the refiner decides that a blossom should be converted into a light source object, it is
responsible to calculate some basic properties of the light source, such as; red/white ratio,
peak pixel within the light source, slope within a § x 5 array of pixels surrounding and
including the peak pixel within the light source, total grey scale value, past frame light
source position, present frame light source position, motion, width, height, area, age, and
growth the like, or ¢ combination thercof.

{00214} The process of aggregating multiple lights together is a computational burden
which becomes necessary when the peak detection algorithm can generate multiple peaks
within a single light source or reflector. For example, the peak detection algorithm may
find 3 or 4 peaks within a single sign object along the side of the road. While it may be
soraething which subsequent processing can handle, it is most often advisable to determine
the actnal extents of a light obiect before passing it on to the tracking and attribute
calculating covoputational arcas.

{00215] A hight source aggregator block 3215 implements the light source aggregator
function mterface and 1s responsible for populating the final hist of hight source objects
which will be tracked over time and over which all light source attribute calculations will
be run. In a preferred crmbodiment, a light source aggregator combines single-peak light
sources into possibly larger (multi-peak) light sources. As wput, the aggregator function
3215 receives the hist of "single peak™ light sources from the POPI refinement stage 3210
These fight sources have already been pre-filiered by the refinerment process, and have had
some basic characteristics caiculated by the refining factories, such as; red/white ratio,
peak pixel within the light source, slope within a 5 x 5 array of pixels surrounding and
including the peak pixel within the light source, total grey scale value, past frame light
source position, present frame hght source position, motion, width, height, area, age,
growth, the like, or a combination thereof.

100216} Light history tracking block 3220 is responsibie to connect current lights to
previous generations of lights. In a preferved embodimuent, the history tracking block
tracks light source objects from one frame to the next. A genecalogical tree analogy has
been chosen to deseribe the various facets of this process. Each frame s considered as a
generation in the genealogical tree, and each generation has an D which is a
roonotonically increasing counter, A light source which is found to be stmilar enough
{based on some similarity metric, such as; red/white ratio, peak pixel value within the light

75



WO 2011/106578 PCT/US2011/026145

source, slope within a 5 x 5 array of pixels surrounding and including the peak pixel
within the hight source, total grey scale value, past frame light source position, present
frame light source position, wotion, width, height, area, age and/or growth) to a hight
source in a previous frame {or generation) adopts that light source as its parent.
Sinultaneously, the hight source from the previous generation adopts the hight source from
the current frame as its child. A light source may have many children, but only one
parent. A light source may adopt a parent from a non-adjacent generation (1.¢. not its
direct parent, but rather a grandparent or great-grandparent), but the generational gap may
not be larger than the nurnber of generations that a light may sit in the previous light list
without being adopted. A light source's age is the difference between the generation 1D of
the oldest hight source in its history and the generation 1D of the light source.

100217] Calculations in light source attribute block 3225 are made using image data and
possibly other, previously calculated light attributes, such as; red/white ratio, peak pixel
within the light source, slope within a 5 x S array of pixels surrounding and wncluding the
peak pixel within the light source, total grey scale value, past frame light source position,
present frame hight source position, motion, width, height, arca, age, growth, the like, or a
combination thereof. Each attribute calculation can preferably be performed on every
light source 1 the list of light sources passed to it (1.c. every light source object can
preferably have the same member variables updated by each calculation). Each hght
source attribute calculation preferably conforms to the attribute calculation function
protocol, and should be registered using the light source attribute add calculation function.

100218} Scene attribute block 3230 calculations are made on a per-frame scope using all
previously caleulated hight source attributes and light history. In a preferred embodiment,
the cach scene attribute calculation is passed an effectively read-only list of light sources
found and characterized within the current frarac, and should then perform some higher-
level or macroscopic determination/calculation regarding the scene or collection of light
sources as a whole, All calculated scene attributes are kept in a structure separate frora the
light source list. Exaroples of scene attributes are village detection, motorway detection,
and vehicle {or vehicle collection) identification.

100219] Vehicle exterior Hight control decision logic block 3235 takes as it input all
previous calculation output including (but not limited to) all scene {or macroscopic}
atiributes, the entire list of characterized, classified hight sources present in the current
frame, and a complete history of each light source tn the frame. The decision logic
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determines an appropriate state for the vehicle exterior lights based on the data input. The
decision logic 18 free to keep tts own state within the structure for timers and state
hysteresis. The actaal output structure used and updated by the decision logic 18 defined
by the configuration system. This flexibility allows the developer to tailor the decision
logic to a particular vehicle. The abihity to customize output forroat and decision logic on
a per-vehicle basis allows the developer to adjust the decision logic for optimal
performance in a focused and ctficient manmer.

100220} According to one embodiment, an auwtomatic vehicle equipment control system
comprises: at least onc imager configured to acquire a continuous scquence of high
dynamic range single frame images, and said at least one tmager comprising a pixel array;
4 processor i communication with said at least one fager, and configured to process said
contirons sequence of said high dynamic range images; a color spectral filter arvay in
optical comnunication with said at least one imager, said color spectral filter array
comprising a plurality of color filters, at least a portion of which are different colors, and
pixels of said pixel array being in optical communication with substantially one said
spectral color filter; and a lens i optical communication with said at least one imager and
said color spectral filter array; wherein said imager is configured to capture a non-
saturated image of nearby oncoming headlamps and at least one of a diffuse lane marking
and a distant tail lamp in one tmage frame of said continuous sequence of high dynamic
range single frame images, and the asutornatic vehicle cquipraent control system
configured to detect at least one of said highway markings and said tail lamps, and
quantify light from said oncorning headlamp from data in said one image frame.

100221} The autornatic vehicle equipment coutrol system as described above, wherein said
oncoming headlamp and at least one said diffuse lane marking and said distant tail lamp
are directly viewed by said fager.

1G60222] The automatic vehicle cquipment control system as described above, wherein said
imager has an acquisition sequence for acquiring said continuous sequence of high
dynamic range single frame images, and said acquisition sequence remains unchanged for
an extended period of tine when multiple different types of light sources are detected.

100223] The automatic vehicle equipment control system as described above, wherein said
iens 1s configured so said at least one iruager has a reduced sensitivity to said light sources

haviog a large arca and low laminance, and said lens is further configured such that a
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majority of a light from a small light areca light source is substantially focused onto one
pixel of said pixel array.

100224] The automatic vehicle equipment control systera as desceribed above, wherein sawd
processor 1s further configured to process a mosaiced color image by interpolating at least
one color component for each pixel that 18 voissing said color data, and generate a
grayscale tmage as a weighted average of said color components at each pixel location.

100225] The austomatic vehicle equipment control systern as described above, wherein said
processor is further configured to enhance a detection of yellow in said image, such that
vellow lane markers in said troage are detected.

{00226] The automatic vehicle equipment control system as described above, wherein an
interpolation cquation is based upon at least one of a position of a pixel relative to a
maosaiced color filter array pattern, a color of a missing component that is being calculated,
and an edge pattern detected for said pixel location where said interpolation is being
performed.

{00227] The automatic vehicle equipment control systemn as described above, wherein said
processor s turther configured to use an edge pattern detection with g larger pixel base to
select an interpolation equation based upon pixel values from a smaller pixel base.

160228] The automatic vehicle equipment control system as described above further
contfigured to select interpolation equations that calculate an interpolated value based
primarily on values of pixels that arc adjacent to the mterpolation site.

100229] The astomatic vehicle equipment control systern as described above, wherein said
processor is further configured to modify grayscale values for at least one pixel associated
with a selected said color spectral filter by increasing their values relative to a non~-yellow
pixel.

100230} The austomatic vehicle equipment control systern as described above, wherein said
processor is further configured to locate a position of tmaged light sources in successive
image, statistically caleunlate hight levels for cach said spectral filter array colors, and
compare said statistically calculated values for cach of said color components to
differentiate types of lamps.

100231} The astomatic vehicle equipment control systern as described above, wherein said
processor is further configured to take readings over time as the position of the projected

image changes over fime.
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{00232] The automatic vehicle equipment control system as described above, wherein said
processor is further configured, such that said image data from successive frames for a
given fight source 1s further utilized to provide classifications for position and trajectory of
said light source.

100233] The autornatic vehicle equipment control system as described above further
comprising a memory device in comrmunication with said processor, said memory device
configurcd to store data obtained from captured said images, wherein said data compriscs
at least one of locations of bright pixels in said pixel array and of each said spectral color
filter that covers each said pixel.

{00234] The automatic vehicle equipment control system as described above, wherein said
processor 18 further configured to locate and track an imaged hight source over a plurality
of iroages, such that said data is analyzed to determune a plorality of properties of said
iight source.

100235] The automatic vehicle equipment coutrol system as described above, wherein said
plurality of propertics comprisc at least one of color, intensity, a profile of intensity with
respect to time, a position, a trajectory, and a velocity.

{00236] The automatic vehicle equipment control systern as described above, wherein said
color spectral filter array 1s arranged 1n a pattern, wherein a plurality of first colored filters
are approximately twice the amount of a plurality of second colored filters and said
plurality of first colored filters are approximately twice the aroousnt of 8 plurality of third
colored filters, and said processor is further configured to separately accurulate and
compare a sum of first colored pixel values in a row with sccond colored pixel values and
a sum of said first colored pixel values 1 a vow with third colored pixel values to provide
an estimate of a statistical quantity of measurements based on a time averaged response of
said pixels with said spectral filiers of a given color to a given light source adjusted for
density of said pixels in said pixel array.

160237} The automatic vehicle equipment control system as described above, wherein said
processor is further configured to scan said image to locate local said pixels with a
brightness peak reading vahue that exceeds a brightness peak threshold value set for a
given spectral color filter.

1360238] The automatic vehicle cquipment control system as described above, wherein said
brightness peak threshold value is determined for cach given said spectral color filter
based upon a density of bright spots in an adjoining arca of said image.
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1002391 The automatic vehicle equipment control system as described above wherein said
processor is further configured to perform edge preserving color interpolation to provide
pixel color and lununance information for objects that are large enough to span several
contiguous said pixels in said image.

1002440] The automatic vehicle equipment coutrol system as described above, wherein said
processor is further configured to acquire pixel data for said pixels in a neighborhood of
targeted pixel location and to share such data to perform separate color mterpolation and
brightness peak detection functions.

100241} The autornatic vehicle equipment control system as described above, wherein said
processor is further configured to detect at least one brightness peak in said image.

{00242] The automatic vehicle equipment control systemn as described above, wherein at
least two different spectral filter coloved pixels are in communication with at least a
portion of the same compare circuits, said compare circuits configured for compare
operations in two different pixel array configurations,

{00243] The automatic vehicle equipment control system as described above, wherein said
processor 18 further configured to screen out at least a portion of said brightucss peaks
based upon said brightness peaks being an imaged reflection of a light source.

100244] The autornatic vehicle equipment control system as described above, wherein said
processor is further configured to indicate at least a portion of said brightness peaks to be
further processed based upon said bright spot being a local peak or platcau in intensity.

100245] The astomatic vehicle equipment control systern as described above, wherein said
brightness peak is where a pixel value of a given said colored pixel is greater than or equal
to pixel values of proximate like colored pixels in assigned directions.

{002486] The automatic vehicle equipment control system as described above, wherein said
proximate like colored pixels coraprises approximately cight neighboring like colored
pixels in at least one of vertical, horizontal, and diagonal directions.

(60247 The automatic vehicle equipment control system as described above, wherein a
brightness peak threshold value used to screen brightness peaks s variable.

{00248] The automatic vehicle equipment control systemn as described above, wherein said
variable brighiness peak threshold value is increased based upou increased density of
bright spots proximate a bright spot being screened.

100248] The automatic vehicle equipment control system as described above, wherein said
processor is further configured to group a plurality of brightness peaks.
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{00250] The automatic vehicle equipment control system as described above, wherein said
brightness peaks are grouped based upon a determination that said brightness peaks are
members of a connected set of pixels n said pixel array that exceed said brightness peak
threshold vahue.

100251] The automatic vehicle equipment coutrol system as described above, wherein said
processor is further configured to map at least a portion of said pixels to reshape an image
by spatial transformation.

{00252] The automatic vehicle equipment control system of as described above, wherein
said reshaping of said image 1s utilized to at least one of provide a top-down view,
correcting lens distortion, and stitching multiple images obtained from a plurality of
HHAagers.

100253] The astomatic vehicle equipment control systern as described above, wherein said
processor s further configured to detect and screen red brightness peaks according to a
variable threshold value that is adjusted accordimg to a position of said red brighiness peak
in said image and a frequency of occurrence of said red brightness peak in zones of said
image.

100254] The automatic vehicle equipment control system as described above, wherein said
processor 1s further configured to detect and prioritize brightness peaks in said image, such
that at least a portion of said brightness peaks having a higher prioritization are processed
prior to at least a portion of said brightness peaks having a lower prioritization.

100255] The astomatic vehicle equipment control systern as described above, wherein said
processor is further configured, for cach brightness peak that is detected, a direction of a
brightest adjacent pixel of each of the other said colored pixels is determined.

{00256] The automatic vehicle equipment control system as described above, wherein said
processor s further configured to generate an importance weighting of pixels having peak
readings that are reported based upon a sum of individual weighting factors that include at
icast one of weightings factors for a row position of a peak in an image array, a column
position of said peak in said image array, an approximate logarithm of a brightness of said
peak, and a magnitude of said peak relative to that of adjacent red and blue pixels.

100257] The astomatic vehicle equipment control systern as described above, wherein said
frame rate of said imager is selectable.

100258] The automatic vehicle equipment coutrol system as described above, wherein said
imager is configured to have said frame rate of approximately 20 to 25 frames per second.
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{00259] The automatic vehicle equipment control system as described above, wherein said
frame rate is such that an alternating current { AC) light source operating at both
approximately 60 Hz and 50 Hz is detectable.

130260] The automatic vehicle cquipment control system as described above, wherein said
imager is configured to have a non-harmouie frequency frame rate with respect o an
alternating current {AC) light source.

100261} The austomatic vehicle equipment control systern as described above, wherein said
non-harmounic frequency frame rate is a beat pattern in which a signal for a sub-sampied
flicker frequency oscillates at a rate approximately equal to onc half of said frarac rate and
a phase of said signal is tnverted during each beat frequency half cycle phase reversal
period.

100262] The astomatic vehicle equipment control systern as described above, wherein said
imager 18 configured to have a beat frequency frame rate with respect to an alternating
current (AC) light source, such that a repetition rate of image acquisition for said beat
frequency is approximately half a cycle period that is approximately two image acquisition
perieds so that during said beat frequency half cycle period, a phase of an alternating
acquisition pattern shifts by approximately 180 degrees relative to a flicker cycle.

160263] The automatic vehicle equipment control system as described above, wherein said
processor is further configured to locate brighiness peaks in said image, grouping peaks to
satd light source, tracking a hustory of said hight source over a plurality of frames,
calculating an intensity based on a sum of intensities of brighter pixels related to said light
source in cach said image, classifying said light source, and generating a control signal
based upon said classified light source.

{00264] The automatic vehicle equipment control system as described above further
comprising at least one light sensor having a different field of view from said at least one
imager, wherein said imager has an integration period that is at least partly a function of
light detected by said light sensor.

{00265] The automatic vehicle equipment control system as described above, wherein said
at least one irnager cornprises a first imager having a field of view approximately forward
of a controlled vehicle and a second imager having a field of view approximately rearward
of said controlied vehicle.

100266] The automatic vehicle equipment coutrol system as described above, wherein said
at least one imager is configured for use in at least one system comprising lane departure
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warning, adaptive cruise control, collision avoidance, traffic sign recognition, automatic
headlarap control, pedestrian detection, occupant identification, drowsiness detection,
smart airbag deployment, vehicle theft identification, drive-by wire, and blind spot
detection.

100267] The automatic vehicle equipment coutrol system as described above, wherein said
processor is further configured to detect a plurality of lane markers in said image, and
deterroine a change ratio of lane marker curvature to detect additional lane markers.

{00268] The automatic vehicle equipment control systern as described above, wherein said
processor s further configured to detect lane markers, such that said colored spectral filter
array comprising at least one bhue filter, at least one green filter, and at least one red filter,
wherein g low blue pixel value relative to a green pixel value and g red pixel value
indicates a detection of a yellow lane marker.

130269] The automatic vehicle cquipment control system as described above, wherein said
processor is further configured to perform color 1nterpolation that is based upon an
analysis of said image data to detect edge patterns, wherein interpolated values are a
function of said detected edge patierns.

{00270} The automatic vehicle equipment control system as described above, wherein said
processor 1s further configured to perform an interpolation equation to calculate a missing
color component based upon an edge pattern detection using pixel values from a
neighborhood of an interpolation site that cxtends beyond a three by three neighborhood of
satd interpolation site, and said interpolation equation further based upon values of pixels
with said three by three neighborhood of a pixel for which a missing color component is
being calculated.

{00271} The automatic vehicle equipment control systemn as described above, wherein said
processor 18 further configored to calcunlate color component values for at least a portion of
said pixels in said pixel array.

160272} The autornatic vehicle equipment control system as described above, wherein said
processor is further configured to calculate grayscale values related to a luminance for at
icast a portion of said pixels in said pixel array.

{00273] The automatic vehicle equipment control system as described above, wherein said
processor is further configured to modify grayscale values for at least a portion of pixels of
a selected color by mereasing their values relative {o non-yellow pixels in order to
facilitate their detection as lane markings.
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{00274} The automatic vehicle equipment control system as described above, wherein said
processor is further configured to double a grayscale value of at least a portion of yellow
pixels 1o said 1mage that are analyzed to detect lane markers.

{G60275] The automatic vehicle cquipment control system as described above, wherein said
processor is further configured to adjust a color detection critenia based upon light
conditions.

100276] The austomatic vehicle equipment control systern as described above, wherein said
processor is further configured to determine that a selected pixel is yellow when color
ratios of various color component values for said pixel with respect to other selected color
component values for the same said pixel are within a predetermined range.

{00277] The automatic vehicle equipment control systemn as described above, wherein said
light conditions coraprises one of direct sunlight, shaded area, and a beadlamp.

1G60278] The automatic vehicle cquipment control system as described above, wherein said
processor is further configured to detect a cloud type based upon said image of the skv as a
function of at least one of color, pixel intensity, and spatial variation in pixel intensity.

100279] The austomatic vehicle equipment control systern as described above, wherein said
processor is further configured to utilize color of pixels from images of lane markings to
adjust color detection thresholds to increase inclusion of such colors.

1002840] The automatic vehicle equipment coutrol system as described above, wherein said
processor is further configured to replace a denominator term that requires a repetitious
division by a calculated adjustment to an exponent that is part of a calculation to provide
an approximation to an original equation in order to climinate said repetitious division.

160281} The automatic vehicle equipment control system as described above, wherein said
processor is further configured to utilize a scaling factor that reduces the number of pixel
values that are saturated after tone mapping.

100282] The automatic vehicle equipment control system as described above, wherein said
processor 1s further configured to format pixel data to provide a lunminance component and
two cotapact color coraponents that are substantially independent of luminance.

{00283] The automatic vehicle equipment control systemn as described above, wherein said
processor 18 further configared to automatically select a color conversion algorithm based
upon an external bit of information that comprises an amount of detected ambient light.

100284] The automatic vehicle equipment control system as described above, wherein said
processor is further configured to automatically select a color conversion algorithm based
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upon at least one of whether image data is being displayed, automatic vehicle exterior light
control, lanc detection, lanc tracking, lane keeping, and blind spot warning.

100285] The astomatic vehicle equipment control systern as described above, wherein said
processor is further configured to alter a level of image enhancement applied as a result of
a detected color based upon at least one of an assessment of a quality of color detection
and a benefit of applying a color enhancement.

100286] According to one ermbodiment, an automatic vehicle equipment control system
comprises: at least one imager configured to acquire a continuous sequence of high
dynarmic range single frarme fmages, and said at least one imager comprising a pixel array;
a color spectral filter array in optical communication with said at least one imager, said
color spectral filter array cornprising a plurality of color filters, at least a portion of which
are different colors, and pixels of said pixel array being in optical communication with
substantially one said spectral color filter; a lens in optical cornmunication with said at
lcast one imager and said color spectral filter array; and a processor in communication
with said at least onc imager, and configured to process said continuous sequence of high
dynamic range images, wherein said processor is further configured to use color
information for pixels from said pixel array to enhance yellow colored features i said
high dynamic range imoages fo detect vellow lane markers.

{00287] According to one embodiment, an automatic vehicle equipment control system
compriscs: at least one 1mager configured to acguire a continuous sequence of high
dynamic range single frame tmages, and said at least one imager comprising a pixel array,
a color spectral filter array in optical communication with said at least one trmager, said
color spectral filter array comprising a plurality of color filters, at least a portion of which
are different colors, and pixels of said pixel array being in optical comnmumnication with
substantially one said spectral color filter; a lens in optical communication with said at
icast one imager and said color spectral filter array; and a processor in communication
with satd at least one imager, wherein said processor 1s further configured to aggregate a
plurality of bright pixels into a single light source object in at least one image of said
contirous sequence of high dynamic range images.

100288] According to one embodiment an automatic vehicle equipment control system
comprises: at least onc imager configured to acquire a continuous scquence of high
dynamic range single frame images, and said at least one tmager comprising a pixel array;
a color spectral filter array in optical commmunication with said at least one 1mager, said
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color spectral filter array comprising a plurality of color filters, at least a portion of which
one said spectral color filter; a lens in optical communication with said at least one imager
and said color spectral filter array; and a processor in communication with said at least one
imager, said processor being configured to detect an alternating current ( AC) hight source
in said contiruous sequence of high dynamic range images, wherein said at least one
imager is configured to have a sampling image repetition period that is looger than that of
a flicker cycle period of said AC light source.

160288] According to one embodiment, a method of generating a lane departure warning
comprises the steps of: populating a world coordinate system grid for incoming pixel data;
scoring marker points; processing said scored marker points; determining a type of lane
lines based upon said processed and scored marker points; computing a vehicle departure
from said lanc hnes; and determining if a warning should be emitted.

1002940] The method as described above, wherein said step of populating a world coordinate
systemn for incoming pixel data further comprises utilizing luminance information.

100291} The method as described above, wherein said step of populating a world coordinate
system for incoming pixel data further comprises bilinear interpolating when sample grid
points transiate to fractional coordinates 1 an image plane.

{00292] The method as described above, wherein said step of scoring marker points
compriscs calculating a cross correlation crror for 4 series of grid sample points.

[00293] The method as described above, wherein said step of processing said scored
rarker points comprises classifying each lane line as one of an unknown type, a single
type, a single-dashed type, a single~unkuown type, a double type, a double-dashed-left
type, a double-dashed-right type, and a double-unknown type.

[00294] The method as described above, wherein said step of processing said scored
marker points comprises classifying each line based upon a number of points found along
an edge of a lanc roarking and a displacement of points along said edge of said lane
markings.

§00295] The method as described above, wherein said step of determining a type of lane
line further comprises determining if said lane line is one of a double line, a solid line, and
a dashed line.

[00296] The method as described above further comprising the step of coping a history of
said line detection from a left side into a right side when a controlied vehicle
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approximately completely crosses said line from right to left, and coping a history of said
e detection from said right side into said left side when said controlled vehicle
approximately completely crosses said line from left to right.

13602971 The method as described above, wherein said step of determining if a warning
should be emitted further comprises evaluating at least one of a controlled vehicle’s speed,
a turn signal switch position, a yaw rate of said controlied vehicle, and an output a lane
departure warning application.

{60298] The method as described above further comprising the step of creating a lookup
table utilized to translate an image coordinate system to a world coordinate system;
{00299] According to one embodiment, a method for generating a control signal for vehicle
compriscs the steps of: extracting a hist of light objects; corabining single-peak light
sources mto multi-peak light objects; convecting current light sources to light sources

contained in previous images;calculating at icast one light source attribute; and
determining an appropriate state of a vehicle’s headlarop.

100300] The method as described above, wherein said step of extracting a list of light
objects further comprises a possible points of mterest (POPY) harvest and a POPI blossorn
refinement.

{60301] The racthod as described above, wherein said POPT harvest comprises parsing said
pre-processed encoded output, and creating a list of POPI blossom objects.

100302] The method as described above, wherein said POP blossom refinement comprises
passing said bist of POPI blossom objects to at least one registered refirung factory.
1G60303] The method as described above, wherein said at least one refining factory allocates
light source objects, and populates a single peak light list that contains only a single pre-

processed image located peak.

$00304] The method as described above, wherein said at least one registered refining
factory determines at least one property of said light source, said at least one property
comprising at least one of a red/white ratio, g peak pixel within said light source, a slope
within a § x 5 array of pixels surrounding and including said peak pixel with said hight
source, a total grey scale value, past frame light source position, present frame light source
position, motion, width, height, area, age, and growth.

{00305] The method as described above further comprising the step of calculating at least
one scene atiribute for an image frame based upon at least ove of said light source attribute
and light source history.
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{00306] Advantageously, the system 106 can capture high dynamic range images,
efficiently process the high dynamic range images, and generate a control signal that can
be utilized to alter an operation of the controiled vehicle 105, The system 106 can also be
configured to process the captured high dynamic range images in various ways, which can
be dependent upon what conirol signal is to be generated {(¢.g., headlamp control, LDW,
etc.). It should be appreciated by those skilled in the art that the system 106 and method(s)
thereof can have additional or alternative advantages. It should further be appreciated by
those skilled in the art that the components and steps described above can be combined in
various alternative, including alternatives not explicitly described herein,

100307 Modifications of the invention will occur to those skilled in the art and to those
who make or use the invention. Therefore, it is understood that the embodiments shown
in the drawings and described above are merely for illustrative purposes and vot mtended
to limit the scope of the invention, which is defined by the following claims as interpreted

according to the priveiples of patent law, wncluding the doctrine of equivalents.
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£1ATMS

What s claimed is:

i. An automatic vehicle equipment control system comprising:

at least one imager configured to acquire a continuous sequence of high dynamic
range single frame images, and said at least one imager comprising a pixel array;

a processor in communication with said at least one 1mager, and configured to
process said continuous sequence of said high dynamic range images;

a color spectral filter array in optical communication with said at least one imager,
said color spectral filter array comprising a phurality of color filters, at least a portion of
which are different colors, and pixels of said pixel array being in optical conumunication
with substantially one said spectral color filter; and

a lens in optical communication with said at least one imager and said color
spectral filter array;

wherein said imager is configured to capture a non-saturated image of nearby
one tmage frame of said continnous sequence of high dynamic range single frame images,
and the automatic vehicle equipment conirol system configured to detect at least one of
said highway markings and said tail lamps, and quantify light from said oncoming
headlarap from data in said one image frame.

2. The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,
wherein said oncoming headlamp and at least one said diffuse lane marking and saad

distant tail lamp are directly viewed by said imager.

3, The automatic vehicle equipment control system of one of claims 1, 67, 6K, or 69,
wherein said irnager has an acquisition sequence for acquiring said continuous scquence of
high dynamic range single frame tmages, and said acquisttion sequence remains
unchanged for an extended period of time when multiple different types of light sources

are detected.

4. The autorsatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said lens is configured so said at least onc imager has a reduced sensitivity to said
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light sources having a large area and low luminance, and said Iens is further configured
such that a majority of a light frorn a sruall light arca light source is substantially focused

onto one pixel of said pixel array.

5. The autornatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said processor is further configured to process a mosaiced color image by
interpolating at lcast one color coraponent for cach pixel that 1s missing said color data,
and generate a grayscale image as a weighted average of said color components at cach

pixel location.

6. The antomatic vehicle equipment conirol systern of one of claims 1, 67, 68, or 69,
wheretn said processor is further configured to enhance a detection of yellow 1n said

image, such that yellow lane markers in said image are detected.

7. The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein an interpolation equation 18 based upon at least one of 4 position of a pixel
relative to a mosaiced color filter array pattern, a color of a missing component that is
being calculated, and an edge pattern detected for said pixel location where said

interpolation is being performed.

8. The antomatic vehicle equipment conirol system of one of claims 1, 67, 68, or 69,
wherein said processor 18 further configured to use an edge pattern detection with a larger
pixel base to select an interpolation cquation based upon pixel values from a sroaller pixel

base.

3. The automatic vehicle equipment control systern of claim 8 further configured to
select mterpolation equations that calculate an interpolated value based primarily on

values of pixels that are adjacent to the interpolation site.

10. The antomatic vehicle equipment conirol system of one of claims 1, 67, 68, or 69,
wherein said processor 18 further configured to modify grayscale values for at least one
pixel associated with a selected said color spectral filter by tnereasmg their values relative
to a non-yellow pixel
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i1, The antomatic vehicle equipment conirol systern of one of claims 1, 67, 68, or 69,
wherein said processor is further configured to locate a position of imaged light sources in
successive image, statistically calculate light levels for cach said spectral filter array
colors, and corapare said statistically calculated values for cach of said color compouents

to differentiate types of lamps.

12. The automatic vebicle equipment control system of claim 11, wherein said
processor 1s further configured to take readings over time as the position of the projected

image changes over time.

13, The astomatic vehicle equipment control systers of claim 11, wherein said
processor is further configured, such that said image data from successive frames for a
given light source 1s further utilized to provide classifications for position and trajectory of

said light source.

14.  The automatic vebicle equipment control system of one of claims 1, 67, 68, or 69
further comprising a memory device i cormruunication with said processor, said memory
device configured to store data obtained from captured said images, wherein said data
compriscs at least onc of locations of bright pixels in said pixel array and of each said

spectral color filter that covers each said pixel.

1S. The automatic vehicle equipment countrol system of claim 14, wherein said
processor is further configured to locate and track an imaged light source over a plurality
of trmages, such that said data is snalyzed to determine a plurality of propertics of said

light source.

16, The auwtomatic vehicle equipment control system of claim 15, wherein said
plurality of propertics comprise at least one of color, inteunsity, a profile of intcusity with

respect to time, a position, a frajectory, and a velocity.,

17. The autornatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said color spectral filter array is arranged in a pattern, wherein a plurality of first
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colored filters are approximately twice the amount of a plurality of second colored filters
and said plurality of first colored filters are approximately twice the amount of a plurality
of third colored filters, and said processor is further configured to separately accumulate
and compare a sum of first colored pixel values in a row with second colored pixel values
and a sam of said first colored pixel values 1o a row with third colored pixel values to
provide an estimate of a statistical quantity of measurements based on a time averaged
response of said pixels with said spectral filters of a given color to a given light source

adjusted for density of said pixels in said pixel array.

IR, The auwtomatic vehicle equipment control system of oune of claims 1, 67, 68, or 69,
wherein said processor is further configured to scan said image to locate local said pixels
with a brightness peak reading value that exceeds a brightness peak threshold value set for

a given spectral color filter.

19, The awtomatic vehicle equipment control system of claim 1¥, wherein said
brightness peak threshold value is determined for cach given said speciral color filter

based upon a density of bright spots in an adjoining area of said image.

28, The automatic vehicle equipment control system of oune of claims 1, 67, 68, or 69,
wherein said processor is further configured to perform edge preserving color interpolation
to provide pixel color and laminance information for objects that are large enough to span

several contiguous said pixels in said image.

21 The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said processor is further configured to acquire pixel data for said pixels in a
neighborhood of a targeted pixel location and to share such data to perform separate color
mterpolation and brightness peak detection functions.

22. The antomatic vehicle equipment conirol systern of one of claims 1, 67, 68, or 69,
wheretn said processor is further configured to detect at least one brightoess peak in said

image.
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23, The automatic vehicle equipment control system of claim 22, wherein at least two
different spectral filter colored pixels are in communication with at least a portion of the
same compare circuits, said corpare circuits configured for compare operations in two

different pixel array configurations.

24, The automatic vehicle equipment control system of claim 22, wherein said
« 2
processor 18 further configured to screen out at least a portion of said brightuess peaks

based upon said brightness peaks being an imaged reflection of a light source.

25, The automatic vehicle equipment control system of claim 22, wherein said
processor is further configured to indicate at least a portion of said brightness peaks to be

further processed based upon said bright spot being a local peak or plateau in intensity.

26. The automatic vehicle equipment countrol system of claim 22, wherein said
brightness peak is where a pixel value of a given said colored pixel is greater than or equal

to pixel values of proxamate like colored pixels m assigoned directions.

27.  The automatic vehicle equipment countrol system of claim 26, wherein said
roximate like colored pixels comprises approximately etght neighboring like colored
3 g

pixels in at least onc of vertical, horizontal, and diagonal directions.

28.  The automatic vehicle equipment control system of claim 22, wherein a brightness

peak threshold value used {o screen brighiness peaks is variable.

29.  The automatic vehicle equipment control systera of claim 28, wherein said variable
brightness peak threshold value is increased based upon increased density of bright spots

proximate a bright spot being screened.

30.  The antomatic vehicle equipment control systern of elaim 22, wherein said

processor 18 further configared to group a plurality of brighiness peaks.

31 The automatic vehicle equipment countrol system of claim 30, wherein said
brightness peaks are grouped based upon a determination that said brightness peaks are
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members of a connected set of pixels in satd pixel array that exceed said brightness peak

threshold value,

32. The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,
wherein said processor s further configured to map at least a portion of said pixels to

reshape an image by spatial fransformation.

33, The automatic vehicle equipment control system of claim 32, wherein said
reshaping of said irnage i1s utilized to at least one of provide a top-down view, correcting

lens distortion, and stitching multiple images obtained from a plurality of imagers.

34, The antomatic vehicle equipment conirol system of one of claims 1, 67, 68, or 69,
wherein said processor 18 further configured to detect and screen red brightness peaks
according to a vaniable threshold value that is adjusted according to a position of said red
brightness peak in said immage and a frequency of occurrence of said red brightness peak in

zones of said image.

3S. The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein satd processor s further configured to detect and prioritize brightoess peals in
satd fmage, such that at least a portion of said brightness peaks having a higher
prioritization are processed prior to at least a portion of said brightness peaks having a
lower prioritization.

36.  The automatic vehicle equipment control system of claim 35, wherein said
processor 18 further configured, for cach brightness peak that 1s detected, a direction of a

brightest adjacent pixel of each of the other said colored pixels is determined.

37.  The automatic vehicle equipment control system of claim 36, wherein said
processor s further configured to generate an importance weighting of pixels having peak
readimgs that are reported based upon a sam of individoal weighting factors that include at
icast one of weightings factors for a row position of a peak in an image array, a column
position of satd peak in said image array, an approxiwate logarithro of a brightness of said
peak, and a magnitude of said peak relative to that of adjacent red and blue pixels.
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38. The antomatic vehicle equipment conirol systern of one of claims 1, 67, 68, or 69,

wheretn said frame rate of said noager 1s selectable.

39, The autornatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said imager is configured to have said frame rate of approximately 20 to 25

frames per second.

40.  The automatic vehicle equipment countrol system of claim 39, wherein said frame
rate is such that an alternating current {AC) light source operating at both approximately

60 Hz and 50 Hz 1s detectable.

41, The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,
whereim said imager 1s configured o have a non-harmonic frequency frame rate with

respect to an alternating current (AC) light source.

42.  The automatic vebicle equipment control system of claim 41, wherein said non-
harroonic frequency frame rate 18 a beat pattern in which a signal for a sub-sarapled flicker
frequency oscillates at a rate approximately equal to one half of said frame rate and a
phasc of said signal 18 mverted during cach beat trequency half cycle phase reversal

period.

43. The autornatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said imager 18 configured to have a beat frequency frame rate with respect to an
alternating current {AC) light source, such that a repetition rate of image acquisition for
satd beat frequency is approximately half a cycle period that is approximately two image
acquisition periods so that during said beat frequency half eyele period, a phase of an

alternating acquisition pattern shifts by approximately 180 degrees relative to a flicker

cycle.
44, The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,

wherein said processor s further configured to locate brightoess peaks n said image,
grouping peaks to said light source, tracking a history of said light source over a plurality
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of frames, calculating an intensity based on a sum of intensitics of brighter pixels related
to said light source in cach said tmage, classifying said light source, and gencrating a

control signal based upon said classified light source.

45. The autornatic vehicle equipment coutrol system of one of claims 1, 67, 68, or 69
further comprising at least one light sensor having a different ficld of view from said at
icast one fmager, wherein said imager has an integration period that is at least partly a

function of light detected by said light sensor.

46, The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said at least one imager comprises g first frnager having a ficld of view
approximately forward of a controlled vehicle and a second 1mager having a field of view

approximately rearward of said controlied vehicle.

47. The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said at least one imager is configured for use in at least one systermn comprising
lane departure warning, adaptive cruise control, collision aveidance, traffic sign
recognition, antomatic headlamp control, pedestrian detection, occupant dentification,
drowsiness detection, smart airbag deployment, vehicle theft identification, drive-by wire,

and blind spot detection.

48, The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,
wherein said processor is further configured to detect a plurality of lane markers 1o said
image, and determine a change ratio of lane marker curvature to detect additional lane

markers.

49, The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein satd processor ts further configured to detect lane markers, such that said colored
spectral filter array comprising at least one bluc filter, at least one green filter, and at least
one red filter, wherein a low blue pixel value relative to a green pixel value aund a red pixel

value indicates a detection of a yellow lane marker.
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58, The automatic vehicle equipment control system of oune of claims 1, 67, 68, or 69,
wherein said processor is further configured to perforrn color interpolation that 1s based
upoun an analysis of said 1mage data to detect edge patterns, wherein interpolated values

ar¢ a function of said detected edge patterns.

51, The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said processor is further configured to perforrn an interpolation equation to
calculate a2 missing color component based upon an edge pattern detection using pixel
valucs from a neighborhood of an interpolation site that extends beyond a three by three
neighborhood of said interpolation site, and said interpolation equation further based upon
values of pixels with said three by three neighborhood of a pixel for which a missing color

component s being calculated.

52. The autornatic vehicle equipment coutrol system of one of clairas 1, 67, 68, or 69,
wherein said processor is further configured to calculate color component values for at

icast a portion of said pixels in said pixel array.

$3.  The automatic vehicle cquipment control system of claim 52, wherein said
processor is further configured to calculate grayscale values related to a luminance for at

icast a portion of said pixels in said pixel array.

34.  The automatic vehicle equipment control system of claim 53, wherein said
processor is further configured to roodity grayscale values for at least a portion of pixels of
a selected color by increasing their values relative to non-yellow pixels in order to

facilitate their detection as lane markings.

58S. The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein satd processor s further configured to double a grayscale value of at least a

portion of yellow pixels 1o said image that are analyzed to detect lane markers.

56. The automatic vehicle cquipment control system of one of claims 1, 67, 6%, or 69,
wherein said processor s further configured to adjust a color detection criteria based upon
light conditions.
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lard
2.

The automatic vehicle equipment control systern of claim 56, wherein said
processor 18 further configored to deterrmne that a selected pixel is yellow when color
ratios of various color component values for said pixel with respect to other selected color

component values for the same said pixel are within a predetermined range.

38, The antomatic vehicle equipment control system of claim 56, wherein said Hight

conditions comprises one of direct sunlight, shaded area, and a headlamp.

59, The automatic vehicle equipment control system of claim 56, wherein said
processor 18 further configured to detect a cloud type based upon said image of the sky as a

function of at least one of color, pixel jutensity, and spatial variation 1o pixel infeunsity.

66. The automatic vehicle equipment countrol system of claim 56, wherein said
processor is further configured to utilize color of pixels from images of lane markings to

adjust color detection thresholds to inerease inclusion of such colors.

61. The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said processor s further configured to replace a denominator term that requires a
repetitious division by a calculated adjustment to an exponent that 1s part of a calenlation
to provide an approximation to an original equation 1o order to elimninate said repetitious

division.

62.  The automatic vehicle equipment control system of claim 59, wherein said
processor 18 turther configured to utihize a scaling factor that reduces the number of pixel

values that are saturated after tone mapping.

63, The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said processor is further configured to format pixel data to provide a luminance
component and two compact color components that are substantially independent of

fuminance.
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64,  The automatic vehicle equipment control system of oune of claims 1, 67, 68, or 69,
wherein said processor is further configured to automatically sclect a color conversion
algorithro based upon an external bit of information that comprises an amouant of detected

ambient light.

65, The automatic vehicle equipment control system of one of claims 1, 67, 68, or 69,
wherein said processor is further configured to automatically sclect a color conversion
algorithm based upon at least one of whether image data is being displayed, automatic
vehicle exterior light control, lane detection, lane tracking, lanc keeping, and blind spot

Warping.

66. The antomatic vehicle equipment conirol system of one of claims 1, 67, 68, or 69,
wherein said processor s further configured to alter a level of image enhancement applied
as a result of a detected color based upon at least one of an assessment of a quality of color

detection and a benefit of applying a color enhancement.

67. An automatic vehicle equipment control system comprising:

at least one irnager configured to acquire a continuous sequence of high dynamic
range single frame images, and said at least one imager comprising a pixel array;

a color spectral filter array in optical cormmunication with said at least one imager,
said color spectral filter array comprising a plurality of color filters, at least a portion of
which are different colors, and pixels of said pixel array being in optical communication
with substantially one said spectral color filter;

a lens in optical communication with said at lcast one imager and said color
spectral filter array; and

a processor in communication with said at least one imager, and configured fo
process said continuous sequence of high dynarnic range irnages, wherein said processor is
further configured to use color information from pixels of said pixel array to enhance

yellow colored features in said high dynamic range images to detect yellow lane markers,

68.  An automatic vehicle equipment control system comprising:
at least one imager configured to acquire a continuous sequence of high dynamic
range single frame images, and said at least one imager comprising a pixel array;
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a color spectral filter array in optical communication with said at least one imager,
satd color spectral filter array comprising a plurality of color filters, at least a portion of
which are different colors, and pixels of said pixel array being in optical communication
with substantially one said speciral color filter;

a lens n optical communication with said at least one imager and said color
spectral filter array; and

a processor in communication with said at least one imager, wherein said processor
is further configured to aggregate a plurality of bright pixels into a single light source

object 1n at least one image of said continuous scquence of high dyvnamic range images.

69.  An automatic vehicle equipment control systern comprising;

at least one imager configured to acquire a continuous sequence of high dynamue
range single frame images, and said at least one imager comprising a pixel array;

a color spectral filter array in optical communication with said at least one imager,
said color spectral filter array comprising a plurality of color filters, at least a portion of
which are different colors, and cach said pixel being in optical communication with
substantially one said spectral color filter;

a lens in optical communication with said at least one imager and said color
spectral filter array; and

a processor in communication with said at least one mmager, said processor being
configured to detect an alternating current (AC) Hight source in said continuous sequence
of high dynamic range images, wherein said at lcast one imager is configured to have a
sampling image repetition period that 1s longer than that of a flicker cycle period of said

AC light source.

76, A method of generating a lane departure warning, said method comprising the
steps of

populating a world coordinate systern grid for incoming pixel data;

scoring marker points;

processing said scored marker points;

determining a type of lane lines based upon said processed and scored marker
points;

computing a vehicle departure from said lane lines; and
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determining if a warning should be emitted.

71, The method of claim 70, wherein said step of populating a world coordinate

system for incoming pixel data further comprises utilizing laminance information.

72, The method of claims 70 or 71, wherein said step of populating a world coordinate
systern for incorning pixel data further comprises bilinear interpolating when sample grid
points translate t¢ fractional coordinates in an image plane.

73. The method of claims 70 or 71, wherein said step of scoring marker points

comprises calculating a cross correlation error for a series of grid saraple points.

74.  The method of claims 70 or 71, wherein said step of processing said scored marker
points compuises classifying cach lane Hne as one of an unknown type, a single type, a
single-dashed type, a single-unknown type, a double type, a double-dashed-icft type, a

double-dashed-right type, and a double-unknown type.

75.  The method of clatms 70 or 71, wherein said step of processing said scored marker
points comprises classifying each line based upon a number of points found along an edge

of a lane marking and a displacement of points along said edge of said lane markings.

76.  The method of claims 70 or 71, wherein said step of determining a type of lane line
further comprises deterroining if said lane hine 18 one of a double ling, a solid line, and a

dashed line,

77.  The method of claims 70 or 71 further comprising the step of coping a history of
said line detection from a left side into a right side when a controlled vehicle
approximately completely crosses satd line from right to left, and coping a history of said
iine detection from said right side into said left side when said controlled vehicle

approximately corapletely crosses said line frovo left to right.

78. The method of claims 70 or 71, wherein said step of determuning if a warning
should be emitted further comprises cvaluating at least one of a controlled vehicle’s speed,
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a turn signal switch position, a yaw rate of said controlied vehicle, and an output a lane

departure warning application.

79.  The method of claims 70 or 71 further comprising the step of creating a lookup

table utilized to translate an image coordinate systera to a world coordinate system;

80. A method for generating a countrol signal for vehicle headlamp countrol, said method
comprising the steps of
extracting a list of light objects;
combining single-peak light sources into multi-peak light objects;
connecting current Hght sources to light sources contained in previous images;
calculating at least one light source attribute; and

determining an appropriate state of a vehicle’s headlamp.

8§1.  The method of claims 80 or 81, wherein said step of extracting a list of light
objects further comprises a possible points of mterest (POPY) harvest and a POPI blossorn

refinement.

82.  The method of claims 88 or 81, wherein said POPI harvest comprises parsing said

pre-processed encoded output, and creating a hist of POPI blossorm objects.

83.  The method of claim 82, wherein said POPI blosson refinement comprises passing

said list of POPI blossom objects to at least one registered refining factory.

&4, The method of claim 83, whercin said at least one refinung factory allocates light
source objects, and populates a single peak light list that contains only a single pre-

processed image located peak.

85, The method of claim 84, wherein said at least one registered refining factory
deterroines at least one property of said hight source, said at least one property comprising
at lcast one of a red/white ratio, a peak pixel within said light source, a slope withina 5 x 5§

arvay of pixels surrounding and 1ncluding said peak pixel with said light source, a total
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grey scale value, past frame light source position, present frame light source position,

motion, width, height, arca, age, and growth.
86.  The method of claim 85 further comprising the step of calculating at least one

scene attribute for an image frame based upon at least one of said Light source atiribute and

light source history.
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