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instructions to a driver, passenger, user, or other person inside or outside of the vehicle

(or to other vehicles) based on the analysis of the collected data.

[0085] Further, consistent with disclosed embodiments, the functionality provided by
system 100 may cause vehicle 200 to take different actions to navigate vehicle 200
within a lane and/or relative to other vehicles and/or objects. For example, system 100
may adjust the positioning of vehicle 200 relative to a lane within which vehicle 200 is
traveling and/or relative to objects positioned near vehicle 200, select a particular lane
for vehicle 200 to use while traveling, and take action in response to an encroaching
vehicle, such as a vehicle attempting to move into the lane within which vehicle 200 is
traveling. Additionally, system 100 may control the speed of vehicle 200 in different
scenarios, such as when vehicle 200 is making a turn. System 100 may cause vehicle
200 to mimic the actions of a leading vehicle or monitor a target vehicle and navigate
vehicle 200 so that it passes the target vehicle. Additional details regarding the various

embodiments that are provided by system 100 are provided below.
[0086] Forward-Facing Multi-Imaging System

[0087] As discussed above, system 100 may provide drive assist functionality that
uses a multi-camera system. The multi-camera system may use one or more cameras
facing in the forward direction of a vehicle. In other embodiments, the multi-camera
system may include one or more cameras facing to the side of a vehicle or to the rear of
the vehicle. In one embodiment, for example, system 100 may use a two-camera
imaging system, where a first camera and a second camera (e.g., image capture
devices 122 and 124) may be positioned at the front and/or the sides of a vehicle (e.qg.,
vehicle 200). The first camera may have a field of view that is greater than, less than, or
partially overlapping with, the field of view of the second camera. In addition, the first
camera may be connected to a first image processor to perform monocular image
analysis of images provided by the first camera, and the second camera may be
connected to a second image processor to perform monocular image analysis of
images provided by the second camera. The outputs (e.g., processed information) of
the first and second image processors may be combined. In some embodiments, the

second image processor may receive images from both the first camera and second
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camera to perform stereo analysis. In another embodiment, system 100 may use a
three-camera imaging system where each of the cameras has a different field of view.
Such a system may, therefore, make decisions based on information derived from
objects located at varying distances both forward and to the sides of the vehicle.
References to monocular image analysis may refer to instances where image analysis
is performed based on images captured from a single point of view (e.g., from a single
camera). Stereo image analysis may refer to instances where image analysis is
performed based on two or more images captured with one or more variations of an
image capture parameter. For example, captured images suitable for performing stereo
image analysis may include images captured: from two or more different positions, from

different fields of view, using different focal lengths, along with parallax information, etc.

[0088] For example, in one embodiment, system 100 may implement a three camera
configuration using image capture devices 122-126. In such a configuration, image
capture device 122 may provide a narrow field of view (e.g., 34 degrees, or other values
selected from a range of about 20 to 45 degrees, etc.), image capture device 124 may
provide a wide field of view (e.g., 150 degrees or other values selected from a range of
about 100 to about 180 degrees), and image capture device 126 may provide an
intermediate field of view (e.g., 46 degrees or other values selected from a range of
about 35 to about 60 degrees). In some embodiments, image capture device 126 may
act as a main or primary camera. Image capture devices 122-126 may be positioned
behind rearview mirror 310 and positioned substantially side-by-side (e.g., 6 cm apart).
Further, in some embodiments, as discussed above, one or more of image capture
devices 122-126 may be mounted behind glare shield 380 that is flush with the
windshield of vehicle 200. Such shielding may act to minimize the impact of any
reflections from inside the car on image capture devices 122-126.

[0089] In another embodiment, as discussed above in connection with FIGS. 3B and
3C, the wide field of view camera (e.g., image capture device 124 in the above
example) may be mounted lower than the narrow and main field of view cameras (e.g.,
image devices 122 and 126 in the above example). This configuration may provide a
free line of sight from the wide field of view camera. To reduce reflections, the cameras
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may be mounted close to the windshield of vehicle 200, and may include polarizers on

the cameras to damp reflected light.

[0090] A three camera system may provide certain performance characteristics. For
example, some embodiments may include an ability to validate the detection of objects
by one camera based on detection results from another camera. In the three camera
configuration discussed above, processing unit 110 may include, for example, three
processing devices (e.g., three EyeQ series of processor chips, as discussed above),
with each processing device dedicated to processing images captured by one or more

of image capture devices 122-126.

[0091] In a three camera system, a first processing device may receive images from
both the main camera and the narrow field of view camera, and perform vision
processing of the narrow FOV camera to, for example, detect other vehicles,
pedestrians, lane marks, traffic signs, traffic lights, and other road objects. Further, the
first processing device may calculate a disparity of pixels between the images from the
main camera and the narrow camera and create a 3D reconstruction of the environment
of vehicle 200. The first processing device may then combine the 3D reconstruction with
3D map data (e.g., a depth map) or with 3D information calculated based on information
from another camera.

[0092] The second processing device may receive images from main camera and
perform vision processing to detect other vehicles, pedestrians, lane marks, traffic
signs, traffic lights, and other road objects. Additionally, the second processing device
may calculate a camera displacement and, based on the displacement, calculate a
disparity of pixels between successive images and create a 3D reconstruction of the
scene (e.g., a structure from motion). The second processing device may send the
structure from motion based 3D reconstruction to the first processing device to be
combined with the sterec 3D images or with the depth information obtained by stereo

processing.

[0093] The third processing device may receive images from the wide FOV camera
and process the images to detect vehicles, pedestrians, lane marks, traffic signs, traffic
lights, and other road objects. The third processing device may execute additional
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processing instructions to analyze images to identify objects moving in the image, such

as vehicles changing lanes, pedestrians, etc.

[0094] In some embodiments, having streams of image-based information captured
and processed independently may provide an opportunity for providing redundancy in
the system. Such redundancy may include, for example, using a first image capture
device and the images processed from that device to validate and/or supplement
information obtained by capturing and processing image information from at least a
second image capture device.

[0095] In some embodiments, system 100 may use two image capture devices (e.qg.,
image capture devices 122 and 124) in providing navigation assistance for vehicle 200
and use a third image capture device (e.g., image capture device 126) to provide
redundancy and validate the analysis of data received from the other two image capture
devices. For example, in such a configuration, image capture devices 122 and 124 may
provide images for stereo analysis by system 100 for navigating vehicle 200, while
image capture device 126 may provide images for monocular analysis by system 100 to
provide redundancy and validation of information obtained based on images captured
from image capture device 122 and/or image capture device 124. That is, image
capture device 126 (and a corresponding processing device) may be considered to
provide a redundant sub-system for providing a check on the analysis derived from
image capture devices 122 and 124 (e.g., to provide an automatic emergency braking
(AEB) system).

[0096] One of skill in the art will recognize that the above camera configurations,
camera placements, number of cameras, camera locations, etc., are examples only.
These components and others described relative to the overall system may be
assembled and used in a variety of different configurations without departing from the
scope of the disclosed embodiments. Further details regarding usage of a multi-camera
system to provide driver assist and/or autonomous vehicle functionality follow below.

[0097] FIG. 4 is an exemplary functional block diagram of memory 140 and/or 150,
which may be stored/programmed with instructions for performing one or more
operations consistent with the disclosed embodiments. Although the following refers to
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memory 140, one of skill in the art will recognize that instructions may be stored in

memory 140 and/or 150.

[0098] As shown in FIG. 4, memory 140 may store a monocular image analysis
module 402, a stereo image analysis module 404, a velocity and acceleration module
406, and a navigational response module 408. The disclosed embodiments are not
limited to any particular configuration of memory 140. Further, application processor 180
and/or image processor 190 may execute the instructions stored in any of modules 402-
408 included in memory 140. One of skill in the art will understand that references in the
following discussions to processing unit 110 may refer to application processor 180 and
image processor 190 individually or collectively. Accordingly, steps of any of the
following processes may be performed by one or more processing devices.

[0099] In one embadiment, monocular image analysis module 402 may store
instructions (such as computer vision software) which, when executed by processing
unit 110, performs monocular image analysis of a set of images acquired by one of
image capture devices 122, 124, and 126. In some embodiments, processing unit 110
may combine information from a set of images with additional sensory information (e.g.,
information from radar) to perform the monocular image analysis. As described in
connection with FIGS. 5A-5D below, monocular image analysis module 402 may
include instructions for detecting a set of features within the set of images, such as lane
markings, vehicles, pedestrians, road signs, highway exit ramps, traffic lights,
hazardous objects, and any other feature associated with an environment of a vehicle.
In some embodiments, an environment of a vehicle may include, for any given frame,
the area or space covered by any one or by any combination of the imaging devices
(the FOV of the imaging devices). Based on the analysis, system 100 (e.g., via
processing unit 110) may cause one or more navigational responses in vehicle 200,
such as a turn, a lane shift, a change in acceleration, and the like, as discussed below
in connection with navigational response module 408. Furthermore, based on the
analysis, system 100 (e.g., via processing unit 110) may cause one or more
navigational and/or vehicle control responses, including but not limited to the various
manners of controlling vehicle 200 and any associated systems and/or subsystems
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discussed above. In some embodiments, any or all of the responses or actions
mentioned above may be referred to, for simplicity, as a navigational action or a

navigational response.

[00100] In one embodiment, sterec image analysis module 404 may store instructions
(such as computer vision software) which, when executed by processing unit 110,
performs stereo image analysis of first and second sets of images acquired by a
combination of image capture devices selected from any of image capture devices 122,
124, and 126. In some embodiments, processing unit 110 may combine information
from the first and second sets of images with additional sensory information (e.g.,
information from radar) to perform the stereo image analysis. For example, stereo
image analysis module 404 may include instructions for performing stereo image
analysis based on a first set of images acquired by image capture device 124 and a
second set of images acquired by image capture device 126. As described in
connection with FIG. 6 below, stereo image analysis module 404 may include
instructions for detecting a set of features within the first and second sets of images,
such as lane markings, vehicles, pedestrians, road signs, highway exit ramps, traffic
lights, hazardous objects, and the like. Based on the analysis, processing unit 110 may
cause one or more navigational responses in vehicle 200, such as a turn, a lane shift, a
change in acceleration, and the like, as discussed below in connection with navigational
response module 408.

[00101]  In one embodiment, velocity and acceleration module 406 may store software
configured to analyze data received from one or more computing and electromechanical
devices in vehicle 200 that are configured to cause a change in velocity and/or
acceleration of vehicle 200. For example, processing unit 110 may execute instructions
associated with velocity and acceleration module 406 to calculate a target speed for
vehicle 200 based on data derived from execution of monocular image analysis module
402 and/or stereo image analysis module 404. Such data may include, for example, a
target position, velocity, and/or acceleration, the position and/or speed of vehicle 200
relative to a nearby vehicle, pedestrian, or road object, position information for vehicle
200 relative to lane markings of the road, and the like. In addition, processing unit 110
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may calculate a target speed for vehicle 200 based on sensory input (e.g., information
from radar) and input from other systems of vehicle 200, such as throttling system 220,
braking system 230, and/or steering system 240 of vehicle 200. Based on the calculated
target speed, processing unit 110 may transmit electronic signals to throttling system
220, braking system 230, and/or steering system 240 of vehicle 200 to trigger a change
in velocity and/or acceleration by, for example, physically depressing the brake or
easing up off the accelerator of vehicle 200.

[00102] In one embodiment, navigational response module 408 may store software
executable by processing unit 110 to determine a desired navigational response based
on data derived from execution of monocular image analysis module 402 and/or stereo
image analysis module 404. Such data may include position and speed information
associated with nearby vehicles, pedestrians, and road objects, target position
information for vehicle 200, and the like. Additionally, in some embodiments, the
navigational response may be based (partially or fully) on map data, a predetermined
position of vehicle 200, and/or a relative velocity or a relative acceleration between
vehicle 200 and one or more objects detected from execution of monocular image
analysis module 402 and/or stereo image analysis module 404. Navigational response
module 408 may also determine a desired navigational response based on sensory
input (e.g., information from radar) and inputs from other systems of vehicle 200, such
as throttling system 220, braking system 230, and steering system 240 of vehicle 200.
Based on the desired navigational response, processing unit 110 may transmit
electronic signals to throttling system 220, braking system 230, and steering system 240
of vehicle 200 to trigger a desired navigational response by, for example, turning the
steering wheel of vehicle 200 to achieve a rotation of a predetermined angle. In some
embodiments, processing unit 110 may use the output of navigational response module
408 (e.g., the desired navigational response) as an input to execution of velocity and
acceleration module 406 for calculating a change in speed of vehicle 200.

[00103] FIG. 5A is a flowchart showing an exemplary process 500A for causing one or
more navigational responses based on monocular image analysis, consistent with
disclosed embodiments. At step 510, processing unit 110 may receive a plurality of
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images via data interface 128 between processing unit 110 and image acquisition unit
120. For instance, a camera included in image acquisition unit 120 (such as image
capture device 122 having field of view 202) may capture a plurality of images of an
area forward of vehicle 200 (or to the sides or rear of a vehicle, for example) and
transmit them over a data connection (e.g., digital, wired, USB, wireless, Bluetooth, etc.)
to processing unit 110. Processing unit 110 may execute monocular image analysis
module 402 to analyze the plurality of images at step 520, as described in further detail
in connection with FIGS. 5B-5D below. By performing the analysis, processing unit 110
may detect a set of features within the set of images, such as lane markings, vehicles,

pedestrians, road signs, highway exit ramps, traffic lights, and the like.

[00104] Processing unit 110 may also execute monocular image analysis module 402
to detect various road hazards at step 520, such as, for example, parts of a truck tire,
fallen road signs, loose cargo, small animals, and the like. Road hazards may vary in
structure, shape, size, and color, which may make detection of such hazards more
challenging. In some embodiments, processing unit 110 may execute monocular image
analysis module 402 to perform multi-frame analysis on the plurality of images to detect
road hazards. For example, processing unit 110 may estimate camera motion between
consecutive image frames and calculate the disparities in pixels between the frames to
construct a 3D-map of the road or of certain areas of the road (e.g., within a region of
interest defined around image data which is suspected to show a road hazard).
Processing unit 110 may then use the 3D-map to detect road hazards. For example,
segmentation techniques and classification techniques can be used to detect the road
surface, as well as hazards existing above the road surface. For example, as explained in
additional detail below, a system may detect features of a road surface such as painted lane
lines or lane markings, and may additionally detect features of a roadway existing above the
road surface, such as cones/barrels/poles/barriers in a construction zone, guard rails, other
vehicles, road signs, and the like.

[00105] At step 530, processing unit 110 may execute navigational response module

408 to cause one or more navigational responses in vehicle 200 based on the analysis

performed at step 520 and the techniques as described above in connection with FIG.

4. Navigational responses may include, for example, a turn, a lane shift, a change in
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acceleration, and the like. In some embodiments, processing unit 110 may use data
derived from execution of velocity and acceleration module 406 to cause the one or
more navigational responses. Additionally, multiple navigational responses may occur
simultaneously, in sequence, or any combination thereof. For instance, processing unit
110 may cause vehicle 200 to shift one lane over and then accelerate by, for example,
sequentially transmitting control signals to steering system 240 and throttling system
220 of vehicle 200. Alternatively, processing unit 110 may cause vehicle 200 to brake
while at the same time shifting lanes by, for example, simultaneously transmitting

control signals to braking system 230 and steering system 240 of vehicle 200.

[00106] FIG. 5B is a flowchart showing an exemplary process 500B for detecting one
or more vehicles and/or pedestrians in a set of images, consistent with disclosed
embodiments. Processing unit 110 may execute monocular image analysis module 402
to implement process 500B. At step 540, processing unit 110 may determine a set of
candidate objects representing possible vehicles and/or pedestrians. For example,
processing unit 110 may scan one or more images, compare the images to one or more
predetermined patterns, and identify within each image possible locations that may
contain objects of interest (e.g., vehicles, pedestrians, or portions thereof). The
predetermined patterns may be designed in such a way to achieve a high rate of "false
hits" and a low rate of "misses." For example, processing unit 110 may use a low
threshold of similarity to predetermined patterns for identifying candidate objects as
possible vehicles or pedestrians. Doing so may allow processing unit 110 to reduce the
probability of missing (e.g., not identifying) a candidate object representing a vehicle or

pedestrian.

[00107] At step 542, processing unit 110 may filter the set of candidate objects to
exclude certain candidates (e.g., irrelevant or less relevant objects) based on
classification criteria. Such criteria may be derived from various properties associated
with object types stored in a database (e.g., a database stored in memory 140).
Properties may include object shape, dimensions, texture, position (e.g., relative to
vehicle 200), and the like. Thus, processing unit 110 may use one or more sets of
criteria to reject false candidates from the set of candidate objects.
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[00108] At step 544, processing unit 110 may analyze multiple frames of images to
determine whether objects in the set of candidate objects represent vehicles and/or
pedestrians. For example, processing unit 110 may track a detected candidate object
across consecutive frames and accumulate frame-by-frame data associated with the
detected object (e.g., size, position relative to vehicle 200, etc.). Additionally, processing
unit 110 may estimate parameters for the detected object and compare the object's
frame-by-frame position data to a predicted position.

[00109] At step 546, processing unit 110 may construct a set of measurements for the
detected objects. Such measurements may include, for example, size, position, velocity,
and acceleration values (relative to vehicle 200) associated with the detected objects. In
some embodiments, processing unit 110 may construct the measurements based on
estimation techniques using a series of time-based observations such as Kalman filters
or linear quadratic estimation (LQE), and/or based on available modeling data for
different object types (e.g., cars, trucks, pedestrians, bicycles, road signs, etc.). The
Kalman filters may be based on a measurement of an object's scale, where the scale
measurement is proportional to a time to collision (e.g., the amount of time for vehicle
200 to reach the object). Thus, by performing steps 540-546, processing unit 110 may
identify vehicles and pedestrians appearing within the set of captured images and
derive information (e.g., position, speed, size) associated with the vehicles and
pedestrians. Based on the identification and the derived information, processing unit
110 may cause one or more navigational responses in vehicle 200, as described in

connection with FIG. 5A, above.

[00110] At step 548, processing unit 110 may perform an optical flow analysis of one
or more images to reduce the probabilities of detecting a "false hit" and missing a
candidate object that represents a vehicle or pedestrian. The optical flow analysis may
refer to, for example, analyzing motion patterns relative to vehicle 200 in the one or
more images associated with other vehicles and pedestrians, and that are distinct from
road surface motion. Processing unit 110 may calculate the motion of candidate objects
by observing the different positions of the objects across multiple image frames, which
are captured at different times. Processing unit 110 may use the position and time
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values as inputs into mathematical models for calculating the motion of the candidate
objects. Thus, optical flow analysis may provide another method of detecting vehicles
and pedestrians that are nearby vehicle 200. Processing unit 110 may perform optical
flow analysis in combination with steps 540-546 to provide redundancy for detecting
vehicles and pedestrians and increase the reliability of system 100.

[00111]  FIG. 5C is a flowchart showing an exemplary process 500C for detecting road
marks and/or lane geometry information in a set of images, consistent with disclosed
embodiments. Processing unit 110 may execute monocular image analysis module 402
to implement process 500C. At step 550, processing unit 110 may detect a set of
objects by scanning one or more images. To detect segments of lane markings, lane
geometry information, and other pertinent road marks, processing unit 110 may filter the
set of objects to exclude those determined to be irrelevant (e.g., minor potholes, small
rocks, etc.). At step 552, processing unit 110 may group together the segments
detected in step 550 belonging to the same road mark or lane mark. Based on the
grouping, processing unit 110 may develop a model to represent the detected

segments, such as a mathematical model.

[00112] At step 554, processing unit 110 may construct a set of measurements
associated with the detected segments. In some embodiments, processing unit 110
may create a projection of the detected segments from the image plane onto the real-
world plane. The projection may be characterized using a 3rd-degree polynomial having
coefficients corresponding to physical properties such as the position, slope, curvature,
and curvature derivative of the detected road. In generating the projection, processing
unit 110 may take into account changes in the road surface, as well as pitch and roll
rates associated with vehicle 200. In addition, processing unit 110 may model the road
elevation by analyzing position and motion cues present on the road surface. Further,
processing unit 110 may estimate the pitch and roll rates associated with vehicle 200 by

tracking a set of feature points in the one or more images.

[00113] At step 556, processing unit 110 may perform multi-frame analysis by, for
example, tracking the detected segments across consecutive image frames and

accumulating frame-by-frame data associated with detected segments. As processing
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unit 110 performs multi-frame analysis, the set of measurements constructed at step
554 may become more reliable and associated with an increasingly higher confidence
level. Thus, by performing steps 550-556, processing unit 110 may identify road marks
appearing within the set of captured images and derive lane geometry information.
Based on the identification and the derived information, processing unit 110 may cause
one or more navigational responses in vehicle 200, as described in connection with FIG.
5A, above.

[00114] At step 558, processing unit 110 may consider additional sources of
information to further develop a safety model for vehicle 200 in the context of its
surroundings. Processing unit 110 may use the safety model to define a context in
which system 100 may execute autonomous control of vehicle 200 in a safe manner. To
develop the safety model, in some embodiments, processing unit 110 may consider the
position and motion of other vehicles, the detected road edges and barriers, and/or
general road shape descriptions extracted from map data (such as data from map
database 160). By considering additional sources of information, processing unit 110
may provide redundancy for detecting road marks and lane geometry and increase the

reliability of system 100.

[00115] FIG. 5D is a flowchart showing an exemplary process 500D for detecting
traffic lights in a set of images, consistent with disclosed embodiments. Processing unit
110 may execute monocular image analysis module 402 to implement process 500D. At
step 560, processing unit 110 may scan the set of images and identify objects
appearing at locations in the images likely to contain traffic lights. For example,
processing unit 110 may filter the identified objects to construct a set of candidate
objects, excluding those objects unlikely to correspond to traffic lights. The filtering may
be done based on various properties associated with traffic lights, such as shape,
dimensions, texture, position (e.g., relative to vehicle 200), and the like. Such properties
may be based on multiple examples of traffic lights and traffic control signals and stored
in a database. In some embodiments, processing unit 110 may perform multi-frame
analysis on the set of candidate objects reflecting possible traffic lights. For example,
processing unit 110 may track the candidate objects across consecutive image frames,
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estimate the real-world position of the candidate objects, and filter out those objects that
are moving (which are unlikely to be traffic lights). In some embodiments, processing
unit 110 may perform color analysis on the candidate objects and identify the relative

position of the detected colors appearing inside possible traffic lights.

[00116] At step 562, processing unit 110 may analyze the geometry of a junction. The
analysis may be based on any combination of: (i) the number of lanes detected on
either side of vehicle 200, (ii) markings (such as arrow marks) detected on the road, and
(iii) descriptions of the junction extracted from map data (such as data from map
database 160). Processing unit 110 may conduct the analysis using information derived
from execution of monacular analysis module 402. In addition, Processing unit 110 may
determine a correspondence between the traffic lights detected at step 560 and the
lanes appearing near vehicle 200.

[00117]  As vehicle 200 approaches the junction, at step 564, processing unit 110 may
update the confidence level associated with the analyzed junction geometry and the
detected traffic lights. For instance, the number of traffic lights estimated to appear at
the junction as compared with the number actually appearing at the junction may impact
the confidence level. Thus, based on the confidence level, processing unit 110 may
delegate control to the driver of vehicle 200 in order to improve safety conditions. By
performing steps 560-564, processing unit 110 may identify traffic lights appearing
within the set of captured images and analyze junction geometry information. Based on
the identification and the analysis, processing unit 110 may cause one or more
navigational responses in vehicle 200, as described in connection with FIG. 5A, above.

[00118]  FIG. 5E is a flowchart showing an exemplary process 500E for causing one or
more navigational responses in vehicle 200 based on a vehicle path, consistent with the
disclosed embodiments. At step 570, processing unit 110 may construct an initial
vehicle path associated with vehicle 200. The vehicle path may be represented using a
set of points expressed in coordinates (x, z), and, in some embodiments, the distance d;
between two points in the set of points may fall in the range of 1 to 5 meters, orin
further examples, a timing measure can be used to provide the set of points, whereby

the points in the set of points are 0.5 second to 5 seconds apart from one another (e.g.,
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1.5 seconds apart). In one embodiment, processing unit 110 may construct the initial
vehicle path using two polynomials, such as left and right road polynomials. Processing
unit 110 may calculate the geometric midpoint between the two polynomials and offset
each point included in the resultant vehicle path by a predetermined offset (e.g., @ smart
lane offset), if any (an offset of zero may correspond to travel in the middle of a lane).
The offset may be in a direction perpendicular to a segment between any two points in
the vehicle path. In another embodiment, processing unit 110 may use one polynomial
and an estimated lane width to offset each point of the vehicle path by half the

estimated lane width plus a predetermined offset (e.g., a smart lane offset).

[00119] At step 572, processing unit 110 may update the vehicle path constructed at
step 570. Processing unit 110 may reconstruct the vehicle path constructed at step 570
using a higher resolution, such that the distance dx between two points in the set of
points representing the vehicle path is less than the distance d; described above. For
example, the distance dx may fall in the range of 0.1 to 0.3 meters. Processing unit 110
may reconstruct the vehicle path using a parabolic spline algorithm, which may yield a
cumulative distance vector S corresponding to the total length of the vehicle path (i.e.,

based on the set of points representing the vehicle path).

[00120] At step 574, processing unit 110 may determine a look-ahead point
(expressed in coordinates as (x4, z1)) based on the updated vehicle path constructed at
step 572. Processing unit 110 may extract the look-ahead point from the cumulative
distance vector S, and the look-ahead point may be associated with a look-ahead
distance and look-ahead time. The look-ahead distance, which may have a lower bound
ranging from 10 to 20 meters, may be calculated as the product of the speed of vehicle
200 and the look-ahead time. For example, as the speed of vehicle 200 decreases, the
look-ahead distance may also decrease (e.g., until it reaches the lower bound). The
look-ahead time, which may range from 0.5 to 1.5 seconds, may be inversely
proportional to the gain of one or more control loops associated with causing a
navigational response in vehicle 200, such as the heading error tracking control loop.
For example, the gain of the heading error tracking control loop may depend on the
bandwidth of a yaw rate loop, a steering actuator loop, car lateral dynamics, and the

-35-

IPR2025-01035
Tesla EX1002 Page 2665



WO 2016/027270 PCT/1L2015/050833

like. Thus, the higher the gain of the heading error tracking control loop, the lower the

look-ahead time.

[00121] At step 576, processing unit 110 may determine a heading error and yaw rate
command based on the look-ahead point determined at step 574. Processing unit 110
may determine the heading error by calculating the arctangent of the look-ahead point,
e.g., arctan (x4/z1). Processing unit 110 may determine the yaw rate command as the
product of the heading error and a high-level control gain. The high-level contral gain
may be equal to: (2/look-ahead time), if the look-ahead distance is not at the lower
bound. Otherwise, the high-level control gain may be equal to: (2*speed of vehicle
200/look-ahead distance).

[00122]  FIG. 5F is a flowchart showing an exemplary process 500F for determining
whether a leading vehicle is changing lanes, consistent with the disclosed
embodiments. At step 580, processing unit 110 may determine navigation information
associated with a leading vehicle (e.g., a vehicle traveling ahead of vehicle 200). For
example, processing unit 110 may determine the position, velocity (e.g., direction and
speed), and/or acceleration of the leading vehicle, using the techniques described in
connection with FIGS. 5A and 5B, above. Processing unit 110 may also determine one
or more road polynomials, a look-ahead point (associated with vehicle 200), and/or a
snail trail (e.g., a set of points describing a path taken by the leading vehicle), using the
techniques described in connection with FIG. 5E, above.

[00123] At step 582, processing unit 110 may analyze the navigation information
determined at step 580. In one embodiment, processing unit 110 may calculate the
distance between a snail trail and a road polynomial (e.g., along the trail). If the variance
of this distance along the trail exceeds a predetermined threshold (for example, 0.1 to
0.2 meters on a straight road, 0.3 to 0.4 meters on a moderately curvy road, and 0.5 to
0.6 meters on a road with sharp curves), processing unit 110 may determine that the
leading vehicle is likely changing lanes. In the case where multiple vehicles are
detected traveling ahead of vehicle 200, processing unit 110 may compare the snalil
trails associated with each vehicle. Based on the comparison, processing unit 110 may

determine that a vehicle whose snail trail does not match with the snail trails of the other
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vehicles is likely changing lanes. Processing unit 110 may additionally compare the
curvature of the snail trail (associated with the leading vehicle) with the expected
curvature of the road segment in which the leading vehicle is traveling. The expected
curvature may be extracted from map data (e.g., data from map database 160), from
road polynomials, from other vehicles' snail trails, from prior knowledge about the road,
and the like. If the difference in curvature of the snail trail and the expected curvature of
the road segment exceeds a predetermined threshold, processing unit 110 may
determine that the leading vehicle is likely changing lanes.

[00124] In another embodiment, processing unit 110 may compare the leading
vehicle's instantaneous position with the look-ahead point (associated with vehicle 200)
over a specific period of time (e.g., 0.5 to 1.5 seconds). If the distance between the
leading vehicle's instantaneous position and the look-ahead point varies during the
specific period of time, and the cumulative sum of variation exceeds a predetermined
threshold (for example, 0.3 to 0.4 meters on a straight road, 0.7 to 0.8 meters on a
moderately curvy road, and 1.3 to 1.7 meters on a road with sharp curves), processing
unit 110 may determine that the leading vehicle is likely changing lanes. In another
embodiment, processing unit 110 may analyze the geometry of the snail trail by
comparing the lateral distance traveled along the trail with the expected curvature of the
snail trail. The expected radius of curvature may be determined according to the
calculation: (5,2+5,2)/2/(5,), where 5, represents the lateral distance traveled and 3,
represents the longitudinal distance traveled. If the difference between the lateral
distance traveled and the expected curvature exceeds a predetermined threshold (e.g.,
500 to 700 meters), processing unit 110 may determine that the leading vehicle is likely
changing lanes. In another embodiment, processing unit 110 may analyze the position
of the leading vehicle. If the position of the leading vehicle obscures a road polynomial
(e.g., the leading vehicle is overlaid on top of the road polynomial), then processing unit
110 may determine that the leading vehicle is likely changing lanes. In the case where
the position of the leading vehicle is such that, another vehicle is detected ahead of the
leading vehicle and the snalil trails of the two vehicles are not parallel, processing unit
110 may determine that the (closer) leading vehicle is likely changing lanes.
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[00125] At step 584, processing unit 110 may determine whether or not leading
vehicle 200 is changing lanes based on the analysis performed at step 582. For
example, processing unit 110 may make the determination based on a weighted
average of the individual analyses performed at step 582. Under such a scheme, for
example, a decision by processing unit 110 that the leading vehicle is likely changing
lanes based on a particular type of analysis may be assigned a value of "1" (and "0" to
represent a determination that the leading vehicle is not likely changing lanes). Different
analyses performed at step 582 may be assigned different weights, and the disclosed
embodiments are not limited to any particular combination of analyses and weights.

[00126] FIG. 6 is a flowchart showing an exemplary process 600 for causing one or
more navigational responses based on stereo image analysis, consistent with disclosed
embodiments. At step 610, processing unit 110 may receive a first and second plurality
of images via data interface 128. For example, cameras included in image acquisition
unit 120 (such as image capture devices 122 and 124 having fields of view 202 and
204) may capture a first and second plurality of images of an area forward of vehicle
200 and transmit them over a digital connection (e.g., USB, wireless, Bluetooth, etc.) to
processing unit 110. In some embodiments, processing unit 110 may receive the first
and second plurality of images via two or more data interfaces. The disclosed
embodiments are not limited to any particular data interface configurations or protocols.

[00127] At step 620, processing unit 110 may execute stereo image analysis module
404 to perform stereo image analysis of the first and second plurality of images to
create a 3D map of the road in front of the vehicle and detect features within the
images, such as lane markings, vehicles, pedestrians, road signs, highway exit ramps,
traffic lights, road hazards, and the like. Stereo image analysis may be performed in a
manner similar to the steps described in connection with FIGS. 5A-5D, above. For
example, processing unit 110 may execute stereo image analysis module 404 to detect
candidate objects (e.g., vehicles, pedestrians, road marks, traffic lights, road hazards,
etc.) within the first and second plurality of images, filter out a subset of the candidate
objects based on various criteria, and perform multi-frame analysis, construct
measurements, and determine a confidence level for the remaining candidate objects.
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In performing the steps abave, processing unit 110 may consider information from both
the first and second plurality of images, rather than information from one set of images
alone. For example, processing unit 110 may analyze the differences in pixel-level data
(or other data subsets from among the two streams of captured images) for a candidate
object appearing in both the first and second plurality of images. As another example,
processing unit 110 may estimate a position and/or velocity of a candidate object (e.g.,
relative to vehicle 200) by observing that the object appears in one of the plurality of
images but not the other or relative to other differences that may exist relative to objects
appearing if the two image streams. For example, position, velocity, and/or acceleration
relative to vehicle 200 may be determined based on trajectories, positions, movement
characteristics, etc. of features associated with an object appearing in one or both of the

image streams.

[00128] At step 630, processing unit 110 may execute navigational response module
408 to cause one or more navigational responses in vehicle 200 based on the analysis
performed at step 620 and the techniques as described above in connection with FIG.
4. Navigational responses may include, for example, a turn, a lane shift, a change in
acceleration, a change in velocity, braking, and the like. In some embodiments,
processing unit 110 may use data derived from execution of velocity and acceleration
module 406 to cause the one or more navigational responses. Additionally, multiple
navigational responses may occur simultaneously, in sequence, or any combination

thereof.

[00129] FIG. 7 is a flowchart showing an exemplary process 700 for causing one or
more navigational responses based on an analysis of three sets of images, consistent
with disclosed embodiments. At step 710, processing unit 110 may receive a first,
second, and third plurality of images via data interface 128. For instance, cameras
included in image acquisition unit 120 (such as image capture devices 122, 124, and
126 having fields of view 202, 204, and 206) may capture a first, second, and third
plurality of images of an area forward and/or to the side of vehicle 200 and transmit
them over a digital connection (e.g., USB, wireless, Bluetooth, etc.) to processing unit
110. In some embodiments, processing unit 110 may receive the first, second, and third
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plurality of images via three or more data interfaces. For example, each of image
capture devices 122, 124, 126 may have an associated data interface for
communicating data to processing unit 110. The disclosed embodiments are not limited
to any particular data interface configurations or protocols.

[00130] At step 720, processing unit 110 may analyze the first, second, and third
plurality of images to detect features within the images, such as lane markings,
vehicles, pedestrians, road signs, highway exit ramps, traffic lights, road hazards, and
the like. The analysis may be performed in a manner similar to the steps described in
connection with FIGS. 5A-5D and 6, above. For instance, processing unit 110 may
perform monocular image analysis (e.g., via execution of monocular image analysis
module 402 and based on the steps described in connection with FIGS. 5A-5D, above)
on each of the first, second, and third plurality of images. Alternatively, processing unit
110 may perform stereo image analysis (e.g., via execution of stereo image analysis
module 404 and based on the steps described in connection with FIG. 6, above) on the
first and second plurality of images, the second and third plurality of images, and/or the
first and third plurality of images. The processed information corresponding to the
analysis of the first, second, and/or third plurality of images may be combined. In some
embodiments, processing unit 110 may perform a combination of monocular and stereo
image analyses. For example, processing unit 110 may perform monocular image
analysis (e.g., via execution of monocular image analysis module 402) on the first
plurality of images and stereo image analysis (e.g., via execution of stereo image
analysis module 404) on the second and third plurality of images. The configuration of
image capture devices 122, 124, and 126 — including their respective locations and
fields of view 202, 204, and 206 — may influence the types of analyses conducted on the
first, second, and third plurality of images. The disclosed embodiments are not limited to
a particular configuration of image capture devices 122, 124, and 126, or the types of
analyses conducted on the first, second, and third plurality of images.

[00131]  In some embodiments, processing unit 110 may perform testing on system
100 based on the images acquired and analyzed at steps 710 and 720. Such testing
may provide an indicator of the overall performance of system 100 for certain
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configurations of image capture devices 122, 124, and 126. For example, processing
unit 110 may determine the proportion of "false hits" (e.g., cases where system 100

incorrectly determined the presence of a vehicle or pedestrian) and "misses."

[00132] At step 730, processing unit 110 may cause one or more navigational
responses in vehicle 200 based on information derived from two of the first, second, and
third plurality of images. Selection of two of the first, second, and third plurality of
images may depend on various factors, such as, for example, the number, types, and
sizes of objects detected in each of the plurality of images. Processing unit 110 may
also make the selection based on image quality and resolution, the effective field of
view reflected in the images, the number of captured frames, the extent to which one or
more objects of interest actually appear in the frames (e.g., the percentage of frames in
which an object appears, the proportion of the object that appears in each such frame,
etc.), and the like.

[00133] In some embodiments, processing unit 110 may select information derived
from two of the first, second, and third plurality of images by determining the extent to
which information derived from one image source is consistent with information derived
from other image sources. For example, processing unit 110 may combine the
processed information derived from each of image capture devices 122, 124, and 126
(whether by monocular analysis, stereo analysis, or any combination of the two) and
determine visual indicators (e.g., lane markings, a detected vehicle and its location
and/or path, a detected traffic light, etc.) that are consistent across the images captured
from each of image capture devices 122, 124, and 126. Processing unit 110 may also
exclude information that is inconsistent across the captured images (e.g., a vehicle
changing lanes, a lane model indicating a vehicle that is too close to vehicle 200, etc.).
Thus, processing unit 110 may select information derived from two of the first, second,
and third plurality of images based on the determinations of consistent and inconsistent

information.

[00134] Navigational responses may include, for example, a turn, a lane shift, a
change in acceleration, and the like. Processing unit 110 may cause the one or more

navigational responses based on the analysis performed at step 720 and the techniques
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as described above in connection with FIG. 4. Processing unit 110 may also use data
derived from execution of velocity and acceleration module 406 to cause the one or
more navigational responses. In some embodiments, processing unit 110 may cause
the one or more navigational responses based on a relative position, relative velocity,
and/or relative acceleration between vehicle 200 and an object detected within any of
the first, second, and third plurality of images. Multiple navigational responses may
occur simultaneously, in sequence, or any combination thereof.

[00135] Lane Constraint Prediction

[00136] System 100 may provide vehicle 200 with lane constraint prediction

techniques, such that the system predicts the location of one or more lane constraints.

[00137] In some embodiments, lane constraint prediction may be understood as one
or more technigues for predicting the location of a lane constraint. A lane constraint, in
some embodiments, may be defined as the boundary at the edge of a lane, roadway,
parking space, or other path or space in which a vehicle should be caused to travel. In
some situations, a lane constraint may be marked on a roadway, such as by painted
lines, a physical barrier, Botts’ dots, or one or more additional indicators. In some
embodiments, a lane constraint may be defined by the edge of a roadway, a curb, a
guard-rail, or the like. In some embodiments, a lane constraint may be defined by one
or more other vehicles, such as a row of parallel-parked vehicles adjacent to the lane, or
a row of parked vehicles in a parking lot. In some embodiments, a lane constraint may

be unmarked, such as on an unmarked roadway or in a parking lot without lane lines.

[00138] In some embodiments, a self-driving or driver-assist system may use image
capture devices and image analysis to determine the location of one or more lane
constraints based on objects detected in the images, such as lane markings, edges of
roadways, and/or other vehicles. In most driving situations, the system may be able to
detect at least two lane constraints — one on each side of the lane in which the vehicle is
traveling — based on the visible characteristics (e.g., lane lines, etc.) of the captured
images.

[00139] In certain situations, however, including those in which only one lane

constraint on one side of a lane or on one side of vehicle 200 can be sufficiently
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detected based on visible characteristics in the captured images (e.g., lane lines, etc.),
system 100 may predict the position of a lane constraint on the other side of the lane or
on the other side of the vehicle, allowing the vehicle to continue to travel within a lane

defined by the detected constraint and the predicted constraint opposite it.

[00140] In some embodiments, lane constraint prediction may be performed by
system 100 subject to one or more conditions being satisfied. For example, in some
embodiments, system 100 predicts the lacation of a lane constraint when a previously-
detected lane constraint ceases to be detected as vehicle 200 progresses along a
roadway. Thus, in some embodiments if a lane marking or other detected lane
constraint suddenly ends or becomes undetectable, then lane constraint prediction may
be performed. In other examples, system 100 predicts the location of a lane constraint
when the system determines that guard-rail shadow conditions are present, such that a
guard rail is present in the vicinity of the roadway or a guardrail is casting a shadow
onto the roadway.

[00141]  In some embodiments, system 100 may only perform lane constraint
prediction when system 100 has access to valid and sufficient historical information
about the width of a lane in which vehicle 200 is traveling; in situations in which a lane
constraint on one side of vehicle 200 is newly detected as vehicle 200 progresses along
a roadway, system 100 may in some embodiments refrain from performing lane
constraint prediction.

[00142] In some embodiments, lane constraint prediction may be performed for a
maximum travel distance, such that, if vehicle 200 travels greater than a predefined
maximum travel distance while system 100 is continuously performing lane constraint
prediction, then lane constraint prediction may then be ceased. In some embodiments,
the predefined maximum travel distance may be set or modified in accordance with one
or more various factors detected by system 100. In some embodiments, the predefined
maximum travel distance may be turned off (e.g., it may be functionally set to “infinite”)

in accordance with one or more various factors detected by system 100.

[00143] In some embodiments, lane constraint prediction may be ceased in
accordance with various cancellation conditions detected by system 100. For example,
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in some embodiments, if a driver of vehicle 200 changes lanes, then lane constraint
prediction may be ceased. In some embodiments, if vehicle 200 is traversing a curve in
the roadway that exceeds a predefined curve sharpness threshold, then lane constraint

prediction may be ceased.

[00144] FIGS. 8A-8C illustrate an embodiment in which vehicle 200 travels on a
roadway 800. In some embodiments, vehicle 200 may have one or more fields of vision
provided by one or more image capture devices or cameras, such as image capture
devices 122, 124, and/or 126. In the depicted example, vehicle 200 may have a field of
vision facing frontward from the vehicle, as depicted by the angled lines forming an
upward-opening triangle in front of vehicle 200; in some embodiments, vehicle 200 may
have one or more fields of vision facing in multiple different directions from vehicle 200.
In the depicted example, the disclosed systems and methods for lane constraint
prediction (e.g., predicting the location of a lane constraint when one is not detected)
and operating vehicle 200 within a lane defined by a predicted lane constraint may be
used. As shown, roadway 800 may have lane 802 in which vehicle 200 is traveling.
Lane 802 may be defined on a first side by first lane constraint 804 and on a second
side, opposite the first side, by lane constraint 806. These lane constraints 804 and 806
may be detected by system 100, as indicated by the bolded lines showing lane
constraints 804 and 806. Vehicle 200 may have a first vehicle side 808 on the same
side of vehicle 200 as first lane constraint 804, and a second vehicle side 810 on the
same side of vehicle 200 as second lane constraint 806.

[00145]  Processing unit 110 may be configured to determine first lane constraint 804
and second lane constraint 806 based on a plurality of images acquired by image
capture device 122-126 that processing unit 110 may receive via data interface 128.
According to some embodiments, first lane constraint 804 and/or second lane constraint
806 may be identified by visible lane boundaries, such as dashed or solid lines marked
on a road surface, such as lane lines 803a (solid line) and 803b (dashed line).
Additionally or alternatively, first lane constraint 804 and/or second lane constraint 806
may be identified by an edge of a road surface or a barrier. Additionally or alternatively,
first lane constraint 804 and/or second lane constraint 806 may be identified by markers
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(e.g., Botts' dots). According to some embodiments, processing unit 110 may determine
first lane constraint 804 and/or second lane constraint 806 by identifying a midpoint of a
road surface width. According to some embodiments, if processing unit 110 identifies
only first lane constraint 804, processing unit 110 may estimate second lane constraint
806, such as based on an estimated lane width or road width. Processing unit 110 may
predict lane constraints in this manner when, for example, lines designating road lanes
are not painted or otherwise labeled.

[00146] In FIGS. 8A-8C, lane constraints 804 and 806 are marked on roadway 800 by
solid and dashed lines 803a and 803b, respectively. In a portion of roadway 800 toward
the center of FIGS. 8A-8C, dashed line 803b corresponding to lane constraint 806 is not
painted on roadway 800. In FIGS. 8A-8C, the detection of lane constraints 804 and 806
by system 100 is depicted by the bolded lines that overlay the respective lane lines in
front of vehicle 200. As depicted by the bolded lines in FIG. 8A, system 100 detects
lane constraint 804 as a solid-line lane constraint on the left side of vehicle 200 for a
certain visible distance in front of vehicle 200. Similarly, system 100 detects lane
constraint 806 as a dashed-line lane constraint on the right side of vehicle 200 for a
certain visible distance in front of vehicle 200. In accordance with the detection of lane
constraints 804 and 806, system 100 causes vehicle 200 to travel inside lane 802 as

defined by lane constraints 804 and 806.

[00147]  FIG. 8B depicts vehicle 200 continuing to progress along roadway 800 in lane
802 following the point in time depicted in FIG. 8A. As vehicle 200 reaches the portion
of roadway 800 at which dashed line 803b is not painted on roadway 800, lane
constraint prediction may be performed by system 100. As shown, system 100 predicts
the location of lane constraint 806 as being located a distance 812 from opposite lane
constraint 804. This distance 812 may be determined, in some embodiments, based on
the historical information detected and stored by system 100 about the previous widths
of lane 802 and/or the average historical width of lanes in general. As shown, system
100 predicts that lane constraint 806 continues to be a dashed lane constraint, based
on the fact that lane constraint 806 was marked by dashed lane line 803b at the last
time that lane constraint 806 was detected by system 100 before lane constraint
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prediction was activated. In accordance with the continued detection of lane constraint
804 and the prediction of lane constraint 806, system 100 causes vehicle 200 to
continue to travel inside lane 802 as defined by lane constraints 804 and 806. In some
embodiments, when lane constraint prediction is activated, and possibly under certain
circumstances (e.g., there are other vehicles nearby), a certain default type of lane
constraint is used to control the motion of the vehicle which is not necessarily the same
as the last lane constraint that was detected previous to the activation of the lane
constraint prediction. For example, in some embodiments, a system may default to

predicting solid-line lane constraints rather than dashed-line lane constraints.

[00148] FIG. 8C depicts vehicle 200 continuing to progress along roadway 800 in lane
802 following the point in time depicted in FIG. 8B. As vehicle 200 reaches the portion
of roadway 800 at which dashed line 803b is once again painted on roadway 800, lane
constraint prediction may cease to be performed by system 100, as lane constraint 806
is once again detected (rather than predicted) as a dashed lane constraint by system
100. As depicted in FIG. 8C, vehicle 200 has traveled distance 814 while performing
lane constraint prediction. In some embodiments, lane constraint prediction may only
be performed continuously or substantially continuously for a predefined maximum
distance (and/or predefined maximum time). In the depicted example of FIG. 8C,
distance 814 is less than the predefined maximum distance for performing lane
constraint prediction, such that lane constraint prediction was able to be performed
continuously as vehicle 200 traversed the distance between its position in FIG. 8B and
its position in FIG. 8C. In some embadiments, the predefined maximum distance for
performing lane constraint prediction may be set to a default of 18 meters. In some
embodiments, the predefined maximum distance may be varied by vehicle

manufacturers, drivers, and/or any other party.

[00149] FIGS. 9A-9C illustrate an embodiment in which vehicle 200 travels on a
roadway 900. In the depicted example, the disclosed systems and methods for lane
constraint prediction (e.g., predicting the location of a lane constraint when one is not
detected) and operating vehicle 200 within a lane defined by a predicted lane constraint
may be used. The example depicted in FIGS. 9A-9C differs from the example depicted
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in FIGS. 8A-8C at least in that, on roadway 900, two lanes are merging into one lane.
As explained in greater detail below, in some embodiments, lane constraint prediction
may be performed when two lanes are merging into one lane and lane lines are not

detected on the side of the lane into which a second lane is merging.

[00150] As shown, roadway 900 may have lane 902 in which vehicle 200 is traveling.
Lane 902 may be defined on a first side by first lane constraint 904 and on a second
side, opposite the first side, by lane constraint 906. These lane constraints 904 and 906
may be detected by system 100, as indicated by the bolded lines showing lane
constraints 904 and 906. Vehicle 200 may have a first vehicle side 908 on the same
side of vehicle 200 as first lane constraint 904, and a second vehicle side 910 on the
same side of vehicle 200 as second lane constraint 906.

[00151]  Processing unit 110 may be configured to determine first lane constraint 904
and second lane constraint 906 based on a plurality of images acquired by image
capture device 122-126 that processing unit 110 may receive via data interface 128.
According to some embodiments, first lane constraint 904 and/or second lane constraint
906 may be identified, detected, estimated, or predicted in any or all of the manners
discussed above with respect to FIGS. 8A-8C.

[00152]  As shown, roadway 900 may have lane 916. Lane 916 may be bounded by
lane constraints. In the example shown, lane 916 is marked by solid lane line 918 on its
left side and solid lane line 120 on its right side. In the example shown, lane 916

merges into lane 902 as roadway 900 continues in the direction of travel of vehicle 200.

[00153] In FIGS. 9A-9C, lane constraint 904 is continuously marked by solid line 903
on roadway 900. Lane constraint 906, on the other hand, is inconsistently marked; at
the bottom-most portion of the figures, lane constraint 906 is marked by solid line 905a
on roadway 900; at the portion above that, as lane 916 begins to merge into lane 902,
lane constraint 906 is marked by dashed line 905b on roadway 900; at the portion
above that, as lane 916 finishes merging into lane 902, lane constraint 906 is not
marked; finally, at the top-most portion of the figures, lane constraint 906 is again
marked by a solid line, this time by solid line 905¢ on roadway 900.
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[00154] In FIGS. 9A-9C, the detection of lane constraints 904, 906, and 922 by
system 100 is depicted by the bolded lines that overlay the respective lane lines in front
of vehicle 200. As depicted by the bolded lines in FIG. 9A, system 100 detects lane
constraint 904 as a solid-line lane constraint on the left side of vehicle 200 for a certain
visible distance in front of vehicle 200. Similarly, system 100 detects lane constraint
906 as a solid lane constraint on the right side of vehicle 200 for a certain visible
distance in front of vehicle 200. In accordance with the detection of lane constraints
904 and 906, system 100 causes vehicle 200 to travel inside lane 902 as defined by
lane constraints 904 and 906.

[00155] FIG. 9B depicts vehicle 200 continuing to progress along roadway 900 in lane
902 following the point in time depicted in FIG. 9A. As vehicle 200 reaches the portion
of roadway 900 at which lane 916 merges into lane 902 from the right side, where lane
constraint 906 is marked briefly by dashed line 905b and then is not marked by any
lines, lane constraint prediction may be performed by system 100. As shown, system
100 predicts the location of lane constraint 906 as being located a distance 912 from
opposite lane constraint 904. This distance 912 may be determined, in some
embodiments, based on the historical information detected and stored by system 100
about the previous widths of lane 902 and/or the average historical width of lanes in
general. As shown, system 100 predicts that lane constraint 906 continues to be a
dashed lane constraint, based on the fact that lane constraint 906 was marked by
dashed line 905b at the last time that lane constraint 906 was detected by system 100
before lane constraint prediction was activated. In accordance with the continued
detection of lane constraint 904 and the prediction of lane constraint 906, system 100
causes vehicle 200 to continue to travel inside lane 902 as defined by lane constraints
904 and 906.

[00156]  Also shown in FIG. 9B is system 100 detecting lane constraint 922, which
bounds the right side of lane 916, as lane 916 merges into lane 902. System 100
detects lane constraint 922 as a solid lane constraint based on the corresponding solid
line 920 on roadway 900. In some embodiments, system 100 may determine that
detected lane constraint 922 is not a constraint of lane 902 in which vehicle 200 is
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traveling, but rather is a lane canstraint of a lane that is merging into lane 902. This
determination may be made, in some embodiments, in accordance with a determination
lane constraint 922 is detected as approaching lane 902 at above a threshold rate of
approach. For example, if a detected lane constraint outside a constraint of a lane in
which the vehicle is traveling makes an angle that is more than a predefined threshold
angle above parallel with a detected or previously detected lane constraint of the lane in
which the vehicle is travelling, then the outside lane constraint may be determined to
correspond to an approaching merging lane.

[00157] In some embodiments, the determination that a lane is merging into another
lane may be made in accordance with the detection and analysis of other aspects,
characteristics, or objects in the roadway in or around a vehicle. For example, a second
vehicle (e.g., different from the vehicle in which the system is provided) may be
detected and tracked, and the system may determine that the other vehicle is traveling
at an angle to a lane on the roadway that is indicative of a lane in which the other
vehicle is traveling merging into another lane. In some embodiments, the system may
detect that the other vehicle is approaching a lane, from an area outside the lane, at
above a threshold rate of approach. In some embodiments, the system may make such
a determination about one or more other vehicles, and may accordingly determine that
lanes around the one or more other vehicles are merging. In some embodiments,
information about the one or more other vehicles may be received via the multiple
images captured by cameras associated with the system; in some embodiments,
alternatively or additionally, information about the one or more other vehicles may be
received via any suitable form of electronic communication, such as communication

transmitted from one or more of the one or more other vehicles.

[00158]  In yet some other embodiments, the determination that lanes are merging
may be made in accordance with historical information about lane configuration and/or
layout, such as historical information about the lanes at or around the current location of

the vehicle.

[00159] FIG. 9C depicts vehicle 200 continuing to progress along roadway 900 in lane
902 following FIG. 9B. As vehicle 200 reaches the portion of roadway 900 at which the
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merge of lane 916 into lane 902 has been completed, lane constraint 906 is once again
marked by a solid lines on roadway 900, this time by solid line 905¢, and lane constraint
prediction may cease to be performed by system 100, as lane constraint 906 is once
again detected (rather than predicted) as a solid lane constraint by system 100. In
some embodiments, system 100 may determine that it is detecting a lane constraint of
the lane in which vehicle 200 is located (rather than a lane constraint of a merging lane)
by determining that the lane constraint is no longer approaching the vehicle (or the lane
in which the vehicle is traveling) at above the predefined threshold rate of approach. In
some embodiments, system 100 may determine that it is detecting a lane constraint of
the lane in which the vehicle is located (rather than a lane constraint of a merging lane)
by determining that the lane constraint is within a predefined threshold distance of the

predicted location of the lane constraint, as predicted by lane constraint prediction.

[00160] As depicted in FIG. 9C, vehicle 200 has traveled distance 914 while
performing lane constraint prediction. In some embodiments, lane constraint prediction
may only be performed continuously or substantially continuously for a predefined
maximum distance (and/or predefined maximum time). According to some
embodiments, the maximum distance/time that is allocated for lane constraint
predication can be set dynamically. For example, the maximum distance/time that is
allocated for lane constraint predication can be adjusted according to the vehicle's
surrounding, the speed of the vehicle, the topology of the road, the brightness or the
environment, the weather, the density and/or proximity of other vehicles on the
roadway, and/or any other road conditions or characteristics. In some embodiments,
when it is determined that an approaching merging lane is present in the vicinity of
vehicle 200, system 100 may permit lane constraint prediction to be executed for a
greater total distance than it would otherwise be permitted to be executed. For
example, while a default maximum distance may be 18 meters, the maximum distance
in situations when an ongoing lane merge is detected may be 1000 meters. This
difference may account for the fact that lane merges may take several hundred meters
to be completed. In the depicted example of FIG. 8C, distance 914 is less than the
predefined maximum distance for performing lane constraint prediction in a lane merge
situation, such that lane constraint prediction was able to be performed continuously as
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vehicle 200 traversed the distance between its position in FIG. 9B and its position in
FIG. 9C.

[00161] FIGS. 10A and 10B illustrate an embodiment in which vehicle 200 travels on
roadway 1000. FIG. 10A shows a three-dimensional view as seen from the perspective
of vehicle 200, such as one of the one or more images received by system 100 as
vehicle 200 travels on roadway 1000. (FIG. 10A depicts a lead vehicle driving on
roadway 1000 in front of vehicle 200, not to be confused with vehicle 200 itself.) FIG.
10B shows an overhead diagram of vehicle 200 on the same portion of roadway 1000.

[00162] In the depicted example, the disclosed systems and methods for lane
constraint prediction (e.g., predicting the location of a lane constraint when guard rail
shadow conditions are present) and operating vehicle 200 within a lane defined by a
predicted lane constraint may be used. As shown, roadway 1000 may have lane 1002 in
which vehicle 200 is traveling. Lane 1002 may be defined on a first side by first lane
constraint 1004 and on a second side, opposite the first side, by lane constraint 1006.
These lane constraints 1004 and 1006 may, in some embodiments, be detected by
system 100, as indicated by the bolded lines showing lane constraints 1004 and 1006.
Vehicle 200 may have a first vehicle side 1008 on the same side of vehicle 200 as first
lane constraint 1004, and a second vehicle side 1010 on the same side of vehicle 200

as second lane constraint 1006.

[00163] Roadway 1000 may include lane lines 1003a and 1003b, which physically

mark the left and right sides, respectively, of lane 1002 on roadway 1000.

[00164] Roadway 1000 may include guardrail 1012, which is supported by posts
1014. Both guard rail 1012 and its posts 1014 are casting guard rail shadow 1016,
which in the depicted example falls over lane line 1003a and into lane 1002.

[00165] As depicted by the bolded lines in FIGS. 10A and 10B, system 100 detects
lane constraint 1006 as a solid-line constraint on the right side of vehicle 200 for a
certain visible distance in front of vehicle 200. On the left side of roadway 1000, the
bolded lines show how system 1000 detects several edges, one of which is attributable
to lane line 1003a and two of which (shadow edges 1005a and 1005b) are attributable

to guard rail shadow 1016. In some embodiments, the detection of multiple edges on
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one side of a vehicle or lane may make it more difficult to identify a lane constraint from
the images available to system 100, such that the lane constraint cannot be identified
with a high level of certainty. Accordingly, in some embodiments, when system 100
determines that guard rail 1012 or guard rail posts 1014 are present, that guard rail
shadow 1016 is being cast onto roadway 1000, or that multiple edges are detected on
the same side of lane 1002, system 100 may determine that guard rail shadow
conditions are present, and may accordingly engage a guard rail shadow mode. In
some embodiment, a guard rail shadow mode may cause lane constraint prediction to
be executed for the side of a lane that is proximate to the detected guard rail, shadow,
or edges. By using lane constraint prediction, system 100 may predict the location of
lane constraint 1004 in accordance with any of the techniques discussed above with
respect to FIGS. 8A-8C and/or 9A-9C. In the depicted example, system 100 correctly
predicts the location of lane constraint 1002 to coincide with the edge defined by
painted lane line 1003a, rather than either of the edges defined by guard rail shadow
1016. In accordance with the detection of lane constraints 1004 and 1006, system 100
causes vehicle 200 to travel inside lane 1002 as defined by lane constraints 1004 and
1006.

[00166] In some embodiments, guard rail shadow prediction may cause lane
constraint prediction to be engaged with no limitation as to how long lane constraint
prediction can be carried out. Thus, for example, rather than the maximum distance for
lane constraint prediction being set to 18 meters (as in the example of FIGS. 8A-8C) or
1000 meters (as in the example of FIGS. 9A-9C), system 100 may turn off the maximum
distance, functionally configuring the system so that lane constraint prediction may
continue for an indefinite distance (and/or an indefinite time) so long as guard-rail
shadow conditions continue to be detected and so long as no lane constraint prediction
cancellation conditions are detected.

[00167]  FIG. 11 is an exemplary block diagram of memory 140 or 150, which may
store instructions for performing one or more operations consistent with disclosed
embodiments. As illustrated in FIG. 11, memory 140 or 150 may store one or more
modules for performing the techniques described herein. For example, memory 140 or
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150 may store image obtaining module 1100, roadway lane constraint recognizing
module 1102, determining module 1104, roadway lane constraint predicting module
1106, vehicle enabling module 1108, and lane constraint prediction ceasing module
1110. As would be appreciated by a person of ordinary skill in the art, any of the
previously recited modules may be combined with each other or with other modules,
interfaced with one another or with other modules, and/or subdivided into further
modules and/or sub-modules.

[00168] In some embodiments, processing unit 110 may execute instructions stored
on the one or more modules in memory 140 or 150, and the execution by processing
unit 110 may cause system 100 to perform the methods discussed herein.

[00169] In some embodiments, processing unit 110 may cause system 100 to obtain
(e.g., with image obtaining module 1100) multiple images from a camera (e.g., image
capture devices 122, 124, and/or 126), wherein the camera is adapted to capture, when
mounted on a vehicle (e.g., vehicle 200) and while the vehicle is in motion, images of a
roadway within a field of view of the camera, apply image processing to the multiple
images to recognize (e.g., with roadway lane constraint recognizing module 1102) a first
roadway lane constraint, determine (e.g., with determining module 1104), based on the
multiple images, that one or more defined lane prediction conditions are satisfied, in
accordance with the a determination that one or more defined lane prediction conditions
are satisfied, predict (e.g., with roadway lane constraint predicting module 1106) the
location of a second roadway lane constraint, and issue (e.g., with issuing module 1108)
a notification or a control signal to control a motion of the vehicle according to the
predicted location of the second roadway lane constraint.

[00170] In some embodiments, processing unit 110 may cause system 100 to issue
(e.g., with issuing module 1108) a notification or a control signal to direct a motion of the
vehicle according to a location of the first roadway lane constraint.

[00171]  In some embodiments, processing unit 110 may cause system 100 to issue
(e.g., with issuing module 1108) a notification or a control signal to direct a motion of the
vehicle along a lane or an area between the first roadway lane constraint and the

second roadway lane constrain.
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[00172]  In some embodiments, processing unit 110 may cause system 100 to
determine (e.g., with determining module 1104) whether one or more defined lane
prediction cancellation conditions are satisfied, and in accordance with a determination
that one or more defined lane prediction cancellation conditions are satisfied, cease to
predict (e.g., with lane constraint prediction ceasing module 1110) the location of the
second roadway lane constraint.

[00173]  FIG. 12 illustrates a process 1200 for implementing lane constraint prediction
consistent with the disclosed embodiments. In some embodiments, the steps in
process 1200 may be illustrated by the situations illustrated in FIGS. 8A-8C, 9A-9C, and
10A-10B. According to some embodiments, process 1200 may be implemented by one
or more components of navigation system 100, such as at least one processing unit
110. According to some embaodiments, process 1200 may be implemented by system
100 associated with vehicle 200.

[00174] At step 1202, in some embodiments, a system receives multiple images of a
roadway in the vicinity of a moving vehicle associated with the system. In some
embodiments, the one or more images are acquired using at least one image capture
device, such as image capture devices 122, 124, and/or 126. The plurality of images
may be received by the system through a data interface such as data interface 128. In
the example illustrated in FIGS. 8A-8C, system 100 may acquire a plurality of images of
roadway 800 in the vicinity of vehicle 200.

[00175] At step 1204, in some embodiments, the system recognizes a first roadway
lane constraint. In some embodiments, the system may use image analysis techniques
to process the one or more images received to detect lane constraints by identifying
objects, markings, or other characteristics in the images that are indicative of a lane
constraint, such as lane markings, roadway edges, lane dividers, and/or other vehicles.
In some embodiments, the system may attempt to identify at least one lane constraint
on one side of the vehicle and another lane constraint on the other side of the vehicle
(e.g., one lane constraint to each side of the center line of the vehicle in its traveling
direction, front to back). In some embodiments, the system may attempt to identify at

least one lane constraint on one side of a lane and another lane constraint on another
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side of the lane. In the example illustrated in FIGS. 8A-8C, system 100 may analyze
the images received of roadway 800, and may detect lane constraint 804 on the left side
of lane 802 as corresponding to and coinciding with solid lane line 803a. That is, in
some embodiments, lane line 803a may be recognized by system 100 in the multiple
acquired images, and system 100 may determine that lane line 803a is a visual marker
for lane constraint 804.

[00176] At step 1206, in some embodiments, the system determines, based on the
multiple images, whether one or more defined lane prediction conditions are satisfied.
In some embodiments, a lane prediction condition may be any predetermined condition
by which system 100 may determine whether to predict the location of a lane constraint.
In some embodiments, only one lane prediction condition need be satisfied, while in
other embodiments, a minimum threshold number of lane prediction conditions (e.g.,
two or more) need to be satisfied. In some embodiments, the minimum threshold
number of lane predication conditions can be determined in accordance with historical
information regarding the roadway lane layout, the roadway topology, shadow
conditions, visibility conditions, presence of guard rails and/or other barriers along the

roadway, presence of other vehicles on the roadway, etc.

[00177] In some embodiments, the one or more defined lane prediction conditions
comprise that the second roadway lane constraint ceases to be recognized, based on
the multiple images, as the vehicle progresses. For example, in some embodiments,
the system may continuously capture and consult multiple images corresponding to the
vehicle’s current location and vicinity; as the vehicle travels along a roadway and along
alane, a lane constraint that was recognizable at one instance in time based on one
subset of the multiple images may cease to be recognizable at a subsequent instance in
time based on a later subset of the multiple images. In the example of FIGS. 8A-8C,
system 100 may analyze the images received of roadway 800 as vehicle 200 travels
along roadway 800 from its position in FIG. 8A to its position in FIG. 8B. As vehicle 200
travels from its position in FIG. 8A to its position in FIG. 8B, it reaches the middle
portion of roadway 800 at which dotted lane line 803b is not painted on roadway 800.
Upon analyzing the received multiple images from this middle portion of roadway 800,
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system 100 may cease to recagnize lane constraint 806 due to the absence of lane line
803b. This ceasing to recognize a lane constraint as vehicle 200 progresses along

roadway 800 may constitute a lane prediction condition in some embodiments.

[00178] In some embodiments, the one or more defined lane prediction conditions
comprise that the lane constraint on the first side of the lane has been recognized for at
least a threshold time or a threshold distance. Optionally, a threshold time or a
threshold distance associated with the one or more defined lane prediction conditions
can be dynamic and can be adjusted according to historical information regarding the
roadway lane layout, the roadway topology, shadow conditions, visibility conditions,
presence of guard rails or other barriers along the roadway, presence of other vehicles
on the roadway, etc. In some embodiments, such a lane prediction condition may serve
to prevent the system from (or reduce the likelihood of the system) engaging in lane
constraint prediction when the system detects a lane constraint on a single side of a
lane (or a single side of a vehicle) for a first time. That is, in some embodiments, if a
vehicle is traveling and comes upon a single lane line or other lane marking or indicator
for the first time, the system may refrain from predicting the location of another lane
constraint based on the single lane marking/indicator. In some embodiments, this lane
prediction condition may serve to ensure (or increase the likelihood) that the system is
making valid and accurate lane constraint predictions based on actual lanes that exist
on a roadway, and not on isolated, stray, or erroneously or randomly placed lane
markings/indicators. In some embodiments, a predefined threshold distance may be
fixed in the system, or may be determined by the system based on a current speed of
the vehicle, the size or posted speed of the roadway on which the vehicle is traveling, or
any other discernible variables regarding the vehicle or roadway.

[00179] In some embodiments, the one or more defined lane prediction conditions
comprise that a guard rail is present in the vicinity of the vehicle. In some
embodiments, the system may engage in lane constraint prediction when the system
determines that the vehicle is in the vicinity of a guard rail. In some embodiments, this
lane prediction condition may serve to prevent the system from erroneously determining
that one or more edges detected in the one or more images correspond to a lane
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constraint, when in reality the one or more edges is associated with a guard rail or with
a guard rail shadow. In some embodiments, a guard rail may cast a shadow onto a
roadway, and an edge of the shadow on the roadway may be detected by the image
analysis techniques used by the system. In some embodiments, the system may
erroneously determine that the guard rail shadow is a marker of a lane constraint, and
may cause the vehicle to travel in accordance with the guard rail shadow rather than
with the actual lane constraint. In some embodiments, in order to prevent this error, the
system may recognize that a guard rail is present in the vicinity of the vehicle, and may
therefore engage in lane constraint prediction to predict the location of a lane constraint
on the side of a lane with a guard rail, rather than attempting to recognize the lane
constraint on that side of the lane and risking erroneously recognizing the guard rail

shadow as a lane constraint.

[00180] In the example of FIGS. 10A and 10B, vehicle 200 (shown in FIG. 10B; not
shown in FIG. 10A, as vehicle 200 constitutes the paint of view in Fig 10A) is traveling
on roadway 1000 in lane 1002, which has guard rail 1012 to the left side of lane 1002.
In some embodiments, system 100 may analyze the one or more images to detect that
guard rail 1012 is present in the vicinity of vehicle 200 on the left side of lane 1002. In
some embodiments, the presence of guard rail 1012 may satisfy a lane prediction

condition.

[00181] In some embodiments, determining that a guard rail is present in the vicinity
of the vehicle comprises detecting, in the one or more images, a pattern created by
posts supporting the guard rail. In some embodiments, the system may be configured
to detect one or more patterns in the one or more images that is known or suspected to
be indicative of the presence of a guard rail. One such pattern may, in some
embodiments, be referred to as a “rapid dash” pattern, and may be present when the
system detects in the one or more images a pattern of rapid successive dashes or rapid
successive lines caused by the posts supporting a guard rail. In some embodiments,
the system may be configured to detect any other suitable pattern or visual indicia
known to be characteristic of the posts that support guard rails. In some embodiments,
the system may detect a pattern of the posts of a guard rail, while in some embodiments
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the system may alternatively or additionally detect a pattern of the shadows cast by the
posts of a guard rail. In the example of FIGS. 10A and 10B, guard rail 1012 is
supported by posts 1014 (shown in FIG. 10A; not visible from the overhead angle of
FIG. 10B). In Figs 10A and 10B, posts 1014 are casting a shadow that falls onto
roadway 1000 and into lane 1002. System 100 may detect the presence of a rapid
dashed pattern or any other suitable pattern created in the multiple images by posts
1014 or their shadows, and this detection may be one manner in which system 100
determines that a guard rail is present in the vicinity of vehicle 200.

[00182] In some embodiments, system 100 may utilize depth information to identify a
shape that is characteristic of a guard rail or of a portion of a guard rail. It would be
appreciated that a painted line would have substantially no volume, and its height is
virtually zero relative to the roadway surface, and so, depth information can be useful to
distinguish between a lane marking and a guard rail.

[00183] In some embodiments, the one or more defined lane prediction conditions
comprise that a guard rail is casting a shadow onto the roadway. In some
embodiments, a lane prediction condition may be based on the detection by the system
of a shadow of a guard rail, in place of or in addition to detection by the system of a
guard rail itself. In some embodiments, a lane prediction condition may be satisfied if a
guard rail shadow is detected anywhere in the vicinity of the vehicle; in some
embodiments, a lane prediction condition may be satisfied if a shadow is detected as
being cast from a guard rail in the direction of a lane or a roadway in or on which the
vehicle is traveling; in some embodiments, a lane prediction condition may be satisfied if
a shadow is detected as being cast from a guard rail onto a roadway or lane in which
the vehicle is traveling.

[00184] In some embodiments, determining that a guard rail is casting a shadow onto
the roadway may involve determining whether a predicted location of the sun comports
with the location of a detected edge that is possible a guard rail shadow. For example,
in some embodiments, the system may determine a position of the sun and an
orientation of the sun with respect to the multiple images available to the system.

These determinations as to the location of the sun and the orientation of the vehicle
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may be made in accordance with various pieces of information including, for example,
one or more of the multiple images, a location and/or orientation of the vehicle
determined by a GPS, an orientation of the vehicle determined by a compass, and/or a
time of day. The system may determine, based on the determined location of the sun
and orientation of the vehicle that a shadow is predicted to be cast from a guard rail in a

certain direction at a certain time.

[00185] In the example of FIGS. 10A and 10B, guard rail 1012 is casting shadow
1016 onto roadway 1000 and into lane 1002; shadow 1016 falling on roadway 1000 and
in lane 1002 may be detected by system 100, and said detection may satisfy a lane
prediction condition.

[00186] In some embodiments, the one or more defined lane prediction conditions
comprise that multiple substantially parallel edges are detected, in the multiple images,
on the roadway on one side of a lane on the roadway. In some embodiments, image
analysis techniques applied by the system to the multiple images received may detect
edges in one or more of the multiple images received; in some embodiments, the
detection of edges may be used to recognize objects and markings in the environment
around the vehicle. In some embodiments, the detection of edges in the multiple
images may be used to recognize lane lines or markings or the edges or roadways, and
to thereby determine the location of lane constraints. In some embodiments, including
those in which a guard rail shadow is cast onto a roadway or lane in which the vehicle is
traveling, the system may detect the edge of a guard rail shadow as an edge in the
multiple images. In some other embodiments, other objects or markings may cause the
system to detect multiple edges on the same side of one lane. In these embodiments,
determination of which edge corresponds to the correct lane constraint may be difficult,
slow, or unreliable. For this reason, it may be advantageous in some embodiments to
refrain from attempting to determine, based on the multiple images, which of several
detected edges corresponds to a lane constraint, and instead to simply predict the
location of the lane constraint using lane constraint prediction when multiple edges are
detected in the multiple images as discussed above. In the example of FIGS. 10A and
10B, system 100 detects, in the multiple images, three different edges on the left side of
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lane 1002, indicated by the bolded lines marked 1004, 1005a, and 1005b. In the
example of FIGS. 10A and 10B, as explained above, system 100 may determine that
multiple edges are detected on the left side of lane 1002, and this detection may
constitute a lane prediction condition.

[00187] In some embodiments, if it is determined, at block 1206, that one or more
defined lane prediction conditions are not satisfied, then method 1200 may return to
step 1202 and may continue to acquire additional images of the roadway as time
progresses.

[00188] In some embodiments, if it is determined, at block 1206, that one or more
defined lane prediction conditions are satisfied, then method 1200 may proceed to step
1208. At step 1208, in some embodiments, in accordance with a determination that one
or more defined lane prediction conditions are satisfied, the system predicts the location
of a second roadway lane constraint. In some embodiments, the system may predict a
lane constraint on the opposite side (the vehicle being a reference as to direction of the
opposite side) of a lane from a detected lane constraint. Thus, in some embodiments, if
one lane constraint is recognizable from lane lines or other visible indicia in the received
images, and lane prediction conditions such as any of the conditions discussed above
are determined to be satisfied, then the system may predict the location of the second

lane constraint on the opposite side of the lane from the first lane constraint.

[00189] In some embodiments, the predicted lane constraint may be predicted to
extend for a predetermined distance along the roadway. In some embodiments, the
predicted lane constraint may be predicted to be parallel to the recognized lane
constraint opposite it. In some embodiments, the predicted lane constraint may be
predicted to continue along the same angle, path, or location as the same lane
constraint was previously detected by the system. In some embodiments, the predicted
lane constraint may be predicted based on the location of another lane constraint,
based on the location of other discernible features of a roadway, or based on the
location of the vehicle associated with the system and/or on surrounding vehicles. In
some embodiments, the predicted lane constraint may be predicted as being located a

predetermined distance from a recognized lane constraint or from any other object
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recognized or predicted based on the multiple images of the roadway. In some
embodiments, the predicted lane constraint may be predicted to be a lane constraint
type that matches or is determined in accordance with other lane constraint types
detected in the multiple images, or determined in accordance with a lane constraint type
determined for the predicted lane constraint based on previous images of the roadway
from a previous time (e.g., if a system detects a sclid single white line on the right side
of the vehicle, then ceases to detect any lane line, the system may predict that a solid
single white lane constraint continues on the right side of the vehicle; alternately or
additionally, a system may predict that a solid single white line is located on the

opposite side of a lane from a solid single yellow line).

[00190] In the example of FIGS. 8A-8C, system 100 recognizes lane constraint 804
based on the detection of lane line 803a in the multiple images. When vehicle 200
reaches its position in FIG. 8B and does not detect any lane lines on the right side of
lane 802, then a lane prediction condition may be satisfied. Accordingly, in some
embodiments, system 100 may predict lane constraint 806 on the right side of lane 802,
as shown in FIG. 8B. In some embodiments, lane constraint 806 may be predicted as a
single dashed line lane constraint, based on the previous recognition, in FIG. 8A based
on lane lines 803b, of lane constraint 806 as a single dashed line lane constraint. In
some embodiments, the position, angle, type, and/or any other characteristic of lane
constraint 806 may be predicted based on any stored or otherwise determined
information accessible by system 100 about vehicle 200, roadway 800, or any other

surrounding environmental factors.

[00191]  In some embodiments, predicting the location of a lane constraint comprises
predicting a width of a lane based on information about a previously determined width of
the lane. In some embodiments, a width of a lane may be predicted based on historical
information about lane width or cached information about the width of a specific lane in
the recent past (e.g., a few seconds before lane constraint prediction was performed).

In some embodiments, when a system is detecting both constraints of a lane and may
thereby determine the width of that lane, and the system then ceases to detect or
recognize one of the lane constraints, then the system may predict that the lane
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continues to be the same width. The system may accordingly predict the location of the
predicted lane constraint such that the lane is predicted to remain constant or
substantially constant in width. In the example of FIGS. 8A-8C, when system 100 is
predicting the location of lane constraint 806 in FIG. 8B, constraint 806 is predicted as
being a distance 812 from lane constraint 804. This distance 812 may be the same
distance 812 that was detected between lane constraint 806 and lane constraint 804
when vehicle 200 was in the position shown in FIG. 8A. System 100 may, in some
embodiments, log or cache historical information about lane width, such that it can
quickly recall lane width information in order to predict the location of a predicted lane

constraint.

[00192] At step 1210, in some embodiments, the system enables the moving vehicle
to avoid the first roadway lane constraint and the second roadway lane constraint.
Thus, in some embodiments, the system may cause the vehicle to travel in a lane
defined on one side by a detected/recognized lane constraint and on the opposite side
by a predicted lane constraint. In some embodiments, the system may cause any
suitable steering, accelerating, decelerating, or other control of the vehicle to cause it to
travel within the lane defined by the predicted and detected lane constraints. In the
example of FIGS. 8A-8C, when system 100 detects lane constraint 806 in FIG. 8B,
system 100 then causes vehicle 200 to travel along lane 802 between detected lane
constraint 804 and predicted lane constraint 806 to travel from its position in FIG. 8B to
its position in FIG. 8C.

[00193] At step 1212, in some embodiments, the system determines whether one or
more defined lane prediction cancellation conditions are satisfied. In some
embodiments, a lane prediction cancellation condition may be any predetermined
condition by which the system may determine whether to cease predicting the location
of a lane canstraint. In some embodiments, the location of a lane constraint may
continue to be predicted once the system begins predicting the location of the lane
constraint until one or more predefined lane prediction cancellation conditions are
satisfied. In some embodiments, only one lane prediction cancellation condition need
be satisfied in order for lane prediction to cease. In some embodiments, a predefined
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number or lane prediction conditions greater than one must be satisfied in order for lane
prediction to be ceased. Optionally, a confidence score may be assigned to a lane
prediction condition according to predefined criteria. Optionally, some lane prediction
condition can have a greater weight than others. Still further by way of example, an
overall score can be computed to determine whether a lane prediction cancellation
condition is met, and such a calculation can take into account confidence scores and
weights which were assigned to lane prediction conditions.

[00194] In some embodiments, the one or more defined lane prediction cancellation
conditions comprise that, after ceasing to be recognized, the second lane constraint is
recognized based on the one or more images. For example, in some embodiments, as
the vehicle is traveling along a roadway, a lane constraint may cease to be recognized
(as discussed above), such as when a roadway is unmarked or lane lines are not
detectable in the multiple images; lane prediction may be accordingly performed, as
discussed above. In some embodiments, thereafter, for example as the vehicle
continues to travel along the roadway, the system may once again recognize the lane
constraint in the multiple images as the system continues to acquire new images. For
example, if a vehicle reaches a portion of the roadway where the lane lines are no
longer missing, or if the lane lines otherwise become detectable by the system once
more, the system may recognize the lane constraint based on the updated images of
the roadway. This recognition of the second lane constraint — the lane constraint that
was being predicted — may in some embodiments constitute a lane prediction
cancellation condition that may cause the system to cease to predict the location of the
second lane constraint and to instead return to reliance on the detected/recognized
location of the lane constraint based on the multiple images.

[00195]  In the example of FIGS. 8A-8C, while system 100 may be predicting the
location of lane constraint 806 when vehicle 200 is located at the position shown in FIG.
8B, as vehicle 200 continues to the position shown in FIG. 8C, the dashed lane lines
803b on the upper half of the diagram may once again be visible in the images acquired
by system 100. Based on these new images, system 100 may once again
detect/recognize the presence of lane constraint 806 based on lane line 803b, and this
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recognition may constitute a lane prediction cancellation condition that triggers the

cessation of the prediction of the location of lane constraint 806.

[00196] In some embodiments, the one or more defined lane prediction cancellation
conditions comprise that a driver is moving the vehicle between lanes. In some
embodiments, the system may determine based on the multiple images that the driver is
steering or merging the vehicle to another lane. In some embodiments, this detection
may satisfy a lane prediction cancellation condition and may trigger the cessation of

lane constraint location prediction.

[00197] In some embodiments, the one or more defined lane prediction cancellation
conditions comprise that the vehicle is traversing a curve that exceeds a predefined
sharpness threshold. In some embodiments, the system may access a predefined or
dynamically determined (e.g., determined in accordance with vehicle speed, posted
speed limit, road conditions, weather conditions, environment brightness, the vicinity of
other vehicles, etc.) sharpness threshold for curves, and may determine whether a
curve in a roadway or a lane exceeds the sharpness threshold (e.g., is sharper than the
maximum permissible sharpness). If it is determined that a curve being traversed or
approached by the vehicle exceeds the maximum permissible sharpness, then the
system may determine that a lane prediction cancellation condition is satisfied, and may

accordingly cease lane constraint prediction.

[00198] In some embodiments, determining whether one or more defined lane
prediction cancellation conditions are satisfied comprises selecting a maximum lane
prediction distance setting, and determining whether a distance traveled by the vehicle
while predicting the location of the second roadway lane constraint is greater than a
maximum lane prediction distance associated with the maximum lane prediction
distance setting. In some embodiments, a maximum lane prediction distance may be
predefined, set, or dynamically determined by the system. In some embodiments, the
system may monitor the distance traveled by the vehicle while the system is predicting
the location of a lane constraint, and may cease to predict the location of the lane
constraint if the distance traveled exceeds the maximum permissible lane prediction

distance. In some embodiments, implementation of a maximum permissible lane
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prediction distance may improve safety and functionality by ensuring that the system
does not predict the location of a lane constraint for an overly-long period of time or over
an overly-long distance, over which distance or time one or more characteristics of the
lane or the roadway may change or vary. As characteristics of lanes and roadways can
be expected, in some embodiments, to change or vary over space and time, the system
may improve safety by ensuring that lane constraint reference points or indicators, such
as lane lines or other lane markers, are detected based on the multiple images acquired
by the system at least once over a maximum lane prediction distance (or, in some

embodiments, a maximum lane prediction time).

[00199] In some embodiments, the maximum lane prediction distance may be varied
by the system in different situations. In some embodiments, a maximum lane prediction
distance may be associated with one or more maximum lane prediction distance
settings, such that the system may select one maximum lane prediction distance setting
and implement the associated maximum lane prediction distance. In some
embodiments, different maximum lane prediction distance settings may be implemented

in different driving scenarios, as detected and determined by the system.

[00200] In some embodiments, a standard or default maximum lane prediction
distance setting may be associated with a standard or default maximum lane prediction
distance. In some embodiments, the standard or default maximum lane prediction
distance may be 18 meters.

[00201] In the example of Figs 8A-8C, vehicle 200 has traveled distance 814 from its
position in FIG. 8B, at which point lane constraint prediction was commenced, to its
position in FIG. 8C, at which point lane prediction is ceased. This distance 814 may be
less than a standard or default maximum lane prediction distance of 18 meters, such
that lane constraint prediction may have been performed continuously between the
positions of vehicle 200 in FIGS. 8B and 8C.

[00202] In some embodiments, selecting a maximum lane prediction distance setting
comprises, in accordance with a determination that a first lane is merging with a second
lane in the vicinity of the vehicle, selecting a maximum lane prediction distance setting

such that the maximum lane prediction distance is greater than a default maximum lane
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prediction distance. In some embodiments, the system may thus implement an
extended or increased maximum lane prediction distance. For example, in some
embodiments, the system may determine, based on the multiple images, that a lane is
merging with the lane in which the vehicle is traveling, or that the lane in which the
vehicle is traveling is merging with another lane. The system may determine that a lane
merge is occurring in the vicinity of the vehicle by detecting a lane constraint (e.g., by
recognizing a lane line) on the far side of the merging lane adjacent to the vehicle’s
lane, and by determining that the lane constraint on the opposite side of the adjacent
lane is approaching the lane in which the vehicle is traveling at above a predefined or
dynamically determined threshold rate of approach. That is, in some embodiments, the
system may recognize the far side of an adjacent lane approaching the lane in which
the vehicle is traveling as the vehicle progresses along a roadway, and may accordingly
determine that the adjacent lane is merging with the lane in which the vehicle is

traveling.

[00203] In some embodiments, roadways may be expected to feature long distances
of unmarked lane constraints when two lanes are merging with one another, so it may
be advantageous for the system to be configured to predict the location of a lane
constraint for a greater distance and/or a greater time than a default maximum lane
prediction distance or time. In some embodiments, the increased maximum lane

prediction distance associated with lane merge situations may be 1000 meters.

[00204] In the example of FIGS. 9A-9C, vehicle 200 has traveled distance 914 from
its position in FIG. 9B, at which point lane constraint prediction was commenced, to its
position in FIG. 9C, at which point lane prediction is ceased. This distance 914 may be
greater than a standard or default maximum lane prediction distance, such that lane
constraint prediction may have been ceased before vehicle 200 reached its position in
FIG. 9C if the default maximum lane prediction distance setting was selected. However,
as indicated by the bolded line in FIG. 8B, system 100 recognized lane constraint 922
on the right side of lane 916 approaching lane 902 as vehicle 200 progressed, and may
have accordingly determined that the lanes were merging and that a maximum lane
prediction distance setting associated with lane merges should be selected. The
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selected setting may be associated with a maximum lane prediction distance of 1000
meters, greater than the default maximum lane prediction distance of 18 meters. Thus,
in some embodiments, distance 914 may be less than the increased maximum lane
prediction distance of 1000 meters, such that lane constraint prediction may have been
performed continuously between the positions of vehicle 200 in FIGS. 9B and 9C.

[00205] In some embodiments, selecting a maximum lane prediction distance setting
comprises, in accordance with a determination that defined guard-rail conditions are
satisfied, selecting a maximum lane prediction distance setting having no maximum
lane prediction distance. That is, in some embodiments, when system 100 detects that
guard-rail conditions are satisfied, system 100 may predict the location of a lane
constraint indefinitely, without regard for any maximum lane prediction distance. In this
way, in some embodiments, the maximum lane prediction distance associated with
guard-rail conditions may be thought of as an infinite maximum distance, or as a non-

existent maximum distance.

[00206] In some embodiments, guard-rail conditions may be satisfied in any situation
where the system detects the presence of one or more guard rails, guard rail supports,
and/or guard rail shadows in the vicinity of the vehicle. For example, guard-rail
conditions may be satisfied in any or all of the situations discussed above in which the
system may determine that a guard rail and/or a guard rail shadow are present in the
vicinity of the vehicle and/or on a roadway or lane in which the vehicle is traveling. In
some situations, guard-rail conditions may be satisfied when the presence, location,
and/or orientation of a guard rail and/or guard rail shadow causes the system to engage
in lane constraint prediction, as discussed above.

[00207] In some embodiments, it may be advantageous for no maximum lane
prediction distance (or an infinite maximum lane prediction distance) to be applied in
situations in which a guard rail and/or guard-rail shadow is present, because guard rails
and their associated shadows can be expected to persist continuously for very long
distances along roadways (often greater than a default maximum lane prediction
distance or even an increased lane prediction distance associated with lane merges).

In the example of FIGS. 10A and 10B, when system 100 begins predicting the location
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of lane constraint 1004 due to the detection of guard rail shadow 1016, system 100 may
select a maximum lane prediction distance setting associated with guard rail conditions;
the selection of a maximum lane prediction distance setting associated with guard rail
conditions may cause the system to perform lane prediction of lane constraint 1004
without being subject to any maximum lane prediction distance.

[00208] In some embodiments, if it is determined, at block 1212, that one or more
defined lane prediction cancellation conditions are not satisfied, then method 1200 may
return to step 1202 and may continue to acquire additional images of the roadway as

time progresses.

[00209] In some embodiments, if it is determined, at block 1212, that one or more
defined lane prediction cancellation conditions are satisfied, then method 1200 may
proceed to step 1214. At step 1212, in some embodiments, in accordance with a
determination that one or more lane prediction cancellation conditions are satisfied, the
system ceases to predict the location of the second lane constraint. In the example of
FIGS. 8A-8C, when vehicle 200 reaches its position depicted in FIG. 8C, a lane
prediction cancellation condition may be satisfied by the recognition of lane constraint
806 based on lane line 803b, and system 100 may therefore cease to predict the
location of lane constraint 806. Instead, system 100 may resume determining the
position of lane constraint 806 based on the detected location of lane line 803b, as it did
previously in FIG. 8A.

[00210]  Construction Zone Detection and Response

[00211]  System 100 may provide vehicle 200 with construction zone detection, such
that the system recognizes the presence of construction zones on roadways and takes
action in accordance therewith. In some embodiments, system 100 may recognize
various elements in the one or more images that it receives and may determine, in
accordance with the recagnition of those one or more elements, that vehicle 200 is
approaching or inside a construction zone. In some embodiments, any automated or
driver-assist action may be taken in accordance with the detection of a construction
zone, including but not limited to changing the speed of vehicle 200, steering vehicle
200, engaging or disengaging one or more lights of vehicle 200, etc. In some
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embodiments, in accordance with the detection of a construction zone, a signal may be
outputted by system 100 that indicates that a construction zone has been detected
and/or that a construction zone mode is activated. In some embodiments, in
accordance with the detection of a construction zone (and/or in accordance with the
detection of a complex construction zone), automated or driver-assist control of vehicle
200 by system 100 may be disabled, such that control of vehicle 200 may be returned to
the driver.

[00212] FIG. 13 illustrates an embodiment in which vehicle 200 is traveling on
roadway 1300 and approaching a construction zone. Roadway 1300 has two lanes
1302 and 1304. Lane 1302 is defined by lane constraints 1306 and 1308, while lane
1304 is defined by lane constraints 1310 and 1312. These lane constraints are
detected by system 100, as shown by the bolded lines indicating lane constraints 1306,
1308, 1310, and 1312. Lane constraints 1306 and 1308 are marked on roadway 1300
by painted lane lines 1320 and 1322, respectively; while lane constraints 1310 and 1312

are marked by on roadway 1300 by painted lane lines 1322 and 1324, respectively.

[00213] Roadway 1300 includes several indicators of a construction zone or
construction area, including painted construction zone lane line 1326. In some
embodiments, construction zone lane lines may be painted in a different color and/or
different style than conventional lane lines. For example, in Germany, yellow lane lines
are painted on the road to indicate a construction zone, while conventional lane lines
are painted in white. As indicated by the bolded line, system 100 detects construction
zone lane constraint 1314 based on painted construction zone lane line 1326. In
accordance with the detection of construction zone lane constraint 1314, system 100
may cause vehicle 200 to drive within the lane defined by construction zone lane
constraint 1314 rather than the conventional lane constraints. In some embodiments,
when system 100 has detected that vehicle 200 is in a construction zone, construction

zone lane lines may be given precedence over conventional lane lines.

[00214] Roadway 1300 may include additional construction zone indicators, including
cones 1316, some of which are located on the surface of roadway 1300 and inside lane

1304. In response to detecting cones 1316, system 100 may cause vehicle 200 to alter
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its path so as to avoid cones 1316, changing a position in a lane of travel or changing
lanes if necessary. Inresponse to detecting cones 1316, system 100 may determine
that vehicle 200 is in or near a construction zone; activate a construction zone mode;
output a construction zone signal; disable automated or driver-assist control of vehicle
200; and/or control vehicle 200 by changing its speed, steering it, or taking any other
appropriate action (such as to avoid cones 1316).

[00215] Roadway 1300 may include additional construction zone indicators, including
construction road signs 1318a and 1318b, which may indicate the presence of a
construction zone and/or indicate an instruction for drivers to follow while in the
construction zone (e.g., slow, stop, merge, turn, etc.). System 100 may detect
construction road signs 1318a and 1318b through the manner in which the system may
detect any or all other traffic signs, and may take any appropriate action in response to
detection of construction road signs 1318a and 1318b, including determining that
vehicle 200 is in or near a construction zone; activating a construction zone mode;
outputting a construction zone signal; disabling automated or driver-assist control of
vehicle 200; and/or controlling vehicle 200 by changing its speed, steering it, or taking
any other appropriate action (such as in accordance with an instruction on a

construction road sign).

[00216] FIG. 14 is an exemplary block diagram of memory 140 or 150, which may
store instructions for performing one or more operations consistent with disclosed
embodiments. As illustrated in FIG. 14, memory 140 or 150 may store one or more
modules for performing construction-zone detection as described herein. For example,
memory 140 or 150 may store image obtaining module 1400, construction zone
indicator recognizing module 1402, determining module 1404, signal outputting module
1406, vehicle moving enabling module 1408, and vehicle control disabling module 1410.
As would be appreciated by a person of ordinary skill in the art, any of the previously
recited modules may be combined with each other or with other modules, interfaced
with one another or with other modules, and/or subdivided into further modules and/or

sub-modules.
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[00217] In some embodiments, processing unit 110 may execute instructions stored
on the one or more modules in memory 140 or 150, and the execution by processing

unit 110 may cause system 100 to perform the methods discussed herein.

[00218] In some embodiments, processing unit 110 may cause system 100 to obtain
(e.g., with image obtaining module 1400) multiple images from a camera (e.g., image
capture devices 122, 124, and/or 126), wherein the camera is adapted to capture, when
mounted on a vehicle (e.g., vehicle 200), and while the vehicle is in motion, images of a
roadway within a field of view of the camera, apply image processing to the multiple
images to recognize (e.g., with construction zone indicator recognizing module 1402)
one or more indicators of a construction zone, and, in accordance with recognizing the
one or more indicators of a construction zone, output (e.g., with signal outputting

module 1406) a signal indicating that the vehicle is proximate to a construction zone.

[00219] In some embodiments, processing unit 110 may cause system 100 to
determine (e.g., with determining module 1404), based on the one or more indicators,
that the vehicle is proximate to a construction zone, and in accordance with a
determination that the vehicle is proximate to a construction zone, output (e.g., with
signal outputting module 1406) the signal indicating that the vehicle is proximate to a

construction zone.

[00220] In some embodiments processing unit 110 may cause system 100 to, in
accordance with the determination that the vehicle is proximate to a construction zone,
cause the moving vehicle (e.g., with vehicle moving enabling module 1408) to move in
accordance with the construction zone indicators.

[00221]  In some embodiments processing unit 110 may cause system 100 to
determine (e.g., with determining module 1404), based on the one ar more indicators,
that the construction zone is a complex construction zone, and in accordance with a
determination that the construction zone is a complex construction zone, disable (e.g.,
with vehicle control disabling module) automated vehicle control functionality.

[00222] FIG. 15 illustrates a process 1500 for implementing lane constraint prediction
consistent with the disclosed embodiments. In some embodiments, the steps in

process 1500 may be illustrated by the situations illustrated in FIG. 13. According to
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some embodiments, process 1500 may be implemented by one or more components of
navigation system 100, such as at least one processing unit 110. According to some
embodiments, process 1500 may be implemented by a system 100 associated with a
vehicle 200.

[00223] At step 1502, in some embodiments, a system receives multiple images of a
roadway in the vicinity of a moving vehicle associated with the system. In some
embodiments, the one or more images are acquired using at least one image capture
device, such as image capture devices 122, 124, and/or 126. The plurality of images
may be received by the system through a data interface such as data interface 128. In
the example illustrated in FIG. 13, system 100 may acquire a plurality of images of
roadway 1300 in the vicinity of vehicle 200.

[00224] At step 1504, in some embodiments, the system recognizes, in the multiple
images, one or more indicators of a construction zone. In some embodiments, the
system may use image analysis techniques to process the one or more images
received to detect signs, objects, other vehicles, marked lane lines, and any other
objects or characteristics of a surrounding environment. In some embodiments, certain
signs, markings, lane lines, objects, and/or combinations of any such detected aspects
may be predetermined by the system to be indicators of a construction zone. In some
embodiments, cones, barrels, flashing lights, poles, barriers, and/or markers present in
the vicinity of the roadway may be predetermined by the system to be indicators of a
construction zone. In some embodiments, predefined traffic signs, such as those
bearing text, symbols, or images known to indicate a construction zone, may be
predetermined by the system to be indicators of a construction zone. In some
embodiments, lane lines may be determined by the system to be indicators of a
construction zone. For example, in Germany, construction zones may be marked with
special construction zone lane lines painted on roadways, the construction zone lane
lines possibly being of a different color or a different appearance than conventional lane
lines. The system may detect lane lines of a color, appearance, orientation, and/or
location that indicates to the system that the lines are construction zone lane lines, and
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the system may recognize such construction zone lane lines as indicators of a

construction zone.

[00225] In the example of FIG. 13, system 100 may recognize cones 1316,
construction road signs 1318a and 1318b, and/or painted construction zone lane line
1326. In some embodiments, any or all of those elements may be predetermined by
system 100, or dynamically determined by system 100, to be construction zone

indicators.

[00226] At step 1506, in some embodiments, the system determines, based on the
one or more indicators, whether the vehicle is proximate to a construction zone. In
some embodiments, a system may determine based on the proximity (to the vehicle,
roadway, or lane) of construction zone indicators that the vehicle is proximate to a
construction zone. In some embodiments, a system may assume based on the
orientation or placement with respect to a roadway or a lane that the vehicle is
proximate to a construction zone. In some embodiments, a system may determine from
the content (e.g., the images, symbols, and/or text) of one or more road signs that the
vehicle is proximate to a construction zone. In some embodiments, a minimum
threshold number of construction zone indicators must be detected within a maximum
threshold time of one another in order for a system to determine that the vehicle is
proximate to a construction zone. In the example of FIG. 13, system 100 may
determine based on the simultaneous detection of cones 1316, construction road signs
1318a and 1318b, and/or painted construction zone lane line 1326 that vehicle 200 is

proximate to a construction zone.

[00227] In some embodiments, if it is determined, at block 1506, that the vehicle is not
proximate to a construction zone, then method 1500 may return to step 1502 and may
continue to acquire additional images of the roadway as time progresses.

[00228] In some embodiments, if it is determined, at block 1506, that the vehicle is
proximate to a construction zone, then method 1500 may proceed to step 1508. At step
1508, in some embodiments, in accordance with a determination that the vehicle is
proximate to a construction zone, the system outputs a signal indicating that the vehicle

is proximate to a construction zone. In some embodiments, the signal output by system
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100 may be an electronic signal or an electronic message that communicates to any
component of the system or to any associated system that a construction zone is
detected. For example, a signal may be sent to a display system associated with the
system, or a signal may be sent to any other local or remote system communicatively
coupled with the system. In some embodiments, the signal may be perceptible by a
driver of the vehicle. For example, the signal may be a visible signal (such as a lighted
indicator or a displayed element on a computer or entertainment system display), an
audible signal emitted by a speaker system, and/or a haptic signal such as a vibration.

[00229] At step 1510, in some embodiments, in accordance with the determination
that the vehicle is proximate to a construction zone, the system enables the moving
vehicle to move in accordance with the construction zone indicators. In some
embodiments, in response to determining that the vehicle is proximate to a construction
zone, the system may cause the vehicle to be accelerated, decelerated, steered, or
otherwise controlled and moved in accordance with the detected construction zone
indicators. In some embodiments, the vehicle may be automatically slowed to a
reduced speed to increase safety. In some embodiments, the vehicle may be steered
or caused to change lanes so as to follow construction zone lane lines, avoid
cones/barrels/poles/barriers or other construction zone indicators, or follow instructions
indicated on road signs indicating or associated with the construction zone. In the
example of FIG. 13, system 100 may modify a course of travel of vehicle 200 such that
vehicle 200 follows detected lane constraint 1314 in accordance with construction zone
lane line 1326 (rather than lane constraint 1312 detected in accordance with lane line
1324), avoids cones 1316, and obeys traffic sign 1318b (which includes a symbol
instructing vehicle 200 to merge left). In some embodiments, vehicle 200 may be

caused to accordingly merge from lane 1304 left into lane 1302.

[00230] At step 1512, in some embodiments, the system determines, based on the
one or more indicators, whether the construction zone is a complex construction zone.
In some embodiments, a complex construction zone may be a construction zone having
one or more predefined or dynamically determined characteristics associated by the
system with a construction zone in which autonomous and/or driver-assist control of a
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vehicle may be unsafe, in which autonomous and/or driver assist control of a vehicle
may be unreliable or undependable, or in which control of a vehicle should be returned
to a driver of the vehicle. In some embodiments, a complex construction zone may be a
construction zone where an obstruction exists in a lane or on a roadway on or in which
the vehicle is traveling. In some embodiments, a complex construction zone may be a
construction zone in which a predefined or dynamically determined threshold number of
cones/barrels/poles/barriers or other construction zone indicators are detected within a
threshold distance or threshold time of one another. That is, in some embodiments,
when a construction zone is densely populated with construction zone indicators, it may
be determined to be a complex construction zone. In the example of Fig 13, in some
embodiments, roadway 1300 may be determined by system 100 to contain a complex
construction zone, based on the presence of cones 1316 on roadway 1300, cones 1316
in lane 1304, a minimum threshold number of cones 1316 being detected, and or a

minimum threshold number of total canstruction zone indicators being detected.

[00231] In some embodiments, if it is determined, at block 1512, that the construction
zone is not a complex construction zone, then method 1500 may return to step 1502

and may continue to acquire additional images of the roadway as time progresses.

[00232] In some embodiments, if it is determined, at block 1512, that the construction
zone is a complex construction zone, then method 1500 may proceed to step 1514. At
step 1514, in some embodiments, in accordance with a determination that the
construction zone is a complex construction zone, the system may disable automated
vehicle control functionality. In some embodiments, driver assist functionality may be
disabled. In some embodiments, fully automated driving functionality may be disabled.
In some embodiments, full control (e.g., acceleration, deceleration, steering, etc.) of
vehicle 200 may be returned by system 100 to the driver of vehicle 200.

[00233] The foregoing description has been presented for purposes of illustration. It is
not exhaustive and is not limited to the precise forms or embodiments disclosed.
Modifications and adaptations will be apparent to those skilled in the art from
consideration of the specification and practice of the disclosed embodiments.

Additionally, although aspects of the disclosed embodiments are described as being
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stored in memary, one skilled in the art will appreciate that these aspects can also be
stored on other types of computer readable media, such as secondary storage devices,
for example, hard disks or CD ROM, or other forms of RAM or ROM, USB media, DVD,

Blu-ray, or other optical drive media.

[00234] Computer programs based on the written description and disclosed methods
are within the skill of an experienced developer. The various programs or program
modules can be created using any of the techniques known to one skilled in the art or
can be designed in connection with existing software. For example, program sections or
program modules can be designed in or by means of .Net Framework, .Net Compact
Framework (and related languages, such as Visual Basic, C, etc.), Java, C++,
Objective-C, HTML, HTML/AJAX combinations, XML, or HTML with included Java
applets. Further, it is to be understood that the functionality of the program modules
described herein is not limited to the particular type of program module named herein,
but rather can be programmed in any suitable manner across among one or more

modules or other software constructs.

[00235] Moreover, while illustrative embodiments have been described herein, the
scope of any and all embodiments having equivalent elements, modifications,
omissions, combinations (e.g., of aspects across various embodiments), adaptations
and/or alterations as would be appreciated by those skilled in the art based on the
present disclosure. The limitations in the claims are to be interpreted broadly based on
the language employed in the claims and not limited to examples described in the
present specification or during the prosecution of the application. The examples are to
be construed as non-exclusive. Furthermore, the steps of the disclosed methods may
be modified in any manner, including by reordering steps and/or inserting or deleting
steps. It is intended, therefore, that the specification and examples be considered as
illustrative only, with a true scope and spirit being indicated by the following claims and

their full scope of equivalents.
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What Is Claimed Is:

1. A device mountable on a vehicle, comprising:

a camera adapted to capture, when mounted on the vehicle, and while the
vehicle is in motion, multiple images of a roadway within a field of view of the
camera;

a processor configured to:

obtain the multiple images from the camera;

apply image processing to the multiple images to recognize a first
roadway lane constraint appearing in at least one of the multiple images;

determine, based on the multiple images, that one or more defined
lane prediction conditions are satisfied:;

in accordance with a determination that one or more defined lane
prediction conditions are satisfied, predict a location of a second roadway lane
constraint;

issue a notification or a control signal to control a motion of the
vehicle according to the predicted location of the second roadway lane

constraint.

2. The device according to claim 1, wherein the processor is configured to issue a
notification or a control signal to direct a motion of the vehicle according to a

location of the first roadway lane constraint.

3. The device according to claim 1, wherein the processor is configured to issue a
notification or a control signal to direct a motion of the vehicle along a lane or an
area between the first roadway lane constraint and the second roadway lane

constraint.
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The device according to claim 1, wherein the processor is configured to issue a
notification or a control signal for moving the vehicle issue a natification or a
control signal to direct a motion of the vehicle to avoid the first roadway lane

constraint and the second roadway lane constraint.

The device of claim 1, wherein the one or more defined lane prediction conditions
comprise that the second roadway lane constraint ceases to be recognized,

based on the multiple images, as the vehicle moves on the roadway.

The device of claim 1, wherein the one or more defined lane prediction conditions
comprise that the first roadway lane constraint has been recognized for at least a

threshold time or a threshold distance.

The device of claim 1, wherein the one or more defined lane prediction conditions

comprise that a guard rail is present in the vicinity of the vehicle.
The device of claim 7, wherein determining that a guard rail is present in the
vicinity of the vehicle comprises detecting, in the one or more images, a pattern

created by posts supporting the guard rail.

The device of claim 7, wherein the one or more defined lane prediction conditions

comprise that the guard rail is casting a shadow onto the roadway.
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The device of claim 1, wherein the one or more defined lane prediction conditions
comprise that multiple substantially parallel edges are detected, in the multiple

images, on one side of a lane on the roadway.

The device of claim 1, wherein predicting the location of the second roadway
lane constraint comprises accounting for a location of the first roadway lane

constraint.

The device of claim 1, wherein predicting the location of the second roadway
lane constraint comprises predicting a width of a lane based on information about

a previously determined width of the lane.

The device of claim 1, wherein the processor is configured to:

determine whether one or more defined lane prediction cancellation
conditions are satisfied, and

in accordance with a determination that one or more defined lane
prediction cancellation conditions are satisfied, cease to predict the location of

the second roadway lane constraint.

The device of claim 13, wherein the one or more defined lane prediction
cancellation conditions comprise that, after ceasing to be recognized, the second

roadway lane constraint is recognized based on the one or more images.

The device of claim 13, wherein the one or more defined lane prediction
cancellation conditions comprise that a driver is moving the vehicle between

lanes.
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The device of claim 13, wherein the one or more defined lane prediction
cancellation conditions comprise that the vehicle is traversing a curve that

exceeds a predefined sharpness threshold.

The device of claim 13, wherein determining whether one or more defined lane
prediction cancellation conditions are satisfied comprises:

selecting a maximum lane prediction distance setting, and

determining whether a distance traveled by the vehicle while predicting the
location of the second roadway lane constraint is greater than a maximum lane
prediction distance associated with the maximum lane prediction distance

setting.

The device of claim 17, wherein selecting a maximum lane prediction distance
setting comprises, in accordance with a determination that a first lane is merging
with a second lane in the vicinity of the vehicle, selecting a maximum lane
prediction distance setting such that the maximum lane prediction distance is

greater than a default maximum lane prediction distance.

The device of claim 17, wherein selecting a maximum lane prediction distance
setting comprises, in accordance with a determination that defined guard-rail
conditions are satisfied, selecting a maximum lane prediction distance setting

having no maximum lane prediction distance.

The device of claim 17, wherein selecting a maximum lane prediction distance

setting comprises, in accordance with a determination that defined guard-rail
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conditions are satisfied, selecting a maximum lane prediction distance setting
such that the maximum lane prediction distance is greater than a default

maximum lane prediction distance.

A computer system comprising:
a memory that stores instructions, and
a processor that executes the instructions to cause the system to:

obtain multiple images from a camera, the camera being adapted to
capture, when mounted on the vehicle, and while the vehicle is in motion, images
of the roadway within a field of view of the camera;

apply image processing to the multiple images to recognize a first
roadway lane constraint appearing in at least one of the multiple images;

determine, based on the multiple images, that one or more defined lane
prediction conditions are satisfied;

in accordance with a determination that one or more defined lane
prediction conditions are satisfied, predict a location of a second roadway lane
constraint;

issue a notification or a control signal to direct a motion of the vehicle

according to the predicted location of the second roadway lane constraint.

A method comprising:
at a system comprising a memory that stores instructions and a processor
that executes the instructions:
obtaining multiple images from a camera, the camera being
adapted to capture, when mounted on a vehicle, and while the vehicle is in

motion, images of a roadway within a field of view of the camera;
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applying image processing to the multiple images to recognize a
first roadway lane constraint appearing in at least one of the multiple images;

determining, based on the multiple images, that one or more
defined lane prediction conditions are satisfied:;

in accordance with a determination that one or more defined lane
prediction conditions are satisfied, predicting a location of a second roadway lane
constraint;

issuing a notification or a control signal to direct a motion of the
vehicle according to the predicted location of the second roadway lane

constraint.

23. A vehicle comprising:

a body;

a camera adapted to capture, when mounted on the vehicle, and while the
vehicle is in motion, multiple images of a roadway within a field of view of the
camera;

a processor configured to:

obtain the multiple images from the camera;

apply image processing to the multiple images to recognize a first
roadway lane constraint appearing in at least one of the multiple images;

determine, based on the multiple images, that one or more defined
lane prediction conditions are satisfied;

in accordance with a determination that one or more defined lane
prediction conditions are satisfied, predict a location of a second roadway lane

constraint;
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issue a notification or a control signal to control a motion of the
vehicle according to the predicted location of the second roadway lane

constraint.

24. A device mountable on a vehicle, comprising:

a camera adapted to capture, when mounted on the vehicle, and while the
vehicle is in motion, multiple images of a roadway within a field of view of the
camera, and

a processor configured to:

obtain the multiple images from the camera;

apply image processing to the multiple images to recognize, in the
multiple images, one or more indicators of a construction zone, and

in accordance with recognizing the one or more indicators of a
construction zone, output a signal indicating that the vehicle is proximate to a

construction zone.

25.  The device of claim 24, wherein the processor is configured to:
determine, based on the one or more indicators, that the vehicle is
proximate to a construction zone, and
in accordance with the determination that the vehicle is proximate to a
construction zone, output the signal indicating that the vehicle is proximate to a

construction zone.

26. The device of claim 24, wherein the output signal is perceptible by a driver of the

vehicle.
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The device of claim 24, wherein the output signal is a control signal that controls

a motion of the vehicle.

The device of claim 24, wherein the one or more indicators of a construction
zone comprise one of: cones present in the vicinity of the roadway, barrels
present in the vicinity of the roadway, poles present in the vicinity of the roadway,

and barriers present in the roadway.

The device of claim 24, wherein the one or more indicators of a construction

zone comprise predefined traffic signs.

The device of claim 24, wherein the one or more indicators of a construction

zone comprise construction zone lane lines.

The device of claim 24, wherein the instructions cause the system to:
in accordance with the determination that the vehicle is proximate to a
construction zone, cause the moving vehicle to move in accordance with the

construction zone indicators.

The device of claim 31, wherein causing the moving vehicle to move in
accordance with the construction zone indicators comprises one of: causing
reducing a speed of the vehicle; causing changing a lane in which the vehicle is
traveling; enabling avoiding cones, barrels, poles, and/or barriers; and causing
following construction zone lane constraints rather than conventional lane

constraints.
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The device of claim 24, wherein the instructions cause the system to:
determine, based on the one or more indicators, that the construction
zone is a complex construction zone, and
in accordance with a determination that the construction zone is a

complex construction zone, disable automated vehicle control functionality.

The device of claim 33, wherein the determination that the construction zone is a
complex construction zone comprises the recognition of one of: cones present in
a lane in which the vehicle is present, barrels present in a lane in which the
vehicle is present, poles present in a lane in which the vehicle is present, and

barriers present in a lane in which the vehicle is present.

The device of claim 33, wherein the determination that the construction zone is a
complex construction zone comprises the recognition of a number of cones,
barrels, poles, and/or barriers in the vicinity of the vehicle exceeding a predefined

threshold number.

A computer system comprising:
a memory that stores instructions, and
a processor that executes the instructions to cause the system to:

obtain multiple images from a camera, the camera being adapted to
capture, when mounted on the vehicle, and while the vehicle is in motion, images
of the roadway within a field of view of the camera;

apply image processing to the multiple images to recognize, in the multiple

images, one or more indicators of a construction zone, and
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in accordance with recognizing the one or more indicators of a
construction zone, output a signal indicating that the vehicle is proximate to a

construction zone.

37. A method comprising:
at a system comprising a memory that stores instructions and a processor

that executes the instructions:

obtaining multiple images from a camera, the camera being
adapted to capture, when mounted on a vehicle, and while the vehicle is in
motion, images of a roadway within a field of view of the camera;

applying image processing to the multiple images to recognize, in
the multiple images, one or more indicators of a construction zone, and

in accordance with recognizing the one or more indicators of a
construction zone, output a signal indicating that the vehicle is proximate to a

construction zone.

38. A vehicle, comprising:

a body;

a camera adapted to capture, when mounted on the vehicle, and while the
vehicle is in motion, multiple images of a roadway within a field of view of the
camera, and

a processor configured to:

obtain the multiple images from the camera;
apply image processing to the multiple images to recognize, in the

multiple images, one or more indicators of a construction zone, and
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in accordance with recognizing the one or more indicators of a
construction zone, output a signal indicating that the vehicle is proximate to a

construction zone.
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Description
BACKGROUND
1. Technical Field

[0001] The present invention relates to the field of driver assistance systems (DAS) and in particular to detection of
obstacles in a road using a camera.

2. Description of Related Art

[0002] Larsonetal. [1] perform detection of negative obstacles using LIDAR and other three dimensional data. Belutta
et al. [2] detect depth discontinuities of negative obstacles from stereo range data. Rabkin et al. [3] use stereo range
data on thermal cameras because the shape of the terrain also affects the thermal properties. Muraka et al. [4] combine
stereo and motion information to detect discontinuities in daytime. They assume a piecewise planar model and show
results from indoor and outdoor environment. The range of detection of drop-offs is limited to a few meters since texture
is required for stereo and motion correspondence. Witus et al. [5] analyze the shadows produced by light sources
mounted on the host vehicle using a stereo camera. Detection range is limited by camera focal length and stereo baseline.
Furthermore, depth information on the shadow edge is only available when the light sources are displaced along the
stereo baseline. In contrast, a typical stereo camera for driver assistance applications has the two cameras mounted
side by side and the headlights are below the cameras.

References
[0003]

1. Larson etal., "Lidar based off-road negative obstacle detection and analysis” In 14th International IEEE Conference
on Intelligent Transportation Systems (ITSC), Oct. 2011

2. Belutta et al., "Terrain Perception for Demo I1I", In Proceedings of the IEEE Intelligent Vehicles Symposium (IV)
2000, October 2000

3. Rabkin et al. "Nighttime negative obstacle detection for off-road autonomous navigation In Unmanned Systems",
Technology IX. Edited by Gerhart, Grant R.; Gage, Douglas W.; Shoemaker, Charles M.. Proceedings of the SPIE,
Volume 6561, pp. 656103 (2007)

4. Muraka "Detecting obstacles and drop-offs using sterec and motion cues for safe local motion”, In IEEE/RSJ
International Conference on Intelligent Robots and Systems, IROS 2008 Sept. 2008

5. Witus et al. Preliminary investigation into the use of stereo illumination to enhance mobile robot terrain perception
In Proc. SPIE Vol. 4364, p. 290-301, Unmanned Ground Vehicle Technology Ill, Grant R. Gerhart; Chuck M. Shoe-
maker; Eds.]

BRIEF SUMMARY

[0004] The present invention seeks to provide an improved driver assistance system and method.

[0005] According to an aspect of the present invention, there is provided a computerized method performable at night
by a driver assistance system mountable in a host vehicle as specified in claim 1.

[0006] According to another aspect of the present invention, there is provided a driver assistance system as specified
in claim 11.

[0007] Various driver assistance systems and corresponding methods are provided for herein performable at night for
detection of obstacles based on shadows. The driver assistance systems are mountable in a host vehicle while the host
vehicle is moving forward with headlights on. The driver assistance systems include a camera operatively connectible
to a processor. A first image frame and a second image frame are captured of a road in the field of view of the camera.
The first and the second image frames are processed to locate a first dark image patch of the first image frame and a
second dark image patch of the second image frame. The firstimage frame and the second image frame may be filtered
with a threshold value of gray scale to produce the first dark image patch of the first image frame and the second dark
image patch of the second image frame. The first dark image patch and the second dark image patch include intensity
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values less than the threshold value. In another embodiment, the processing to find the first and second dark image
patches may include searching for a transition from light to dark (e.g. high gray scale to low gray scale values) and
another transition from dark to light. The first and the second dark image patches are tracked from the first image frame
to the second image frame as corresponding images of the same portion of the road. Respective thicknesses in vertical
image coordinates are measured of the first and second dark image patches responsive to the tracking performed from
the first image frame to the second image frame.

[0008] Prior to the tracking, connectivity of picture elements may be performed within the first and second dark image
patches. It may be determined that a change of the thicknesses between the first and second dark image patches is
consistent with a shadow cast by an obstacle in the road from illumination from the headlights and an obstacle in the
road is detected. A driver of the host vehicle may be audibly warned responsive to the detection of the obstacle.
[0009] The change in the thicknesses between the first and second image frames may be analyzed to distinguish
between the detected obstacle being a positive or a negative obstacle and/ or a shape of the detected obstacle may be
computed.

[0010] It may be determined that a change of the thicknesses between the first and second image frames is not
consistent with a shadow cast by an obstacle from illumination from the headlights. The thicknesses may be measured
in picture elements according to a total number of picture elements with intensity values less than the threshold divided
by a width in picture element columns of the first and second dark image patches.

[0011] The faregoing and/or other aspects will become apparent from the following detailed description when consid-
ered in canjunction with the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Embodiments of the present invention are described below, by way of example only, with reference to the
accompanying drawings, wherein:

Figures 1 and 2 illustrate a system including a camera or image sensor mounted in a host vehicle, according to an
embediment of the present invention.

Figures 3a and 3b show a simplified line drawings of a night time driving scenario, according to an embodiment of
the present invention.

Figures 4a and 4b show image frames of a speed bump where a host vehicle is at different distances from the speed
bump to illustrate an embodiment of the present invention.

Figures 4c and 4d show a portion of image frames as shown respectively in Figures 4a and 4b in greater detail to
illustrate an embodiment of the present invention.

Figure 5a shows an example of a shadow produced , according to an embodiment of the present invention.
Figures &b, 5¢c and 5d show further details of the drop in road surface as shown in Figure 5a, at different distances
to the drop.

Figure 6a shows a change in asphalt color with no drop, according to an embodiment of the present invention.
Figure 6b shows a gray-scale profile for a simple step in brightness with no dark shadow patch for the change in
asphalt color shown in Figure 6a.

Figures 6¢ and 6e show a dark stripe from a change in asphalt paving of the road shown in successive image frames,
according to an embodiment of the present invention.

Figures 6d and 6f show a simple step edge of brightness in greater detail of respective

Figures 6¢ and 6e, according to an embodiment of the present invention.

Figure 7 which shows a graph of simulation results, according to an embodiment of the present invention.

Figures 8a and 8b shows a simplified line drawing of a night time driving scenario and an area of greater detail of
the night time driving scenario respectively, according to an embodiment of the present invention.

Figure 9 shows a graph of a simulation for a drop in road surface of 0.1m over a length of 0.8m and 1.6m, according
to an embodiment of the present invention.

Figures 10a-10e show a sequence of five images where a host vehicle approaches a speed bump and a shadow,
according to an embodiment of the present invention.

Figures 10f-10j show greater detail of the speed bump and the shadow for respective Figures 10a-10e.

Figure 11 shows a flow chart of a method, according to an embodiment of the present invention.

Figure 12 shows a graph of the thickness of shadow at the far side of a speed bump as a function of distance to the
speed bump, according to an embodiment of the present invention.

Figures 13a and 13b show two examples of soft shoulders at the road edge, according to an embodiment of the
present invention.
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DETAILED DESCRIPTION

[0013] Reference willnow be made in detail to embodiments of the present invention, examples of which are illustrated
in the accompanying drawings, wherein like reference numerals refer to the like elements throughout. The features are
described below to explain the teachings herein by referring to the Figures.

[0014] Before explaining features taught herein in detall, it is to be understood that the invention is not limited in its
application ta the details of design and the arrangement of the components set forth in the following description or
illustrated in the drawings. The invention is capable of ather features or of being practiced or carried out in various ways.
Also, it is to be understood that the phraseology and terminology employed herein is for the purpose of description and
should not be regarded as limiting.

[0015] By way of introduction, embodiments of the present invention are directed to driver assistance systems using
forward facing cameras which are becoming mainstream. These forward facing cameras may be rigidly mounted inside
the driver cabin near the rear-view mirror. Cameras mounted inside the driver cabin near the rear-view mirror puts the
cameras at a fixed position, significantly above the vehicle headlights. With the fixed position, the shadows produced
by the headlights, when driving on dark roads, are visible in the camera image. The following detailed description
describes how to use these shadows to enhance obstacle detection. In particular the description describes how the
shadows can be used for detecting speed-bumps and negative obstacles at night from a moving vehicle. The information
from the enhanced obstacle detection can be used to warn the driver or to prepare the vehicle for the anticipated change
in road surface. The detailed description alsc gives a detailed analysis of the particular image motion characteristics of
the shadow when the host vehicle is moving forward. The information from the detailed analysis allows the discrimination
between shadows and other dark patches on the road and then, through careful analysis of the shadow over time, both
the depth and shape of the obstacle can be determined. The detection range from shadow analysis may be significantly
larger than what is possible from sterec or structure from motion (SFM) in dark night conditions.

[0016] As host vehicle moves forward, the image of a dark patch of a shadow, produced by the host vehicle headlights,
behaves very differently to other dark patches on the road such as those due to tar patches, differences in asphalt color
or shadows due to other light sources.

[0017] It will be shown below that the image of a mark on a road surface will increase as a function of the inverse of
the distance (Z) squared, where Z is the distance from the camera to the mark on the road surface:

—=7"
7

[0018] While the size of a shadow produced by a sharp negative edge will increase only as a function of the inverse
of the distance (Z):

Z

[0019] The shadow of a round edge, such as the far side of a speed bump, will increase even more slowly. By tracking
the dark patch over time it is possible to differentiate between shadows and road marks.

[0020] The difference in the observed behavior can be explained as follows. A mark on the road retains its size (in
world coordinates) as a host vehicle approaches. With a sharp negative obstacle, the visible part of the shadow extends
from the top of the negative obstacle step to the far side of the shadow. When the host vehicle moves towards the
obstacle, the lighting angle changes and the far edge of the shadow on the road moves and the extent of the shadow
on the road is decreased significantly. If the edge producing the shadow is rounded the closer edge of the shadow is
formed by the tangent point of the edge. As the host vehicle moves forward the tangent point moves further away and
drops in height. These two factors of the edge and the host vehicle moving forward, reduce the size of the shadow on
the road even further.

[0021] Referring now to the drawings, reference is now made to Figures 1 and 2 which illustrate a system 16 including
a camera or image sensor 12 mounted in a host vehicle 18, according to an aspect of the present invention. Image
sensor 12, imaging a field of view in the forward direction provides image frames 15 in real time and image frames 15
are captured by an image processor 30. Processor 30 may be used to process image frames 15 simultaneously and/or
in parallel to serve a number of advanced driver assistance systems/applications. The advanced driver assistance
systems (ADAS) may be implemented using specific hardware circuitry with on board software and/or software control
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algorithms in memory 302. Image sensor 12 may be monochrome or black-white, i.e. without color separation or image
sensor 12 may be color sensitive. By way of example in Figure 2, image frames 15 are used to serve pedestrian detection
20, traffic sign recognition (TSR) 21 forward collision warning (FCW) 22 and obstacle detection 23 using shadows,
according to embodiments of the present invention. Processor 30 may be used to process image frames 15 to detect
and recognize an image or portions of the image in the forward field of view of camera 12.

[0022] In some cases, image frames 15 are partitioned between different driver assistance applications and in other
cases the image frames 15 may be shared between the different driver assistance applications.

[0023] Although embodiments of the present invention are presented in the context of driver assistance applications,
embodiments of the present invention may be equally applicable in other real time signal processing applications and/or
digital processing applications, such as communications, machine vision, audio and/or speech processing as examples.
[0024] Reference is now made to Figure 3a which shows a simplified line drawing 30a of a night time driving scenario,
according to a feature of the present invention. Camera 12 is mounted in close proximity to the host vehicle 18 windshield
and host vehicle 18 headlights illuminate the scene ahead as host vehicle 18 travels along road surface 36. Host vehicle
18 headlights produce a shadow 32 on the road when there is a obstacle. In the example shown in Figure 3a the obstacle
is low object 34 on road 36. Low object 34 may be for example a speed bump, raised manhole cover but the discussion
that follows is the same for a negative obstacle such as a drop or pothole. Since the camera 12 is mounted higher than
the headlights, shadow 32 can be seen by camera 12 in host vehicle 18. Negative obstacles and speed bumps produce
dark patches in image frames 15.

[0025] In Figure 3a are a number of distances, where distance is designated as Z in the equations which are shown
later on the detailed descriptions that follow. Let the coordinate system reference point (0,0) be the point on the road 36
directly below camera 12, indicated by dotted line 31. Hg, is the height of camera 12, H|_the height of the headlight of
host vehicle 18 and H+ the height of obstacle 34. The headlights of vehicle 18 are Z, in front of camera 12, that is the
distance between dotted lines 31 and 33. Zy is the distance from camera 12 to the edge of obstacle 34, that is the
distance between dotted lines 31 and 35. Zg; and Zg, are the close and far points on shadow 32 which are visible to
camera 12, the distances between dotted lines 31 and 37 and dotted lines 31 and 39 respectively.

[0026] Reference is now made to Figure 3b which shows a simplified line drawing 30b of a night time driving scenario,
according to an embodiment of the present invention. Two host vehicles 18 are shown with respective cameras 12.
From Figure 3b it can be seen that when host vehicle 18 moves forward towards obstacle 34, the extent of shadow 32
becomes smaller.

[0027] When host vehicle 18 moves towards the obstacle 34, the lighting angle changes and the far edge of shadow
32 on road 36 moves and the extent of shadow 32 on road 36 is decreased significantly. If the edge producing shadow
32 is rounded, the closer edge of shadow 32 is formed by the tangent point of the edge. As host vehicle 18 moves
forward the tangent point moves further away and drops in height. These two factors of the edge and the host vehicle
18 moving forward, reduce the size of shadow 32 on road 36 even further.

[0028] Reference is now made to Figures 4a and 4b which show image frames of a speed bump where host vehicle
18 is at a distance away from the speed bump of 40.9m and 27.0m respectively, according to an embodiment of the
present invention. Figures 4a and 4b show white reflectors 40 and a rock 42. The shadow beyond the speed bump is
only slightly wider in Figure 4b than the shadow in Figure 4a where host vehicle 18 is farther from the speed bump. Also,
the lateral distance difference between reflectors 40 is much more pronounced when compared to the change in shadow
width beyond the speed bump for the two image frames. Therefore, the shadow on the far side of the speed bump
increases and/ or decreases in size much more slowly than the image size of the speed bump itself.

[0029] Reference is now made to Figures 4c and 4d which show a portion of image frames shown respectively in
Figures 4a and 4b in greater detail, according to an embodiment of the present invention. Plotted on each of Figures 4a
and 4b are respective gray scale value curves 44a and 44b. The further to right curves 44al/ 44b go laterally, the greater
is the gray scale value. Conversely, the further to left curves 44a/ 44b go laterally, the lesser is the gray scale value. In
Figure 4c where host vehicle 18 is farther from the speed bump, peaks in gray scale value occur by virtue of the
contributions from reflection of rock 42 and the illuminated side of the speed bump along with reflection from reflectors
40. Furthermore, it can be observed that the shadow cast by the speed bump is only slightly narrower when the host
vehicle 18 is farther from the speed bump.

[0030] Changes in road 36 surface material, ice patches, oil marks and tar seams can also produce dark patches on
the image of the road 36 surface. However, the size of such a patch in the image 15, as the host vehicle 18 approaches,
behaves very differently.

[0031] Reference is now made to Figure 5a shows an example of a shadow produced when there is a drop 52 in the
road surface where there is a junction between older and newer asphalt paving. Reference is also made to Figures 5b,
5c and 5d shows further details of drop 52, when the distance to drop 52 is at 22meters (m), 17.7mand 11.5m respectively.
In Figures 5b-5d it can be seen that the size of the shadow of drop 52, where newer paving makes way to old paving
and when the road is illuminated by the headlights of host vehicle 18. The shadow of drop 52 hardly changes as host
vehicle 18 distance (Z) to drop 52 changes from 22m to 11.5m. Figures 5b, 5¢c and 5d have respective gray scale value
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curves 54b, 54c and 54d for a central column of pixels. The lowest gray scale value is shown by the left lateral peak in
respective curves 54b, 54¢ and 54d in the center of the shadow of drop 52.

[0032] Reference is now made to Figure 6a which shows a change in asphalt color with no drop , according to an
embodiment of the present invention. The corresponding gray-scale profile for Figure 6a is shown in Figure 6b, which
shows a simple step in brightness with no dark shadow patch.

[0033] Reference is now made to Figures 6c and 6e which show a dark stripe 62 which is a change in asphalt paving
of the road shown in successive image frames 15, according to an embaodiment of the present invention. The change
in asphalt paving of the road is due to a double change in asphalt by virtue of a ditch which was filled in with new asphalt.
In each image frame 15 their is no drop in height of the road surface and no shadow is produced. The gray-scale profiles
shown in Figures 6d and 6f show a simple step edge of brightness in greater detail of respective Figures 6c and 6e,
according to an embodiment of the present invention. Figures 6¢ and 6e show a dark stripe 62 on the road at 14.3m
and 11.2m. The width of dark stripe 62 as shown in Figures 6¢c and 6e increase in size as a function of the inverse of
distance squared (Z-2) indicating that dark stripe 62 is a mark on the road and not a shadow from a negative obstacle
(obstacle 34 for example).

[0034] The techniques described below, use the change in the actual shadow 32 itself due to the host vehicle 18
motion (and thus the motion of the light sources). The actual shadow is then analyzed by the camera 12 that is fixed
relative to the light source and moves with it.

THE MATHEMATICAL MODEL

[0035] Referring back to Figure 3a, reference point (0,0) is the point on the road 32 directly below camera 12. H¢ is
the height of the camera, H,_ the height of the headlight and Hy the height of obstacle 34. The headlights are Z_in front
of the camera. Z is the distance from camera 12 to the edge of obstacle 34 (dotted line 35) and Zg4 and Zg, are the
close and far points of shadow 32 visible to camera 12.

[0036] By similarity of triangles we get:

ZyHe

Zg = — 1

51 T, (1)
Zr —Z,)H,

Zo = (Zr —71) Lz @)

Hp—Hy

ZrHp —Z; Hr

= T m (3)

[0037] Lety1 and y2 be the lower and upper edges of a shadow patch in the image:

SfHc
} — — 4
Vi Ze1 4)
[fHc
AW — 5
2 7 (5)

[0038] The height or thickness of the patch in the image is then given by y1 -y2:
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fHc  fHe
’y — V7 e —_— 6
Yi—Xx 7 Zs (6)

fHc(Hc—Hy)  fHc(Hp —Hr)
ZrHe ZrH; — Z;Hy

(7)

[0039] For Z << Z; we can approximate:

~_ [fHrHc—HrH)Zr 8
Yyr—y = Z%HC ( )

fHr(Hc—Hy)

ZoH: 9

[0040] The image thickness of the shadow patch changes as a function of Z;~" and given an estimate of Z; one can
also estimate the (negative) height of obstacle 34.
[0041] Consider now a marking on road 36 which at time to stretches from a distance Zg (to) to adistance Zg; (to). Let:

a=Znl(ty) — Zsi(to) (10)

Zsy =Zs1 +0 (11)

[0042] The height or thickness of the marking in the image is given by:

_ _fHc  fHc
3=y = Zo 10 Zo (12)
__JHcx (13)
- (Zgg+(l)Zg;
fHco
(14)
Z;

NUMERICAL EXAMPLE

[0043] Reference is now made to Figure 7 which shows a graph 70 for a simulation, according to an embodiment of
the present invention. Graph 70 plots two curves, one for a patch or road mark (dotted line) and one for a shadow strip
(solid line). The thickness of the patch or shadow strip is in pixels versus range to obstacle in meters (m). The simulation
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has camera 12 mounted in a Renault Megane Il where H¢ = 1.25m, H, = 0.73m and obstacle of height Hy = 0.1m. A
shadow will appear just over 2 pixels thick at 50m. At 25m the shadow will double in size to about 4 pixels. A road mark
on road at 25m will quadruple in size to 8 pixels.

[0044] Note that at a certain close distance (~ 5m) the tangent line of the headlight and of the camera 12 coincide.
After passing 5m the size of the shadow patch decreases rapidly.

[0045] Referring back to Figures 3a and 3b, Figures 3a and 3b show a step edge drop. The step edge drop is typical
for a pot hole, road edge and steep speed bump. With the step edge drop, the tangent point which causes shadow 32
and the tangent point of the viewing angle from camera 12 can be approximated as the same point and which is fixed
in space as host vehicle 18 moves. For extended smooth speed bumps this approximation breaks down, however.
[0046] Reference is now made to Figures 8a and 8b which shows a simplified line drawing 80 of a night time driving
scenario and an area 83 of greater detail of the night time driving scenario respectively, according to an embodiment of
the present invention. In Figures 8a and 8b, the tangent viewing ray 85 touches the speed bump 34 further away than
the tangent illumination ray 87. As host vehicle 18 moves forward, the tangent point 62 of the viewing ray 65 moves
further away along the speed bump or obstacle 34. This means that the near edge of shadow 32, in image space, will
move slower than a typical road point. The exact motion depends on the shape of speed bump 34 and can be used to
measure the curvature of obstacle 34.

[0047] It can also be seen that as host vehicle 18 moves forward, tangent point 84 of illumination ray 87 moves further
away along obstacle 34 and the height H; decreases. The result is that the far edge of shadow 32 on road 36 will move
towards the host vehicle 18 even faster than predicted by a sharp edge. Shadow 32 on road 36 moving towards the
host vehicle 18 even faster than predicted by the sharp edge effect will accelerate when host vehicle 18 gets close to
the speed bump or obstacle 34 and at some distance shadow 32 will disappear completely.

[0048] From experimental results shown later, at far distances (above 30m), shadow 32 behaves more like a step
edge and disappears at about 7.0m from camera 12.

[0049] The analysis of rounded edges is complex. The tangent point 84 for the headlights does not correspond exactly
to the tangent point 82 of camera 12 line of sight. Furthermore, as the host vehicle 18 moves closer to obstacle 34,
tangent points 82 and 84 will move further away and closer to road 36. In order to analyze a rounded edge obstacle 34
(e.g. speed bump), the edge was approximated as a piecewise linear curve of 10 segments dropping from Hy = 0.1m
down to zero over a given length:

Zr()) = Zr(0)+ixdZ (15)

Hr(i) = Hr*x(1—-0.1x%i) (16)

where i=1...10.

[0050] Reference is now made to Figure 9 which shows a graph 90 for a simulation for a drop of 0.1 meter in road
surface over a length of 0.8 meter and 1.6 meter, according to an example. Three curves are shown for thickness (pixels)
of shadow versus range to speed bump or obstacle 34 in meters (m). Solid line 92 is for a sharp edge, dotted line 94 is
for a round edge for the drop of 0.1m over the length of 0.8m and dotted line 96 is for another round edge for the drop
of 0.1m over the length of 1.6m.

[0051] Host vehicle 18 in the simulation, approaches the speed bump or obstacle 34 from 50 meter down to 5 meter
in steps of 1 meter. At each distance it was determined (for each of the two cases: 0.8m and 1.6m) which point along
the piecewise linear curve was the occluding point for the headlight and produced the far edge and which was the
occluding point for camera 12 and produced the near edge. As can be expected, the shorter the drop, the more it behaves
like a step edge.

EXPERIMENTS AND RESULTS

[0052] Figures 10a-10e show a sequence of five image frames 15 where host vehicle 18 approaches speed bump
1002 and shadow 10086, according to an embodiment of the present invention. Figures 10f-10j show greater detail of
speed bump 1002 and shadow 1006 for respective Figures 10a-10e. In Figures 10a-10e the distance (Z) to speed bump
1002 and shadow 1006 are 66m, 42.4m, 26.4m, 13.6m and 7.9m respectively. Shadow 1006 at the far side of speed
bump 1002 was first detected at over 40m and then tracked as it grew closer to host vehicle 18. Figures 10f-10j have
respective gray scale value curves 1004f-1004j for a central column of pixels. The lowest gray scale value for the central
column is shown by the lateral left peak in respective curves 1004f-1004j in the center of shadow 1006.
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[0053] Reference is now made to Figure 11 which shows a flow chart of a method 23, according to an embodiment
of the present invention.

[0054] In step 1103, a first image frame 15 is captured, followed by the capture of a second image frame 15 from
camera 12 processor 30 of system 16.

[0055] Optionally, image frames 15 may be warped to compensate for a change in vehicle orientation, i.e. roll, pitch
and yaw, which may be determined from image frames 15 or from external sensor(s) connected to driver assistance
system 16.

[0056] Thefirstand the second image frames 15 are then filtered (step 1105) according to a threshold, e.g. a previously
determined threshold, to produce a first dark image patch 1107 of first image frame 15 and a second dark image patch
1111 of the second image frame 15 respectively. First image patch 1107 and optionally second image patch 1111 are
analyzed for connectivity of picture elements.

[0057] One or more connected components of first image patch 1107 is tracked (step 1112) from the first image frame
15 to second dark image patch 1111 of second image frame 15.

[0058] Tracking step 1113 may be performed by using the expected image motion for road points given host vehicle
18 speed and nearest neighbor.

[0059] The thicknesses of first image patch 1107 and second dark image patch 1111 are measured (step 1113) in
both the first image frame 15 and the second image frame 15. By way of example, an image strip of twenty pixel columns
wide, from the bottom of an image frame 15 and up to the image row corresponding to 80 meters may be analyzed for
connected components. The patch or shadow thickness may be computed (step 1113) by counting the number of pixels
in the connected component divided by the strip width in columns (i.e. 20 pixels).

[0060] In decision block 1115, the thicknesses of candidate shadows 1109 tracked across successive image frames
may be accumulated. From the change of thicknesses tracked across successive image frames for first dark image
patch 1107 and second dark image patch 1111 it is possible to analyze (step 1117) if the change of thicknesses is
consistent with a shadow cast by an obstacle from illumination from the headlights in order to for instance audibly warn
a driver of host vehicle 18 of an obstacle 34 in road 36, or to apply brakes without driver intervention. First image patch
1107 and second dark image patch 1111 may be shadows of an obstacle from the headlights of vehicle 18 or alternatively
a darker road texture unrelated to an obstacle in the road.

[0061] Reference is now made to Figure 12 which shows a graph 1200 of the thickness of shadow 1006 at the far
side of speed bump 1002 as a function of distance to speed bump 1002, according to feature of the present invention.
Dots show the results measured in the sequence of frames captured. The curves 1202 (sharp edge) and 1204 (round
edge) shown the simulation of a bump 0.1m high for a sharp drop and a smooth drop respectively. The results show
that in practice the shadows behave according to the model. Shadow 1006 behaves approximately like Z-! and not Z2.
Shadow 1006 appears to behave like a rounded drop however, further experiments may be required using ground truth
from accurately measured road structures.

[0062] Reference is now made to Figures 13a and 13b which show two examples of soft shoulders at the road edge,
according to an example of the present invention. The drop between the asphalt and the gravel shoulder, results in a
narrow shadow line 1300a and 1300b respectively that are darker than both the asphalt or the gravel. Often in country
roads the asphalt paved on top of gravel and there is a step transition (drop) from the asphalt to the gravel. The step
transition is called a soft shoulder which is a negative obstacle and will also generate a shadow like shadow lines 1300a
and 1300b. Soft shoulders can thus be detected by looking for a dark strip a few pixels wide at the edge between the
dark asphalt and the lighter gravel. The shadow strip will be even darker than the asphalt. The width of shadow lines
1300a and 1300b indicate the shoulder drop. These dark shadow lines 1300a and 1300b have a unique feature; unlike
road markings such as lane marks that get narrower in the image as they approach the horizon, the shadows like 1300a
and 1300b on road edges stay the same width. On a straight road, the inner edge of the shadow would be a line passing
through the vanishing point of the road while the outer edge is a line that passes a few pixels to the side of this vanishing
point.

[0063] Theterm"obstacle"asused hereininreference to aroadreferstoa "positive obstacle” and a "negative obstacle".
The term "positive obstacle” as used herein is an obstacle extends vertically upward in real space above the road surface
such as a speed bump or a vertical bump caused by new asphalt paving in the direction of motion of the vehicle. The
term "negative obstacle” as used herein extends vertically downward in real space below the road surface such as a
hole or a drop in asphalt paving in the direction of motion of the vehicle.

[0064] The term "shape" of an obstacle, as used herein refers to the vertical contour in real space along the direction
of motion of the vehicle

[0065] The indefinite articles "a", "an" is used herein, such as "a shadow", an "obstacle" has the meaning of "one or
more” that is "one or more shadows" or "one or more obstacles". Although selected embodiments of the present invention
have been shown and described, it is to be understood the present invention is not limited to the described features.
Instead, it is to be appreciated that changes may be made to these features without departing from the principles and
spirit of the invention, the scope of which is defined by the claims and the equivalents thereof.
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[0066] The features of the various embodiments described herein may be combined with one another.

[0067] The disclosures in United States patent application numbers US-61/569,306 and US-61/702,755, from which

this application claims priority, and in the abstract accompanying this application are incorporated herein by reference.
Claims
1. A computerized method performable at night by a driver assistance system mountable in a host vehicle while the
host vehicle is moving forward with headlights on, wherein the driver assistance system includes a camera operatively
connectible to a processor, the method including the steps of:
capturing a first image frame and a second image frame of a road in the field of view of the camera;
processing said first image frame and said second image frame to locate a first dark image patch of said first
image frame and a second dark image patch of said second image frame;
tracking said first and said second dark image patches from said firstimage frame to said second image frame
as corresponding images of the same portion of the road; and
measuring respective thicknesses in vertical image coordinates of said first and second dark image patches
respaonsive to said tracking from said first image frame to said second image frame.
2. The method of claim 1, wherein said processing is performed by filtering said first image frame and said second
image frame with a threshold value of gray scale to produce said first dark image patch of said first image frame
and said second dark image patch of said second image frame, wherein said first dark image patch and said second
dark image patch include intensity values less than said threshold value;
3. The method of claim 1 or 2, including the step of:
prior to said tracking, verifying connectivity of picture elements within said first dark image patch.

4. The method of claim 1, 2 or 3, including the step of:
determining that a change of said thicknesses between said first and second dark image patches is consistent
with a shadow cast by an obstacle in the road from illumination from the headlights, thereby detecting said
obstacle in the road.

5. The method of claim 4, including the step of:

audibly warning a driver of the host vehicle responsive to said detecting said obstacle.

6. The method of claim 4 or 5, including the step of:

analyzing change in said thicknesses between said first and second image frames, thereby distinguishing
between the detected obstacle being a positive or a negative obstacle.

7. The method of claim 4, 5 or 6, including the step of:

analyzing change in said thicknesses between said first and second image frames, thereby computing a shape
of the detected obstacle.

8. The method of any preceding claim, including the step of:

determining that a change of said thicknesses between said first and second image frames is not consistent
with a shadow cast by an obstacle from illumination from the headlights.

9. The method of any preceding claim, including wherein said thicknesses are measured in picture elements according
to a total number of picture elements with intensity values less than said threshold divided by a width in picture

element columns of said .first and second dark image patches.

10. A driver assistance system including a camera and a processor configured to perform the computerized method,

10
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EP 2 605 185 A2
according to any preceding claim.

Adriver assistance system mountable in a host vehicle, the driver assistance system includes a camera operatively
connectible to a processor, wherein the driver assistance system while the host vehicle is moving is operable to:

capture a first image frame and a second image frame of a road in the field of view of the camera;

process said first image frame and said second image frame to locate a first dark image patch of said firstimage
frame and a second dark image patch of said second image frame;

track said first and second dark image patches from said first image frame to said second image portion of said
second image frame as corresponding images of the same portion of the road; and

measure respective thicknesses in vertical image coordinates of said first and second dark image patches
responsive to said tracking from said first image frame to said second image frame.

The driver assistance system of claim 11, wherein the system is operable to determine that a change of said
thicknesses between said first and second dark image patches is consistent with a shadow cast by an obstacle in
the road from illumination from the headlights, thereby detecting said obstacle in the road.

The driver assistance system of claim 12, wherein the system is operable to analyze change in said thicknesses
between said first and second image frames to distinguish between the detected obstacle being a positive or a
negative obstacle.

The driver assistance system of claim 12 or 13, wherein the system is operable to analyze change in said thicknesses
between said first and second image frames to compute a shape of the detected obstacle.

The driver assistance system of any one of claims 11 to 14, wherein the system is operable to determine that a

change of said thicknesses between said first and second image frames is not consistent with a shadow cast by an
obstacle from illumination from the headlights.
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