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nals to steering system 240 to adjust rotation of the wheels
of vehicle 200 to turn vehicle 200 until a difference between
heading direction 3430 and direction 3420 of predetermined
road model trajectory 3410 at intersection point 3418 may
be less than a predetermined threshold value.

Processing unit 110 and/or image acquisition unit 120
may repeat steps 3602 through 3614 after a predetermined
amount of time. In one exemplary embodiment, the prede-
termined amount of time may range between about 0.5
seconds to 1.5 seconds. By repeatedly determining intersec-
tion point 3418, heading direction 3430, direction 3420 of
predetermined road model trajectory 3410 at intersection
point 3418, and the autonomous steering action required to
align heading direction 3430 with direction 3420, processing
unit 110 and/or image acquisition unit 120 may help to
navigate vehicle 200, using the one or more landmarks 3402,
3404, so that vehicle 200 may travel along road segment
3400.

Tail Alignment Navigation

Consistent with disclosed embodiments, the system can
determine a steering direction for a host vehicle by com-
paring and aligning a traveled trajectory of the host vehicle
(the tail) with a predetermined road model trajectory at a
known location along the road model trajectory. The trav-
eled trajectory provides a vehicle heading direction at the
host vehicle location, and the steering direction can be
obtained, relative to the heading direction, by determining a
transformation (e.g., rotation and potentially translation) that
minimizes or reduces an error between the traveled trajec-
tory and the road model trajectory at the known location of
the vehicle along the road model trajectory.

Tail alignment is a method of aligning an autonomous
vehicle’s heading with a pre-existing model of the path
based on information regarding the path over which the
vehicle has already traveled. Tail alignment uses a tracked
path of the autonomous vehicle over a certain distance
(hence the “tail”). The tracked path is a representation of the
path over which the autonomous vehicle has already trav-
eled in order to reach a current location of the autonomous
vehicle. For example, the tracked path may include a pre-
determined distance (e.g. 60 m or other desired length) of the
path behind the autonomous vehicle over which the autono-
mous vehicle traveled to reach its current location. The
tracked path may be compared with the model to determine,
for example, a heading angle of the autonomous vehicle.

In some embodiments, a rear looking camera may be used
to determine or aid in determination of the traveled path. A
rear looking camera may be useful both for modeling,
heading estimation, and lateral offset estimation. By adding
a rear looking camera it may be possible to boost the
reliability of the system, since a bad illumination situation
(e.g., low sun on the horizon) rarely would affect both front
looking and rear looking cameras.

The tracked path can also optionally be combined with a
predicted path of the autonomous vehicle. The predicted
path may be generated by processing images of the envi-
ronment ahead of the autonomous vehicle and detecting
lane, or other road layout, markings. In this regard it is worth
noting, that in a potential implementation of the present
disclosure, a road model may diverge due to accumulated
errors (integration of ego motion). Thus, for example, a
predicted path over a predetermined distance (e.g. 40 m)
ahead of the current location of the autonomous vehicle may
be compared with the tracked path to determine the heading
angle for the autonomous vehicle.

FIG. 37 illustrates vehicle 200 (which may be an autono-
mous vehicle) travelling on road segment 3700 in which the
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disclosed systems and methods for navigating vehicle 200
using tail alignment may be used. As used here and through-
out this disclosure, the term “autonomous vehicle” refers to
vehicles capable of implementing at least one navigational
change in course without driver input. To be autonomous, a
vehicle need not be fully automatic (e.g., fully operational
without a driver or without driver input). Rather, an autono-
mous vehicle includes those that can operate under driver
control during certain time periods and without driver con-
trol during other time periods. Autonomous vehicles may
also include vehicles that control only some aspects of
vehicle navigation, such as steering (e.g., to maintain a
vehicle course between vehicle lane constraints), but may
leave other aspects to the driver (e.g., braking). In some
cases, autonomous vehicles may handle some or all aspects
of braking, speed control, and/or steering of the vehicle.
Although, FIG. 37 depicts vehicle 200 as equipped with
image capture devices 122, 124, 126, more or fewer image
capture devices may be employed on any particular vehicle
200. As illustrated in FIG. 37, road segment 3700 may be
delimited by left side 3706 and right side 3708. A predeter-
mined road model trajectory 3710 may define a preferred
path (i.e. a target road model trajectory) within road segment
3700 that vehicle 200 may follow as vehicle 200 travels
along road segment 3700. In some exemplary embodiments,
predetermined road model trajectory 3710 may be located
equidistant from left side 3706 and right side 3708. It is
contemplated however that predetermined road model tra-
jectory 3710 may be located nearer to one or the other of left
side 3706 and right side 3708 of road segment 3700. Further,
although FIG. 37 illustrates one lane in road segment 3700,
it is contemplated that road segment 3700 may have any
number of lanes. It is also contemplated that vehicle 200
travelling along any lane of road segment 3400 may be
navigated using tail alignment according to the disclosed
methods and systems.
Image acquisition unit 120 may be configured to acquire
a plurality of images representative of an environment of
vehicle 200, as vehicle 200 travels along road segment 3700.
For example, image acquisition unit 120 may obtain the
plurality of images showing views in front of vehicle 200
using one or more of image capture devices 122, 124, 126.
Processing unit 110 of vehicle 200 may be configured to
detect a location of vehicle 200 in each of the plurality of
images. Processing unit 110 of vehicle 200 may also be
configured to determine a traveled trajectory 3720 based on
the detected locations. As used in this disclosure, the trav-
eled trajectory 3720 may represent an actual path taken by
vehicle 200 as vehicle 200 travels along road segment 3700.
Processing unit 110 may be configured to determine a
current location 3712 of vehicle 200 based on analysis of the
plurality of images. In one exemplary embodiment as illus-
trated in FIG. 37, the current location 3712 of vehicle 200
may coincide with a target location 3714 on predetermined
road model trajectory 3710. This may occur, for example,
when vehicle 200 is located on predetermined road model
trajectory 3710. Although generally vehicle 200 may be
expected to be located on or very near predetermined road
model trajectory 3710, it is contemplated that vehicle 200
may not be located on predetermined road model trajectory
3710 as will be discussed below with respect to FIG. 38.
Processing unit 110 may be configured to determine an
autonomous steering action for vehicle 200 by comparing
the traveled trajectory 3720 with the predetermined road
model trajectory 3710 at current location 3712 of vehicle
200. For example, processing unit 110 may be configured to
determine a transformation (i.e., rotation and potentially
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translation) such that an error between the traveled trajectory
3720 and the predetermined road model trajectory 3710 may
be reduced.

Processing unit 110 may be configured to determine a
heading direction 3730 of vehicle 200 at current location
3712. Processing unit 110 may determine heading direction
3730 based on the traveled trajectory 3720. For example,
processing unit 110 may determine heading direction 3730
as a gradient of traveled trajectory 3720 at current location
3712 of vehicle 200. Processing unit 110 may also be
configured to determine steering direction 3740 as a direc-
tion tangential to predetermined road model trajectory 3710.
In one exemplary embodiment, processing unit 110 may be
configured to determine steering direction 3740 based on a
gradient of a three-dimensional polynomial representing
predetermined road model trajectory 3710.

Processing unit 110 may be configured to determine
whether heading direction 3730 of vehicle 200 is aligned
with (i.e., generally parallel to) steering direction 3740 of
predetermined road model trajectory 3710. When heading
direction 3730 is not aligned with steering direction 3740 of
predetermined road model trajectory 3710 at current loca-
tion 3712 of vehicle 200, processing unit 110 may determine
an autonomous steering action such that heading direction
3730 of vehicle 200 may be aligned with steering direction
3740 of predetermined road model trajectory 3710. Process-
ing unit 110 may be configured to execute instructions stored
in navigational response module 408 to trigger a desired
navigational response by, for example, turning the steering
wheel of vehicle 200 to achieve a rotation of angle .
Rotation by the angle [] may help align heading direction
3730 of vehicle 200 with steering direction 3740. Thus, for
example, processing unit 110 may perform tail alignment of
vehicle 200 by determining the angle [] by which vehicle
200 may turn so that heading direction 3730 of autonomous
vehicle may be aligned with steering direction 3740.

Image acquisition unit 120 may repeatedly acquire the
plurality of images of the environment in front of vehicle
200, for example, after a predetermined amount of time.
Processing unit 110 may also be configured to repeatedly
determine the transformation as discussed above. Thus,
image acquisition unit 120 and processing unit 110 may
cooperate to navigate vehicle 200 along road segment 3400
using the traveled trajectory 3720 (i.e. the “tail”) of vehicle
200.

FIG. 38 illustrates another vehicle 200 travelling on road
segment 3700 in which disclosed systems and methods for
navigating vehicle 200 using tail alignment. Unlike FIG. 38,
vehicle 200 of FIG. 38 is not located on predetermined road
model trajectory 3710. As a result, as illustrated in FIG. 38,
target location 3714 of vehicle 200 may not coincide with
current location 3712 of vehicle 200.

As discussed above with respect to FIG. 37, processing
unit 110 may be configured to determine a steering direction
3740 of predetermined road model trajectory 3710 at current
location 3712 of vehicle 200. Processing unit 110 may
determine steering direction 3740 as the direction of the
gradient of predetermined road model trajectory 3710 at
target location 3714. Processing unit 110 may also be
configured to determine whether heading direction 3730 of
vehicle 200 is aligned with (i.e., generally parallel to)
steering direction 3740. When heading direction 3730 is not
aligned with steering direction 3740, processing unit 110
may determine a transformation that may include, for
example, a rotation angle that may be required to align
heading direction 3730 with steering direction 3740. In
addition, the transformation may include a translation “d”
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that may be required to ensure that vehicle 200 may move
from current location 3712 to target location 3714 on
predetermined road model trajectory 3710.

Processing unit 110 may be configured to determine the
transformation by comparing predetermined road model
trajectory 3710 with the traveled trajectory 3720 of vehicle
200. In one exemplary embodiment, processing unit 110
may determine the transformation by reducing an error
between predetermined road model trajectory 3710 and
traveled trajectory 3720. Processing unit 110 may be con-
figured to execute instructions stored in navigational
response module 408 to trigger a desired navigational
response based on the determined transformation.

FIG. 39 is a flowchart showing an exemplary process
3900, for navigating vehicle 200 along road segment 3700,
using tail alignment, consistent with disclosed embodi-
ments. Steps of process 3900 may be performed by one or
more of processing unit 110 and image acquisition unit 120,
with or without the need to access memory 140 or 150. The
order and arrangement of steps in process 3900 is provided
for purposes of illustration. As will be appreciated from this
disclosure, modifications may be made to process 3900 by,
for example, adding, combining, removing, and/or rearrang-
ing the steps for the process.

As illustrated in FIG. 39, process 3900 may include a step
3902 of acquiring a plurality of images representative of an
environment of the vehicle. In one exemplary embodiment,
image acquisition unit 120 may acquire the plurality of
images of an area forward of vehicle 200 (or to the sides or
rear of a vehicle, for example) at multiple locations as
vehicle travels along road segment 3700. For example,
image acquisition unit 120 may obtain images using image
capture device 122 having a field of view 202 at each of
locations 3752-3768 and 3712 (see FIGS. 37, 38). In other
exemplary embodiments, image acquisition unit 120 may
acquire images from one or more of image capture devices
122, 124, 126, having fields of view 202, 204, 206 at each
of locations 3752-3768 and 3712. Image acquisition unit
120 may transmit the one or more images to processing unit
110 over a data connection (e.g., digital, wired, USB,
wireless, Bluetooth, etc.). Images obtained by the one or
more image capture devices 122, 124, 126 may be stored in
one or more of memories 140, 150, and/or database 160.

Process 3900 may also include a step 3904 of determining
traveled trajectory 3720. Processing unit 110 may receive
the one or more images from image acquisition unit 120.
Processing unit 110 may execute processes similar to those
discussed with respect to FIGS. 34-36 to identify locations
3752-3768 of vehicle 200 in the plurality of images. For
example, processing unit 110 may identify one or more
landmarks and use directional vectors of the landmarks to
determine locations 3752-3768 and current location 3712
using the systems and methods disclosed with respect to
FIGS. 34-36. Processing unit 110 may determine traveled
trajectory 3720 based on the determined locations 3752-
3768 and current location 3712 of vehicle 200. In one
exemplary embodiment, processing unit 110 may determine
traveled trajectory 3720 by curve-fitting a three-dimensional
polynomial to the determined locations 3752-3768 and
current location 3712 of vehicle 200.

In some embodiments, processing unit 110 may execute
monocular image analysis module 402 to perform multi-
frame analysis on the plurality of images. 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.
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Processing unit 110 may then use the 3D-map to detect the
road surface as well as to generate traveled trajectory 3720
of vehicle 200.

Process 3900 may include a step 3906 of determining a
current location 3712 of vehicle 200. Processing unit 110
may determine current location 3712 of vehicle 200 by
performing processes similar to those discussed, for
example, with respect to FIGS. 34-36 regarding navigation
based on recognized landmarks. In some exemplary embodi-
ments, processing unit 110 may determine current location
3712 based on signals from position sensor 130, for
example, a GPS sensor. In another exemplary embodiment,
processing unit 110 may determine current location 3712 of
vehicle 200 by integrating a velocity of vehicle 200 as
vehicle 200 travels along traveled trajectory 3720. For
example, processing unit 110 may determine a time “t”
required for vehicle 200 to travel between two locations
3751 and 3712 on traveled trajectory 3720. Processing unit
110 may integrate the velocity of vehicle 200 over time t to
determine current location 3712 of vehicle 200 relative to
location 3751.

Process 3900 may also include a step 3908 of determining
whether current location 3712 of vehicle 200 is located on
predetermined road model trajectory 3710. In some exem-
plary embodiments, predetermined road model trajectory
3710 may be represented by a three-dimensional polynomial
of a target trajectory along road segment 3700. Processing
unit 110 may retrieve predetermined road model trajectory
3710 from database 160 stored in one or memories 140 and
150 included in vehicle 200. In some embodiments, pro-
cessing unit 110 may retrieve predetermined road model
trajectory 3710 from database 160 stored at a remote loca-
tion via a wireless communications interface.

Processing unit 110 may determine whether current loca-
tion 3712 of vehicle 200 is located on predetermined road
model trajectory 3710, using processes similar to those
discussed with respect to FIGS. 34-37, by for example,
determining a distance between vehicle 200 and a recog-
nized landmark. When processing unit 110 determines that
current location of vehicle 200 is on predetermined road
model trajectory 3710 (see FIG. 37), processing unit 110
may proceed to step 3912. When processing unit 110 deter-
mines, however, that current location of vehicle 200 is not
on predetermined road model trajectory 3710 (see FIG. 38),
processing unit 110 may proceed to step 3910.

In step 3910, processing unit 110 may determine a lateral
offset “d” that may help ensure that vehicle 200 may move
from current location 3712 to target location 3714 on
predetermined road model trajectory 3710. Processing unit
110 may determine lateral offset d. In one embodiment,
processing unit 110 may determine lateral offset d by deter-
mining the left and right sides 3706, 3708. In one other
exemplary embodiments, processing unit 110 may deter-
mine a translation function needed to convert current loca-
tion 3712 to target location 3714. In another embodiment,
processing unit 110 may determine the translation function
by reducing the error between current location 3712 and
target location 3714. In additional exemplary embodiments,
processing unit 110 may determine the lateral offset d by
observing (using one or more onboard cameras and one or
more images captured by those cameras) left side 3706 and
right side 3708 of road segment 3700. After determining the
lateral offset d, processing unit may proceed to step 3912.

Process 3900 may include a step 3912 of determining
heading direction 3730 of vehicle 200, and possibly a
correction to the current location 3712 computed in step
3906. In one exemplary embodiment, processing unit 110
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may determine heading direction 3730 and a correction to
location 3712 by aligning the traveled trajectory 3720 at
current location 3712 with the model trajectory 3710. The
alignment procedure may provide a rigid transformation that
reduces or minimizes the distance between 3720 and 3712.
In one exemplary embodiment, processing unit 110 may
compute a rigid transformation with four degrees of free-
dom, accounting for 3D rotation (heading) and 1D longitu-
dinal translation. In another exemplary embodiment, pro-
cessing unit 110 may compute a rigid transformation with
any number of parameters (degrees of freedom) between 1
and 6. After alignment, processing unit 110 may determine
the predicted location 3774 (see FIGS. 37, 38) of vehicle 200
after time “t” based on a current velocity of vehicle 200 and
the geometry of the model trajectory 3710.

In other exemplary embodiments, in step 3912, process-
ing unit 110 may determine heading direction 3730 of
vehicle 200, and possibly a correction to the current location
3712 computed in step 3906. For example, processing unit
110 may determine heading direction 3730 and improved
location 3712 by aligning the traveled trajectory 3720 at
current location 3712 with the model trajectory 3710. The
alignment procedure may find a rigid transformation that
minimizes the distance between 3720 and 3712. In one
exemplary embodiment, processing unit 110 may compute a
rigid transformation with four degrees of freedom, account-
ing for 3D rotation (heading) and 1D longitudinal transla-
tion. In another exemplary embodiment, processing unit 110
may compute a rigid transformation with any number of
parameters (degreed of freedom) between 1 and 6. After
alignment, processing unit 110 may determine the predicted
location 3774 (see FIGS. 37, 38) of vehicle 200 after time
“t” based on a current velocity of vehicle 200 and the
geometry of the model trajectory 3710.

In yet other exemplary embodiments, processing unit 110
may determine heading direction 3730 and a location 3712
as a gradient of traveled trajectory 3720 at current location
3712 of vehicle 200. For example, processing unit 110 may
obtain a slope of a three-dimensional polynomial represent-
ing traveled trajectory 3720 to determine heading direction
3730 of vehicle 200. In another exemplary embodiment,
process 110 may project traveled trajectory 3720 forward
from current location 3712. In projecting traveled trajectory
3720, processing unit 110 may determine a predicted loca-
tion 3774 (see FIGS. 37, 38) of vehicle 200 after time “t”
based on a current velocity of vehicle 200.

Processing unit 110 may also determine predicted location
3774 of vehicle 200 after time “t” based on one of many
cues. For example, processing unit 110 may determine
predicted location 3774 of vehicle 200 after time “t” based
on a left lane mark polynomial, which may be a polynomial
representing left side 3706 of road segment 3700. Thus, for
example, processing unit 110 may determine left position
3770 (see FIGS. 37, 38) on the left lane mark polynomial
corresponding to current location 3712 of vehicle 200.
Processing unit 110 may determine location 3770 by deter-
mining the distance “D” between current location 3712 and
left side 3706 based on the left lane mark polynomial. It is
contemplated that when vehicle 200 is not located on
predetermined road model trajectory 3710 (as in FIG. 38),
processing unit 110 may determine distance D as the dis-
tance between target location 3714 and left side 3706.
Processing unit 110 may also determine a location 3772 on
left side 3706 after time “t” using the mathematical repre-
sentation of the left lane mark polynomial and current
velocity of vehicle 200. Processing unit 110 may determine
predicted location 3774 of vehicle 200 by laterally offsetting
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the determined location 3773 on left side 3706 by distance
D. In another exemplary embodiment, processing unit 110
may determine the location of vehicle 200 after time “t”
based on a right lane mark polynomial, which may be a
polynomial representing right side 3708 of road segment
3700. Processing unit 110 may perform processes similar to
those discussed above with respect to left lane mark poly-
nomial to determine predicted position 3774 of vehicle 200
based on right lane mark polynomial.

In some exemplary embodiments, processor 110 may
determine the location of vehicle 200 after time “t” based on
the trajectory followed by a forward vehicle, which may be
travelling in front of wvehicle 200. In other exemplary
embodiments, processing unit 200 may determine the loca-
tion of vehicle 200 after time “t” by determining an amount
of free space ahead of vehicle 200 and a current velocity of
vehicle 200. In some embodiments, processing unit 200 may
determine the location of vehicle 200 after time “t” based on
virtual lanes or virtual lane constraints. For example, when
processing unit 110 detects two vehicles travelling in front
of vehicle 200, one in each adjacent lane, processing unit
110 may use the average lateral distance between the two
vehicles in front as a trajectory (virtual lane marker), which
may be used to determine a position of vehicle 200 after time
“t.” In other embodiments, processing unit 110 may use
mathematical representations of left side 3706 (i.e. left lane
mark polynomial) and right side 3708 (i.e. right lane mark
polynomial) as defining virtual lane constraints. Processing
unit 110 may determine predicted position 3774 of vehicle
200 based on the virtual lane constraints (i.e. based on both
the left and the right lane mark polynomials) and an esti-
mated location of vehicle 200 from the left and right sides
3706, 3708.

In other embodiments, processing unit 110 may determine
predicted location 3774 of vehicle 200 after time “t” based
on following a trajectory predicted using holistic path pre-
diction methods. In some exemplary embodiments, process-
ing unit 110 may determine predicted location 3774 of
vehicle 200 after time “t” by applying weights to some or all
of the above-described cues. For example, processing unit
110 may determine the location of vehicle 200 after time “t”
as a weighted combination of the locations predicted based
on one or more of a left lane mark polynomial model, a right
lane mark polynomial model, holistic path prediction,
motion of a forward vehicle, determined free space ahead of
the autonomous vehicle, and virtual lanes. Processing unit
110 may use current location 3712 of vehicle 200 and
predicted location 3774 after time “t” to determine heading
direction 3730 for vehicle 200.

In some embodiments, in step 3912 of process 3900,
processing unit 110 may also estimate a longitudinal offset.
For example, processing unit 110 may solve for the heading
and the offset by an alignment procedure, between the model
trajectory and the tail of vehicle 200.

Process 3900 may also include a step 3914 of determining
steering direction 3740. In one exemplary embodiment,
processing unit 110 may obtain a mathematical representa-
tion (e.g. three-dimensional polynomial) of predetermined
road model trajectory 3710. Processing unit 110 may deter-
mine steering direction 3740 as a vector oriented tangen-
tially to predetermined road model trajectory 3710 at target
location 3714. For example, processing unit 110 may deter-
mine direction 3740 as a vector pointing along a gradient of
the mathematical representation of predetermined road
model trajectory 3710 at target location 3714.

Process 3900 may also include a step 3916 of adjusting
steering system 240 of vehicle 200 based on the transfor-
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mation determined, for example, in steps 3910-3914. The
required transformation may include lateral offset d. The
transformation may further include rotation by an angle to
help ensure that heading direction 3730 of vehicle 200 may
be aligned with steering direction 3740. Although, FIGS. 37,
38 illustrate determination of one angle between heading
direction 3730 and steering direction 3740, it is contem-
plated that in three-dimensional space, rotation along three
angles in three generally orthogonal planes may be required
to ensure that heading direction 3730 may be aligned with
steering direction 3730. One of ordinary skill in the art
would, therefore, recognize that the transformation deter-
mined in steps 3910-3914 may include at least three rota-
tional angles and at least one translation (i.e. lateral offset).

Processing unit 110 may send control signals to steering
system 240 to adjust rotation of the wheels of vehicle 200 so
that heading direction 3730 may be aligned with steering
direction 3740 and vehicle 200 may move from current
location 3712 to target location 3714 when vehicle 200 is
located off predetermined road model trajectory 3710. Pro-
cessing unit 110 and/or image acquisition unit 120 may
repeat steps 3902 through 3916 after a predetermined
amount of time. In one exemplary embodiment, the prede-
termined amount of time may range between about 0.5
seconds to 1.5 seconds. By repeatedly determining lateral
offset d and rotation angles, processing unit 110 and/or
image acquisition unit 120 may help to navigate vehicle 200,
using tail alignment, along road segment 3700.

As discussed in other sections, navigation of an autono-
mous vehicle along a road segment may include the use of
one or more recognized landmarks. Among other things,
such recognized landmarks may enable the autonomous
vehicle to determine its current location with respect to a
target trajectory from sparse data model 800. The current
location determination using one or more recognized land-
marks may be more precise than determining a position
using GPS sensing, for example.

Between recognized landmarks, the autonomous vehicle
may navigate using a dead-reckoning technique. This tech-
nique may involve periodically estimating a current location
of the vehicle with respect to the target trajectory based on
sensed ego-motion of the vehicle. Such sensed ego motion
may enable the vehicle (e.g., using processing unit 110) to
not only estimate the current location of the vehicle relative
to the target trajectory, but it may also enable the processing
unit 110 to reconstruct the vehicle’s traveled trajectory.
Sensors that may be used to determine the ego motion of the
vehicle may include various sensors such as, for example,
onboard cameras, speedometers, and/or accelerometers.
Using such sensors, processing unit 110 may sense where
the vehicle has been and reconstruct the traveled trajectory.
This reconstructed traveled trajectory may then be compared
to the target trajectory using the tail alignment technique
described above to determine what navigational changes, if
any, are required to align the traveled trajectory at a current
location with the target trajectory at the current location.

Navigating Road Junctions

Consistent with disclosed embodiments, the system may
navigate through road junctions, which may constitute areas
with few or no lane markings. Junction navigation may
include 3D localization based on two or more landmarks.
Thus, for example, the system may rely on two or more
landmarks to determine a current location and a heading of
an autonomous vehicle. Further, the system may determine
a steering action based on the determined heading and a
direction of a predetermine road model trajectory represent-
ing a preferred path for the vehicle.
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FIG. 40 illustrates vehicle 200 (which may be an autono-
mous vehicle) travelling through road junction 4000 in
which the disclosed systems and methods for navigating
road junctions may be used. As illustrated in FIG. 40,
vehicle 200 may be travelling along road segment 4002,
which may intersect with road segment 4004. Although road
segments 4002 and 4004 appear to intersect at right angles
in FIG. 40, it is contemplated that road segments 4002 and
4004 may intersect at any angle. Further, although road
segments 4002 and 4004 each have two lanes in FIG. 40, it
is contemplated that road segments 4002 and 4004 may have
any number of lanes. It is also contemplated that road
segments 4002 and 4004 may have the same number or
different number of lanes.

Vehicle 200 may travel along lane 4006 of road segment
4002. Vehicle 200 may be equipped with three image
capture devices 122, 124, 126. Although, FIG. 40 depicts
vehicle 200 as equipped with image capture devices 122,
124, 126, more or fewer image capture devices may be
employed on any particular vehicle 200. As illustrated in
FIG. 40, lane 4006 of road segment 4002 may be delimited
by left side 4008 and right side 4010. A predetermined road
model trajectory 4012 may define a preferred path (i.e., a
target road model trajectory) within lane 4006 of road
segments 4002, 4004 that vehicle 200 may follow as vehicle
200 travels along road segments 4002, 4004 through junc-
tion 4000. In some exemplary embodiments, predetermined
road model trajectory 4012 may be located equidistant from
left side 4008 and right side 4010. It is contemplated
however that predetermined road model trajectory 4012 may
be located nearer to one or the other of left side 4008 and
right side 4010 of road segment 4002.

In one exemplary embodiment, predetermined road model
trajectory 4012 may be mathematically defined using a
three-dimensional polynomial function. In some exemplary
embodiments, processing unit 110 of vehicle 200 may be
configured to retrieve predetermined road model trajectory
4012 from a database (e.g. 160) stored in one or more of
memories 140, 150 included in vehicle 200. In other exem-
plary embodiments, processing unit 110 of vehicle 200 may
be configured to retrieve predetermined road model trajec-
tory 4012 from a database (e.g. 160), which may be stored
remotely from vehicle 200, over a wireless communications
interface. As illustrated in the exemplary embodiment of
FIG. 40, predetermined road model trajectory 4012 may
allow vehicle 200 to turn left from lane 4006 of road
segment 4002 into lane 4014 of road segment 4004.

Image acquisition unit 120 may be configured to acquire
an image representative of an environment of vehicle 200.
For example, image acquisition unit 120 may obtain an
image showing a view in front of vehicle 200 using one or
more of image capture devices 122, 124, 126. Processing
unit 110 of vehicle 200 may be configured to detect two or
more landmarks 4016, 4018 in the one or more images
acquired by image acquisition unit 120. Such detection may
occur using the landmark detection techniques previously
discussed, for example. Processing unit 110 may detect the
two or more landmarks 4016, 4018 using one or more
processes of landmark identification discussed above with
reference to FIGS. 22-28. Although FIG. 40 illustrates two
landmarks 4016, 4018, it is contemplated that vehicle 200
may detect more than two landmarks 4016, 4018 (i.c., three
or more landmarks) based on the images acquired by image
acquisition unit 120. For example, FIG. 40 illustrates addi-
tional landmarks 4020 and 4022, which may be detected and
used by processing unit 110.
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Processing unit 110 may be configured to determine
positions 4024, 4026 of landmarks 4016, 4018, respectively,
relative to vehicle 200. Processing unit 110 may also be
configured to determine one or more directional indicators
4030, 4032 of landmarks 4016, 4018 relative to vehicle 200.
Further, processing unit 110 may be configured to determine
current location 4028 of vehicle 200 based on an intersection
of directional indicators 4030, 4032. In one exemplary
embodiment as illustrated in FIG. 40, processing unit 110
may be configured to determine current location 4028 as the
intersection point of directional indicators 4030, 4032.

Processing unit 110 may be configured to determine
previous location 4034 of vehicle 200. In one exemplary
embodiment, processing unit 110 may repeatedly determine
a location of vehicle 200 as vehicle 200 travels on road
segments 4002 and 4004. Thus, for example, before vehicle
200 reaches its current location 4028, vehicle may be located
at previous location 4034 and may travel from previous
location 4034 to current location 4028. Before reaching
current location 4028, processing unit 110 of vehicle 200
may be configured to determine positions 4024, 4026 of
landmarks 4016, 4018, respectively, relative to vehicle 200.
Processing unit 110 may also be configured to determine
directional indicators 4036, 4038 of landmarks 4016, 4018
relative to vehicle 200. Processing unit 110 may also be
configured to determine previous location 4034 of vehicle
200 based on an intersection of directional indicators 4036,
4038. In one exemplary embodiment as illustrated in FIG.
40, processing unit 110 may be configured to determine
previous location 4034 as the intersection point of direc-
tional indicators 4036, 4038.

Processing unit 110 may be configured to determine a
direction 4040 of predetermined road model trajectory 4012
at current location 4028 of vehicle 200. Processing unit 110
may determine direction 4040 as a direction tangential to
predetermined road model trajectory 4012. In one exem-
plary embodiment, processing unit 110 may be configured to
determine direction 4040 based on a gradient or slope of a
three-dimensional polynomial representing predetermined
road model trajectory 4012.

Processing unit 110 may also be configured to determine
heading direction 4050 of vehicle 200. Processing unit 110
may determine heading direction 4050 based on landmarks
4016 and 4018. Processing unit 110 may determine heading
direction 4050 based on current location 4028 and previous
location 4034 of vehicle 200. For example, processing unit
110 may determine heading direction 4050 as a vector
extending from previous location 4034 towards current
location 4028. In some exemplary embodiments, processing
unit 110 may determine heading direction 4050 as a direc-
tion along which image capture device 122 may be oriented
relative to a local coordinate system associated with vehicle
200.

Processing unit 110 may be configured to determine
whether heading direction 4050 of vehicle 200 is aligned
with (i.e., generally parallel to) direction 4040 of predeter-
mined road model trajectory 4012. When heading direction
4050 is not aligned with direction 4040 of predetermined
road model trajectory 4012 at current location 4028 of
vehicle 200, processing unit 110 may determine a steering
angle between heading direction 4050 of vehicle 200 and
direction 4040 of predetermined road model trajectory 4012.
In one exemplary embodiment, processing unit 110 may also
determine, for example, a reduction or acceleration in a
current velocity of vehicle 200 required to help ensure that
heading direction 4050 of vehicle 200 may be aligned with
direction 4040 of predetermined road model trajectory 4012
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in a predetermined amount of time. Processing unit 110 may
be configured to execute instructions stored in navigational
response module 408, for example, to transmit a control
signal specifying the steering angle to steering system 240 of
the vehicle. Steering system 200, in turn, may be configured
to rotate wheels of vehicle 200 to help ensure that heading
direction 4050 of vehicle 200 may be aligned with direction
4040 of predetermined road model trajectory 4012.

Image acquisition unit 120 may repeatedly acquire an
image of the environment in front of vehicle 200, for
example, after a predetermined amount of time. Processing
unit 110 may also be configured to repeatedly detect land-
marks 4016, 4018, 4020, 4022, etc., in the image acquired by
image acquisition unit 120 and determine the steering angle
as discussed above. Thus, image acquisition unit 120 and
processing unit 110 may cooperate to navigate vehicle 200
through junction 400 using two or more of landmarks 4016,
4018, 4020, 4022.

FIG. 41 is a flowchart showing an exemplary process
4100, for navigating vehicle 200 through junction 4000,
using two or more landmarks 4016, 4018, 4020, 4022,
consistent with disclosed embodiments. Steps of process
4100 may be performed by one or more of processing unit
110 and image acquisition unit 120, with or without the need
to access memory 140 or 150. The order and arrangement of
steps in process 4100 is provided for purposes of illustration.
As will be appreciated from this disclosure, modifications
may be made to process 4100 by, for example, adding,
combining, removing, and/or rearranging the steps for the
process.

As illustrated in FIG. 41, process 4100 may include a step
4102 of acquiring an image representative of an environ-
ment of the vehicle. In one exemplary embodiment, image
acquisition unit 120 may acquire one or more images of an
area forward of vehicle 200 (or to the sides or rear of a
vehicle, for example). For example, image acquisition unit
120 may obtain an image using image capture device 122
having a field of view 202. In other exemplary embodi-
ments, image acquisition unit 120 may acquire images from
one or more of image capture devices 122, 124, 126, having
fields of view 202, 204, 206. Image acquisition unit 120 may
transmit the one or more images to processing unit 110 over
a data connection (e.g., digital, wired, USB, wireless, Blu-
etooth, etc.).

Process 4100 may also include a step 4104 of identifying
two or more landmarks 4016, 4018, 4020, 4022 in the one
or more images. Processing unit 110 may receive the one or
more images from image acquisition unit 120. Processing
unit 110 may execute monocular image analysis module 402
to analyze the plurality of images at step 4104, as described
in further detail in connection with FIGS. 5B-5D. By
performing the analysis, processing unit 110 may detect a set
of features within the set of images, for example, two or
more landmarks 4016, 4018, 4020, 4022. Landmarks 4016,
4018, 4020, 4022 may include one or more traffic signs,
arrow markings, lane markings, dashed lane markings, traf-
fic lights, stop lines, directional signs, reflectors, landmark
beacons, lampposts, a change in spacing of lines on the road,
signs for businesses, and the like.

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 two or
more landmarks 4016, 4018, 4020, 4022. 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.
Processing unit 110 may then use the 3D-map to detect the
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road surface, as well as landmarks 4016, 4018, 4020, 4022.
In another exemplary embodiment, image processor 190 of
processing unit 110 may combine a plurality of images
received from image acquisition unit 120 into one or more
composite images. Processing unit 110 may use the com-
posite images to detect the two or more landmarks 4016,
4018, 4020, 4022. For example, in some embodiments,
processing unit 110 may perform stereo processing of
images from two or more image capture devices.

Process 4100 may also include a step 4106 of determining
directional indicators 4030, 4032 associated with at least
two landmarks 4016, 4018, respectively. Processing unit 110
may determine directional indicators 4030, 4032 based on
the positions 4024, 4026 of the at least two landmarks 4016,
4018, respectively, relative to vehicle 200. For example,
processing unit 110 may receive landmark positions 4024,
4026 for landmarks 4016, 4018, respectively, from infor-
mation, which may be stored in one or more databases in
memory 140 or 150. Processing unit 110 may determine
directional indicator 4030 as a vector extending from vehicle
200 towards landmark position 4024. Likewise, processing
unit 110 may determine directional indicator 4032 as a
vector extending from vehicle 200 towards landmark posi-
tion 4026. Although two landmarks 4016, 4018 are refer-
enced in the above discussion, it is contemplated that
processing unit 110 may determine landmark positions
4024, 4026, and directional indicators 4030, 4032 for more
than two landmarks 4016, 4018 (e.g., for landmarks 4020,
4022).

Process 4100 may include a step 4108 of determining
current location 4028 of vehicle 200. Processing unit 110
may determine current location 4028 based on an intersec-
tion of directional indicators 4030 and 4032 of landmarks
4016, 4018, respectively (e.g., at an intersection point of
directional indicators 4030 and 4032). Process 4100 may
include a step 4110 of determining previous location 4034 of
vehicle 200. As discussed above, processing unit 110 may be
configured to determine previous location 4034 of vehicle
200 based on two or more landmarks 4016, 4018, 4020,
4022. In one exemplary embodiment, processing unit 110
may repeatedly determine a location of vehicle 200 using
two or more landmarks 4016, 4018, 4020, 4022 as vehicle
200 moves on road segments 4002 and 4004. Thus, for
example, before vehicle 200 reaches its current location
4028, vehicle may be located at previous location 4034 and
may travel from previous location 4034 to current location
4028. Before reaching current location 4028, processing unit
110 of vehicle 200 may be configured to determine positions
4024, 4026 of landmarks 4016, 4018, respectively, relative
to vehicle 200. Processing unit 110 may perform processes
similar to those discussed above with respect to step 4108 to
determine previous location 4034 of vehicle 200. For
example, processing unit 110 may be configured to deter-
mine directional indicators 4036, 4038 of landmarks 4016,
4018 relative to vehicle 200. Processing unit 110 may also
be configured to determine previous location 4034 of vehicle
200 based on an intersection of directional indicators 4036,
4038 (e.g. at an intersection point of directional indicators
4036 and 4038).

Process 4100 may include a step 4112 of determining
heading direction 4050 of vehicle 200. As discussed above,
processing unit 110 may determine heading direction 4050
based on current location 4028 and previous location 4034
of vehicle 200, both of which may be determined using two
or more of landmarks 4016, 4018, 4020, 4022. In one
exemplary embodiment, processing unit 110 may determine
heading direction 4050 as a vector extending from previous
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location 4034 towards current location 4028. In another
exemplary embodiment, processing unit 110 may determine
heading direction 4050 as a direction along which image
capture device 122 may be oriented relative to a local
coordinate system associated with vehicle 200. Although
only two landmarks 4016, 4018 have been described with
respect to determining current location 4028 and previous
location 4024 of vehicle 200, it is contemplated that pro-
cessing unit may use more than two landmarks 4016, 4018
to determine current location 4028 and previous location
4024 of vehicle 200 and heading direction 4050.

Process 4100 may include a step 4114 of determining
direction 4040 of predetermined road model trajectory 4012
at current location 4028 of vehicle 200. In one exemplary
embodiment, processing unit 110 may obtain a mathematical
representation (e.g. three-dimensional polynomial) of pre-
determined road model trajectory 4012. Processing unit 110
may determine direction 4040 as a vector oriented tangen-
tially to predetermined road model trajectory 4012 at current
location 4028 of vehicle 200. For example, processing unit
110 may determine direction 4040 as a vector pointing along
a gradient of the mathematical representation of predeter-
mined road model trajectory 4012 at current location 4028
of vehicle 200. Although the above description assumes that
current location 4028 and previous location 4034 of vehicle
200 are located on predetermined road model trajectory
4012, processing unit 110 may perform processes similar to
those discussed above with respect to FIGS. 34-39 when
vehicle 200 is not located on predetermined road model
trajectory 4012. For example, processing unit 110 may
determine a transform required to move vehicle 200 to
predetermined road model trajectory 4012 before determin-
ing direction 4040 as discussed above.

Process 4100 may also include a step 4116 of determining
steering angle [] for vehicle 200. Processing unit 110 may
also determine steering angle [] as an angle between head-
ing direction 4050 and direction 4040 of predetermined road
model trajectory 4012 at current location 4028 of vehicle
200. Processing unit 110 may execute instructions in navi-
gational module 408, for example, to transmit a control
signal specifying steering angle [ to steering system 240.
Steering system 240 may help adjust, for example, a steering
wheel of vehicle 200 to turn the wheels of vehicle 200 to
help ensure that heading direction 4050 of vehicle 200 may
be aligned (i.e., parallel) with direction 4040 of predeter-
mined road model trajectory 4012.

Processing unit 110 and/or image acquisition unit 120
may repeat steps 4102 through 4116 after a predetermined
amount of time. In one exemplary embodiment, the prede-
termined amount of time may range between about 0.5
seconds to 1.5 seconds. By repeatedly determining current
location 4028, heading direction 4050, direction 4040 of
predetermined road model trajectory 4012 at current loca-
tion 4028, and steering angle [] required to align heading
direction 4050 with direction 4040, processing unit 110 may
transmit one or more control signals to one or more of
throttling system 220, steering system 240, and braking
system 230 to navigate vehicle 200 through road junction
4000, using two or more landmarks 4016, 4018, 4020, 4022.

Navigation Using Local Overlapping Maps

Consistent with disclosed embodiments, the system may
use a plurality of local maps for navigation. Each map may
have its own arbitrary coordinate frame. To ease the transi-
tion in navigating from one local map to another, the maps
may include an overlap segment, and navigation in the
overlap segment may be based on both of the overlapping
maps.

10

15

20

25

30

35

40

45

50

55

60

65

138

FIG. 43 illustrates first and second local maps 4200 and
4202 associated with first and second road segments 4204
and 4206, respectively. First road segment 4204 may be
different from second road segment 4206. Maps 4200 and
4202 may each have their own arbitrary coordinate frame.
Maps 4200 and 4202 may also each constitute a sparse map
having the same or different data densities. In one exemplary
embodiment, maps 4200 and 4202 may each have a data
density of no more than 10 kilobytes per kilometer. Of
course, local maps 4200 and 4202 may include other data
density values, such as any of the data densities previously
discussed relative to sparse map 800, for example. Vehicle
200 (which may be an autonomous vehicle) travelling on a
first road segment 4204 and/or on second road segment 4206
may use the disclosed systems and methods for navigation.
Vehicle 200 may include at least one image capture device
122, which may be configured to obtain one or more images
representative of an environment of the autonomous vehicle.
Although FIG. 42 depicts vehicle 200 as equipped with
image capture devices 122, 124, 126, more or fewer image
capture devices may be employed on any particular vehicle
200. As illustrated in FIG. 42, map 4200 may include road
segment 4204, which may be delimited by left side 4208 and
right side 4210. A predetermined road model trajectory 4212
may define a preferred path (i.e., a target road model
trajectory) within road segment 4204. Predetermined road
model trajectory 4212 may be mathematically represented
by a three-dimensional polynomial. Vehicle 200 may follow
predetermined road model trajectory 4212 as vehicle 200
travels along road segment 4204. In some exemplary
embodiments, predetermined road model trajectory 4212
may be located equidistant from left side 4208 and right side
4210. It is contemplated however that predetermined road
model trajectory 4212 may be located nearer to one or the
other of left side 4208 and right side 4210 of road segment
4204. As also illustrated in FIG. 42, a portion of road
segment 4204 between delimiting points A and B may
represent an overlap segment 4220. As will be described
later, overlap segment 4220 between positions A and B of
road segment 4204 may overlap with a portion of road
segment 4206. Further, although FIG. 42 illustrates one lane
in road segment 4204, it is contemplated that road segment
4204 may have any number of lanes. It is also contemplated
that vehicle 200 travelling along any lane of road segment
4204 may be navigated according to the disclosed methods
and systems. Further, in some embodiments, a road segment
may extend between two known locations such as, for
example, two intersections.

As also illustrated in FIG. 42, map 4202 may include road
segment 4206, which may be delimited by left side 4222 and
right side 4224. A predetermined road model trajectory 4226
may define a preferred path (i.e., a target road model
trajectory) within road segment 4206. Predetermined road
model trajectory 4226 may be mathematically represented
by a three-dimensional polynomial. Vehicle 200 may follow
predetermined road model trajectory 4226 as vehicle 200
travels along road segment 4206. In some exemplary
embodiments, predetermined road model trajectory 4226
may be located equidistant from left side 4222 and right side
4224. Tt is contemplated however that predetermined road
model trajectory 4226 may be located nearer to one or the
other of left side 4222 and right side 4224 of road segment
4206. As also illustrated in FIG. 42, a portion of road
segment 4206 between delimiting points A' and B' may
represent overlap segment 4220, which may overlap with
overlap segment 4220 between delimiting points A and B of
road segment 4204. Although FIG. 42 illustrates one lane in
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road segment 4206, it is contemplated that road segment
4206 may have any number of lanes. It is also contemplated
that vehicle 200 travelling along any lane of road segment
4206 may be navigated according to the disclosed methods
and systems.

As used in this disclosure, the term overlap indicates that
overlap segment 4220 represents the same portion of the
road that may be traveled on by vehicle 200. In some
embodiments, an overlap segment 4220 may include a
segment of map 4200 that represents a road segment and
associated road features (such as landmarks, etc.) that are
also represented by a corresponding segment (i.e., the over-
lap segment) of map 4222. As a result, overlap segment 4220
may include portions of road segments 4204, 4206 having
the same size (length, width, height, etc.), shapes (orienta-
tion and inclination, etc.), etc. Moreover, the shapes and
lengths of predetermined road model trajectories 4212 and
4226 in the overlap segment 4220 may be similar. However,
because maps 4200 and 4202 may have different local
coordinate systems, the mathematical representations (e.g.,
three-dimensional polynomials) of predetermined road
model trajectories 4212 and 4226 may differ in the overlap
segment 4220. In one exemplary embodiment, overlap seg-
ment 4220 may have a length ranging between 50 m and 150
m.

Image acquisition unit 120 may be configured to acquire
an image representative of an environment of vehicle 200.
For example, image acquisition unit 120 may obtain an
image showing a view in front of vehicle 200 using one or
more of image capture devices 122, 124, 126. Processing
unit 110 of vehicle 200 may be configured to detect a current
location 4214 of vehicle 200 using one or more navigational
processes discussed above with reference to FIGS. 34-36.
Processing unit 110 may also be configured to determine
whether current position 4214 of vehicle 200 lies on road
segment 4204 or 4206 using one or more processes of
determining intersection points of directional vectors for
recognized landmarks with one or more of predetermined
road model trajectories 4212 and 4226 as discussed above
with reference to FIGS. 34-36. Furthermore, processing unit
110 may be configured to determine whether current loca-
tion 4214 of vehicle 200 lies on road segment 4204, road
segment 4206, or in the overlap segment 4220, using similar
processes discussed above with reference to FIGS. 34-36.

When vehicle 200 is located on road segment 4204,
processing unit 110 may be configured to align a local
coordinate system of vehicle 200 with a local coordinate
system associated with road segment 4204. After aligning
the two coordinate systems, processing unit 110 may be
configured to determine a direction 4230 of predetermined
road model trajectory 4212 at current location 4214 of
vehicle 200. Processing unit 110 may determine direction
4230 as a direction tangential to predetermined road model
trajectory 4212. In one exemplary embodiment, processing
unit 110 may be configured to determine direction 4230
based on a gradient or slope of a three-dimensional poly-
nomial representing predetermined road model trajectory
4212.

Processing unit 110 may also be configured to determine
heading direction 4240 of vehicle 200. As illustrated in FIG.
42, heading direction 4240 of vehicle 200 may be a direction
along which image capture device 122 may be oriented
relative to the local coordinate system associated with
vehicle 200. Processing unit 110 may be configured to
determine whether heading direction 4240 of vehicle 200 is
aligned with (i.e., generally parallel to) direction 4230 of
predetermined road model trajectory 4212. When heading
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direction 4240 is not aligned with direction 4230 of prede-
termined road model trajectory 4212 at current location
4214 of vehicle 200, processing unit 110 may determine a
first autonomous navigational response (ANR) that may help
ensure that heading direction 4240 of vehicle 200 may be
aligned with direction 4230 of predetermined road model
trajectory 4212.

In one exemplary embodiment, first ANR may include,
for example, a determination of an angle by which the
steering wheel or front wheels of vehicle 200 may be turned
to help ensure that heading direction 4240 of vehicle 200
may be aligned with direction 4230 of predetermined road
model trajectory 4212. In another exemplary embodiment,
first autonomous navigational response may also include a
reduction or acceleration in a current velocity of vehicle 200
to help ensure that heading direction 4240 of vehicle 200
may be aligned with direction 4230 of predetermined road
model trajectory 4212 in a predetermined amount of time.
Processing unit 110 may be configured to execute instruc-
tions stored in navigational response module 408 to trigger
first ANR by, for example, turning the steering wheel of
vehicle 200 to achieve a rotation of an angle 1. Rotation by
angle 1 may help align heading direction 4240 of vehicle
200 with direction 4230.

When vehicle 200 is located on road segment 4206,
processing unit 110 may be configured to align a local
coordinate system of vehicle 200 with a local coordinate
system associated with road segment 4206. After aligning
the two coordinate systems, processing unit 110 may be
configured to determine a direction 4250 of predetermined
road model trajectory 4226 at current location 4214 of
vehicle 200. Processing unit 110 may determine direction
4250 as a direction tangential to predetermined road model
trajectory 4226. In one exemplary embodiment, processing
unit 110 may be configured to determine direction 4250
based on a gradient or slope of a three-dimensional poly-
nomial representing predetermined road model trajectory
4226.

Processing unit 110 may also be configured to determine
heading direction 4260 of vehicle 200. As illustrated in FIG.
42, heading direction 4260 of vehicle 200 may be a direction
along which image capture device 122 may be oriented
relative to the local coordinate system associated with
vehicle 200. Processing unit 110 may be configured to
determine whether heading direction 4260 of vehicle 200 is
aligned with (i.e., generally parallel to) direction 4250 of
predetermined road model trajectory 4226. When heading
direction 4260 is not aligned with direction 4250 of prede-
termined road model trajectory 4226 at current location
4214 of vehicle 200, processing unit 110 may determine a
second ANR that may help ensure that heading direction
4260 of vehicle 200 may be aligned with direction 4250 of
predetermined road model trajectory 4226.

In one exemplary embodiment, the second ANR may
include, for example, a determination of an angle 2 by which
the steering wheel or front wheels of vehicle 200 may be
turned to help ensure that heading direction 4260 of vehicle
200 may be aligned with direction 4250 of predetermined
road model trajectory 4226. In another exemplary embodi-
ment, the second ANR may also include a reduction or
acceleration in a current velocity of vehicle 200 to help
ensure that heading direction 4260 of vehicle 200 may be
aligned with direction 4250 of predetermined road model
trajectory 4226 in a predetermined amount of time. Process-
ing unit 110 may be configured to execute instructions stored
in navigational response module 408 to trigger second ANR
by, for example, turning the steering wheel of vehicle 200 to
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achieve a rotation of angle 2. Rotation by angle 2 may help
align heading direction 4260 of vehicle 200 with direction
4250.

When vehicle 200 is located on overlap segment 4220 of
road segments 4204, 4206, processing unit 110 may be
configured to align the local coordinate system of vehicle
200 with both the local coordinate system associated with
road segment 4204 as well as the local coordinate system
associated with road segment 4206. Thus, processing unit
110 may be configured to determine a third ANR based on
both maps 4200 and 4202. In one exemplary embodiment,
processing unit 110 may determine the third ANR as an
angle 3 by which the steering wheel or front wheels of
vehicle 200 may be turned to help ensure that heading
direction 4240 of vehicle 200 may be aligned with heading
direction 4230 of predetermined road model trajectory, and
heading direction 4260 of vehicle 200 may be aligned with
direction 4250 of predetermined road model trajectory 4226.
Thus, for example, processing unit 110 may determine angle
[J; as a combination of angles 1 and 2.

Image acquisition unit 120 may repeatedly acquire an
image of the environment in front of vehicle 200, for
example, after a predetermined amount of time. Processing
unit 110 may also be configured to repeatedly detect whether
current location 4214 of vehicle 200 lies on road segment
4204, road segment 4206, or in overlap segment 4220.
Processing unit 110 may determine first, second, or third
ANR (e.g., angles 1, 2, or 3) based on where vehicle 200 is
located on road segments 4204, 4206. Thus, image acqui-
sition unit 120 and processing unit 110 may cooperate to
navigate vehicle 200 along road segments 4204 and 4206
using overlap segment 4220.

FIGS. 43A-C include flowcharts showing an exemplary
process 4300, for navigating vehicle 200 along road seg-
ments 4204, 4206, using overlapping maps 4200, 4202,
consistent with disclosed embodiments. Steps of process
4300 may be performed by one or more of processing unit
110 and image acquisition unit 120, with or without the need
to access memory 140 or 150. The order and arrangement of
steps in process 4300 is provided for purposes of illustration.
As will be appreciated from this disclosure, modifications
may be made to process 4300 by, for example, adding,
combining, removing, and/or rearranging the steps of pro-
cess 4300.

As illustrated in FIG. 43 A, process 4300 may include a
step 4302 of acquiring an image representative of an envi-
ronment of the vehicle. In one exemplary embodiment,
image acquisition unit 120 may acquire one or more images
of an area forward of vehicle 200 (or to the sides or rear of
a vehicle, for example). For example, image acquisition unit
120 may obtain an image using image capture device 122
having a field of view 202. In other exemplary embodi-
ments, image acquisition unit 120 may acquire images from
one or more of image capture devices 122, 124, 126, having
fields of view 202, 204, 206. Image acquisition unit 120 may
transmit the one or more images to processing unit 110 over
a data connection (e.g., digital, wired, USB, wireless, Blu-
etooth, etc.).

Process 4300 may also include a step 4302 of determining
current location 4214 of vehicle 200. Processing unit 110
may receive the one or more images from image acquisition
unit 120. Processing unit 110 may execute monocular image
analysis module 402 to analyze the plurality of images at
step 4302, as described in further detail in connection with
FIGS. 5B-5D. By performing the analysis, processing unit
110 may detect a set of features within the set of images, for
example, one or more landmarks. Processing unit 110 may

5

10

15

20

25

30

35

40

45

50

55

60

65

142

use the landmarks and perform processes similar to those
discussed above, for example, in FIGS. 34-36 to determine
current location 4214 of vehicle 200.

Process 4300 may include a step 4306 of determining
whether vehicle 200 is located on first road segment 4304.
Processing unit 110 may determine whether vehicle 200 is
located on first road segment 4304 in many ways. For
example, processing unit may compare its current location
4214 determined in, for example, step 4304 with predeter-
mined road model trajectory 4212 to determine whether
current position 4214 is located on predetermined road
model trajectory 4212. Processing unit may determine that
vehicle 200 is located on first road segment 4304 when
current position 4214 is located on predetermined road
model trajectory 4212. In another exemplary embodiment,
processing unit 110 may use landmarks and directional
indicators for the landmarks to determine whether a current
position 4214 of vehicle 200 is located on road segment
4204. For example, as discussed above with respect to FIGS.
34-36, if a directional indicator of a recognized landmark
intersects with predetermined road model trajectory 4212
(discussed above, e.g., in relation to FIGS. 34-36), process-
ing unit 110 may determine that current location 4214 of
vehicle 200 lies in road segment 4204. When processing unit
110 determines that vehicle 200 is located in road segment
4204 (Step 4306: Yes), processing unit 110 may proceed to
step 4308. When processing unit 110 determines, however,
that vehicle 200 is not located on road segment 4204 (Step
4306: No), processing unit 110 may proceed to step 4314 via
process segment C.

In step 4308, processing unit 110 may determine whether
vehicle 200 is located in overlap segment 4220. Processing
unit 110 may use processes similar to those discussed above
with respect to step 4306 to determine whether vehicle 200
is located in overlap segment 4220. For example, processing
unit 110 may determine whether a direction indicator cor-
responding to a recognized landmark intersects predeter-
mined road model trajectory 4212 in the portion of prede-
termined road model trajectory 4212 located between A and
B in overlap segment 4220. In another exemplary embodi-
ment, processing unit 110 may compare current location
4214 of vehicle 200 with the mathematical representation of
predetermined road model trajectory 4212 to determine
whether vehicle 200 is located in overlap segment 4220. In
yet another exemplary embodiment, processing unit 110
may determine a distance traveled by vehicle 200 along
predetermined road model trajectory 4212 in first road
segment 4204. Processing unit may determine the distance
traveled using processes similar to those discussed above
with respect to FIGS. 37-39 regarding navigation using tail
alignment. Processing unit 110 may determine whether
current location 4214 of vehicle 200 lies in overlap segment
4220 based on the distance traveled by vehicle 200. When
processing unit 110 determines that vehicle 200 is located
within overlap segment 4220 (Step 4308: Yes), processing
unit 110 may proceed to step 4320 via process segment D.
When processing unit 110 determines, however, that vehicle
200 is not located within overlap segment 4220 (Step 4308:
No), processing unit 110 may proceed to step 4310.

Process 4300 may include a step 4310 of determining first
ANR. Processing unit 110 may determine first ANR based
on its determination that vehicle 200 is located in first road
segment 4204 but not in overlap segment 4220. In one
exemplary embodiment, processing unit 110 may obtain a
mathematical representation (e.g. three-dimensional poly-
nomial) of predetermined road model trajectory 4212. Pro-
cessing unit 110 may determine direction 4230 of predeter-
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mined road model trajectory 4212 as a vector oriented
tangentially to predetermined road model trajectory 4212 at
current location 4214 of vehicle 200. For example, process-
ing unit 110 may determine direction 4230 as a vector
pointing along a gradient of the mathematical representation
of predetermined road model trajectory 4212 at current
location 4214. Although the above description assumes that
current location 4214 of vehicle 200 is located on predeter-
mined road model trajectory 4212, processing unit 110 may
perform processes similar to those discussed above with
respect to FIGS. 34-39 when vehicle 200 is not located on
predetermined road model trajectory 4212. For example,
processing unit may determine a transform required to move
vehicle 200 to predetermined road model trajectory 4212
before determining direction 4230 as discussed above.
Processing unit 110 may also determine a heading direc-
tion 4240 of vehicle 200. For example, as illustrated in FIG.
42, processing unit 110 may determine heading direction
4240 of vehicle 200 as the direction in which image capture
device 122 may be oriented relative to a local coordinate
system associated with vehicle 200. In another exemplary
embodiment, processing unit 200 may determine heading
direction 4240 as the direction of motion of vehicle 200 at
current location 4214. In yet another exemplary embodi-
ment, processing unit may determine heading direction 4240
based on a traveled trajectory as discussed above with
respect to FIGS. 37-39. Processing unit 110 may determine
a rotational angle [, between heading direction 4240 and
direction 4230 of predetermined road model trajectory 4212.
In one exemplary embodiment, first ANR may include
rotation angle 1 that may help ensure that heading direction
4240 of vehicle 200 may be aligned with direction 4230 of
predetermined road model trajectory 4212. In another exem-
plary embodiment, first ANR may also include accelerations
or decelerations of vehicle 200 that may be required to help
ensure that heading direction 4240 of vehicle 200 may be
aligned with direction 4230 of predetermined road model
trajectory 4212 in a predetermined amount of time.
Process 4300 may also include a step 4312 of adjusting
steering system 240 based on first ANR. Processing unit 110
may be configured to execute instructions stored in naviga-
tional response module 408 to trigger first ANR by, for
example, turning the steering wheel of vehicle 200 to
achieve a rotation of angle 1. Processing unit 110 may also
execute instructions stored in navigational response module
408 to control throttling system 220 and/or braking system
230 to appropriately control a speed of vehicle 200 to help
ensure that heading direction 4240 of vehicle 200 may be
aligned with direction 4230 of predetermined road model
trajectory 4212 in a predetermined amount of time.
Returning to step 4306, when processing unit 110 deter-
mines that vehicle 200 is not located on road segment 4204
(Step 4306: No), processing unit 110 may proceed to step
4314 via process segment C. In step 4314, processing unit
110 may determine whether vehicle 200 is located in road
segment 4206. Processing unit 110 may perform operations
similar to those discussed above in step 4306 to determine
whether vehicle 200 is located in road segment 4206. When
processing unit 110 determines that vehicle 200 is not
located in road segment 4206, process 4300 may end. When
processing unit 110 determines, however, that vehicle 200 is
located in road segment 4206, processing unit 100 may
proceed to step 4316 of determining second ANR.
Processing unit 110 may determine second ANR using
processes similar to those discussed above with respect to
step 4310. For example, processing unit 110 may determine
a direction 4250 of predetermined road model trajectory
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4226 at current location 4214 of vehicle 200, a heading
direction 4260, and an angle of rotation 2, which may help
ensure that heading direction 4260 of vehicle 200 may be
aligned with direction 4250. Further, like first ANR, second
ANR may also include accelerations or decelerations of
vehicle 200 that may be required to help ensure that heading
direction 4260 of vehicle 200 may be aligned with direction
4250 of predetermined road model trajectory 4226 in a
predetermined amount of time.

Process 4300 may also include a step 4318 of adjusting
steering system 240 based on second ANR. Processing unit
110 may be configured to execute instructions stored in
navigational response module 408 to trigger second ANR by,
for example, turning the steering wheel of vehicle 200 to
achieve a rotation of angle 2. Processing unit 110 may also
execute instructions stored in navigational response module
408 to control throttling system 220 and/or braking system
230 to appropriately control a speed of vehicle 200 to help
ensure that heading direction 4260 of vehicle 200 may be
aligned with direction 4250 of predetermined road model
trajectory 4226 in a predetermined amount of time.

Returning to step 4308, when processing unit 110 deter-
mines that vehicle 200 is located on overlap segment 4220
(Step 4308: Yes), processing unit 110 may proceed to step
4320 via process segment D. In step 4320, processing unit
110 may determine first ANR. Processing unit 110 may
determine first ANR using operations similar to those dis-
cussed above with respect to step 4310. Thus, for example,
processing unit may determine a direction 4240 of prede-
termined road model trajectory 4212 at current location
4214 of vehicle 200, a heading direction 4230, and an angle
of rotation 1, which may help ensure that heading direction
4240 of vehicle 200 may be aligned with direction 4230.
Further, first ANR may also include accelerations or decel-
erations of vehicle 200 that may be required to help ensure
that heading direction 4240 of vehicle 200 may be aligned
with direction 4230 of predetermined road model trajectory
4212 in a predetermined amount of time.

Process 4300 may also include a step 4322 of determining
a second ANR. Processing unit 110 may determine second
ANR using operations similar to those discussed above with
respect to step 4316. Thus, for example, processing unit may
determine a direction 4260 of predetermined road model
trajectory 4226 at current location 4214 of vehicle 200, a
heading direction 4250, and an angle of rotation 2, which
may help ensure that heading direction 4260 of vehicle 200
may be aligned with direction 4250. Further, second ANR
may also include accelerations or decelerations of vehicle
200 that may be required to help ensure that heading
direction 4260 of vehicle 200 may be aligned with direction
4250 of predetermined road model trajectory 4226 in a
predetermined amount of time.

Process 4300 may also include a step 4324 of determining
an error between first ANR and second ANR. In one
exemplary embodiment, processing unit 110 may determine
the error as an error between angles of rotation 1 and 2
determined, for example, in steps 4320 and 4322. In another
exemplary embodiment, processing unit 110 may determine
the error as an error between direction 4230 of predeter-
mined road model trajectory 4212 and direction 4250 of
predetermined road model trajectory 4226. In another exem-
plary embodiment, processing unit 110 may determine the
error as a cosine distance between directions 4230 and 4250.
One of ordinary skill in the art would recognize that pro-
cessing unit 110 may use other mathematical functions to
determine the error between directions 4230 and 4250.
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Process 4300 may also include a step 4326 of determining
whether the error is less than a threshold error. Because
processing unit 110 may perform step 4324 only when
vehicle 200 is located in overlap segment 4220, the error
may indicate whether the co-ordinate frame of vehicle 200
is aligned with both road segments 4204 and 4206. It is
contemplated that in some embodiments when vehicle 200
first enters overlap segment 4220, the error may exceed the
threshold error and navigating vehicle 200 based on both
navigational maps 4200 and 4202 may improve accuracy. As
vehicle 200 travels further within overlap segment 4220, the
error may decrease and may eventually become less than the
threshold error. When the co-ordinate frame of vehicle 200
is aligned with both road segments 4204 and 4206, the error
may be smaller than the threshold error and it may be
sufficient to start navigating vehicle 200 based only on
navigational map 4202.

When processing unit 110 determines that the error is
greater than the threshold error (Step 4326: Yes), processing
unit 110 may proceed to step 4328. In step 4328, processing
unit 110 may determine third ANR based on both the first
ANR and the second ANR so that vehicle 200 may be
navigated based on both maps 4200 and 4202. Thus, for
example, processing unit 110 may determine a third angle of
rotation 3 as a combination of angles of rotation 1 and 2
determined, for example, in steps 4320 and 4322. In some
exemplary embodiments, the combination may be an aver-
age, a weighted average, or some other mathematical com-
bination of angles of rotation 1 and 2. Likewise, processing
unit 110 may determine accelerations or decelerations for
vehicle 200 based on a combination of the accelerations
and/or decelerations determined, for example, in steps 4320
and 4322.

Process 4300 may also include a step 4330 of adjusting
steering system 240 based on third ANR. Processing unit
110 may be configured to execute instructions stored in
navigational response module 408 to trigger third ANR by,
for example, turning the steering wheel of vehicle 200 to
achieve a rotation of angle 3. Processing unit 110 may also
execute instructions stored in navigational response module
408 to control throttling system 220 and/or braking system
230 based on the accelerations and/or decelerations deter-
mined in steps 4330 or 4332.

Returning to step 4326, when processing unit 110 deter-
mines that the error is less than the threshold error (Step
4326: No), processing unit 110 may proceed to step 4332 of
determining the third ANR based only on the second ANR.
As discussed above, when the error is less than the threshold
error, it may be sufficient to navigate vehicle 200 based only
on map 4202. Thus, in one exemplary embodiment, pro-
cessing unit 110 may set third ANR equal to second ANR.
In another exemplary embodiment, processing unit 110 may
set third ANR by scaling (i.e. magnifying or attenuating)
second ANR using a scaling factor. After completing step
4332, processing unit 110 may proceed to step 4330 of
adjusting steering system 240 based on third ANR.

Processing unit 110 and/or image acquisition unit 120
may repeat process 4300 after a predetermined amount of
time. In one exemplary embodiment, the predetermined
amount of time may range between about 0.5 seconds to 1.5
seconds. By repeatedly determining a current location 4214
of vehicle 200, determining whether current location 4214
lies in overlap segment 4220, and determining first ANR,
second ANR, and third ANR based on the location of vehicle
200, processing unit 110 and/or image acquisition unit 120
may help to navigate vehicle 200, using overlapping road
segment 4220 of local maps 4200, 4202.
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Sparse Map Autonomous Vehicle Navigation

In some embodiments, the disclosed systems and methods
may use a sparse map for autonomous vehicle navigation. As
discussed above regarding FIGS. 8-11D, the sparse map may
provide sufficient information for navigation without requir-
ing excessive data storage or data transfer rates. Further, a
vehicle (which may be an autonomous vehicle) may use the
sparse map to navigate one or more roads. For example, as
discussed below in further detail, vehicle 200 may determine
an autonomous navigational response based on analysis of
the sparse map and at least one image representative of an
environment of vehicle 200.

In some embodiments, vehicle 200 may access a sparse
map that may include data related to a road on which vehicle
200 is traveling and potentially landmarks along the road
that may be sufficient for vehicle navigation. As described in
sections above, the sparse data maps accessed by vehicle
200 may require significantly less storage space and data
transfer bandwidth as compared with digital maps including
detailed map information, such as image data collected
along a road. For example, rather than storing detailed
representations of a road segment on which vehicle 200 is
traveling, the sparse data map may store three dimensional
polynomial representations of preferred vehicle paths along
the road. A polynomial representation of a preferred vehicle
path along the road may be a polynomial representation of
a target trajectory along a road segment. These paths may
require very little data storage space.

Consistent with disclosed embodiments, an autonomous
vehicle system may use a sparse map for navigation. As
discussed earlier, at the core of the sparse maps, one or more
three-dimensional contours may represent predetermined
trajectories that autonomous vehicles may traverse as they
move along associated road segments. As also discussed
earlier, the sparse maps may also include other features, such
as one or more recognized landmarks, road signature pro-
files, and any other road-related features useful in navigating
a vehicle.

In some embodiments, an autonomous vehicle may
include a vehicle body and a processor configured to receive
data included in a sparse map and generate navigational
instructions for navigating the vehicle along a road segment
based on the data in the sparse map.

As discussed above in connection with FIG. 8, vehicle
200 (which may be an autonomous vehicle) may access
sparse map 800 to navigate. As shown in FIG. 8, in some
embodiments, sparse map 800 may be stored in a memory,
such as memory 140 or 150. For example, sparse map 800
may be stored on a storage device or a non-transitory
computer-readable medium provided onboard vehicle 200
(e.g., a storage device included in a navigation system
onboard vehicle 200). A processor (e.g., processing unit 110)
provided on vehicle 200 may access sparse map 4400 stored
in the storage device or computer-readable medium pro-
vided onboard vehicle 200 in order to generate navigational
instructions for guiding the autonomous vehicle 200 as it
traverses a road segment.

In some embodiments, sparse map 800 may be stored
remotely. FIG. 44 shows an example of vehicle 200 receiv-
ing data from a remote server 4400, consistent with dis-
closed embodiments. As shown in FIG. 44, remote server
4400 may include a storage device 4405 (e.g., a computer-
readable medium) provided on remote server 4400 that
communicates with vehicle 200. For example, remote server
4400 may store a sparse map database 4410 in storage
device 4405. Sparse map database 4410 may include sparse
map 800. In some embodiments, sparse map database 4410
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may include a plurality of sparse maps. Sparse map database
4410 may be indexed based on certain regions (e.g., based
on geographical boundaries, country boundaries, state
boundaries, etc.) or based on any appropriate parameter
(e.g., type or size of vehicle, climate, etc.). Vehicle 200 may
communicate with remote server 440 via one or more
networks (e.g., over a cellular network and/or the Internet,
etc.) through a wireless communication path. In some
embodiments, a processor (e.g., processing unit 110) pro-
vided on vehicle 200 may receive data included in sparse
map database 4410 over one or more networks from remove
server 4400. Furthermore, vehicle 200 may execute instruc-
tions for navigating vehicle 200 using sparse map 800, as
discussed below in further detail.

As discussed above in reference to FIG. 8, sparse map 800
may include representations of a plurality of target trajec-
tories 810 for guiding autonomous driving or navigation
along a road segment. Such target trajectories may be stored
as three-dimensional splines. The target trajectories stored in
sparse map 800 may be determined based on two or more
reconstructed trajectories of prior traversals of vehicles
along a particular road segment. A road segment may be
associated with a single target trajectory or multiple target
trajectories. For example, on a two lane road, a first target
trajectory may be stored to represent an intended path of
travel along the road in a first direction, and a second target
trajectory may be stored to represent an intended path of
travel along the road in another direction (e.g., opposite to
the first direction). Additional target trajectories may be
stored with respect to a particular road segment.

Sparse map 800 may also include data relating to a
plurality of predetermined landmarks 820 associated with
particular road segments, local maps, etc. As discussed in
detail in other sections, these landmarks may be used in
navigation of vehicle 200. For example, in some embodi-
ments, the landmarks may be used to determine a current
position of vehicle 200 relative to a stored target trajectory.
With this position information, vehicle 200 may be able to
adjust a heading direction to match a direction of the target
trajectory at the determined location.

Landmarks may include, for example, any identifiable,
fixed object in an environment of at least one road segment
or any observable characteristic associated with a particular
section of a particular road segment. In some cases, land-
marks may include traffic signs (e.g., speed limit signs,
hazard signs, etc.). In other cases, landmarks may include
road characteristic profiles associated with a particular sec-
tion of a road segment. Further examples of various types of
landmarks are discussed in previous sections, and some
landmark examples are shown and discussed above in
connection with FIG. 10.

FIG. 45 shows vehicle 200 navigating along a multi-lane
road consistent with disclosed embodiments. Here, a vehicle
200 may navigate road segments present within a geo-
graphic region 1111 shown previously in FIG. 11B. As
previously discussed in relation to FIG. 11B, road segment
1120 may include a multilane road with lanes 1122 and
1124, double yellow line 1123, and branching road segment
1130 that intersects with road segment 1120. Geographic
region 1111 may also include other road features, such as a
stop line 1132, a stop sign 1134, a speed limit sign 1136, and
a hazard sign 1138.

FIG. 46 shows vehicle 200 navigating using target tra-
jectories along a multi-lane road consistent with disclosed
embodiments. A vehicle 200 may navigate geographic
region 1111 shown previously in FIG. 11B and FIG. 45,
using target trajectory 4600. Target trajectory 4600 may be
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included in a local map (e.g., local map 1140 of FIG. 11C)
of sparse map 800, and may provide a target trajectory for
one or more lanes associated with a road segment. As
previously discussed, sparse map 800 may include repre-
sentations of road-related features associated with geo-
graphic region 1111, such as representations of one or more
landmarks identified in geographic region 1111. Such land-
marks may include speed limit sign 1136 and hazard sign
1138. Vehicle 200 may use speed limit sign 1136 and hazard
sign 1138 to assist in determining its current location relative
to target trajectory 4600. Based on the determined current
location of vehicle 200 relative to target trajectory 4600,
vehicle 200 may adjust its heading to match a direction of
the target trajectory at the determined location.

As discussed above, in some embodiments, sparse may
800 may also include road signature profiles. Such road
signature profiles may be associated with any discernible/
measurable variation in at least one parameter associated
with a road. For example, in some cases, such profiles may
be associated with variations in surface roughness of a
particular road segment, variations in road width over a
particular road segment, variations in distances between
dashed lines painted along a particular road segment, varia-
tions in road curvature along a particular road segment, etc.

FIG. 47 shows an example of a road signature profile 1160
associated with vehicle 200 as it travels on the road shown
in FIGS. 45 and 46. While profile 1160 may represent any
of the parameters mentioned above, or others, in relation to
vehicle 200, in one example, profile 1160 may represent a
measure of road surface roughness obtained by monitoring
one or more sensors providing outputs indicative of an
amount of suspension displacement as a vehicle 200 travels
a road segment in FIG. 46. Alternatively, profile 1160 may
represent variation in road width, as determined based on
image data obtained via a camera onboard vehicle 200
traveling in a road segment in FIG. 46. Such profiles may be
useful, for example, in determining a particular location of
vehicle 200 relative to target trajectory 4600, and may aid in
navigation of vehicle 200. That is, as vehicle 200 traverses
a road segment of FIG. 46, vehicle 200 may measure a
profile associated with one or more parameters associated
with that road segment. If the measured profile can be
correlated/matched with a predetermined profile that plots
the parameter variation with respect to position along the
road segment, then the measured and predetermined profiles
may be used by vehicle 200 (e.g., by overlaying correspond-
ing sections of the measured and predetermined profiles) in
order to determine a current position along the road segment
and, therefore, a current position relative to target trajectory
4600 for the road segment. Measurements of the profile by
vehicle 200 may continue as vehicle 200 travels in lane 1124
of FIG. 46 in order to continuously determine a current
position along the road segment and a current position of
vehicle 200 relative to target trajectory 4600. As such,
navigation of vehicle 200 may be provided.

FIG. 48 is an illustration of an example of a portion of a
road environment 4800, as shown in FIGS. 45 and 46. In this
example, FIG. 48 shows road segment 1120. Vehicle 200
may be traveling along road segment 1120. Along the road
segment 1120, landmarks such as speed limit sign 1136 and
hazard sign 1138 may be present. Speed limit sign 1136 and
hazard sign 1138 may be recognized landmarks that are
stored in sparse map 800, and may be used for autonomous
vehicle navigation along road segment 1120 (e.g., for locat-
ing vehicle 200, and/or for determining a target trajectory of
vehicle 200). Recognized landmarks 1136 and 1138 in
sparse map 800 may be spaced apart from each other at a
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certain rate. For example, recognized landmarks may be
spaced apart in the sparse map at a rate of no more than 0.5
per kilometer, at a rate of no more than 1 per kilometer, or
at a rate of no more than 1 per 100 meters. Landmarks 1136
and 1138 may be used, for example, to assist vehicle 200 in
determining its current location relative to target trajectory
4600, such that the vehicle may adjust its heading to match
a direction of the target trajectory at the determined location.

FIG. 49 is a flow chart showing an exemplary process
4900 for sparse map autonomous navigation consistent with
the disclosed embodiments. Processing unit 110 may utilize
one of or both of application processor 180 and image
processor 190 to implement process 4900. As discussed
below in further detail, vehicle 200 may determine an
autonomous navigational response based on analysis of a
sparse map and at least one image representative of an
environment of vehicle 200.

At step 4902, processing unit 110 may receive a sparse
map of a road segment, such as sparse map 800, from
memory 140 or 150. For example, the sparse map may be
transmitted to processing unit 110 based on a calculation of
the position of vehicle 200 by position sensor 130. In other
exemplary embodiments, vehicle 200 may receive the sparse
map from remote server 4400. The sparse map data may
have a particular data density. The data density of the sparse
map may be expressed in terms of data unit per unit distance.
For example, the sparse map may have a data density of no
more than 1 megabyte per kilometer. In another example, the
sparse map may have a data density of no more than 100
kilobytes per kilometer. In another example, the sparse map
may have a data density of no more than 10 kilobytes per
kilometer. Data density may be expressed in terms of any
conceivable data unit and unit distance. Further, the sparse
map may include a polynomial representation of a target
trajectory along the road segment.

At step 4904, processing unit 110 may receive at least one
image representative of an environment of vehicle 200. For
example, processing unit 110 may receive at least one image
from image acquisition unit 120 using image capture device
122. In other exemplary embodiments, image acquisition
unit 120 may acquire one or more images from one or more
of image capture devices 122, 124, and 126. Image acqui-
sition unit 120 may transmit the one or more images to
processing unit 110 over a data connection (e.g., digital,
wired, USB, wireless, Bluetooth, etc.).

At step 4906, processing unit 110 may analyze the
received sparse map and the at least one image of the
environment of vehicle 200. For example, processing unit
110 may execute monocular image analysis module 402 to
analyze one or more images, as described in further detail in
connection with FIGS. 5B-5D. By performing the analysis,
processing unit 110 may detect a set of features within the
set of images, for example, one or more landmarks, such as
landmarks 1134, 1136, and 1138. As discussed earlier,
landmarks may include one or more traffic signs, arrow
markings, lane markings, dashed lane markings, traffic
lights, stop lines, directional signs, reflectors, landmark
beacons, lampposts, a change is spacing of lines on the road,
signs for businesses, and the like. Furthermore, processing
unit 110 may analyze the sparse map to determine that an
object in one or more images is a recognized landmark. For
example, processing unit 110 may compare the image of the
object to data stored in the sparse map. Based on the
comparison, the image processor 190 may determine
whether or not the object is a recognized landmark. Pro-
cessing unit 110 may use recognized landmarks from cap-
tured image data of the environment and/or GPS data to
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determine a position of vehicle 200. Processing unit 110 may
then determine a position of vehicle 200 relative to a target
trajectory of the sparse map.

At step 4908, processing unit 110 may cause one or more
navigational responses in vehicle 200 based solely on the
analysis of the sparse map and at least one image of the
environment performed at step 4906. For example, process-
ing unit 110 may select an appropriate navigational response
based on the position of vehicle 200 relative to the target
trajectory of the sparse map. Navigational responses may
include, for example, a turn, a lane shift, a change in
acceleration, and the like. Processing unit 110 may cause
system 100 to provide inputs (e.g., control signals) to one or
more of throttling system 220, braking system 230, and
steering system 240 as shown in FIG. 2F to navigate vehicle
200 (e.g., by causing an acceleration, a turn, a lane shift, etc.)
to provide a navigational response. System 100 may provide
inputs to one or more of throttling system 220, braking
system 230, and steering system 240 over one or more data
links (e.g., any wired and/or wireless link or links for
transmitting data). 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.

Navigation Based on Expected Landmark Location

Landmarks appearing in one or more images captured by
a camera onboard a vehicle may be used in the disclosed
embodiments to determine a location of a vehicle along a
road model trajectory. Such landmarks may include recog-
nized landmarks represented, for example, in sparse map
800. Processing unit 110 of vehicle 200 may analyze images
captured from one or more cameras onboard vehicle 200 to
look for and verify the presence of a recognized landmark
(from sparse data map 800) in the captured images. Accord-
ing to techniques described in detail in other sections of the
disclosure, the verified, recognized landmarks in the envi-
ronment of the vehicle can then be used to navigate the
vehicle (e.g., by enabling a determination of a position of
vehicle 200 along a target trajectory associated with a road
segment).

In the disclosed embodiments, however, processor unit
110 may also generate navigational instructions on not only
those landmarks appearing in captured images, but also
based on an expected location of the recognized landmark as
conveyed by sparse data map 800. For example, braking of
a vehicle may be initiated a certain distance from recognized
landmarks such as a stop line, a traffic light, a stop sign, a
sharp curve, etc., even before those landmarks are detectable
via an on-board camera. Landmarks may include, for
example, any identifiable, fixed object in an environment of
at least one road segment or any observable characteristic
associated with a particular section of the road segment. In
some cases, landmarks may include traffic signs (e.g., speed
limit signs, hazard signs, etc.). In other cases, landmarks
may include road characteristic profiles associated with a
particular section of a road segment. Further examples of
various types of landmarks are discussed in previous sec-
tions, and some landmark examples are shown in FIG. 10.

FIG. 50 illustrates an example environment consistent
with the disclosed embodiments. Vehicle 200 (which may be
an autonomous vehicle) may travel along a target road



US 9,665,100 B2

151

model trajectory 5002 in road 5004. Vehicle 200 may be
equipped with one or more image capture devices (e.g., one
or more of image capture device 122, 124, or 126) that
capture an image of the environment of the vehicle. The one
or more image capture devices may have a sight range 5006.
Sight range 5006 may define a range at which an image
capture device of vehicle 200 can capture accurate images of
the environment around vehicle 200. For example, sight
range 5006 may define the range at which the field of view,
focal length, resolution focus, sharpness, image quality, and
the like of the image capture device of vehicle 200 is
sufficient to provide images for navigation of vehicle 200.
Region 5008 may define a range outside of the sight range
5006 of an image capture device of vehicle 200. In region
5008, an image capture device of vehicle 200 may not be
able to capture images of the environment around vehicle
200 that are sufficient to allow navigation of vehicle 200. In
other exemplary embodiments, each image capture device
may have a different sight range.

As shown in FIG. 50, recognized landmark 5010 is within
sight range 5006. Because recognized landmark 5010 is
within sight range 5006, it may be captured by an image
capture device of vehicle 200 and identified, and used to
navigate vehicle 200. Recognized landmark 5010 may be
identified by vehicle 200 according to techniques discussed
above in connection with, for example, FIGS. 34-36.

As previously discussed, recognized landmark 5012 is
within region 5008. However, region 5008 defines a range
outside of the sight range 5006 of an image capture device
of vehicle 200. Accordingly, vehicle 200 may not be able to
identify recognized landmark 5012 using an image capture
device of vehicle 200 because recognized landmark 5012 is
out of the sight range of the image capture device.

Consistent with disclosed embodiments, vehicle 200 may
identify recognized landmark 5012 using alternative tech-
niques. For example, an image capture device of vehicle 200
may capture an image of the environment within sight range
5006. A processor of vehicle 200 (e.g., processing unit 110)
may receive the image. The processor may then determine a
position of vehicle 200 along predetermined road model
trajectory 5002 in road 5004 based on the captured image.
For example, as discussed in other sections, the processor
may compare data information representing recognized
landmark 5010 from the captured image of the environment
to stored data, such as data stored in sparse map 800,
discussed above, to determine a position of vehicle 200
along predetermined road model trajectory 5002 in road
5004.

Based on the determined position of vehicle 200, the
processor may then identify a recognized landmark beyond
sight range 5006 (e.g., recognized landmark 5012) forward
of the vehicle 200. For example, by accessing information
stored in sparse data map 800 or any portion of sparse data
map 800 (e.g., any received local map portions of sparse
data map 800) processing unit 110 of vehicle 200 may
determine the next expected recognized landmark to be
encountered by vehicle 200 (or any other recognized land-
mark to be encountered by vehicle 200). The processor may
also determine a predetermined position of recognized land-
mark 5012 based on the information available in sparse data
map 800. Then, processing unit 110 may determine a current
distance 5014 between the vehicle 200 and expected, rec-
ognized landmark 5012. The current distance 5014 between
the vehicle 200 and the recognized landmark 5012 may be
determined by comparing the determined position of vehicle
200 with the predetermined position of recognized landmark
5012. Based on the distance 5014, the processor of vehicle
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200 may then determine an autonomous navigational
response for the vehicle. For example, among other
responses, processing unit 110 may initiate braking in
advance of landmark 5012 even prior to detection of land-
mark 5012 in any captured images from image capture
devices onboard vehicle 200.

FIG. 51 illustrates a configuration 5100 for autonomous
navigation consistent with disclosed embodiments. As dis-
cussed earlier, processing unit 110 may receive images from
an image acquisition unit 120. Image acquisition unit may
include one or more image capture devices (e.g., image
capture device 122, 124, or 126). The images may depict an
environment of vehicle 200 within the field of view of an
image capture device onboard vehicle 200.

While GPS data need not be relied upon to determine an
accurate position of vehicle 200 along a target trajectory,
GPS data (e.g., GPS data from GPS unit 5106) may be used
as an index for determining relevant local maps to access
from within sparse data map 800. Such GPS data may also
be used as a general index to aid in verifying an observed
recognized landmark.

FIG. 52 shows an example of an environment 5200
consistent with the present disclosure. As shown in FIG. 52,
a vehicle 200 may approach a junction 5202 with a stop sign
5204 and a stop line 5210. One or both of stop sign 5204 or
stop line 5210 may correspond to recognized landmarks
represented in sparse data map 800. Either or both of stop
sign 5204 or stop line 5210 may be located in a region 5208
beyond a focal length of an image capture device aboard
vehicle 200 or otherwise outside of a usable sight range of
the image capture device. Based on information stored in
sparse data map 800 relative to stop sign 56204 and/or stop
line 5210, processing unit 110 may initiate braking based on
a determined, expected distance to stop line 5204 or stop line
5210 even before stop line 5204 or 5210 have been identified
in images received from the image capture device onboard
vehicle 200. Such a navigation technique, for example, may
aid in slowing vehicle 200 gradually or according to a
predetermined braking profile even without visual confir-
mation of a distance to a trigger for braking (e.g., stop sign
5204, stop line 5210, an expected curve, etc.).

FIG. 53 shows another example environment 5300 con-
sistent with the present disclosure. As shown in FIG. 53, a
vehicle 200 may approach a curve 5302 of road 5304.
Vehicle 200 may include an image acquisition unit (e.g.,
image acquisition unit 120) including one or more image
capture devices that provide a sight range of 5306. Region
5308 may define a range outside of the sight range 5306 of
the image acquisition unit of vehicle 200.

Vehicle 200 may need to slow down in speed or imple-
ment steering to account for curve 5302 in road 5304. To
plan a slowdown in speed or implement steering, it may be
useful to know in advance where the curve 5302 is located.
However, curve 5302 may be located in region 5308, which
is beyond the focal length of an image capture device aboard
vehicle 200. Thus, vehicle 200 may use a predetermined
position of curve 5302, for example, as represented in sparse
data map 800, as well as the position of vehicle 200 along
predetermined road model trajectory 5310, to determine a
distance 5320 to curve 5302. This distance may be used to
slow vehicle 200 change a course of vehicle 200, etc. before
the curve appears in images captured by an onboard camera.

Consistent with disclosed embodiments, to determine
distance 5320 to curve 5302, the image acquisition device of
vehicle 200 may capture an image of the environment. The
image may include a recognized landmark 5318. A proces-
sor of vehicle 200 (e.g., processing unit 110) may receive the
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image and determine a position of vehicle 200 along pre-
determined road model trajectory 5310 based on the cap-
tured image and the position of recognized landmark 5318.
Based on the determined position of vehicle 200, the pro-
cessor may then identify curve 5302 beyond sight range
5306 forward of the vehicle 200 based on information
included in sparse data map 800 relevant to curve 5302.
Position information included in sparse data map 800 for
curve 5302 may be compared with a determined position for
vehicle 200 along a target trajectory for vehicle 200 to
determine a distance between vehicle 200 and curve 5302.
This distance can be used in generating a navigational
response for vehicle 200 prior to identification of curve 5302
within images captured by a camera onboard vehicle 200.

FIG. 54 is a flow chart showing an exemplary process
5400 for autonomously navigating vehicle 200 consistent
with the disclosed embodiments. A processing unit (e.g.,
processing unit 110) of vehicle 200 may use one of or both
of application processor 180 and image processor 190 to
implement process 5400. As discussed below in further
detail, vehicle 200 may autonomously navigate along a road
segment based on a predetermined landmark location. Fur-
thermore, the predetermined landmark location may be
beyond a sight range of vehicle 200.

At step 5402, a processing unit (e.g., processing unit 110)
of'vehicle 200 may receive at least one image from an image
capture device (e.g., image capture device 122) of vehicle
200. The at least one image may be representative of an
environment of vehicle 200. The at least one image may
include data representative of one or more landmarks in the
environment. For example, the at least one image may
include data representative of landmarks such as road signs
(including stop signs, yield signs, and the like), traffic lights,
general signs, lines on the road, and curves along a road
segment. As discussed in previous sections, a processing
unit of vehicle 200 may verify recognized landmarks that
appear in the at least one image.

At step 5404, the processing unit of vehicle 200 may
determine a position of vehicle 200. For example, the
processing unit of vehicle 200 may determine a position of
vehicle 200 along a predetermined road model trajectory
associated with a road segment based, at least in part, on
information associated with the at least one image.

At step 5406, a recognized landmark beyond the focal
range of the image capture device of vehicle 200 and
forward of vehicle 200 may be identified. The identification
may be based on the determined position of vehicle 200
along the predetermined road model trajectory associated
with the road segment. For example, information about
recognized landmarks along a predetermined road model
trajectory may be previously stored in a sparse map, such as
sparse map 800, discussed above. Based on the determined
position of vehicle 200 along the predetermined road model
trajectory associated with the road segment, the processing
unit of vehicle 200 may determine that one or more recog-
nized landmarks are located forward of vehicle 200 along
the predetermined road model trajectory, but beyond a sight
range of the image capture device of vehicle 200. Moreover,
the processing unit of vehicle 200 may access a predeter-
mined position of the recognized landmarks by accessing
sparse map 800.

At step 5408, a current distance between the vehicle and
the recognized landmark located forward of vehicle 200
beyond a sight range of the image capture device of vehicle
200 may be determined. The current distance may be
determined by comparing the determined position of vehicle
200 along the predetermined road model trajectory associ-
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ated with the road segment to the predetermined position of
the recognized landmark forward of vehicle 200 beyond the
sight range.

At step 5410, an autonomous navigational response for
the vehicle may be determined based on the determined
current distance between vehicle 200 and the recognized
landmark located forward of vehicle 200. Processing unit
110 may control one or more of throttling system 220,
braking system 230, and steering system 240 to perform a
certain navigational response, as discussed in other sections
of'this disclosure. For example, an autonomous navigational
response may include sending a control signal to braking
system 230 to provide the application of brakes associated
with vehicle 200. In another example, an autonomous navi-
gational response may include sending a control signal to
steering system 240 to modify a steering angle of vehicle
200.

Autonomous Navigation Based on Road Signatures

Consistent with disclosed embodiments, the system may
navigate based on predetermined road signatures without
using landmarks. As discussed above, such road signatures
may be associated with any discernible or measurable varia-
tion in at least one parameter associated with a road. For
example, in some cases, road signatures may be associated
with variations in surface roughness of a particular road
segment, variations in road width over a particular road
segment, variations in distances between dashed lines
painted along a particular road segment, variations in road
curvature along a particular road segment, etc. The road
signatures may be identified as a vehicle traverses a road
segment based on visual information (e.g., images obtained
from a camera) or based on other sensor output (e.g., one or
more suspension sensor outputs, accelerometers, etc.). These
signatures may be used to locate the vehicle along a prede-
termined road profile, and the forward trajectory can then be
determined for the vehicle based on the direction of the road
model at the determined location compared to a heading
direction for the vehicle.

FIG. 55 is a diagrammatic representation of exemplary
vehicle control systems, consistent with the disclosed
embodiments. As illustrated in FIG. 55, vehicle 200 (which
may be an autonomous vehicle) may include processing unit
110, which may have features similar to those discussed
above with respect to FIGS. 1 and 2F. Vehicle 200 may also
include imaging unit 220, which may also have features
similar to those discussed above with respect to FIGS. 1 and
2F. In addition, vehicle 200 may include one or more
suspension sensors 5500 capable of detecting movement of
the suspension of vehicle 200 relative to a road surface. For
example, signals from suspension sensors 5500 located
adjacent each wheel of vehicle 200 may be used to deter-
mine a local shape, inclination, or banking of the road
surface over which vehicle 200 may be located. In some
exemplary embodiments, vehicle 200 may additionally or
alternatively include accelerometers or other position sen-
sors that may acquire information regarding variations in the
road surface as vehicle 200 travels over the road surface. It
is also contemplated that system 100 illustrated in FIG. 55
may include some or all of the components described above
with respect to, for example, FIGS. 1 and 2F.

FIG. 56 illustrates vehicle 200 travelling on road segment
5600 in which the disclosed systems and methods for
navigating vehicle 200 using one or more road signatures
may be used. Road segment 5600 may include lanes 5602
and 5604. As illustrated in FIG. 56, lane 5602 may be
delimited by road center 5606 and right side 5608, whereas
lane 5604 may be delimited by left side 5610 and road center
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5606. Lanes 5602 and 5604 may have the same or different
widths. It is also contemplated that each of lanes 5602, 5604
may have uniform or non-uniform widths along a length of
road segment 5600. Although FIG. 56 depicts road segment
5600 as including only two lanes 5602, 5604, it is contem-
plated that road segment 5600 may include any number of
lanes.

In one exemplary embodiment as illustrated in FIG. 56,
vehicle 200 may travel along lane 5602. Vehicle 200 may be
configured to travel along predetermined road model trajec-
tory 5612, which may define a preferred path (e.g., a target
road model trajectory) within lane 5602 of road segment
5600. In some exemplary embodiments, predetermined road
model trajectory 5612 may be located equidistant from road
center 5606 and right side 5608. It is contemplated however
that predetermined road model trajectory 5612 may be
located nearer to one or the other of center 5606 and right
side 5608 of road segment 5600. In some embodiments, road
model trajectory 5612 may be located elsewhere with
respect to the road. For example, road model trajectory 5612
may be located to approximately coincide with a center of a
roadway, a road edge, a lane edge, etc.

In some embodiments, predetermined road model trajec-
tory 5612 may be mathematically represented by a three-
dimensional polynomial function, which may be stored in
memories 140, 150 associated with vehicle 200. It is also
contemplated that the three-dimensional polynomial repre-
sentation of road model trajectory 5612 may be stored in a
storage device located remotely from vehicle 200. Process-
ing unit 110 of vehicle 200 may be configured to retrieve
predetermined road model trajectory 5612 from storage
device over a wireless communications interface.

Vehicle 200 may be equipped with image capture devices
122, 124, 126 of image acquisition unit 120. It is contem-
plated that vehicle 200 may include more or fewer image
capture devices than those shown in FIG. 56. Image capture
devices 122, 124, 126 may be configured to acquire a
plurality of images representative of an environment of
vehicle 200, as vehicle 200 travels along road segment 5600.
For example, one or more of image capture devices 122,
124, 126 may obtain the plurality of images showing views
forward of vehicle 200. Processing unit 110 of vehicle 200
may be configured to detect a location of vehicle 200 at
vehicle travels along road segment 5600 based on the one or
more images obtained by image capture devices 122, 124,
126 or based on signals received from, for example, sus-
pension sensor 5500.

As illustrated in FIG. 56, vehicle 200 may travel via
locations 5622, 5624, 5626, to current location 5628.
Although only three prior locations 5622-5626 are illus-
trated in FIG. 56, one of ordinary skill in the art would
recognize that any number of previous locations of vehicle
200 may be present on road segment 5600. Processing unit
110 may analyze the one or more images received from
image capture devices 122, 124, 126, to determine, for
example, road widths W,,,, W,,, W ;. W_ at locations 5622,
5624, 5626, 5628, respectively, where the subscript “p”
refers to a previous location and the subscript “c” refers to
current location 5628 of vehicle 200. In some exemplary
embodiments, processing unit 110 may additionally or alter-
natively determine, for example, lane widths D,,;, D5, D5,
D, at locations 5622, 5624, 5626, 5628, respectively. Pro-
cessing unit 110 may generate a road width profile or a lane
width profile over portion 5614 of road segment 5600. The
determined road width profile or lane width profile may
correspond to current location 5628.
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FIG. 57 illustrates an exemplary profile 5700 generated
by processing unit 110 of vehicle 200. As illustrated in FIG.
57, road width, lane width, or other parameters may be
charted on the y-axis against a distance traveled by vehicle
200 along road segment 5600 on the x-axis. Processing unit
110 may determine the distance traveled using systems and
methods similar to those discussed above with respect to
FIGS. 34-36.

Processing unit 110 may determine a local feature of road
segment 5600 corresponding to current location 5628 of
vehicle 200. For example, processing unit 110 may deter-
mine a mathematical representation for the profile (e.g.
profile shown in FIG. 57) by curve fitting the determined
road widths W,,, W _,, W ., W_and/or lane widths D_,, D

pl> T p2 VT p3o N N Pl ~p2>
D,s, D.. In one exemplary embodlm.ent, processing unit 110
may determine, for example, coefficients (e.g. a;, a,, ... a,)

associated with the curve fit of the road width profile or the
lane width profile. The determined coefficients may repre-
sent the local feature of road segment 5600 at current
location 5628. In another exemplary embodiment, process-
ing unit 110 may determine a slope of profile 5700 as the
local feature. It is contemplated that processing unit 110 may
perform other mathematical operations on profile 5700 to
determine the local feature of road segment 5600 corre-
sponding to a current location of vehicle 200.

Processing unit 110 may retrieve a predetermined signa-
ture feature associated with road segment 5600, for example,
from database 160 stored in memories 140, 150. In one
exemplary embodiment, the predetermined signature fea-
tures may include coeflicients of best or preferred fit lines
representing road width profiles or lane width profiles cor-
responding to various locations along predetermined road
model trajectory 5612. For example, the predetermined
signature features may include coefficients b;, b,, . . . b, at
location1; ¢, c,,...c, atlocation2;d,, d,, . . .d, atlocation
3, etc. Processing unit 110 may compare the coefficients (e.g.
a,, a,, . . . a,) determined based on road widths W,,,, W,
W3, W, and/or lane widths D,,,, D,,, D3, D, with the
coefficients (e.g. by, b,, . .. b,5¢, €5, . .. C,5d;,dsy ... dy3
etc.). Processing unit 110 may determine current location
5628 of vehicle 200 based on a match of the coefficients. For
example, if coeficients a, a,, . . . a, match with coefficients
¢y, Cy, - . . C,, respectively, processing unit 110 may deter-
mine location 5628 of vehicle 200 as corresponding to
location 2 of predetermined road model trajectory 5612.

Processing unit 110 may determine a match in many
ways. In one exemplary embodiment, processing unit 110
may determine a distance measure between the coefficients
(e.g. a;, a,, . . . a,) and each set of coefficients (e.g.
by, b,, ... b, cq,¢5, ... ¢,5d), dsy, ... d,,; ete.) corresponding
to locations 1, 2, 3, etc. Processing unit 110 may determine
that there is a match when at least one of the determined
distance measures is less than a threshold distance. In other
exemplary embodiments, processing unit 110 may deter-
mine an error between the coefficients (e.g. a,, a,, ... a,) and
each set of coefficients (e.g. b, b,,...b,;¢;,¢s, .. .C5d;,
d,, . .. d,; etc.) corresponding to locations 1, 2, 3, etc.
Processing unit 110 may determine a match when at least
one error is less than a threshold error. One of ordinary skill
in the art would recognize that processing unit 110 may use
other mathematical computations to determine a correlation
or match between the two sets of coefficients.

In some exemplary embodiments, processing unit 110
may use road width W, and/or lane width w, as local feature
to determine current location 5628 of vehicle 500. For
example, the predetermined signature features of road seg-
ment 5600 may include road widths w,, w,, w;, W,,
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Ws, ... W, corresponding to locations 1, 2, 3,4, 5, . . . nalong
predetermined road model trajectory 5612. Additionally, or

alternatively, the predetermined signature features of road
segment 5600 may include lane widths d,, d,, d;, d,,
ds, .. .d, corresponding to locations 1, 2, 3,4, 5, . . . nalong
predetermined road model trajectory 5612. Processing unit
110 may compare road width W _ and/or lane width D, with
road widths w,, w,, W3, W,, W, . . . W,, and/or lane widths
d,, d,, d;, d,, ds, ... d, respectively, to determine current
location 5628. For example, if road width W _ matches with
road width w, processing unit 110 may determine location
5628 as corresponding to location 5. Likewise, if lane width
D, matches with lane width d;, processing unit 110 may
determine location 5628 as corresponding to location 3.
Processing unit may determine whether road width W,
and/or lane width D, and match using matching techniques
similar to those discussed above.

Processing unit 110 may use other parameters to deter-
mine current location 5628. For example, processing unit
110 may determine one or more of average road width W,
(e.g. average of W, W ,, W 5, W), road width variance
W, (e.g. variance of W, W,,, W ,, W), average lane
width D, (e.g. average of D,;, D ,, D3, D), lane width
variance D, (e.g. variance of D, D,,, D5, D), or other
parameters such as median, mode, etc. to represent the local
feature corresponding to current location 5628. The corre-
sponding predetermined road signature feature may also be
represented by average road widths, road width variances,
average lane widths, lane width variances, median or mode
values of road widths, median or mode values of lane
widths, etc., at predetermined locations on predetermined
road model trajectory 5612. Processing unit 110 may deter-
mine current location 5628 of vehicle 200 by comparing the
determined local feature and the predetermined road signa-
ture features as discussed above.

In some exemplary embodiments, the local features and
predetermined signature features of road segment 5600 may
be based on lengths of, or spacing between, marks on road
(road markings) segment 5600. FIG. 58 illustrates vehicle
200 travelling on road segment 5600 in which the predeter-
mined road signatures may be based on road markings on
road segment 5600. For example, FIG. 58 illustrates road
center 5606 as a dashed line represented by road markings
5802-5816. As vehicle 200 travels along road segment 5600,
processing unit 110 may analyze the one or more images
received from the one or more image capture devices 122,
124, 126, etc. to detect road markings 5802-5816. Process-
ing unit 110 may also determine, for example, spacings S ,,,
S,5s 8,3, S, between road markings 5802-5804, 5804-5806,
5806-5808, 5808-5810, respectively. Processing unit 110
may additionally or alternatively determine lengths L,,;, L,
L,s, L. for road markings 5802, 5804, 5806, 5808, respec-
tively. In one exemplary embodiment, processing unit may
generate a dashed line spacing profile or a dashed line length
profile based on spacings S, S,,, S,3, S, or lengths L,
L,,, L3, L. respectively, in a manner similar to the profiles

discussed above with respect to FIGS. 56 and 57. Processing
unit 110 may also determine a local feature based on
coeflicients of curve fits to the dashed line spacing profile
and/or dashed line length profile as discussed above with
respect to FIGS. 56 and 57. Processing unit 110 may
compare the local feature (e.g., coefficients representing the
dashed line spacing profile or dashed line length profile) to
predetermined signature features of road segment 5600. For
example, processing unit 110 may compare the coefficients
representing the determined dashed line spacing profile or
dashed line length profile with predetermined coefficients of
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dashed line spacing/length profiles at known locations along
predetermined road model trajectory. Processing unit 110
may determine current location 5628 of vehicle 200 when
the coeflicients of the determined dashed line spacing/length
profiles match the predetermined coefficients at a particular
known location as discussed above with respect to FIGS. 56
and 57.

In some exemplary embodiments, processing unit 110
may use dashed line spacing S_ and/or dashed line length L.
as a local feature to determine current location 5628 of
vehicle 500. For example, the predetermined signature fea-
tures of road segment 5600 may include dashed lane spac-
ings s,, S,, Ss, S4, S5, - - - 8, corresponding to locations 1, 2,
3,4,5, ... n along predetermined road model trajectory
5612. Additionally, or alternatively, the predetermined sig-
nature features of road segment 5600 may include dashed
line lengths 1, 1,, 15, 1,, 15, . . . 1, corresponding to locations
1,2,3,4,5,...nalong predetermined road model trajectory
5612. Processing unit 110 may compare dashed line spacing
S, and/or dashed line length L. with dashed lane spacings s,
S5, S35 S4y S5, . . . 8, and/or dashed line lengths 1, 1,, 15,
1,15, .. .1, respectively, to determine current location 5628.
For example, if dashed line spacing S, matches with dashed
line spacing ss, processing unit 110 may determine location
5628 as corresponding to location 5. Likewise, if dashed line
length L matches with dashed line length 1, processing unit
110 may determine location 5628 as corresponding to loca-
tion 3. Processing unit may determine whether dashed line
spacing S, and/or dashed lane length [ match the predeter-
mined dashed line lengths or spacings using matching
techniques similar to those discussed above.

In other exemplary embodiments, processing unit 110
may determine an average dash line length L,,,, dash line
variance L, ., dash line spacing average S,,_, or dash line
spacing variance S, . as a local parameter. Processing unit
110 may compare dash mark length L,,,, dash mark vari-
ance IL,,,, dash mark spacing average S, or dash mark
spacing variance S, with predetermined values of dash
mark length, dash mark variance, dash mark spacing aver-
age, or dash mark spacing variance at various locations
along predetermined road model trajectory 5612. The pre-
determined values of dash mark length, dash mark variance,
dash mark spacing average, or dash mark spacing variance
at various locations may constitute predetermined signature
features of road segment 5600. Processing unit 110 may
determine current location 5628 of vehicle 200 as the
location for which at least one of dash mark length L
dash mark variance L, ,,, dash mark spacing average S, ., or
dash mark spacing variance S,,,, matches a predetermined
corresponding value of dash mark length, dash mark vari-
ance, dash mark spacing average, or dash mark spacing.

In yet other exemplary embodiments, processing unit 110
may use a number of dashed lines as a local feature. For
example, road markings 5802-5816 may be painted at a
fixed length and spacing when they are painted by a
machine. Thus, it may be possible to determine current
location 5628 of vehicle 200 based on a count of the road
markings as vehicle 200 travels on road segment 5600.
Processing unit 110 may determine a count “N_.” of dash
marks that vehicle 200 may have passed till it reaches
current location 5628. Processing unit 110 may compare
count N_ with counts n,, n,, n,, . . . n,, corresponding to the
number of road markings up to locations 1, 2, 3, . . . n,
respectively, along predetermined road model trajectory
5612. Counts n;, n,, ny, . . . n, may correspond to the
predetermined signature feature of road segment 5600. In

avg?



US 9,665,100 B2

159

one example, when count N_ matches n,, processing unit
may determine current location 5628 as corresponding to
location 2.

In some exemplary embodiments, the local features and
predetermined signature features of road segment 5600 may
be based on radii of curvature of the predetermined road
model trajectory and an actual trajectory traveled by vehicle
200. For example, as illustrated in FIG. 59, vehicle 200 may
travel over road segment 5900, which may include lanes
5902 and 5904. As illustrated in FIG. 59, lane 5902 may be
delimited by road center 5906 and right side 5908, whereas
lane 5904 may be delimited by left side 5910 and road center
5906. Vehicle 200 may be configured to travel along pre-
determined road model trajectory 5912, which may define a
preferred path (e.g., a target road model trajectory) within
lane 5902 of road segment 5900 that vehicle 200 may follow
as vehicle 200 travels along road segment 5900. As also
illustrated in FIG. 59, vehicle 200 may travel via previous
locations 5922, 5924, 5926, 5928, 5930, 5932 to current
location 5934. Although only six previous locations 5922-
5932 are illustrated in FIG. 59, one of ordinary skill in the
art would recognize that any number of previous locations of
vehicle 200 may be present on road segment 5900.

Processing unit 110 may determine traveled trajectory
5914 of vehicle 200 as passing through previous locations
5922-5932 of vehicle 200. In one exemplary embodiment,
processing unit 110 may fit a curve, which may be a
three-dimensional polynomial similar to that representing
predetermined road model trajectory 5912, through loca-
tions 5922-5932. Processing unit 110 may also determine
first parameter values representative of curvatures of various
segments (portions or sections) of predetermined road model
trajectory 5912. Further, processing unit 110 may determine
second parameter values representative of a curvature of
traveled trajectory 5914. Processing unit 110 may determine
current location 5934 of vehicle 200 based on the first and
second parameter values.

For example, consider the case where R;, R,, R;, ... R,
represent radii of curvature of segments C,, C,, C;, ... C,
of predetermined road model trajectory 5912. Referring to
FIG. 59, portions C,, C,, C;, . . . C, of predetermined road
model trajectory 5912 may represent sections of predeter-
mined road model trajectory 5912 between locations 5922-
5944, 5922-5946, 5922-5948, etc. Processing unit may
determine, for example, a radius of curvature R, of traveled
trajectory 5914 between locations 5922 and 5934. Process-
ing unit 110 may compare radius of curvature R, with the
radii R}, R,, R;, . .. R.. Processing unit 110 may determine
current location 5934 of vehicle 200 as a location 5970 when
radius of curvature R, matches the radius of curvature R, of
a portion of predetermined road model trajectory lying
between location 5922 and 5970. Processing unit 110 may
determine a match between radii R, and R, using matching
techniques similar to those discussed above.

FIG. 60 is a flowchart showing an exemplary process
6000, for navigating vehicle 200 along road segment 5900
(or 5600), using road signatures, consistent with disclosed
embodiments. Steps of process 6000 may be performed by
one or more of processing unit 110 and image acquisition
unit 120, with or without the need to access memory 140 or
150. The order and arrangement of steps in process 6000 is
provided for purposes of illustration. As will be appreciated
from this disclosure, modifications may be made to process
6000 by, for example, adding, combining, removing, and/or
rearranging the steps for the process.

As illustrated in FIG. 60, process 6000 may include a step
6002 of receiving information regarding one or more aspects
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of road segment 5900 (or 5600) from a sensor. In one
exemplary embodiment, sensor may include one or more of
image capture devices 122, 124, 126, which may acquire one
or more images representative of an environment of the
vehicle. In one exemplary embodiment, image acquisition
unit 120 may acquire one or more images of an area forward
of vehicle 200 (or to the sides or rear of a vehicle, for
example). For example, image acquisition unit 120 may
obtain an image using image capture device 122 having a
field of view 202. In other exemplary embodiments, image
acquisition unit 120 may acquire images from one or more
of image capture devices 122, 124, 126, having fields of
view 202, 204, 206. Image acquisition unit 120 may transmit
the one or more images to processing unit 110 over a data
connection (e.g., digital, wired, USB, wireless, Bluetooth,
etc.).

In another exemplary embodiment, the sensor may
include one or more suspension sensors 5500 on vehicle
200. Suspension sensor 5500 may be configured to generate
signals responsive to a movement of the suspension of
vehicle 200 relative to a surface of road segment 5900 (or
5600). Processing unit 110 may receive signals from the one
or more suspension sensors 5500 on vehicle 200 as vehicle
200 moves along road segment 5900 (or 5600). For
example, processing unit 110 may receive information
regarding the relative height of vehicle 200 adjacent each of
its wheels based on suspension sensors 5500 located adja-
cent to the wheels. Processing unit 110 may use this infor-
mation to determine a road surface profile at the location of
vehicle 200. The road surface profile may provide informa-
tion regarding a bank or inclination of, for example, lane
5902 (or 5602) relative to road center 5906 or right side
5908. In some embodiments, the road surface profile may
also identify a bump in road segment 5900 (or 5600) based
on the signals from the one or more suspension sensors
5500.

Process 6000 may also include a step 6004 of determining
a local feature based on the information received from the
sensor (e.g. imaging unit 110, one or more suspension
sensors 5500, etc.). The local feature may represent one or
more aspects of the road segment at current location 5628 or
5932 of vehicle 200. For example, the local feature may
include at least one of a road width, a lane width, or a road
surface profile at current location 5932 of vehicle 200. In
some exemplary embodiments, the local feature may be
based on data collected by processing unit 110 as vehicle
travels along predetermined road model trajectory to current
location 5932. In particular, based on road widths, lane
widths, lengths of road markings (dashes), spacing between
adjacent road markings (dashes), etc., determined as vehicle
travels to current location 5932, processing unit 110 may
determine a road width profile, a lane width profile, a dashed
line length profile, a dashed line spacing profile, second
parameter values representing a curvature of traveled tra-
jectory 5914, and/or other parameters as discussed above
with respect to FIGS. 55-58.

Process 6000 may include a step 6006 of receiving
predetermined signature features for road segment 5900. For
example, processing unit 110 may retrieve the predeter-
mined signature features from a database 160 stored in
memories 140, 150 associated with vehicle 200 or from a
database 160 located remotely from vehicle 200. As dis-
cussed above with respect to FIGS. 56-59, the predeter-
mined signature features may include one or more prede-
termined parameter values representing at least one of a road
width, a lane width, a dashed line length, a dashed line
spacing, etc., at predetermined locations along predeter-
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mined road model trajectory 5912. In some exemplary
embodiments, the predetermined signature features may also
include one or more of a road width profile over at least a
portion of the road segment, a lane width profile over at least
a portion of the road segment, a dashed line spacing profile
over at least a portion of the road segment, a predetermined
number of road markings along at least a portion of the road
segment, a road surface profile over at least a portion of the
road segment, or a predetermined curvature associated with
the road segment at various predetermined locations along
predetermined road model trajectory 5912. In some exem-
plary embodiments, processing unit 110 may retrieve a first
set of parameter values representing at least one predeter-
mined signature feature of road segment 5900.

Further still, in some exemplary embodiments, the pre-
determined signature features may start at a known location
(e.g., an intersection) and, if lane marking segment lengths
and spacing are known and lane marking segments are
counted, processing unit 110 may determine a location about
the road from the known location. In some embodiments, a
combination of known lengths for specific segments (e.g.,
typically close to the intersection) together with statistics on
regarding consistent segment lengths and spacing may also
be used as a predetermined signature feature. Further, in
some embodiments, a predetermined signature feature may
include a combination of two repetitive features, such as the
combination of lane marking segments and lampposts. In
still yet other embodiments, a predetermined signature fea-
ture may include a combination of GPS data (e.g., an
approximate location) and lane mark segments.

Process 6000 may also include a step 6008 of determining
whether the local feature determined, for example, in step
6004 matches the at least one predetermined signature
feature, retrieved for example in step 6006. Processing unit
110 may determine whether there is a match as discussed
above with respect to FIGS. 57-59. When processing unit
110 determines that the local feature matches a predeter-
mined signature feature (Step 6008: Yes), processing unit
110 may proceed to step 6010. In step 6010, processing unit
may determine current location 5628, 5932 of vehicle 200.
Processing unit 110 may determine current location 5932 as
discussed above with respect to FIGS. 57-59. Returning to
step 6008, when processing unit 110 determines, however,
that the local feature does not match a predetermined
signature feature (Step 6008: No), processing unit 110 may
return to step 6006 to retrieve another predetermined sig-
nature feature from database 160.

Process 6000 may include a step 6012 of determining
heading direction 5980 of vehicle 200 at current location
5628, 5932. Processing unit 110 may determine heading
direction 5980 using one or more operations discussed
above with respect to FIGS. 37-39. For example, processing
unit 110 may determine heading direction 5980 as a gradient
of traveled trajectory 5914 at current location 5932 of
vehicle 200. Process 6000 may also include a step 6014 of
determining a direction 5990 of predetermine road model
trajectory 5912. Processing unit 110 may determine direc-
tion 5990 using one or more operations discussed above
with respect to FIGS. 37-43. For example, processing unit
110 may determine direction 5990 as a vector oriented
tangentially to predetermined road model trajectory 5912 at
current location 5932 of vehicle 200. Processing unit 110
may determine the tangential vector as a vector pointing
along a gradient of the mathematical representation of
predetermined road model trajectory 5912 at current loca-
tion 5932.
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Process 6000 may also include a step 6016 of determining
an autonomous steering action for vehicle 200. Processing
unit 110 may determine a rotational angle [] between
heading direction 5980 and direction 5990 of predetermined
road model trajectory 5912. Processing unit 110 may
execute the instructions in navigational module 408 to
determine an autonomous steering action for vehicle 200
that may help ensure that heading direction 5980 of vehicle
200 is aligned (i.e., parallel) with direction 5990 of prede-
termined road model trajectory 5912 at current location
5932 of vehicle 200. Processing unit 110 may also send
control signals to steering system 240 to adjust rotation of
the wheels of vehicle 200 to turn vehicle 200 so that heading
direction 5980 may be aligned with direction 5990 of
predetermined road model trajectory 5912 at current loca-
tion 5932.

Processing unit 110 and/or image acquisition unit 120
may repeat steps 6002 through 6016 after a predetermined
amount of time. In one exemplary embodiment, the prede-
termined amount of time may range between about 0.5
seconds to 1.5 seconds. By repeatedly determining current
location 5932 of vehicle 200 based on road signatures,
heading direction 5980 based on traveled trajectory 5914,
direction 5990 of predetermined road model trajectory 3410
at current location 5932, and the autonomous steering action
required to align heading direction 5980 with direction
5990, processing unit 110 and/or image acquisition unit 120
may help to navigate vehicle 200, using road signatures, so
that vehicle 200 may travel along road segment 5912.

Forward Navigation Based on Rearward Facing Camera

Consistent with disclosed embodiments, in situations
where adverse lighting conditions inhibit navigation using a
forward facing camera (e.g., driving into bright sun), navi-
gation can be based on image information obtained from a
rearward facing camera.

In one embodiment, a system for autonomously navigat-
ing a vehicle may include at least one processor. The at least
one processor may be programmed to receive from a rear-
ward facing camera, at least one image representing an area
at a rear of the vehicle, analyze the at least one rearward
facing image to locate in the image a representation of at
least one landmark, determine at least one indicator of
position of the landmark relative to the vehicle, determine a
forward trajectory for the vehicle based, at least in part, upon
the indicator of position of the landmark relative to the
vehicle, and cause the vehicle to navigate along the deter-
mined forward trajectory.

In related embodiments, the indicator of position of the
landmark may include a distance between the vehicle and
the landmark and/or a relative angle between the vehicle and
the landmark. The landmark may include a road marking, a
lane marking, a reflector, a pole, a change in line pattern on
a road, a road sign, or any other observable feature associ-
ated with a road segment. The landmark may include a
backside of a road sign, for example. The at least one
processor may be further programmed to determine a lane
offset amount of the vehicle within a current lane of travel
based on the indicator of position of the landmark, and
determination of the forward trajectory may be based on the
determined lane offset amount. The at least one processor
may be further programmed to receive from another camera,
at least one image representing another area of the vehicle,
and determination of the forward trajectory may be further
based on the at least one image received from the other
camera.

In some embodiments, the rearward facing camera may be
mounted on an object connected to the vehicle. The object
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may be a trailer, a bike carrier, a mounting base, a ski/
snowboard carrier, or a luggage carrier. The rearward cam-
era interface may be a detachable interface or a wireless
interface.

FIG. 61A is a diagrammatic side view representation of an
exemplary vehicle 6100 consistent with the disclosed
embodiments. Vehicle 6100 may be similar to vehicle 200 of
FIG. 2A, except that vehicle 6100 includes in its body an
image capture device 6102 facing in a rearward direction
relative to vehicle 6100. System 6104 may be similar to
system 100 of FIG. 1 and may include a processing unit
6106 similar to processing unit 110. As shown in FIG. 61A,
image capture device 6102 may be positioned in the vicinity
of a trunk of vehicle 6100. Image capture device 6102 may
also be located, for example, at one of the following loca-
tions: on or in a side mirror of vehicle 6100; on the roof of
vehicle 6100; on a side of vehicle 6100; mounted on,
positioned behind, or positioned in front of any of the
windows/windshield of vehicle 6100; on or in a rear bum-
per; mounted in or near light figures on the back of vehicle
6100; or any other locations where image capture device
6102 may capture an image of an area rear of vehicle 6100.
In some embodiments, as discussed above, image capture
device 6102 may be mounted behind a glare shield that is
flush with the rear windshield of vehicle 6100. Such a shield
may minimize the impact of reflections from inside vehicle
6100 on image capture device 6102.

FIG. 61A shows one image capture device 6102 facing a
rearward direction of vehicle 6100. However, other embodi-
ments may include a plurality of image capture devices
located at different positions and facing a rearward direction
of vehicle 6100. For example, a first image capture device
may be located in the trunk of vehicle 6100 facing a
rearward, slightly downward direction of the vehicle 6100,
and a second image capture device may be mounted on the
roof of vehicle 6100 facing a rearward, slightly upward
direction of vehicle 6100. hi another example, a first image
capture device may be mounted on a left side mirror of
vehicle 6100, and a second image capture device may be
mounted on a right side mirror of vehicle 6100. Both the first
and second image capture devices may face a rearward
direction of vehicle 6100.

In some embodiments, the relative positioning of the
image capture devices may be selected such that the fields of
view of the image capture devices overlap fully, partially, or
not at all. Further the image capture devices may have the
same or different fields of view and the same or different
focal lengths.

FIG. 61A shows an image capture device 6102 facing in
a rearward direction relative to vehicle 6100. However, a
skilled artesian would recognize that vehicle 6100 may
further include any number of image capture devices facing
in various directions and that processing unit 6106 may be
further programmed to operate these additional image cap-
ture devices. For example, vehicle 6100 may further include
image capture devices 122 and 124 of FIG. 2A, and pro-
cessing unit 6106 may be programmed to perform the
programmed functions of processing unit 110 of system 100.
A skilled artesian would further recognize that having a
plurality of image capture devices, one facing a rearward
direction of vehicle 6100 and another facing a forward
direction of vehicle 6100, may be beneficial in situations
where adverse lighting conditions may inhibit navigation
using one of the image capture devices (e.g., driving into
bright sun). Since adverse lighting conditions rarely affect
both image capture devices thereof, system 6104 may be
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configured to navigate based on images received from an
image capture device affected less adversely by the lighting
condition in these situations.

In some embodiments, a forward trajectory for the vehicle
may be determined based on an image received from a
rearward facing camera together with or independent from
an image received from a forward facing camera. In some
embodiments, a forward trajectory may be determined by,
for example, averaging two determined trajectories, one
based on images received from a rearward facing camera,
and another based on images received from a forward facing
camera.

In some embodiments, images from a forward facing
camera and a rearward facing camera may be analyzed to
determine which is currently providing more useful images.
Based on this determination, images from the forward facing
camera or the rearward facing camera may selectively be
used in navigating the vehicle. For example, in a situation
where vehicle 6100 may face a bright light source (e.g., the
sun) that causes the forward facing camera to capture an
image lacking sufficient detail on which navigational
responses may accurately be determined, images collected
from a rearward facing camera, not affected by the same
light source may be used in navigating the vehicle. This
determination and selection of images from the available
image streams may be made on the fly.

In some embodiments, navigation may be based on
images received from a rearward facing camera because one
or more objects (e.g., a large truck or other vehicle) is
blocking a portion of a field of view of a forward facing
camera. In other situations, navigation may be based on a
images collected from a rearward facing camera as a supple-
ment to images collected from a forward facing camera. For
example, in some embodiments a vehicle may locate a
recognized landmark in a field of view of its forward facing
camera. From a time when that recognized landmark first
comes into view of the forward facing camera until a time
when the vehicle has passed the recognized landmark (or the
landmark has otherwise passed out of the field of view of the
forward facing camera), navigation can proceed based on
images captured of the recognized landmark (e.g., based on
any of the techniques described above). Navigation based on
the recognized landmark, however, need not end when the
vehicle passes the landmark. Rather, a rearward facing
camera can capture images of the same recognized landmark
as the vehicle travels away from the landmark. These images
can be used, as described above, to determine a location of
the vehicle relative to a target trajectory for a particular road
segment, and images of the backside of the recognized
landmark may be usable as long as the backside of the
landmark is visible or appears in the images captured by the
rearward facing camera. Using such a technique may extend
an amount of time that a vehicle can navigate with the
benefit of a recognized landmark and delay a time when the
vehicle must transition to dead reckoning or another navi-
gational technique not anchored by a known location of a
recognized landmark. As a result, navigational error may be
even further reduced such that the vehicle even more closely
follows a target trajectory.

In some embodiments, an object(s) may be present at the
back of vehicle 6100, and this object may be in the field of
vision of image capture device 6102, interfering with image
capture device’s 6102 ability to accurately capture images
representing an area at a rear of vehicle 6100. The object
may be, for example, a trailer, a mounting base, a bike
carrier, a ski/snowboard carrier, or luggage carrier. In these
embodiments, image capture device 6102 may be mounted
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on the object and arranged to capture images representing an
area at a rear of the object. FIG. 61B illustrates an exemplary
vehicle with such an object.

FIG. 61B is a diagrammatic side view representation of an
exemplary vehicle 6150 consistent with the disclosed
embodiments. Vehicle 6150 is similar to vehicle 6100 except
that vehicle 6150 is towing a trailer 6108 and image capture
device 6102 is mounted on trailer 6108. As shown in FIG.
61B, image capture device 6102 is facing a rearward direc-
tion of trailer 6108 and positioned to capture images repre-
senting an area at a rear of trailer 6108. As discussed above,
the presence of trailer 6108 may interfere with any image
capture devices that may be mounted on the body of vehicle
6150 and face a rearward direction of vehicle 6108.

In some embodiments, image capture device 6102 of FIG.
61B may have been previously mounted in or on the body
of vehicle 6150 (similar to image capture device 6102 of
FIG. 61A) and is now repositioned on trailer 6108. In these
embodiments, image capture device 6102 may be electri-
cally connected to system 6104 via a detachable electrical
interface 6110. A “detachable electrical interface” may be
broadly defined as a set of connectors that can be connected
and disconnected by a driver or a passenger (or any other
person, who may not be a skilled artesian). Detachable
electrical interface 6110 allows a user who may not be a
skilled artesian, such as the driver or passengers of vehicle
6150, to remount image capture device 6102, for example,
from trailer 6108 to vehicle 6150. This capability may be
especially useful in situations where vehicle 6150 frequently
switches between operating with and without trailer 6108. In
other embodiments, rearward facing camera 6102 may be
configured to communicate wirelessly with processing unit
6106.

FIG. 62 is a diagrammatic top view representation of an
exemplary vehicle autonomously navigating on a road con-
sistent with disclosed embodiments. FIG. 62 shows vehicle
6100 of FIG. 61A including image capture device 6102
(with its line of sight 6102A) and system 6104 for autono-
mously navigating vehicle 6100. FIG. 62 also shows several
potential, recognized landmarks, including a road roughness
profile 6208 associated with a particular road segment, a
change in lane markings 6210, reflectors 6202A-C, a road
sign 6204 facing away from vehicle 6100, a road sign 6206
facing towards vehicle 6100, and a pole 6214.

FIG. 62 also shows indicators of position of a landmark
relative to vehicle 6100. The indicators of position in FIG.
62 include a distance 6212A and/or a relative angle 6212B
between a landmark (e.g., reflector 6202A) and vehicle
6100. An “indicator of position” may refer to any informa-
tion that relates to a position. Thus, an indicator of position
of a landmark may include any information related to the
position of the landmark. In the example of FIG. 62,
indicators of position of a landmark are determined relative
to vehicle 6100.

As shown in FIG. 62, distance 6212A is the distance
between image capture device 6102 and the landmark, and
angle 6212B is the angle between line of sight 6102A of
image capture device 6102 and an imaginary line from
image capture device 6102 to the landmark. However, in
some embodiments, distance 6212A may be the distance
between a reference point in the vicinity of vehicle 6100 and
the landmark, and angle 6212B may be the angle between a
reference line through the reference point and an imaginary
line from the reference point to the landmark. The reference
point may be, for example, the center of vehicle 6100, and
the reference line may be, for example, a line through the
center of vehicle 6100.
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In some embodiments, one or more landmarks and/or one
or more indicators of position may be used in autonomous
navigation of vehicle 6100. For example, the indicators of
position may be used to determine a current location of a
vehicle relative to a target trajectory stored in sparse map
800, for example. Any of the techniques discussed above
with respect to landmark recognition and use in determining
one or more navigational responses for a vehicle may be
employed based on images received from a rearward facing
camera.

FIG. 63 is a flowchart showing an exemplary process for
using one or more landmarks and one or more indicators of
position for autonomously navigating a vehicle. Process
6300 may use at least one image from a rearward facing
camera and analyze the at least one image to navigate a
vehicle along a forward trajectory.

At step 6302, processing unit 6106 may receive from a
rearward facing camera, at least one image representing an
area at a rear of vehicle 6100. At an optional step, processing
unit 6106 may receive from another camera, at least one
image representing another area of vehicle 6100. In some
embodiments, processing unit 6106 may receive the images
via one or more camera interfaces. For example, processing
unit 6106 may receive at least one image representing an
area at a rear of the vehicle via a rearward camera interface
and receive one image representing an area at a front of the
vehicle via a forward camera interface. In some embodi-
ments, as discussed above, the one or more camera inter-
faces may include a detachable interface or a wireless
interface.

At step 6304, processing unit 6106 may analyze the at
least one rearward facing image to locate in the image a
representation of at least one landmark. As discussed above
in reference to FIG. 62, a landmark may include, for
example, a road profile 6208, a change in lane markings
6210, reflectors 6202A-C, a road sign 6204 facing away
from vehicle 6100, a road sign 6206 facing towards vehicle
6100, and a pole 621. Alternatively, or additionally, a
landmark may include, for example, a traffic sign, an arrow
marking, a lane marking, a traffic light, a stop line, a
directional sign, a landmark beacon, a lamppost, a direc-
tional sign, a speed limit sign, a road marking, a business
sign, a distance marker, or a change in spacing of lines on the
road.

In some embodiments, before or after a landmark is
located in the received image, processing unit 6106 may
retrieve information relating to recognized landmarks in the
vicinity of the autonomous vehicle. The information relating
to landmarks may include, for example, information relating
to size and/or shape of a landmark. The information relating
to landmarks may be retrieved from, for example, a data-
base, which may be located in system 6104 or located
external to vehicle 6100 (connected to system 6104 via a
communication system such as a cellular network or other
wireless platform).

At step 6306, processing unit 6106 may determine at least
one indicator of position of the landmark relative to the
vehicle. For example, an indicator of position may include
a distance between a landmark and the vehicle and/or a
relative angle between a landmark and the vehicle. As
discussed above in reference to FIG. 62, the distance may
be, for example, distance 6212A, which is the distance
between image capture device 6102 and the landmark, and
the angle may be angle 6212B, which is the angle between
line of sight 6102A of image capture device 6102 and an
imaginary line from image capture device 6102 to the
landmark.
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In some embodiments, processing unit 6106 may deter-
mine at least one indicator of position of the landmark
relative to the vehicle based on the representation of the
located landmarks in the received image. For example, the
size and shape of the representation of the located landmarks
in the received image may be used to estimate distance
6212A from vehicle 6100 (e.g., by monitoring a change in
scale of the object over multiple image frames). In another
example, coordinates of the pixels occupied by the repre-
sentation of the located landmarks in the received image
may be used to estimate angle 6212B. In embodiments
where information relating to landmarks is retrieved by
processing unit 6106, the information may be used to model
and compare with the representation of the located land-
marks in the received image. In these embodiments, the
information may improve the accuracy of the determined
indicators of position.

At an optional step 6308, processing unit 6106 may
determine a lane offset amount of the vehicle within a
current lane of travel (or even make a determination of a
current lane of travel) based on the indicator of position of
the landmark relative to the vehicle. For example, such an
offset determination or lane determination may be deter-
mined by knowing a position of a recognized landmark
along with a relative positioning of the recognized landmark
with respect to lanes of a road segment. Thus, once a
distance and direction are determined relative to a recog-
nized landmark, the current lane of travel and/or amount of
lane offset within a particular lane of travel may be calcu-
lated. A lane offset of a vehicle may refer to a perpendicular
distance from a lane indicator to a reference point. In some
embodiments, the reference point may correspond to an
edge of a vehicle or a point along a centerline of a vehicle.
In other embodiments, the reference point may correspond
to a mid-point of a lane or a road. A lane indicator may
include, for example, a lane marking, a road edge, reflectors
for improving visibility of a lane, or any other object that is
on or near the boundaries of a lane. In the above example,
the lane offset may be the perpendicular distance from road
edge 6208 to vehicle 6100.

At step 6310, processing unit 6106 may determine a
forward trajectory for the vehicle based, at least in part, upon
the indicator of position of the landmark relative to the
vehicle. In embodiments where the optional step 6308 is
performed, processing unit 6106 may determine the forward
trajectory for the vehicle further based on the determined
lane offset amount. In embodiments where processing unit
6106 received from another camera, at least one image
representing another area of vehicle 6100, processing unit
6106 may determine the forward trajectory for the vehicle
further based on the at least one image received from the
another camera. Such a trajectory determination may be
based on any of the techniques described above (e.g.,
navigation based on recognized landmarks, tail alignment,
etc.)

At step 6312, processing unit 6106 may cause vehicle
6100 to navigate along the determined forward trajectory. In
some embodiments, processing unit 6106 may cause one or
more navigational responses in vehicle 6100 to navigate
along the determined forward trajectory. Navigational
responses may include, for example, a turn, a lane shift, a
change in acceleration, and the like. Additionally, multiple
navigational responses may occur simultaneously, in
sequence, or any combination thereof to navigate along the
determined forward trajectory. For instance, processing unit
6106 may cause vehicle 6100 to shift one lane over and then
accelerate by, for example, sequentially transmitting control
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signals to steering system 240 and throttling system 220.
Alternatively, processing unit 110 may cause vehicle 6100 to
brake while at the same time shifting lanes by, for example,
simultaneously transmitting control signals to braking sys-
tem 230 and steering system 240.

Navigation Based on Free Space Determination

Consistent with disclosed embodiments, the system can
recognize parked vehicles, road edges, barriers, pedestrians,
and other objects to determine free space boundaries within
which the vehicle can travel.

In some situations, free space boundaries may be used to
navigate a vehicle. These situations may include, for
example, when lane markings are not visible because lanes
do not exist and/or because obstacles are covering the lane
marks (e.g., parked cars and snow). Alternatively, free space
boundaries may be used to navigate a vehicle in addition to
the lane-mark-based navigation method to increase the
robustness of the system.

FIG. 64 is a diagrammatic perspective view of an envi-
ronment 6400 captured by a forward facing image capture
device on an exemplary vehicle consistent with disclosed
embodiments. The exemplary vehicle may be, for example,
vehicle 200 described above in reference to FIGS. 2A-2F
and may include a processing unit, such as processing unit
110 of vehicle 200. The forward facing image capture device
may be, for example, image capture device 122, image
capture device 124, or image capture device 126 of vehicle
200.

FIG. 64 shows a non-road area 6410 with a road edge
6410A, a sidewalk 6412 with a curb 6412A, and a road
horizon 6414. A road barrier 6418 may be present in the
vicinity of road edge 6410A, and a car 6416 may be parked
in the vicinity of curb 6412A. FIG. 64 also shows a first free
space boundary 6404, a second free space boundary 6406,
and a forward free space boundary 6408. Forward free space
boundary 6408 may extend between first free space bound-
ary 6404 and second free space boundary 6406. A free space
region 6402 forward of the vehicle (not shown in the figure)
may be a region bound by these three boundaries and may
represent a physically drivable region within environment
6400. First and second free space boundaries 6404, 6406
may each correspond to, for example, a road edge, a road
barrier, a parked car, a curb, a lane dividing structure, a
tunnel wall, and/or a bridge structure, or a combination
thereof. Forward free space 6408 may correspond to, for
example, an end of the road, a road horizon, a road barrier,
a vehicle, or a combination thereof.

In the example of FIG. 64, first and second free space
boundaries 6404, 6406 may each correspond to a plurality of
objects. For example, first free space boundary 6404 may
correspond to a portion of road edge 6410A and road barrier
6418, and second free space boundary 6406 may correspond
to a portion of curb 6412A and parked car 6414. However,
in some embodiments, each free space boundary may cor-
respond to a single object. Similarly, forward free space
6408 may correspond to one or more objects. For example,
in FIG. 64, forward free space 6408 corresponds to road
horizon 6414.

In some embodiments, one or more obstacles may exist in
free space region 6402 bound by the three free space
boundaries 6404, 6406, and 6408. In these embodiments, the
obstacles may be excluded from free space region 6402. In
FIG. 64, for example, pedestrian 6420 is standing inside free
space region 6402 bound by the three free space boundaries
6404, 6406, and 6408. Therefore, pedestrian 6420 may be
excluded from free space region 6402. Alternatively, regions
surrounding the obstacles may be excluded from free space
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region 6402. For example, a region 6422 surrounding pedes-
trian 6420, instead of the region occupied by pedestrian
6420, may be excluded from free space region 6402.
Obstacles may include, for example, a pedestrian, another
vehicle, and debris.

A size of a region (e.g., region 6422) surrounding an
obstacle (e.g., pedestrian 6420) may determine the minimum
distance that may exist between the vehicle and the obstacle
during navigation. In some embodiments, the size of the
region may be substantially the same as the size of the
obstacle. In other embodiments, the size of the region may
be determined based on the type of the obstacle. For
example, region 6422 surrounding pedestrian 6420 may be
relatively large for safety reasons, while another region
surrounding debris may be relatively small. In some
embodiments, the size of the region may be determined
based on the speed at which the obstacle is moving, frame
rate of the image capture device, speed of the vehicle, or a
combination thereof. In some embodiments, a shape of a
region surrounding an obstacle may be a circle, a triangle, a
rectangle, or a polygon.

In FIG. 64, first free space boundary 6404 corresponds to
a portion of road edge 6410 and road barrier 6148, and
second free space boundary 6406 corresponds to a portion of
curb 6412A and parked car 6416. However, in other embodi-
ments, first and second free space boundaries 6404, 6406
may correspond to road edge 6410A and curb 6412A,
respectively, and road barrier 6148 and parked car 6416 may
be considered as obstacles.

In some embodiments, regions between obstacles may be
excluded from free space region 6402. For example, if a
width of a region between two obstacles is less than the
width of the vehicle, the region may be excluded from free
space region 6402.

FIG. 65 is an exemplary image received from a forward
facing image capture device of a vehicle consistent with
disclosed embodiments. FIG. 65 shows a first free space
boundary 6504 and a second free space boundary 6506. Both
free space boundaries correspond to curbs and parked cars
(e.g., parked car 6516) on each side of the road. FIG. 65 also
shows a free space region 6502, which may be defined by
first free space boundary 6504, a second free space boundary
6506, and a forward free space boundary (not shown).
Additionally, FIG. 65 shows a moving car 6520, which may
be considered as an obstacle. Therefore, moving car 6520
may be excluded from free space region 6502.

FIG. 66 is a flowchart showing exemplary process 6600
for navigating vehicle 200 based on free space region 6402
in which vehicle 200 can travel consistent with disclosed
embodiments. Process 6300 may use a plurality of images
from a forward facing image capture device, analyze at least
one image of the plurality of images to identify free space
boundaries and define a free space region bound by the
identified free space boundaries. Furthermore, process 6300
may navigate a vehicle based on the defined free space
region.

At step 6602, processing unit 110 may receive from image
capture device 122, a plurality of images associated with
environment 6400 of vehicle 200. As discussed above, FIG.
65 is an example of an image that may be received from
image capture device 122. In some embodiments, images
may be captured at different times by image capture device
122 (e.g., images may be captured apart by less than a
second, 1 second, 2 second, etc.). In some embodiments,
vehicle 200 may include a plurality of image capture devices
(e.g., image capture devices 122 and 124 of vehicle 200),
and processing unit 110 may receive from each image
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capture device, a plurality of images associated with envi-
ronment 6400 of vehicle 200. The plurality of images
received from each image capture device may be images
captured at different times by each image capture device.

At step 6604, processing unit 110 may analyze at least one
of' the plurality of images received from, for example, image
capture device 122. In embodiments where a single plurality
of images is generated based on images received from a
plurality of image capture devices, processing unit 110 may
analyze at least one image of the single plurality of images.
Alternatively, each image received from each image capture
device may be analyzed independently.

Additionally, processing unit 110 may identify a first free
space boundary 6404 on a driver side of vehicle 200 and
extending forward of vehicle 200, a second free space
boundary 6406 on a passenger side of vehicle 200 and
extending forward of vehicle 200, and a forward free space
boundary 6408 forward of vehicle 200 and extending
between first free space boundary 6404 and second free
space boundary 6406. Additionally, processing unit 110 may
further identify a free space region 6402 forward of the
vehicle as the region bound by first free space boundary
6404, the second free space boundary 6406, and forward
free space boundary 6408. As discussed above, first and
second free space boundaries 6404, 6406 may each corre-
spond to, for example, a road edge, a road barrier, a parked
car, a curb, a lane dividing structure, a tunnel wall, and/or a
bridge structure, or a combination thereof. Furthermore, as
discussed above, forward free space 6408 may correspond
to, for example, an end of the road, a road horizon, a road
barrier, a vehicle, or a combination thereof

At an optional step, processing unit 110 may identify,
based on the analysis at step 6604, an obstacle (e.g., pedes-
trian 6420) forward of vehicle 200 and exclude the identified
obstacle from free space region 6402 forward of vehicle 200.
Alternatively, processing unit 110 may identify, based on
analysis of the at least one of the plurality of images at step
6640, an obstacle (e.g., pedestrian 6420) forward of the
vehicle and exclude a region (e.g., region 6422) surrounding
the identified obstacle from free space region 6402 forward
of the vehicle.

In some embodiments, as discussed above, the size of the
region surrounding the identified obstacle may be substan-
tially the same as the size of the obstacle, or alternatively, the
size of the region surrounding the obstacle may be deter-
mined based on the type of obstacle. In some embodiments,
as discussed above, the size of the region may be determined
based on the speed at which the obstacle is moving, a frame
rate of image capture device 122, speed of vehicle 200, or a
combination thereof.

At another optional step, processing unit 110 may
exclude, from free space region 6402, regions between the
identified obstacles and/or regions between identified
obstacles and free space boundaries 6404, 6406. In some
embodiments, as discussed above, processing unit 110 may
determine whether to exclude the regions between the
identified obstacles based on a distance between the identi-
fied obstacles. Furthermore, processing unit 110 may deter-
mine whether to exclude the regions between identified
obstacles and free space boundaries 6404, 6406 based on the
distance between identified obstacles and free space bound-
aries 6404, 6406.

At step 6606, processing unit 110 may determine a
navigational path for vehicle 200 through free space region
6402. In some embodiments, the navigational path may be
a path through the center of free space region 6402. In other
embodiments, the navigational path may be a path that is a
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predetermined distance away from one of first and second
free space boundaries 6404, 6406. The predetermined dis-
tance may be a fixed distance, or alternatively, the prede-
termined distance may be determined based on, for example,
one or more of the following: speed of vehicle 200, width of
free space region 6402, and number of obstacles within free
space region 6402. Alternatively, the navigational path may
be, for example, a path that uses the minimum number of
navigational responses or the shorted path.

At step 6608, processing unit 110 may cause vehicle 200
to travel on at least a portion of the determined navigational
path within the free space region 6402 forward of vehicle
200. In some embodiments, processing unit 110 may cause
one or more navigational responses in vehicle 200 to navi-
gate along the determined navigational path. Navigational
responses may include, for example, a turn, a lane shift, a
change in acceleration, and the like. Additionally, multiple
navigational responses may occur simultaneously, in
sequence, or any combination thereof to navigate along the
determined forward trajectory. For instance, processing unit
110 may cause vehicle 200 to move laterally and then
accelerate by, for example, sequentially transmitting control
signals to steering system 240 and throttling system 220.
Alternatively, processing unit 110 may cause vehicle 200 to
brake while at the same time moving laterally, for example,
simultaneously transmitting control signals to braking sys-
tem 230 and steering system 240. Further, for example, the
free space boundary may serve as a localization aid in the
same way that lane marks are being used. Once the free
space boundary is encoded, it may describe a 3D curve in
space. At the localization stage, the projection of that 3D
curve to the image may provide a localization cue, since it
may collide with the free space detection at that location.

Navigating in Snow

Consistent with disclosed embodiments, the system may
determine the edges of a road in poor weather conditions,
such as when a road is covered in snow. For example, the
system may take into account changes in light, the curve of
a tree line, and tire tracks to determine probable locations of
the edges of the road.

FIG. 67 is a diagrammatic top view representation of an
exemplary vehicle navigating on a road with snow covering
at least some lane markings and road edges consistent with
disclosed embodiments. The exemplary vehicle may be, for
example, vehicle 200 described above in reference to FIGS.
2A-2F and may include a processing unit, such as processing
unit 110 of vehicle 200. The forward facing image capture
device may be, for example, image capture device 122,
image capture device 124, or image capture device 126 of
vehicle 200.

In FIG. 67, the road may include a driver side lane mark
6702 and a passenger side lane mark 6704. FIG. 67 also
shows a non-road area 6710 and a road edge 6706. In one
example, non-road area 6710 may be a non-paved area, a
sidewalk, or a beginning of a hill. In another example,
non-road area 6710 may be an area without a platform, such
as an area with a sharp vertical drop (i.e., cliff).

FIG. 67 also shows an area covered by snow 6708.
Specifically, area 6708 covers a portion of road edge 6706
and portions of lane marks 6702, 6704. Thus, road edge
6706 and/or one or more of lane marks 6702, 6704 may not
be readily apparent through analysis of images captured
during navigation of vehicle 200. In such situations, vehicle
200 may navigate based on analysis of captured images by
determining probable locations for road edges bounding the
portion of the road that is covered with snow.
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In some embodiments, the determination of the probable
locations for road edges may be based on tire tracks 6712
over an area covered by snow 6708. For example, the
presence of tire tracks 6712 may indicate that the portion of
an area covered by snow 6708 with tire tracks 6712 is within
the bounds of road edges. In some embodiments, the pro-
cessing unit of the vehicle may consider the path of the tire
tracks as a viable navigational path and may cause the
vehicle to follow the tire tracks subject to consideration of
other criteria (e.g., whether the tracks remain within an area
determined as likely corresponding to the road or, more
specifically, a lane of travel for the vehicle).

In other embodiments, the determination of the probable
locations for road edges may be based on a change of light
across a surface of area covered by snow 6708. The source
of the light may include, for example, headlights of vehicle
200, light from other vehicles, street lights, or the sun. The
change of light across the surface of area covered by snow
6708 may occur for various reasons. In one example, surface
roughness of non-road area 6710 and surface roughness of
the road may be different; non-road area 6710 may be a
gravel area, while the road may be a paved area. In another
example, non-road area 6710 and the road may not be level.
Non-road area 6710 may be a sidewalk, which is typically
raised above the road; alternatively, non-road area 6710 may
be a hill or a cliff Each of these may alter the surface of a
covering of snow and may be recognized based on certain
variations in the surface of the snow covering (e.g., changes
in height, changes in texture, etc.) which may be accentuated
by shadows cast across the snow surface.

In other embodiments, the determination of the probable
locations for road edges may be based on a plurality of trees
(e.g., forming a tree line) along an edge of the road. For
example, in FIG. 67, trees 6714 may be present along the
road edge and visible even when snow covers road edge
6706. In situations where trees 6714 are present close to road
edge 6714, the location of trees 6714 may be used as a
probable location of a road edge. However, in some situa-
tions, trees 6714 may be present some distance away from
a road edge. Therefore, in some embodiments, the probable
location of a road edge may be determined as a location that
is a distance away from the location of trees 6714. The
distance may be a fixed value, or alternatively, the distance
may be dynamically determined based on, for example, a
last visible road edge.

In other embodiments, the determination of the probable
locations for road edges may be based on an observed
changes in curvature at a surface of the snow. The change in
curvature at a surface of the snow may occur for various
reasons. For example, a change in curvature at a surface of
snow may occur when non-road area 6710 and the road are
not level. In situations where non-road area 6710 is, for
example, a sidewalk typically raised above the road, the
snow may pile up near road edge 6706 thereby changing the
curvature of snow near road edge 6706. In other situations,
the non-road area may be a beginning of a hill, and the
curvature at the surface of the snow may follow the curva-
ture of the hill beginning at road edge 6706. In these
embodiments, the location where the curvature begins to
change may be determined as a probable location of a road
edge.

FIG. 68 is a flowchart showing an exemplary process
6800 for navigating vehicle 200 on a road with snow
covering at least some lane markings and road edges con-
sistent with disclosed embodiments. Process 6800 may use
the probable locations for road edges, as described above, to
navigate vehicle 200.
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At 6802, processing unit 110 may receive from an image
capture device, at least one environmental image forward of
the vehicle, including areas where snow covers at least some
lane markings (e.g., lane marks 6702, 6704) and road edges
(e.g., road edge 6706).

At step 6804, processing unit 110 may identify, based on
an analysis of the at least one image, at least a portion of the
road that is covered with snow and probable locations for
road edges bounding the at least a portion of the road that is
covered with snow. As discussed above, the analysis of the
at least one image may include identifying at least one tire
track in the snow, a change of light across a surface of the
snow, and/or a trees along an edge of the road. Further, as
discussed above, the analysis of the at least one image may
include recognizing a change in curvature at a surface of the
snow, where the recognized change in curvature is deter-
mined to correspond to a probable location of a road edge.

In some embodiments, the analysis of the at least one
image may include a pixel analysis of the at least one image
in which at least a first pixel is compared to at least a second
pixel in order to determine a feature associated with a
surface of the snow covering at least some lane markings
and road edges. For example, each pixel in the image may
be compared with every adjacent pixel. In some embodi-
ments, a color of the first pixel may be compared to a color
of at least the second pixel. Alternatively, or additionally, an
intensity of a color component of the first pixel may be
compared to an intensity of the color component of at least
the second pixel. In other embodiments, the following
properties of a pixel may be compared.

In some embodiments, the pixel analysis may identify
features such as an edge of tire track 6712 or road edge 6706.
The analysis for identifying such features may include
identifying a set of pixels where a rate in which a pixel
property changes exceeds a threshold rate. The pixel prop-
erty may include, for example, color of a pixel and/or
intensity of a color component of a pixel.

At step 6806, processing unit 110 may cause the vehicle
to navigate a navigational path that includes the identified
portion of the road and falls within the determined probable
locations for the road edges.

In embodiments where the probable location for road
edges are determined based on the identified tire tracks
6712, processing unit 110 may cause vehicle 200 to navigate
by at least partially following the identified tire tracks 6712
in the snow. In embodiments where the probable location for
road edges (e.g., road edges 6702, 6704) are determined
based on a change of light across a surface of area covered
by snow 6708, a plurality of trees (e.g., forming a tree line)
along an edge of the road, and/or a change in curvature at a
surface of the snow, processing unit 110 may cause vehicle
200 to navigate between the determined edges of the road.

Furthermore, in embodiments where edges of the road are
determined by analyzing pixels of the image received at step
6802, processing unit 110 may cause vehicle 200 to navigate
between the determined edges of the road. In embodiments
where an edge of a tire track is determined by analyzing
pixels of the image received at step 6802, processing unit
110 may cause vehicle 200 to navigate by at least partially
following tire tracks in the snow.

In some embodiments, processing unit 110 may cause one
or more navigational responses in vehicle 200 to navigate
along the determined navigational path. Navigational
responses may include, for example, a turn, a lane shift, a
change in acceleration, and the like. Additionally, multiple
navigational responses may occur simultaneously, in
sequence, or any combination thereof to navigate along the
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determined forward trajectory. For instance, processing unit
110 may cause vehicle 200 to move laterally and then
accelerate by, for example, sequentially transmitting control
signals to steering system 240 and throttling system 220.
Alternatively, processing unit 110 may cause vehicle 200 to
brake while at the same time moving laterally, for example,
simultaneously transmitting control signals to braking sys-
tem 230 and steering system 240.

Additional techniques may also be employed by process-
ing unit 110 for navigating a vehicle on a road at least
partially covered with snow. For example, in some embodi-
ments, one or more neural networks may be employed to aid
in determination of a proposed path of travel along a road
covered in snow. This technique may be referred to as
holistic path prediction (HPP). Such a neural network may
be trained, for example, by being supplied with images as a
user drives along a road. To train the neural network in
navigation of a snow covered road, various testing situations
involving snow covered roads may be used. Using images
(perhaps thousands of training images, millions of images,
or more) of roads covered with snow captured as a driver
navigates a vehicle along snow covered roads, the neural
network will learn to develop a proposed navigational path
along the snow. The process may involve setting up the
neural network to periodically or continuously generate a
proposed navigational path based on observed features of
the snow covered road (including, for example, aspects of
the surface of the road, edges of the road, sides of the road,
barriers present, objects adjacent to the road, cars on the
road, etc.) and test the proposed navigational path against
actual behavior of the driver. Where the proposed naviga-
tional path diverges from the actual path the driver follows,
the neural network will analyze the available images and
make adjustments to its processing algorithm in order to
provide a different response in a similar situation in the
future (e.g., to provide a proposed navigational path that
more closely matches the behavior of the driver). Once
trained, the neural network may provide a proposed navi-
gational path over a road covered with snow. Navigation
through snow may be based solely on the output of a single
trained neural network

In some embodiments, however, other techniques may be
used to navigate the vehicle through snow. In some embodi-
ments, the free space determination technique described in
another section of this disclosure may be used to define a
path forward of the vehicle through an area perceived as free
space. For example, based on a captured image or image
stream, processing unit 110 may analyze at least one of the
plurality of images to identify a first free space boundary on
a driver side of the vehicle and extending forward of the
vehicle. A second free space boundary may be identified on
a passenger side of the vehicle and extending forward of the
vehicle. A forward free space boundary may be identified
forward of the vehicle and extending between the first free
space boundary and the second free space boundary. Of
course, these boundaries need not be straight lines, but
instead, can be represented by a complex series of curves or
line segments that delineate sometimes highly irregular
boundary conditions (especially on the sides of the vehicle).
Together, first free space boundary, the second free space
boundary, and the forward free space boundary define a free
space region forward of the vehicle. Processing unit 110 may
then determine a proposed navigational path for the vehicle
through the free space region. Navigation of the vehicle
through snow may be based on the free space determination
technique alone. It should be noted that the free space
determination technique may be implemented using one or
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more neural networks. In some embodiments, the neural
network that implements the free space determination tech-
nique may be different from the neural network that imple-
ments the HPP technique.

In some embodiments, navigation through snow may be
based on one or more techniques used in combination. For
example, any of the disclosed navigational systems may be
used together to navigate a vehicle in snow. In some
embodiments, the free space determination technique may
be combined with the HPP technique. That is, a plurality of
captured images may be supplied to a neural network
implementing the free space technique in order to obtain a
first proposed navigational path for the vehicle. The plurality
of captured images may also be supplied to the neural
network implementing the HPP technique to obtain a second
proposed navigational path for the vehicle. If the processing
unit determines that the first proposed navigational path
agrees with the second proposed navigational path, then the
processing unit may cause the vehicle to travel on at least a
portion of one of the proposed navigational paths (or an
aggregate of the proposed navigational paths). In this con-
text, agreement does not necessarily require an exact match
of the proposed navigational paths. Rather, agreement may
be determined if the proposed navigational paths have
greater than a predetermined degree of correlation (which
may be determined using any suitable compare function).

If the first proposed navigational path does not agree with
the second proposed navigational path, then a prompt may
be provided to the user to take over control of at least some
aspect of the vehicle. Alternatively, additional information
may be considered in order to determine an appropriate
navigational path for the vehicle. For example, where there
is disagreement in the proposed navigational paths from the
free space and HPP techniques, processing unit 110 may
look to a target trajectory from sparse data map 800 (along
with an ego motion estimation or landmark based determi-
nation of a current position relative to the target trajectory)
to determine a direction of travel for the vehicle. Outputs
from other modules operating on processing unit 110 may
also be consulted. For example, a vehicle detection module
may provide an indication of the presence of other vehicles
in the environment of the host vehicle. Such vehicles may be
used to aid in path prediction for the host vehicle (e.g., by
following a lead vehicle, avoiding a parked vehicle, etc.). A
hazard detection module may be consulted to determine the
presence of any edges in or along the roadway having a
height exceeding a threshold. A curve detection module may
be consulted to locate a curve forward of the vehicle and to
propose a path through the curve. Any other suitable detec-
tion/analysis module operating on processing unit 110 may
also be consulted for input that may aid in establishing a
valid path forward for the host vehicle.

The description and the figures above show a road that is
covered by snow; however, in some embodiments, a road
may be covered with object(s) other than snow. For example,
the road may be covered with sand or gravel instead of snow,
and the disclosed embodiments may similarly be applied to
roads covered with these objects.

Autonomous Vehicle Speed Calibration

In some situations, vehicle navigation can be based on
dead reckoning (for example, at least for short segments)
where the vehicle determines its current location based on its
last known position, its speed history, and its motion history.
Dead reckoning, however, may introduce accumulating
errors because every new position determination may rely
upon measurements of translational and rotational veloci-
ties, which may introduce a certain level of error. Similarly,
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each new position determination may rely upon a previously
determined coordinate, which, in turn, may have been based
on measurements including their own inaccuracies. Such
inaccuracies and errors may be imparted into the dead
reckoned position determinations through various sources,
such as the outputs of vehicle speed sensors for example.
Even small inaccuracies in speed sensing may accumulate
over time. For example, in some cases, small errors in speed
sensing (e.g., on the order of 1 km/hr or even less) may result
position determination errors on the order of 1 meter, 5
meters, or more over a kilometer. Such errors, however, may
be reduced or eliminated through calibration of vehicle
speed sensors. According to the disclosed embodiments,
such calibration may be performed by an autonomous
vehicle based on known landmark positions or based on a
reference distance along a road segment being traversed by
the vehicle.

FIG. 69 is a diagrammatic top view representation of an
exemplary vehicle including a system for calibrating a speed
of the vehicle consistent with disclosed embodiments. The
exemplary vehicle may be, for example, vehicle 200
described above in reference to FIGS. 2A-2F and may
include a processing unit, such as processing unit 110 of
vehicle 200. The forward facing image capture device may
include, for example, image capture device 122, image
capture device 124, or image capture device 126 of vehicle
200. Such image capture devices may be configured to
obtain images of an environment forward, to the side, and/or
to the rear of vehicle 200.

In some embodiments, vehicle 200 may include various
sensors. Such sensors may include one or more speed
sensors, GPS receivers, accelerometers, etc.

In some embodiments, recognized landmarks may be
used in a speed calibration process for the vehicle. Such
recognized landmarks may include those landmarks repre-
sented in sparse map 800, for example. FIG. 69 shows
examples of landmarks that may be used for calibrating
speed of vehicle 200. For example, FIG. 69 shows land-
marks such as a traffic sign 6906, a dashed lane marking
6902, a traffic light 6908, a stop line 6912, reflectors 6910,
and a lamp post 6914. Other landmarks may include, for
example, an arrow marking, a directional sign, a landmark
beacon, a speed bump 6904, etc.

In some embodiments, processing unit 110 of vehicle 200
may identify one or more recognized landmarks. Processing
unit 110 may identify the one or more recognized visual
landmarks based on any of the previously described tech-
niques. For example, processing unit 110 may receive a local
map associated with sparse map 800 (or may even receive or
be loaded with sparse map 800) including representations of
recognized landmarks. Because these landmarks may be
indexed and/or because processing unit 110 may be aware of
a current position of vehicle 200 (e.g., with respect to a
target trajectory along a road segment), processor unit 110
may anticipate a location for the next expected recognized
landmark as it traverses a road segment. In this way,
processor unit 110 may even “look™ to a particular location
within images received from image capture device 122
where the next recognized landmark is expected to appear.
Once the recognized landmark is located within a captured
image or captured images, processor unit 110 may verify
that the landmark appearing in the images is the expected
recognized landmark. For example, various characteristics
associated with the landmark in a captured image may be
compared with information stored in sparse data map 800
relative to the recognized landmark. Such characteristics
may include a size, landmark type (e.g., speed limit sign,



US 9,665,100 B2

177

hazard sign, etc.), position, distance from a previous land-
mark, etc. If the observed characteristics for a landmark
match those stored relative to a recognized landmark, then
processor unit 110 can conclude that the observed landmark
is the expected recognized landmark.

In some embodiments, after identifying a recognized
landmark, processing unit 110 may retrieve information
associated with the recognized landmarks. The information
may include, for example, positional information of the
recognized landmarks. In some embodiments, the informa-
tion associated with the recognized landmarks may be stored
on a remote server, and processing unit 110 may instruct a
wireless system of vehicle 200, which may include a wire-
less transceiver, to retrieve the information associated with
the recognized landmarks. In other cases, the information
may already reside on vehicle 200 (e.g., within a local map
from sparse data map 800 received during navigation or
within a sparse data map 800 preloaded into memory of
vehicle 200). In some embodiments, this positional infor-
mation may be used to calibrate one or more indicators of
speed of an autonomous vehicle (e.g., one or more speed
sensors of vehicle 200).

FIG. 70 is a flowchart showing an exemplary process
7000 for calibrating a speed of vehicle 200 consistent with
disclosed embodiments. At step 7002, processing unit 110
may receive from an image capture device 122 a plurality of
images representative of an environment of vehicle 200. In
some embodiments, images may be captured at different
times by image capture device 122 (e.g., images may be
captured many times per second, for example). In some
embodiments, vehicle 200 may include a plurality of image
capture devices (e.g., image capture devices 122 and 124 of
vehicle 200), and processing unit 110 may receive from each
image capture device, a plurality of images representative of
an environment of vehicle 200. The plurality of images
received from each image capture device may include
images captured at different times by one or more of the
image capture devices on the vehicle.

At step 7004, processing unit 110 may analyze the plu-
rality of images to identify at least two recognized land-
marks present in the images. The two recognized landmarks
need not be present in a single image from among the
plurality of images. In fact, in many cases, the two recog-
nized landmarks identified in the plurality of images will not
appear in the same images. Rather, a first recognized land-
mark may be identified in a first image received from an
image capture device. At a later time, and perhaps many
image frames later (e.g., 10s, 100s, or 1000s of image frames
later, or more), a second recognized landmark may be
identified in another of the plurality of images received from
the image capture device. The first recognized landmark
may be used to determine a first location S1 of the vehicle
along a target trajectory at time T1, and the second recog-
nized landmark may be used to determine a second location
S2 of the vehicle along the target trajectory at time T2. Using
information such as a measured distance between S1 and S2
and knowing a time difference between T1 and T2 may
enable the processor unit of the vehicle to determine a speed
over which the distance between S1 and S2 was covered.
This speed can be compared to an integrated velocity
obtained based on an output of the vehicle’s speed sensor. In
some embodiments, this comparison may yield a correction
factor needed to adjust/calibrate the vehicle’s speed sensor
to match the speed determined based on the S1 to S2 speed
calculation.

Alternatively, or additionally, the processor unit may use
an output of the vehicle’s speed sensor to determine a
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sensor-based distance reading between S1 and S2. This
sensor based distance reading can be compared to a calcu-
lated distance between S1 and S2 in order to determine an
appropriate correction factor to calibrate the vehicle’s speed
Sensor.

Processing unit 110 may identify recognized landmarks in
a captured image stream according to any of the techniques
described elsewhere in the disclosure. For example, process-
ing unit 110 may compare one or more observed character-
istics of a potential landmark to characteristics for a recog-
nized landmark stored in sparse data map 800. Where one or
more of the observed characteristics is found to match the
stored characteristics, then processing unit 110 may con-
clude that the observed potential landmark is, in fact, a
recognized landmark. Such characteristics may include,
among other things, size, shape, location, distance to another
recognized landmark, landmark type, condensed image sig-
nature, etc.

At step 7006, processing unit 110 may determine, based
on known locations of the two recognized landmarks, a
value indicative of a distance between the at least two
recognized landmarks. For example, as discussed above,
processing unit 110 may retrieve or otherwise rely upon
information associated with the recognized landmarks after
identifying the recognized landmarks. Further, the informa-
tion may include positional information of the recognized
landmarks, and processing unit 110 may compute a distance
between the two recognized landmarks based on the
retrieved positional information associated with the two
landmarks. Positional information may include, for
example, global coordinates of each recognized landmark
determined, for example, based on an aggregation of posi-
tion determinations (e.g., GPS based position determina-
tions) made by a plurality of vehicles upon prior traversals
along the road segments including the two recognized
landmarks.

At step 7008, processing unit 110 may determine, based
on an output of at least one sensor associated with the
autonomous vehicle, a measured distance between the at
least two landmarks. In some embodiments, processing unit
110 may use an odometry technique based on images
captured by image capture device 122, inertial sensors,
and/or a speedometer of vehicle 200 to measure the distance
between the two recognized landmarks. For example, as
noted above, a first position of the vehicle S1 may be used
as a starting point and a second position of the vehicle S2
may be used as an ending point. These positions may be
determined based on images collected of the first and second
recognized landmarks, respectively, using techniques
described in other sections of the disclosure. The vehicle
sensors (e.g., the speedometer) can be used to measure a
distance between location S1 and S2. This measured dis-
tance may be compared to a calculated distance between
locations S1 and S2, for example, along a predetermined
target trajectory of the vehicle.

In some embodiments, S1 and S2 may be selected accord-
ing to a particular relationship with the recognized land-
marks. For example, S1 and S2 may be selected as locations
where lines extending from the first and second landmarks,
respectively, intersect the target trajectory at right angles. Of
course, any other suitable relationship may also be used. In
such embodiments, where S2 and S1 are defined according
to a predetermined relationship, a distance between S2 and
S1 may be known and represented, for example, in sparse
data map 800 (e.g., as a distance value to the preceding
recognized landmark). Thus, rather than having to calculate
a distance between S1 and S2, in such embodiments, this
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distance value may already be available from sparse data
map 800. As in previous embodiments, the predetermined
distance between S1 and S2 may be compared to the
distance between S1 and S2 measured using the vehicle
sensors.

For example, in some embodiments, measuring the dis-
tance between the two landmarks may be done via a GPS
device (e.g., position sensor 130). For example, two land-
marks may be selected, which are distant from each other
(e.g., 5 km) and the road between them may be rather
straight. A length of that road segment may be measured, for
example, by subtracting the GPS coordinates of the two
landmarks. Each such coordinate may be measured with an
error of a few meters (i.e., the GPS error), but due to the long
length of the road segment this may be a relatively small
error.

At step 7010, processing unit 110 may determine a
correction factor for the at least one sensor based on a
comparison of the value indicative of the distance between
the at least two recognized landmarks and the measured
distance between the at least two landmarks. The correc-
tional factor may be, for example, a ratio of the value
indicative of the distance between the at least to recognized
landmarks and the measured distance between the at least
two landmarks. In some embodiments, the correction factor
may be referred to as a calibration factor and may represent
a value that may be used to transform the measured distance
value based on the vehicle’s sensors into the calculated/
predetermined distance value.

In an optional step, processing unit 110 may determine a
composite correction factor based on a plurality of deter-
mined correction factors. Correction factors of the plurality
of determined correction factors may be determined based
on different set of landmarks. In some embodiments, the
composite correction factor is determined by averaging the
plurality of determined correction factors or by finding a
mean of the plurality of determined correction factors.

FIG. 71 is a diagrammatic top view representation of
exemplary vehicle 200 including a system for calibrating an
indicator of speed of the vehicle consistent with disclosed
embodiments. In the example of FIG. 71, vehicle 200 is
traveling on a first road segment 7102A. FIG. 71 also shows
a second road segment 7102B and lane marks 7104, 7106.
A road segment is includes any portion of a road.

In some embodiments, processing unit 110 may determine
a distance along a road segment (e.g., road segments 7102A
or 7102B) using one or more sensors of vehicle 200. In one
example, processing unit 110 may determine, using one or
more sensors of vehicle 200, a road signature profile asso-
ciated with the road segment vehicle 200 is traveling on
(e.g., road segment 7102A). Such road signature profile may
be associated with any discernible/measurable variation in at
least one parameter associated with the road segment. In
some cases, such profile may be associated with, for
example, variations in surface roughness of a particular road
segment, variations in road width over a particular road
segment, variations in distances between dashed lines
painted along a particular road segment, variations in road
curvature along a particular road segment, etc. As discussed
above, FIG. 11D shows exemplary road signature profile
1160. While a road signature profile may represent any of the
parameters mentioned above, or others, in one example, the
road signature profile may represent a measure of road
surface roughness, as obtained, for example, by monitoring
one or more sensors providing outputs indicative of an
amount of suspension displacement as vehicle 200 travels on
first road segment 7102A. Alternatively, road signature
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profile 1160 may represent variation in road width, as
determined based on image data obtained via image capture
device 122 of vehicle 200 traveling on first road segment
7102A. Such profile may be useful, for example, in deter-
mining a particular location of an autonomous vehicle
relative to a particular target trajectory. That is, as it traverses
a road segment, an autonomous vehicle may measure a
profile associated with one or more parameters associated
with the road segment. If the measured profile can be
correlated/matched with a predetermined profile that plots
the parameter variation with respect to position along the
road segment, then the measured and predetermined profiles
may be used (e.g., by overlaying corresponding sections of
the measured and predetermined profiles) in order to deter-
mine a current position along the road segment and, there-
fore, a current position relative to a target trajectory for the
road segment. A distance along a road segment may be
determined based on a plurality of positions determined
along a road segment.

FIG. 72 is a flowchart showing exemplary process 7200
for calibrating an indicator of speed of vehicle 200 consis-
tent with disclosed embodiments. In some embodiments,
vehicle 200 may calibrate the indicator of speed of vehicle
200 by calculating a correction factor based on a distance
determined along the road segment and a distance value
received via the wireless transceiver. That is, rather than
determining positions S1 and S2 based on landmarks and
then calculating a distance between positions S1 and S2, a
distance value for a predetermined portion of a road segment
may be received via sparse data map 800 (e.g., via a wireless
transceiver).

At step 7204, processing unit 110 may receive, via a
wireless transceiver, a distance value associated with the
road segment. In one example, the wireless transceiver may
be a 3GPP-compatible or an LTE-compatible transceiver.
The distance value associated with the road segment stored
on the remote server may be determined based on prior
measurements made by a plurality of measuring vehicles.
For example, a plurality of vehicles may have previously
traveled on the same road segment in the past and uploaded
the determined distance values associated with the road
segment (e.g., between two or more predetermined reference
points, landmarks, etc.) to the remote server. The distance
value associated with the road segment stored on the remote
server may be an average of the distance values determined
by the plurality of measuring vehicles.

In some embodiments, the distance value associated with
the road segment stored on the remote server may be
determined based on prior measurements made by at least
100 measuring vehicles. In other embodiments, the distance
value associated with the road segment stored on the remote
server may be determined based on prior measurements
made by at least 1000 measuring vehicles.

At step 7206, processing unit 110 may determine a
correction factor for the at least one speed sensor based on
the determined distance along the road segment and the
distance value received via the wireless transceiver. The
correctional factor may be, for example, a ratio of the
distance along the road segment determined using a sensor
and the distance value received via the wireless transceiver.
And, the correction factor may represent a value that may be
used to transform the measured distance value based on the
vehicle’s sensors into the received/predetermined distance
value.

In an optional step, processing unit 110 may determine a
composite correction factor based on a plurality of deter-
mined correction factors. Correction factors of the plurality
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of determined correction factors may be determined based
on different landmarks. In some embodiments, the compos-
ite correction factor is determined by averaging the plurality
of determined correction factors or by finding a mean of the
plurality of determined correction factors.

Determining Lane Assignment Based on Recognized
Landmark Location

In addition to determining a lane assignment based on
analysis of a camera output (e.g., seeing additional lanes to
the right and/or left of a current lane of travel for the
vehicle), the system may determine and/or validate a lane
assignment based on a determined lateral position of recog-
nized landmarks relative to the vehicle.

FIG. 73 is a diagrammatic illustration of a street view of
an exemplary road segment, consistent with disclosed
embodiments. As shown in FIG. 73, road segment 7300 may
include a number of components, including road 7310, lane
marker 7320, landmarks 7330, 7340, and 7350, etc. In
addition to the components depicted in exemplary road
segment 7300, a road segment may include other compo-
nents, including fewer or additional lanes, landmarks, etc.,
as would be understood by one of ordinary skill in the art.

In one embodiment, road segment 7300 may include road
7310, which may be divided by one or more lane markers
7320 into two or more lanes. Road segment 7300 may also
include one or more vehicles, such as vehicle 7360. More-
over, road segment 7300 may include one or more land-
marks, such as landmarks 7330, 7340, and 7350. In one
embodiment, such as shown in FIG. 73, landmarks may be
placed alongside road 7310. Landmarks placed alongside
road 7310 may include, for example, traffic signs (e.g., speed
limit signs, such as landmarks 7330 and 7340), mile markers
(e.g., landmark 7350), billboards, exit signs, etc. Landmarks
may also include general purpose signs (e.g., non-semantic
signs relating to businesses or information sources, etc.).
Alternatively, landmarks may be placed on or above road
7310. Landmarks placed on or above road 7310 may
include, for example, lane markers (e.g., lane marker 7320),
reflectors, exit signs, marquees, etc. Landmarks can also
include any of the examples discussed elsewhere in this
disclosure.

FIG. 74 is a diagrammatic illustration of a birds-eye view
of an exemplary road segment, consistent with disclosed
embodiments. As shown in FIG. 74, exemplary road seg-
ment 7400 may include a number of components, including
road 7405, lane marker 7410, vehicle 7415, traversed path
7420, heading 7425, predicted path 7430, predetermined
road model trajectory 7435, landmarks 7440, 7455, and
7470, direct offset distances 7445, 7460, and 7475, and
lateral offset distances 7450 and 7465. In addition to the
components depicted in exemplary road segment 7300, a
road segment may include other components, including
fewer or additional lanes, landmarks, and vehicles, as would
be understood by one of ordinary skill in the art.

In one embodiment, road segment 7400 may include road
7405, which may be divided by one or more lane markers
7410 into two or more lanes. Road segment 7300 may also
include one or more vehicles, such as vehicle 7415. More-
over, road segment 7400 may include one or more land-
marks, such as landmarks 7440, 7455, and 7470.

In one embodiment, vehicle 7415 may travel along one or
more lanes of road 7405 in a path. The path that vehicle 7415
has already traveled is represented in FIG. 74 as traversed
path 7420. The direction in which vehicle 7415 is headed is
depicted as heading 7425. Based on the current location of
vehicle 7145 and heading 7425, among other factors, a path
that vehicle 7415 is expected to travel, such as predicted
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path 7430, may be determined. FIG. 74 also depicts prede-
termined road model trajectory 7435, which may represent
an ideal path for vehicle 7415.

In one embodiment, direct offset distances 7445, 7460,
and 7475 may represent the distance between vehicle 7415
and landmarks 7440, 7455, and 7470, respectively. Lateral
offset distances 7450 and 7465 may represent the distance
between vehicle 7415 and the landmarks 7440 and 7455
when vehicle 7415 is directly alongside those landmarks.

For example, two techniques may be used to calculate the
number of lanes based on the lateral distance estimation
between the host vehicle and the landmark. As a first
example, a clustering technique may be used. Using mean-
shift clustering, the system may calculate the number of
lanes and the lane assignment for each drive. Next, for
enriching the number of observations and to provide obser-
vations from each lane, the system may add observations for
the adjacent lanes (e.g., if the lanes’ DNN networks decided
there are such lanes). Next, the system may determine the
road width and splitting it into lanes based on the calculated
lane width. As a second example, in another technique,
based on sightings of vehicles where the lanes” DNN
network determined they are either on the extreme (left or
right) lane or on the one adjacent to it, the system may create
a set of estimations of the lateral distance between the land
mark and the extreme left or right lane mark. Next, using
either a voting or a least squares mechanism, the system may
determine an agreed distance estimation between the land
mark and the road edges. Next, from the distance estimates
to the road edges, the system may extract the road width, and
determine the number of lanes by dividing the road width by
the median lane width observed in the drives. The system
may assign a lane to each drive based on which bin the
observed distance between the host.

FIG. 75 is a flowchart showing an exemplary process
7500 for determining a lane assignment for a vehicle (which
may be an autonomous vehicle) along a road segment,
consistent with disclosed embodiments. The steps associated
with this exemplary process may be performed by the
components of FIG. 1. For example, the steps associated
with the process may be performed by application processor
180 and/or image processor 190 of system 100 illustrated in
FIG. 1.

In step 7510, at least one processor receives from a
camera at least one image representative of an environment
of the vehicle. For example, image processor 128 may
receive one or more images from one or more of cameras
122, 124, and 126 representing an environment of the
vehicle. Image processor 128 may provide the one or more
images to application processor 180 for further analysis. The
environment of the vehicle may include the area surrounding
the exterior of the vehicle, such as the road segment and any
signs, buildings, or landscaping along the road segment. In
one embodiment, the environment of the vehicle includes
the road segment, a number of lanes, and the at least one
recognized landmark.

In step 7520, the at least one processor analyzes the at
least one image to identify at least one recognized landmark.
In one embodiment, the at least one recognized landmark
includes at least one of a traffic sign, an arrow marking, a
lane marking, a dashed lane marking, a traffic light, a stop
line, a directional sign, a reflector, a landmark beacon, or a
lamppost, etc. For example, the at least one recognized
landmark may include landmarks 7330, 7340, and 7350,
each of which is a traffic sign. In particular, landmarks 7330
and 7340 are speed limit signs, and landmark 7350 is a mile
marker sign. In another embodiment, the at least one rec-
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ognized landmark includes a sign for a business. For
example, the at least one recognized landmark may include
a billboard advertisement for a business or a sign marking
the location of a business.

In step 7530, the at least one processor determines an
indicator of a lateral offset distance between the vehicle and
the at least one recognized landmark. In some embodiments,
the determination of the indicator of the lateral offset dis-
tance between the vehicle and the at least one recognized
landmark may be based on a known position of the at least
one recognized landmark. The known position of the at least
one recognized landmark may be stored, for example, in
memory 140 or map database 160 (e.g., as part of sparse map
800).

In step 7540, the at least one processor determines a lane
assignment of the vehicle along the road segment based on
the indicator of the lateral offset distance between the
vehicle and the at least one recognized landmark. For
example, the at least one processor may determine which
lane the vehicle is travelling in based the indicator of lateral
offset distance. For example, a lane assignment may be
determined based on knowledge of a lateral distance from
the recognized landmark to a lane edge closest to the
recognized landmark, to any lane edges present on the road,
to a target trajectory associated with a road segment, or to
multiple target trajectories associate with the road segment,
etc. The determined indicator of lateral offset distance
between the recognized landmark and the host vehicle may
be compared to any of these quantities, among others, and
then used to determine a current lane assignment based on
one or more arithmetic and/or trigonometric calculations.

In one embodiment, the at least one recognized landmark
includes a first recognized landmark on a first side of the
vehicle and a second recognized landmark on a second side
of the vehicle and wherein determination of the lane assign-
ment of the vehicle along the road segment is based on a first
indicator of lateral offset distance between the vehicle and
the first recognized landmark and a second indicator of
lateral offset distance between the vehicle and the second
recognized landmark. The lane assignment may be deter-
mined based on a ratio of the first indicator of lateral offset
distance to the second indicator of lateral offset distance. For
example, if the vehicle is located 20 feet from a landmark
posted on the left edge of the road and 60 feet from a
landmark posted on the right edge of the road, then the lane
assignment may be determined based on this ratio, given
information on the number of lanes on the road segment or
lane width. Alternatively, the lane assignment may be cal-
culated separately based on the indicators of lateral offset
distance between the vehicle and the first and second rec-
ognized landmarks, and these separate calculations may be
checked against one another to verify that the determined
lane assignment(s) are correct.

Super Landmarks as Navigation Aids

The system may navigate by using recognized landmarks
to aid in determining a current location of an autonomous
vehicle along a road model trajectory. In some situations,
however, landmark identity may be ambiguous (e.g., where
there is a high density of similar types of landmarks). In such
situations, landmarks may be grouped together to aid in their
recognition. For example, distances between landmarks
within a group of landmarks may be used to create a super
landmark signature to aid in positive identification of the
landmarks. Other characteristics, such as landmark
sequences within a group of landmarks, may also be used.

FIG. 76 is an illustration of a street view of an exemplary
road segment, consistent with disclosed embodiments. As
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shown in FIG. 76, road segment 7600 may include a number
of components, including road 7610, lane marker 7620,
vehicle 7630, and landmarks 7640, 7650, 7660, 7670, and
7680. In addition to the components depicted in exemplary
road segment 7600, a road segment may include other
components, including fewer or additional lanes, landmarks,
and vehicles, as would be understood by one of ordinary
skill in the art.

In one embodiment, road segment 7600 may include road
7610, which may be divided by one or more lane markers
7620 into two or more lanes. Road segment 7600 may also
include one or more vehicles, such as vehicle 7630. More-
over, road segment 7600 may include one or more land-
marks, such as landmarks 7640, 7650, 7660, 7670, and
7680. In one embodiment, landmarks may be assigned to
structures/objects associated with road 7610 (e.g., land-
marks 7670 and 7680). Landmarks along road 7610 may
include, for example, traffic signs (e.g., mile markers, such
as landmark 7670), billboards (e.g., landmark 7680), lane
markers (e.g., landmark 7620), reflectors, traffic signs (e.g.,
exit signs, such as landmarks 7640, 7650, and 7660), mar-
quees, etc. Landmarks identified or otherwise represented in
sparse data map 800 may be referred to as recognized
landmarks.

Some areas, especially in urban environments, may have
high densities of recognized landmarks. Thus, in some cases,
distinguishing between certain recognized landmarks may
be difficult based on comparisons based solely on landmark
size, shape, type, indexed location, etc. To further aid in
identifying one or more recognized landmarks from within
images captured of a vehicle’s environment, a group of two
or more landmarks may be designated as a super landmark.
Such a super landmark may offer additional characteristics
that may aid in identifying or verifying one or more recog-
nized landmarks (e.g., from among the group of landmarks).

In FIG. 76, for example, a super landmark may be formed
from the group consisting of landmarks 7640, 7650, 7660,
7670, and 7680, or some subset of two or more of those
landmarks. By grouping two or more landmarks together,
the probability of accurately identifying constituent land-
marks from a distant vantage point may be increased.

A super landmark may be associated with one or more
characteristics, such as distances between constituent land-
marks, a number of landmarks in the group, an ordering
sequence, one or more relative spatial relationships between
the members of the landmark group, etc. Moreover, these
characteristics may be used to generate a super landmark
signature. The super landmark signature may represent a
unique form of identifying the group of landmarks or even
a single landmark within the group.

FIG. 77A is an illustration of birds-eye view of an
exemplary road segment, consistent with disclosed embodi-
ments. As shown in FIG. 77, exemplary road segment 7700
may be associated with a number of components, including
road 7705, lane marker 7710, vehicle 7715, traversed path
7720, predetermined road model trajectory 7725, landmarks
7730, 7735, 7740, 7745, and 7750, lateral offset vector 7755,
and direct offset vector 7760. In addition to the components
depicted in exemplary road segment 7700, a road segment
may be associated with other components, including fewer
or additional lanes, landmarks, and vehicles, as would be
understood by one of ordinary skill in the art.

In one embodiment, road segment 7700 may include road
7705, which may be divided by one or more lane markers
7710 into two or more lanes. Road segment 7700 may also
include one or more vehicles, such as vehicle 7715. More-



US 9,665,100 B2

185
over, road segment 7700 may include one or more land-
marks, such as landmarks 7730, 7735, 7740, 7745, and
7750.

In one embodiment, vehicle 7715 may travel along one or
more lanes of road 7705 in a path. The path that vehicle 7715
has already traveled is represented in FIG. 77 as traversed
path 7720. FIG. 77 also depicts predetermined road model
trajectory 7725, which may represent a target path for
vehicle 7715.

In one embodiment, a direct offset vector may be a vector
connecting vehicle 7715 and a landmark. For example,
direct offset vector 7760 may be a vector connecting vehicle
7715 and landmark 7730. The distance between vehicle
7715 and a landmark may be equivalent to the magnitude of
direct offset vector connecting vehicle 7715 with the land-
mark. A lateral offset vector may be a vector connecting
vehicle 7715 with a point on the side of the road in line with
a landmark. The lateral offset distance for a vehicle with
respect to a landmark may be equivalent to the magnitude of
the lateral offset vector and, further, may be equivalent to the
distance between vehicle 7715 and the landmark when
vehicle 7715 is directly alongside the landmark. The lateral
offset distance between vehicle 7715 and a landmark may be
computed by determining a sum of a first distance between
the vehicle and the edge of the road on which the landmark
is located and a second distance between that edge and the
landmark.

FIG. 77B provides a street level view of a road segment
including a super landmark made up of four recognized
landmarks: a speed limit sign 7790, a stop sign 7791, and
two traffic lights 7792 and 7793. Any of the recognized
landmarks included in the super landmark group may be
identified based on recognition of various relationships
between the landmarks included in the group. For example,
a sequence, which may be stored in sparse data map 800, of
a speed limit sign at a distance D1, followed by a stop sign
at a distance D2, and two traffic lights at a distance D3 from
a host vehicle (where D3>D2>D1) may constitute a unique,
recognizable characteristic of the super landmark that may
aid in verifying speed limit sign 7790, for example, as a
recognized landmark from sparse data map 800.

Other relationships between the members of a super
landmark may also be stored in sparse data map 800. For
example, at a particular predetermined distance from rec-
ognized landmark 7790 and along a target trajectory asso-
ciated with the road segment, the super landmark may form
a polynomial 7794 between points A, B, C, and D each
associated with a center of a member of the super landmark.
The segment lengths A-B, B-C, C-D, and D-A may be
determined and stored in sparse data map 800 for one or
more positions relative to the location of the super landmark.
Additionally, a triangle 7795 may be formed by traffic light
7793, traffic light 7792, and stop sign 7791. Again, the
lengths of the sides as well as angles of triangle 7795 may
be referenced in sparse data map 800 for ne or more
positions relative to the location of the super landmark.
Similar information may be determined and stored for a
triangles 7796 (between points A, C, and D) and 7797
(between points A-B-C). Such angles, shapes, and segment
lengths may aid in recognition of a super landmark from a
certain viewing location relative to the super landmark. For
example, once the vehicle is located at a viewing location for
which visual information for the super landmark is included
in sparse data map 800, the processing unit of the vehicle can
analyze images captured by one or more cameras onboard
the vehicle to look for expected shapes, patterns, angles,
segment lengths, etc. to determine whether a group of
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objects forms an expected super landmark. Upon verifying
the recognized super landmark, position determinations for
the vehicle along a target trajectory may commence based on
any of the landmarks included in a super landmark group.

FIG. 78 is a flowchart showing an exemplary process
7800 for autonomously navigating a vehicle along a road
segment, consistent with disclosed embodiments. The steps
associated with this exemplary process may be performed by
the components of FIG. 1. For example, the steps associated
with the process may be performed by application processor
180 and/or image processor 190 of system 100 illustrated in
FIG. 1.

In step 7810, at least one processor may receive from a
camera at least one image representative of an environment
of the vehicle. For example, image processor 128 may
receive one or more images from one or more of cameras
122, 124, and 126 representing an environment of the
vehicle. Image processor 128 may provide the one or more
images to application processor 180 for further analysis. The
environment of the vehicle may include the area surrounding
the exterior of the vehicle, such as the road segment and any
signs, buildings, or landscaping along the road segment. In
one embodiment, the environment of the vehicle includes
the road segment, a number of lanes, and the at least one
recognized landmark.

In step 7820, the at least one processor may analyze the
at least one image to identify a super landmark and identify
at least one recognized landmark from the super landmark.
In one embodiment, the at least one recognized landmark
includes at least one of a traffic sign, an arrow marking, a
lane marking, a dashed lane marking, a traffic light, a stop
line, a directional sign, a reflector, a landmark beacon, or a
lamppost. For example, the at least one recognized landmark
may include landmarks 7640, 7650, 7660, and 7670, each of
which is a traffic sign. In particular, landmarks 7640, 7650,
and 7660 are exit signs, and landmark 7670 is a mile marker
sign. In another embodiment, the at least one recognized
landmark includes a sign for a business. For example, the at
least one recognized landmark may include a billboard
advertisement for a business (e.g., landmark 7680) or a sign
marking the location of a business.

As noted above, identification of the at least one landmark
is based, at least in part, upon one or more landmark group
characteristics associated with the group of landmarks. In
one embodiment, the one or more landmark group charac-
teristics may include relative distances between members of
the group of landmarks. For example, the landmark group
characteristics may include information that specifies the
distance that separates each landmark in the group from each
of the other landmarks in the group. In another embodiment,
the one or more landmark group characteristics may include
an ordering sequence of members of the group of landmarks.
For example, the group of landmarks may be associated with
a sequence indicating the order in which the landmarks
appear from left to right, front to back, etc., when viewed
from the road. In yet another embodiment, the one or more
landmark group characteristics may include a number of
landmarks included in the group of landmarks.

Referring to FIG. 76 as an example, a landmark group (or
super landmark) may consist of landmarks 7640, 7650,
7660, 7670, and 7680. This landmark group may be asso-
ciated with landmark group characteristics, including the
relative distances between each landmark and each of the
other landmarks in the group, an ordering sequence of
landmarks in the group, and a number of landmarks. In the
example depicted in FIG. 76, the landmark group charac-
teristics may include information that specifies the distance
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between landmark 7680 and each of landmarks 7640, 7650,
7660, and 7670, the distance between landmark 7640 and
each of landmarks 7650, 7660, and 7670, the distance
between landmark 7650 and each of landmarks 7660 and
7670, and the distance between landmarks 7660 and 7670.

Further, in this example, an ordering sequence may indi-
cate that the order of landmarks in the group from left to
right (when viewed from the perspective of a vehicle driving
along the road, e.g., vehicle 7630) is 7680, 7640, 7650,
7660, and 7670. Alternatively or additionally, the ordering
sequence may indicate that the order of landmarks in the
group from front to back (e.g., earliest to latest traversed in
a path along the road) is first 7670, then 7640, 7650, and
7660, and last 7680. Moreover, the landmark group charac-
teristics may specify that this exemplary landmark group
includes five landmarks.

In one embodiment, identification of the at least one
landmark may be based, at least in part, upon a super
landmark signature associated with the group of landmarks.
A super landmark signature may be a signature for uniquely
identifying a group of landmarks. In one embodiment, a
super landmark signature may be based on one or more of
the landmark group characteristics discussed above (e.g.,
number of landmarks, relative distance between landmarks,
and ordering sequence of landmarks).

Once a recognized landmark is identified based on an
identified characteristic of the super landmark group, pre-
determined characteristics of the recognized landmark may
be used to assist a host vehicle in navigation. For example,
in some embodiments, the recognized landmark may be
used to determine a current position of the host vehicle. In
some cases, the current position of the host vehicle may be
determined relative to a target trajectory from sparse data
model 800. Knowing the current position relative to a target
trajectory may aid in determining a steering angle needed to
cause the vehicle to follow the target trajectory (for example,
by comparing a heading direction to a direction of the target
trajectory at the determined current position of the vehicle
relative to the target trajectory).

A position of the vehicle relative to a target trajectory
from sparse data map 800 may be determined in a variety of
ways. For example, in some embodiments, a 6D Kalman
filtering technique may be employed. In other embodiments,
a directional indicator may be used relative to the vehicle
and the recognized landmark. For example, in step 7830, the
at least one processor may determine, relative to the vehicle,
a directional indicator associated with the at least one
landmark. In one embodiment, the directional indicator may
include a line or vector connecting the vehicle and the at
least one landmark. The directional indicator may indicate
the direction in which the vehicle would have to travel to
arrive at the at least one landmark. For example, in the
exemplary embodiment depicted in FIG. 77, direct offset
vector 7760 may represent a directional indicator associated
with landmark 7730 relative to vehicle 7715.

In step 7840, the at least one processor may determine an
intersection of the directional indicator with a predetermined
road model trajectory associated with the road segment. In
one embodiment, the predetermined road model trajectory
may include a three-dimensional polynomial representation
of a target trajectory along the road segment. The target
trajectory may include an ideal trajectory for the vehicle for
a specific location along the road segment. In one embodi-
ment, the at least one processor may further be programmed
to determine a location along the predetermined road model
trajectory based on a vehicle velocity. For example, the at
least one processor may access information the location and
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velocity of the vehicle at a specific time, compute an
estimated distance traveled based on the velocity and time
passed since the vehicle was at that location, and identify a
point along the predetermined road model trajectory that is
the estimated distance beyond the previously observed loca-
tion.

In step 7850, the at least one processor may determine an
autonomous steering action for the vehicle based on a
direction of the predetermined road model trajectory at the
determined intersection. In one embodiment, determining an
autonomous steering action for the vehicle may include
comparing a heading direction of the vehicle to the prede-
termined road model trajectory at the determined intersec-
tion. In one embodiment, the autonomous steering action for
the vehicle may include changing the heading of the vehicle.
In another embodiment, the autonomous steering action for
the vehicle may include changing the speed of the vehicle by
applying the gas or brake to accelerate or decelerate, respec-
tively.

Adaptive Autonomous Navigation

In some embodiments, the disclosed systems and methods
may provide adaptive autonomous navigation and update a
sparse map. For example, the disclosed systems and meth-
ods may adapt navigation based on user intervention, pro-
vide adapt navigate based on determinations made by the
system (e.g., a self-aware system), adapt a road model based
on whether observed conditions on a road are transient or
non-transient (e.g., an adaptive road model manager), and
manage a road model based on selective feedback received
from one or more systems. These adaptive systems and
methods are discussed in further detail below.

Adaptive Navigation Based on User Intervention

In some embodiments, the disclosed systems and methods
may involve adaptive navigation based on user intervention.
For example, as discussed in earlier sections, a road model
assembled based upon input from existing vehicles may be
distributed from a server (e.g., server 1230, discussed ear-
lier) to vehicles. Based on feedback received from autono-
mous vehicles, the system may determine whether one or
more updates (e.g., adaptations to the model) are needed to
the road model to account for changes in road situations, for
example. For example, in some embodiments, a user may
intervene to alter a maneuver of a vehicle (which may be an
autonomous vehicle) while the vehicle is traveling on a
roadway according to the road model. An altered maneuver
of the vehicle based on user intervention may be made in
contradistinction to override predetermined vehicular trajec-
tory instructions provided by the road model. Further, the
disclosed systems and methods may capture and store navi-
gational situation information about the situation in which
the override occurred and/or send the navigational situation
information from the vehicle to the server over one or more
networks (e.g., over a cellular network and/or the Internet,
etc.) for analysis. As discussed herein, navigational situation
information may include one or more of a location of a
vehicle, a distance of a vehicle to a recognized landmark, an
observed condition, a time of day, an image or a video
captured by an image capture device of a vehicle, or any
other suitable informational source regarding a navigational
situation.

FIG. 79A illustrates a plan view of vehicle 7902 traveling
on a roadway 7900 approaching wintery and icy road
conditions 7930 at a particular location consistent with
disclosed embodiments. Vehicle 7902 may include a system
that provides navigation features, including features that
adapt navigation based on user intervention. Vehicle 7902
may include components such as those discussed above in
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connection with vehicle 200. For example, as depicted,
vehicle 7902 may be equipped with image capture devices
122 and 124; more or fewer image capture devices (includ-
ing cameras, for example) may be employed.

As shown, roadway 7900 may be subdivided into lanes,
such as lanes 7910 and 7920. Lanes 7910 and 7920 are
shown as examples; a given roadway 7900 may have
additional lanes based on the size and nature of the roadway,
for example, an interstate highway. In the example of FIG.
79A, vehicle 7902 is traveling in lane 7910 according to
instructions derived from the road model (e.g., a heading
direction along a target trajectory) and approaching wintery
and icy road conditions 7930 at a particular vehicle location
as identified by, e.g., position sensor 130, a temperator
sensor, and/or an ice sensor. Where a user intervenes in order
to override autonomously generated steering instructions
(e.g., those enabling the vehicle to maintain a course along
the target trajectory) and alter the course of the vehicle 7902
traveling in lane 7910 (e.g., to turn due to the icy condi-
tions), processing unit 110 may store navigational situation
information and/or send the navigational situation informa-
tion to a server of the road model system for use in making
a possible update. In this example, the navigational situation
information may include a location of the vehicle identified
by position sensor 130 or based on a landmark-based
determination of position along a target trajectory, an image
captured by an image capture device included in the vehicle
depicting the vehicle’s environment, an image stream (e.g.,
a video), sensor output data (e.g., from speedometers, accel-
erometers, etc.).

In some embodiments, processing unit 110 may send the
navigational situational information from the vehicle to the
server via a wireless data connection over one or more
networks (e.g., over a cellular network and/or the Internet,
etc.). The server side may analyze the received information
(e.g., using automated image analysis processes) to deter-
mine whether any updates to sparse data model 800 are
warranted based on the detected user intervention. In this
example, the server may recognize the presence of wintery
or icy road conditions in the images (a temporary or transient
condition) and, therefore, may determine not to change or
update the road model.

FIG. 79B illustrates a plan view of vehicle 7902 traveling
on a roadway approaching a pedestrian consistent with
disclosed embodiments. In the example of FIG. 79B, vehicle
7902 is driving in lane 7910 of roadway 7900 with a
pedestrian 7922. As shown, pedestrian 7922 may suddenly
become positioned directly in the roadway 7900 crossing
either lane 7910 or 7920. In this example, when a user
intervenes to override the road model in order to avoid the
pedestrian and alter the maneuver of the vehicle 7902
traveling in lane 7910 along a target trajectory associated
with the road segment, navigational situation information
including a position of the vehicle along a target trajectory
for a road segment (e.g., determined based on a distance d,
to a recognized landmark, such as speed limit sign 7923),
video or images including capturing conditions of the vehi-
cle’s surroundings during the user intervention, sensor data,
etc. In example shown in FIG. 49B, given the temporary
nature of a crossing pedestrian the server may determine not
change or update the road model.

Although the example shown in FIG. 79B depicts speed
limit sign 7923, other recognized landmarks (not shown)
may be used. Landmarks may include, for example, any
identifiable, fixed object in an environment of at least one
road segment or any observable characteristic associated
with a particular section of the road segment. In some cases,
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landmarks may include traffic signs (e.g., speed limit signs,
hazard signs, etc.). In other cases, landmarks may include
road characteristic profiles associated with a particular sec-
tion of a road segment. Further examples of various types of
landmarks are discussed in previous sections, and some
landmark examples are shown in FIG. 10.

FIG. 79C illustrates a plan view of a vehicle traveling on
a roadway in close proximity to another vehicle consistent
with disclosed embodiments. In the example of FIG. 79C,
two vehicles 7902a and 79025 are driving in lane 7910 of
roadway 7900. As shown, vehicle 79025 has suddenly
driven directly in front of vehicle 7902a in lane 7910 of
roadway 7900. Where a user intervenes to override the road
model and alter the course of the vehicle 7902q traveling in
lane 7910 (e.g., to turn due to the proximate vehicle),
navigational situation information may be captured and
stored in memory (e.g., memory 140) and/or sent to a server
(e.g., server 1230) for making a possible update to the road
model. For example, in this example, the navigational situ-
ation information may include a location of vehicle 7902a.
The navigational situation information may further include
one more images depicting the environment of vehicle 7902
at the time of the user intervention. Given the temporary
nature of another contiguous or proximate vehicle, however,
the server may not change or update the road model.

FIG. 79D illustrates a plan view of a vehicle traveling on
a roadway in a lane that is ending consistent with disclosed
embodiments. Vehicle 7902 may receive from image capture
devices 122 and 124 at least one environmental image of a
turning roadway 7900 representative of a lane 7910 ending.
Lane 7910 may be ending based on a recent change to lane
7910 resulting an abrupt shortening distance of d,. For
example, the lane may be ending as a result of recently
positioned concrete barriers at the site of a construction
zone. As a result of this unexpected shortening, a user may
intervene to change the course of vehicle 7902 in view of the
change to lane 7910. As will be discussed in more detail in
another section, it is also possible for processing unit 110 to
recognize the ending lane (e.g., based on captured images of
concrete barriers in front of the vehicle) and automatically
adjust the course of the vehicle and send navigational
situation information to the server for use in possible
updates to sparse data model 800. As a result of the user
intervention, the system may measure distances (such as ¢,
and c,). For example, distances ¢, and ¢, may represent the
distance from a side of vehicle 7902 to the edge of lane
7910, be it lane constraint 7924 or the dashed center line in
the middle of roadway 7900 dividing lanes 7910/7920. In
other embodiments, a distance may be measured to lane
constraint 7924 on the far side of lane 7920 (not shown). In
addition to distances ¢, and c, described above, in some
embodiments, processing unit 110 may further be configured
to calculate distances w, and w, and midpoint m of lane
7910 relative to one or more lane constraints associated with
that lane. When summed together, distances w, and w, equal
measurement w as shown in FIG. 79D.

In this example, where a user intervenes to override the
road model to alter the maneuver of the vehicle 7902
traveling in lane 7910, navigational situation information
including distances ¢, ¢,, d,, w,, and w, to a lane constraint
7924 may be captured and stored in memory (e.g., memory
140) and/or sent to the server for making a possible update
to the road model. Of course, other navigational situation
information may also be collected and sent to a server for
review. Such information may include sensor outputs, cap-
tured images/image streams, a position of the vehicle, etc.
Given the permanent or semi-permanent nature of an ending
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lane marked by concrete barriers, the server may decide to
change or update the road model. Accordingly, vehicles may
receive an updated to the road model that causes the vehicles
to follow a new or updated target trajectory for the road
segment upon approaching new lane constraint 7924.

FIG. 80 illustrates a diagrammatic side view representa-
tion of an exemplary vehicle 7902 including system 100
consistent with the disclosed embodiments. As is shown,
vehicle 7902 may be limited by a vision inhibitor such as
glare 8002 from the sun and/or a malfunctioning lamp 8004.
Vehicle 7902 is additionally depicted with sensors 8006 and
system 100 is capable of determining whether or not it is day
or night. The sensors 8006 may include, for example, an IR
sensor and/or an accelerometer. For example, where a user
intervenes to override the road model to move vehicle 7902
to avoid a glare produced by sun, the processing unit 110
may capture navigational situation information reflecting a
time of day and/or the presence of glare. Processing unit 110
may store the navigational situational information and/or
transmit the navigational situation information to a server
for storage and/or analysis. Given the temporary nature of
the glare, the server may decide not to change or update the
road model.

FIG. 81 illustrates an example flowchart representing a
method for adaptive navigation of a vehicle based on user
intervention overriding the road model consistent with the
disclosed embodiments. In particular, FIG. 81 illustrates a
process 8100 for adaptive navigation of a vehicle consistent
with disclosed embodiments. Steps of process 8100 may be
performed by processing unit 110 of system 100. Process
8100 may allow for user input and a navigational maneuver
based on analysis of an environmental image. Where there
is user input that deviates from a navigational maneuver
prescribed by the road model, the maneuver may be altered
according to the user input and the conditions surrounding
the user input may be captured and stored and/or sent to a
server for making a possible update to the road model.

At step 8110, processing unit 110 may receive at least one
environmental image of an area forward of vehicle 7902. For
example, the image may show one or more recognized
landmarks. As discussed elsewhere in detail, a recognized
landmark may be verified in the captured image and used to
determine a position of the vehicle along a target trajectory
for a particular road segment. Based on the determined
position, the processing unit 110 may cause one or more
navigational responses, for example, to maintain the vehicle
along the target trajectory.

At step 8112, processing unit 110 may include determin-
ing a navigational maneuver responsive to an analysis of at
least one environmental image of an area forward of vehicle
7902. For example, based on the landmark-based position
determination for the vehicle along the target trajectory, the
processing unit 110 may cause one or more navigational
responses to maintain the vehicle along the target trajectory.

At step 8114, process 8100 may cause vehicle 7902 to
initiate the navigational maneuver. For example, processing
unit 110 may send instructions to one or more systems
associated with vehicle 7902 to initiate the navigational
maneuver and may cause vehicle 7902 to drive according to
a predetermined trajectory along roadway 7900. Consistent
with the disclosed embodiments, an initiation instruction
may be sent to a throttling system 220, braking system 230,
and/or steering system 240.

At step 8116, the system may receive a user input that
differs from one or more aspects of the navigational maneu-
ver implemented by processing unit 110 based on sparse
data map 800. For example, a user input to one or more of
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throttling system 220, braking system 230, and/or steering
system 240 may differ from an initiated maneuver and cause
an override to alter the maneuver based on the received user
input.

Based on detection of a user override or intervention
condition, processing unit 110 may collect navigational
situation information relating the vehicle and the user input
at the time before, during, and/or after the user intervention.
For example, processing unit 110 may receive information
relating to the user input, including information specifying
at least one of a degree of turn, an amount of acceleration,
and an amount of braking of a vehicle 7902, etc. caused by
the user intervention (step 8118).

At step 8118, processing unit 110 may determine addi-
tional navigational situation information relating to vehicle
user input. The navigational situation information may
include, for example, a location of the vehicle, a distance to
one or more recognized landmarks, a location determined by
position sensor 130, one or more images captured by an
image capture device of vehicle 7902, sensor outputs etc.

At step 8020, processing unit 110 may store the naviga-
tional situation information into memory 140 or 150 of
system 100 in association with information relating to the
user input. Alternatively, in other embodiments, the naviga-
tional situation information may be transmitted to a server
(e.g., server 1230) for use in a making a possible update to
the road model. Alternatively, in still yet other embodiments,
system 100 may not store the navigational situation infor-
mation if system 100 determines that the navigation situa-
tion information is associated with a condition that may not
occur in the future (e.g., a special condition or a transient
condition), such as related to pedestrian or an animal moving
in front of vehicle 7902. System 100 may determine that
such conditions do not warrant further analysis and this may
determine to not store the navigational situation information
associated with the transient condition.

Self-Aware System for Adaptive Navigation

In some embodiments, the disclosed systems and methods
may provide a self-aware system for adaptive navigation.
For example, a server (e.g., server 1230), may distribute a
road model to vehicles. Based on feedback received from
autonomous vehicles, the system may determine whether
one or more updates (e.g., adaptations to the model) are
needed to the road model to account for changes in road
situations. For example, in some embodiments, a vehicle
(which may be an autonomous vehicle) may travel on a
roadway based on the road model and may make use of
observations made by the self-aware system in order to
adjust a navigational maneuver of the vehicle based on a
navigational adjustment condition. As discussed herein, a
navigational adjustment condition may include any observ-
able or measurable condition in an environment of a vehicle.
The system may determine a navigational maneuver for the
vehicle based, at least in part, on a comparison of a motion
of the vehicle with respect to a predetermined model rep-
resentative of a road segment. The system may receive from
a camera, at least one image representative of an environ-
ment of the vehicle, and then determine, based on analysis
of'the at least one image, an existence in the environment of
the vehicle of a navigational adjustment condition. Based on
this analysis, the system may, without user intervention,
cause the vehicle to adjust the navigational maneuver based
on the existence of the navigational adjustment condition.
The system may store information relating to the naviga-
tional adjustment condition, including, for example, data, an
image, or a video related to the navigational adjustment
condition. And, the system may transmit the stored infor-
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mation to one or more server-based systems for analysis
and/or determination of whether an update to the road model
is needed.

In some embodiments, the system onboard the vehicle or
in the cloud may identify an object or a condition that is
estimated to be associated with the navigational adjustment
condition. The system may establish whether the naviga-
tional adjustment condition is temporary or not and whether
the road model should be updated or not. The system may
also establish in this way whether to collect further infor-
mation from future traversals of the same area, location,
road, region, etc.

FIG. 82A illustrates a plan view of a vehicle traveling on
a roadway with a parked car consistent with disclosed
embodiments. In particular, FIG. 82A illustrates vehicle
7902a traveling according to a three-dimensional spline
representative of a predetermined path of travel 8200 (e.g.,
a target trajectory) along roadway 7900 where a second
vehicle 7902¢ is parked directly in front of vehicle 7902a.
Vehicle 7902a may include a system that provides naviga-
tion features, including features that allow for navigation
based on user input. Vehicle 7902a may include components
such as those discussed above in connection with vehicle
200. For example, as depicted, vehicle 79024 may be
equipped with image capture devices 122 and 124; more or
fewer image capture devices (including cameras, for
example) may be employed.

As shown, roadway 7900 may be subdivided into lanes,
such as lanes 7910 and 7920. Vehicle 7902a may receive
from one or more of image capture devices 122 and 124 at
least one environmental image including an image of a
parked vehicle 7902¢. In the example of FIG. 82A, vehicle
79024 is traveling along path 8200 in lane 7910 according
to instructions derived from the road model (e.g., a heading
direction along a target trajectory) and approaching parked
vehicle 7902¢. Where the system overrides autonomously
generated steering instructions (e.g., those enabling the
vehicle to maintain a course along the target trajectory) to
adjust a maneuver of vehicle 7902a due to a navigational
adjustment condition, e.g., to avoid parked vehicle 7902c¢,
navigational adjustment condition information may be cap-
tured and stored in memory (e.g., memory 140) and/or sent
to a server (e.g., server 1230) for making a possible update
to the road model. In this example, the navigational adjust-
ment condition information may include a location of
vehicle 7902¢ when the autonomous navigational change
(e.g., made by the self-aware system) was made. The vehicle
position may be identified by position sensor 130 or based
on a landmark-based determination of position along a target
trajectory. Other navigational condition information may be
included in one or more images captured by an image
capture device included in vehicle 7902¢ depicting the
vehicle’s environment (e.g., an image including parked
vehicle 7902¢), an image stream (e.g., a video), and/or
sensor output data (e.g., from speedometers, accelerometers,
etc.).

In some embodiments, processing unit 110 may send the
navigational situational information from the vehicle to the
server via a wireless data connection over one or more
networks (e.g., over a cellular network and/or the Internet,
etc.). The server side may analyze the received information
(e.g., using automated image analysis processes) to deter-
mine whether any updates to sparse data model 800 are
warranted based on the detected system intervention. In this
example, the server may recognize the presence of the
parked car in or near a target trajectory of the host vehicle
and determine that the parked car represents a temporary or
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transient condition. Therefore, the server may determine not
to change or update the road model. However, in some
embodiments, based on the location of vehicle 79024, the
server may determine that the parked car is located in a
residential area and therefore may change or update the road
model due to the likelihood of vehicles being parked along
the shoulder of the road. Furthermore, in some embodi-
ments, system 100 onboard the vehicle may classify an
object or condition and system 100 may determine whether
or not to change or update the road model.

FIG. 82B illustrates a plan view of a vehicle traveling on
a roadway along a target trajectory associated with the road
segment consistent with the disclosed embodiments. Vehicle
7902 may receive from image capture devices 122 and 124
at least one environmental image of a turning roadway 7900
representative of a lane 7910 ending. This change in lane
7910 may be due to recent modifications to a road, and thus
may not be yet reflected in the sparse data model 800.

In this example, the vehicle systems may recognize the
ending lane and override navigation according to the road
model in order to adjust a maneuver of the vehicle 7902
traveling along path 8200 in lane 7910. For example,
processing unit 110, using one or more images captured with
cameras aboard the vehicle may recognize a blockage in the
path along the target trajectory associated with the road
segment. Processing unit 110 may adjust steering of the
vehicle to leave a path indicated by the target trajectory in
order to avoid lane constraint 7924. As a result of the system
generated navigational adjustment, navigational adjustment
condition information (e.g., including the existence of an
ending of lane 7910, any of distances c,, ¢,, d,, r, w,, and
W, etc.) may be stored in memory (e.g., memory 140) and/or
sent to a server (e.g. server 123) for possible update of the
road model. In some embodiments, in addition or alterna-
tively, the navigational adjustment condition information
may include a location of vehicle 7902 based on data
determined by position sensor 130 and/or a position of
vehicle 7902 relative to one or more recognized landmarks.

The server side may analyze the received information
(e.g., using automated image analysis processes) to deter-
mine whether any updates to sparse data model 800 are
warranted based on the detected system intervention. In
some embodiments, the server may or may not update the
road model based on the received navigational adjustment
condition information. For example, given the permanent
nature of an ending lane accompanied by a lane shift, the
server may decide it is necessary to change or update the
road model. Accordingly, the sever may modify the road
model in order to steer or turn to merge at these distances ¢,
5, d,, Wy, and w, upon approaching lane constraint 7924.
The model may also be updated based on a received,
reconstructed and actual trajectory taken by vehicle 7902 as
it navigated past the ending lane. Additionally, rather than
aggregating the actual path of vehicle 7902 with other
trajectories stored in sparse data model 800 for the particular
road segment (e.g., by averaging the path of vehicle 7902
with other trajectories stored in sparse data model 800), the
target trajectory may be defaulted to the path of vehicle
7902. That is, because the server may determine that the
cause of the navigational change was a non-transient (or
semi-permanent) condition, the path of vehicle 7902 may be
more accurate for the particular road segment than other
trajectories for the road segment collected before the con-
dition existed. The same approach and analysis could also be
employed by the server upon receiving navigational modi-
fications based not on control by the self-aware vehicle
system, but on user intervention (described above).
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FIG. 82C illustrates a plan view of a vehicle traveling on
a roadway approaching a pedestrian consistent with dis-
closed embodiments. In the example of FIG. 82C, vehicle
7902 is driving in lane 7910 of roadway 7900 with pedes-
trian 7926. As shown, pedestrian 7926 may be positioned
directly in roadway 7900 or alternatively may be positioned
to the side of roadway 7900. Vehicle 7902 may travel in lane
7910 according to instructions derived based on the road
model (e.g., a heading direction along a target trajectory)
and may approach pedestrian 7926. Vehicle 7902 may
receive from image capture devices 122 and 124 at least one
environmental image including an image of pedestrian 7926.
Where the system intervenes to override the road model to
adjust a maneuver of the vehicle 7902 traveling in lane 7910
to avoid pedestrian 7926, navigational adjustment condition
information including, for example, a distance d, to a stop
sign and/or a capture image depicting pedestrian 7926 may
be captured and stored in memory (e.g., memory 140) and/or
sent to a server (e.g., server 1230) for making a possible
update to the road model. The server side may analyze the
received information (e.g., using automated image analysis
processes) to determine whether any updates to sparse data
model 800 are warranted based on the detected system
intervention. In this example, given the temporary nature of
a pedestrian, the server may determine to not change or
update the road model.

Optionally, in some embodiments, when the cause of the
intervention is not confidently ascertained by the system, or
when the nature of the cause in not clear or is inherently not
constant or stable, the server may issue an alert and/or
provide one, two, or more alternative paths or road models.
In such an embodiment, the server may cause the system
onboard the vehicle to examine the situation on the ground
including when the vehicle arrived at the point or area where
the deviation or intervention occurred. The server may
further provide a location of a suspected and/or verified
cause of the intervention, to allow the system to focus on that
area. As such, the system may have more time and more
information to evaluate the situation.

FIG. 82D illustrates a plan view of a vehicle traveling on
a roadway approaching an area of construction consistent
with the disclosed embodiments. As shown, vehicle 7902 is
traveling a target trajectory associated with the road segment
(e.g., according to a three-dimensional spline representative
of a predetermined target trajectory 8200) along a roadway
7900 where a construction area 82004 is located directly in
front of vehicle 7902. Vehicle 7902 may receive from image
capture devices 122 and 124 at least one environmental
image including an image of construction area 8200d.
Where the system intervenes to override one or more
navigational maneuvers generated based on the road model
in order to avoid construction area 8200d, navigational
adjustment condition information may be stored. Such infor-
mation may include, for example, the existence of a con-
struction area 82004 (e.g., as depicted in one or more
captured images). The navigational adjustment condition
information may also be sent to a server (e.g. server 120) for
a making one or more possible updates to sparse data model
800. In some embodiments, the navigational adjustment
condition information may include a location of vehicle
7902 based on, for example, a position sensor 130 and/or a
location of a known landmark relative to vehicle 7902 at the
time of adjustment. The server side may analyze the
received information (e.g., using automated image analysis
processes) to determine whether any updates to sparse data
model 800 are warranted based on the detected system
intervention. In this example, due to the non-transient nature
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of the roadway construction (where non-transient may refer
to a condition likely to exist longer than a predetermined
period of time, including, for example, several hours, a day,
a week, a month, or more), the server may determine to
change or update the road model.

FIG. 83 illustrates an example flowchart representing a
method for model adaptation based on self-aware navigation
of a vehicle consistent with the disclosed embodiments. In
particular, FIG. 83 illustrates a process 8300 that may be
performed by processing unit 110 of system 100. As dis-
cussed below, process 8300 may use a road model defining
a predetermined vehicle trajectory 8200. Where a maneuver
deviates from navigational maneuvers developed based on
the predetermined model vehicle trajectory 8200, the model
and information regarding a navigational adjustment condi-
tion may be captured and stored and/or sent to a server (e.g.,
server 1230) for making a possible update to the road model.

At step 8310, processing unit 110 may determine a
navigational maneuver based on a comparison of a vehicle
position with respect to a predetermined model associated
with a road segment. As discussed elsewhere in detail, a
recognized landmark may be verified in the captured image
and used to determine a position of the vehicle along a target
trajectory for a particular road segment. Based on the
determined position, the processing unit 110 may cause one
or more navigational responses, for example, a navigational
maneuver to maintain the vehicle (e.g., steer the vehicle)
along the target trajectory.

At step 8312, processing unit 110 may receive an envi-
ronmental image of an area forward of vehicle 7902. For
example, processing unit 110 may receive an image of an
environment of vehicle 7902 that includes a parked vehicle,
a lane constraint having a road curvature or turning roadway
radius r providing information indicative, for example, of a
roadway lane ending, a pedestrian and/or construction area.

At step 8314, processing unit 110 may determine an
existence of a navigational adjustment condition. The navi-
gational adjustment condition may be determined respon-
sive to an analysis of at least one environmental image of an
area forward of vehicle 7902 and may include, for example,
a parked car in front of vehicle 7902a, a roadway curvature
having turn radius r providing information indicative, for
example, of construction area in lane 7910. These are, of
course, examples, and the captured images may include any
of a multitude of conditions within an environment of the
vehicle that may warrant an adjustment in navigation away
from a target trajectory included in sparse data model 800.

At step 8316, processing unit 110 may cause vehicle 7902
to adjust the navigational maneuver based on the naviga-
tional adjustment condition. For example, processing unit
110 may cause vehicle 7902 to change heading directions
away from a direction of the target trajectory in order to
avoid a parked car, a road construction site, a pedestrian, etc.
Consistent with the disclosed embodiments, instructions
may be sent to a throttling system 220, braking system 230,
and/or steering system 240 in order to cause the adjustment
to one or more navigational maneuvers generated based on
sparse data model 800.

At step 8318, processing unit 110 may store information
relating to the navigational adjustment condition informa-
tion into memory 140 or 150 of system 100. Such informa-
tion may include one or more images captured of the
environment of the vehicle at the time of the navigational
adjustment that resulted in a departure from the target
trajectory of sparse data model 800. The information may
also include a position of the vehicle, outputs of one or more
sensors associated with the vehicle, etc.
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At step 8320, processing unit 110 may transmit the
navigational adjustment condition information to a road
model management system (e.g., server 1230) for analysis
and for potentially updating a predetermined model repre-
sentative of the roadway.

Adaptive Road Model Manager

In some embodiments, the disclosed systems and methods
may provide an adaptive road model manager. The adaptive
road model manager may be provided by a server (e.g.,
server 1230), which may receive data from vehicles and
decide whether or not to make an update to the road model
if an adjustment from an expected vehicular navigational
maneuver was not due to a transient condition. The vehicles
may send data to the server regarding navigational depar-
tures from the road model using a wireless data connection
over one or more networks (e.g., including over a cellular
network and/or the Internet). For example, the server may
receive from each of a plurality of autonomous vehicles
navigational situation information associated with an occur-
rence of an adjustment to a determined navigational maneu-
ver. The server may analyze the navigational situation
information and determine, based on the analysis of the
navigational situation information, whether the adjustment
to the determined navigational maneuver was due to a
transient condition. In some embodiments, the server may
detect the navigational maneuver from raw data provided by
the vehicle (e.g., by processing image data). The server may
update the predetermined model representative of the at least
one road segment if the adjustment to the determined
navigational maneuver was not due to a transient condition.
As discussed herein, a transient condition is any condition
expected to change after a predetermined time period (e.g.,
less than a few hours, a day, or a week or more) such that an
update to a road model is not warranted or desirable. Such
transient conditions may be expected to no longer be present
after the predetermined time period and therefore the server
may determine to not change or update to the road model.
Conversely, if the server determines the adjustment was not
due to a transient condition, the server may determine to
update the road model.

In some embodiments, when a navigational maneuver is
detected, the server may mark the respective area of the road
model as being associated with a suspected change. The
server may then determine from further updates from the
same location or a nearby location (e.g., in some embodi-
ments, “pulling” such updates from vehicles at the location
or nearby the location), and may process the data in an
attempt to verify the change. When the change is verified,
the server may update the model, and may subsequently
communicate the updated model of the respective area,
replacing the former version of the model. The server may
implement a confidence level such that the update occurs
when the confidence level is above a certain level. The
confidence level may be associated with the type of maneu-
ver, the similarity between two or more maneuvers, identi-
fication of a source of the adjustment, a frequency of
consistent updates, and the number of ratio of inconsistent
updates, environmental conditions, such as weather, urban
vs. rural environments, etc. The severity of the cause of the
maneuver may also be taken into account when determining
the confidence level. If the maneuver is severe (e.g., a sharp
turn) and the cause may be associated with a potential
weather situation and, in some embodiments, a less restric-
tive approval process can may be used.

FIG. 84A illustrates a plan view of a vehicle traveling on
a roadway with multiple parked cars consistent with the
disclosed embodiments. As shown, vehicle 7902q is travel-
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ing according to a target trajectory (e.g., a three-dimensional
spline representative of a predetermined path of travel 8400)
of'a road model along roadway 7900 where another vehicle
7902c¢ is parked directly in front of vehicle 7902a. Roadway
7900 may be subdivided into lanes, such as lanes 7910 and
7920. Where either the system or user intervenes to override
a navigational maneuver generated based on the road model
and adjust a maneuver of the vehicle 7902 traveling along
path 8400 in lane 7910 to avoid parked vehicles 7902c¢,
navigational situation information including, for example,
the existence of parked cars 7902¢ in lane 7910 (e.g., as
depicted in one or more images captured by an image
captured device of vehicle 7902a) may be may be sent to a
server (e.g., server 1230) for analysis.

The server side may analyze the received information
(e.g., using automated image analysis processes) to deter-
mine whether any updates to sparse data model 800 are
warranted based on whether or not the adjustment was due
to a transient condition. Where the adjustment was not due
to the existence of a transient condition, the road model may
be updated. For example, where an experienced condition is
determined to be one likely to persist beyond a predeter-
mined time threshold (e.g., a few hours, a day, or a week or
more) updates may be made to the model. In some embodi-
ments, the threshold for determining a transient condition
may be dependent on a geographic region in which the
condition is determined to occur, on an average number of
vehicles that travel the road segment in which the condition
was encountered, or any other suitable criteria. For example,
in geographic regions, such as rural regions, that include
fewer vehicles likely to encounter a road-related condition,
a time threshold for making the transient or not transient
determination may be longer that another geographic region
(e.g., an urban environment) that includes more vehicles
likely to encounter the road-related condition over a par-
ticular time period. That is, as the average number of
vehicles traveling a road segment increases, the time thresh-
old for making the transient determination may be lower.
Such an approach may reduce the number of cars traveling
in an urban environment that will need to rely upon their
internal systems (camera, sensors, processor, etc.) to recog-
nize a road condition that warrants a navigational response
different from one expected based on sparse model 800. At
the same time, a longer transient time threshold in lower
trafficked areas may reduce the likelihood that the model is
changed to account for an experienced road condition and,
a short time later (e.g., within hours, a day, etc.) needs to be
changed back to its original state, for example, after the
experience road condition no longer exists.

Conversely, where a navigational adjustment is deter-
mined to be in response to a transient condition, the server
may elect to not make any updates to the road model. For
example, where either the system or user intervenes to
navigate the vehicle 7902a into lane 7920 to avoid vehicles
7902¢ parked on the shoulder yet abutting into lane 7910
(FIG. 84A), where ith the system or user navigates the host
vehicle to avoid an intervening car 79024 (FIG. 84B),
wherein the system or user navigates the host vehicle to
avoid a temporary barrier 8402 (such as a fallen tree, as
shown in FIG. 84C), or where the system or user navigates
the host vehicle to avoid markers 82004 designating tem-
porary roadwork (FIG. 84D), where the system or user
navigates the host vehicle to avoid a pothole 8502 present in
the roadway (FIG. 85A), where the system or user navigates
the host vehicle to avoid a pedestrian 8504 or pedestrian in
the roadway (FIG. 85B), the server may determine in each
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case that the experienced condition constitutes a transient
condition not warranting an update to sparse data model 800.

In some cases, and as described above, certain road
conditions may be classified as transient based on a deter-
mination of a probable time of their existence (less than a
few hours, a day, a week, etc.). In other cases, a determi-
nation of whether a certain road condition is a transient one
may be based on factors other than or in addition to time. For
example, in the case of a pothole captured in one or more
images, the server (or the processing unit associated with a
host vehicle) may determine a depth of the pothole, which
may aid in determining whether the pothole represents a
transient condition and, therefore, whether sparse data
model 800 should be updated in view of the pothole. If the
pothole 8502 is determined to have a depth that could result
in potential damage to the host vehicle if driven through
(e.g., a depth on the order of greater than 3 cm, 5 cm, 10 cm
or more), then the pothole may be categorized as non-
transient. Similarly, if the pothole 8502 is located in a
geographic region in which road repair is known to be
somewhat slow (e.g., requiring more than a day to repair, a
week to repair, or longer), then a pothole may be categorized
as non-transient.

Determination of whether a particular road condition
constitutes a transient condition may be fully automated and
performed by one or more server-based systems. For
example, in some embodiments, the one or more server
based systems may employ automated image analysis tech-
niques based on one or more images captured by cameras
onboard a host vehicle. In some embodiments, the image
analysis techniques may include machine learning systems
trained to recognize certain shapes, road features, and/or
objects. For example, the server may be trained to recog-
nized in an image or image stream the presence of a concrete
barrier (possibly indicating the presence of a non-transient
construction or lane separation condition), a pothole in the
surface of the road (a possible transient or non-transient
condition depending on the size, depth, etc.), a road edge
intersecting with an expected path of travel (potentially
indicating a non-transient lane shift or new traffic pattern), a
parked car (a potentially transient condition), an animal
shape in the road (a potentially transient condition), or any
other relevant shapes, objects, or road features.

The image analysis techniques employed by the server
may also include a text recognition component to determine
a meaning associated with text present in an image. For
example, where text appears in one or more uploaded
images from an environment of a host vehicle, the server
may determine whether text exists in the images. If text
exists, the server may use techniques such as optical char-
acter recognition to assist in determining whether the text
may relate to a reason that a system or user of a host vehicle
caused a navigational maneuver differing from that expected
based on sparse model 800. For example, where a sign is
identified in an image, and the sign is determined to include
the text “NEW TRAFFIC PATTERN AHEAD,” the text may
assist the server in determining that the experienced condi-
tion had a non-transient nature. Similarly, signs such as
“ROAD CLOSED AHEAD” or “BRIDGE OUT” may also
help indicate the presence of a non-transient condition for
which an update to sparse road model 800 may be justified.

The server-based system may also be configured to take
into account other information when determining whether an
experienced road condition is transient. For example, the
server may determine an average number of vehicles that
travel a road segment over a particular amount of time. Such
information may be helpful in determining the number of

20

25

40

45

200

vehicles a temporary condition is likely to affect over an
amount of time that the condition is expected to persist.
Higher numbers of vehicles impacted by the condition may
suggest a determination that the sparse data model 800
should be updated.

In some embodiments, determination of whether a par-
ticular road condition constitutes a transient condition may
include at least some level of human assistance. For
example, in addition to the automated features described
above, a human operator may also be involved in reviewing
information uploaded from one or more vehicles and/or
determining whether sparse data model 800 should be
updated in view of the received information.

FIG. 86 illustrates an example flowchart representing a
method for an adaptive road model manager consistent with
disclosed embodiments. In particular, FIG. 86 illustrates a
process 8600 for an adaptive road model manager consistent
with disclosed embodiments. Steps of process 8600 may be
performed by a server (e.g., server 1230), which may receive
data from a plurality of autonomous vehicles over one or
more networks (e.g., cellular and/or the Internet, etc.).

At step 8610, the server may receive from each of a
plurality of autonomous vehicles navigational situation
information associated with an occurrence of an adjustment
to a determined navigational maneuver. The navigational
situation information may result from system or user inven-
tion overriding the road model. The navigational situation
information may include at least one image or a video
representing an environment of vehicle 7902. In some
embodiments, the navigational situation information may
further include a location of vehicle 7902 (e.g., as deter-
mined by position sensor 130 and/or based on a distance of
vehicle 7902 to a recognized landmark).

At step 8612, the server may analyze the navigational
situation information. For example, the server side may
analyze the received information (e.g., using automated
image analysis processes) to determine what is depicted in
the at least one image or video representing an environment
of vehicle 7902. This analysis may include identification of
the existence of, for example, a parked car, an intervening
car, a temporary barrier, such as a fallen tree directly in front
of a vehicle, roadwork, a low light condition, a glare
condition, a pothole, an animal, or a pedestrian.

At step 8614, the server may determine, based on the
analysis of the navigational situation information, whether
the adjustment to the determined maneuver was due to a
transient condition. For example, A transient condition may
include where a second vehicle is parked directly in front of
a vehicle, a vehicle intervenes directly in front of vehicle,
barrier, such as a fallen tree lies directly in front of a vehicle,
a low light condition, a glare condition, a pothole (e.g., one
of' a minimal depth), an animal, or a pedestrian.

At step 8616, process 8600 may include the server updat-
ing the predetermined model representative of the at least
one road segment if the adjustment to the determined
navigational maneuver was not due to a transient condition.
For example, a condition that may be non-transient may
include a substantial pothole, long-term and/or extensive
roadwork, etc. This update may include an update to the
three-dimensional spline representing a predetermined path
of travel along at least one road segment.

Road Model Management Based on Selective Feedback

In some embodiments, the disclosed systems and methods
may manage a road model based on selective feedback
received from one or more vehicles. As discussed in earlier
sections, the road model may include a target trajectory (e.g.,
a three-dimensional spline representing a predetermined



US 9,665,100 B2

201

path of travel along a road segment). Consistent with dis-
closed embodiments, a server (e.g., server 1230) may selec-
tively receive road environment information from autono-
mous vehicles in order to update the road model. As used
herein, road environment information may include any
information related to an observable or measurable condi-
tion associated with a road or a road segment. The server
may selectively receive the road environment information
based on a variety of criteria. Relative to the disclosed
embodiments, selectively receiving information may refer to
any ability of a server based system to limit data transmis-
sions sent from one or more autonomous vehicles to the
server. Such limitations placed on data transmissions from
the one or more autonomous vehicles may be made based
any suitable criteria.

For example, in some embodiments, the server may limit
a frequency at which road environment information is
uploaded to the server from a particular vehicle, from a
group of vehicles, and/or from vehicles traveling within a
particular geographic region. Such limitations may be
placed based on a determined model confidence level asso-
ciated with a particular geographic region. In some embodi-
ments, the server may limit data transmissions from autono-
mous vehicles to only those transmissions including
information suggesting a potential discrepancy with respect
to at least one aspect of the road model (such information,
for example, may be determined as prompting one or more
updates to the model). The server may determine whether
one or more updates to the road model are required based on
the road environment information selectively received from
the autonomous vehicles and may update the road model to
include the one or more updates. Examples of a server
selectively receiving road environment information from
autonomous vehicles are discussed below.

FIG. 87A illustrates a plan view of a vehicle traveling on
an interstate roadway consistent with the disclosed embodi-
ments. As shown, vehicle 7902 is traveling along a prede-
termined path of travel 8700 (e.g., a target trajectory accord-
ing to a road model) associated with interstate roadway
7900. As shown, roadway 7900 may be subdivided into
lanes, such as lanes 7910 and 7920. The server may selec-
tively receive road environment information based on navi-
gation by vehicle 7902 through a road environment, such as
roadway 7900. For example, the road environment informa-
tion may include one or more images captured by an image
capture device of vehicle 7902; location information repre-
senting a position of vehicle 7902 determined by, for
example, using position sensor 130 and/or based on a
position of vehicle 7902 relative to a recognized landmark;
outputs from one or more sensors associate with vehicle
7902, etc. Based upon the road environment information, the
server may determine whether updates to the road model are
required.

In the example shown in FIG. 87A, a single particular
vehicle 7902 is shown traveling along an interstate roadway
7900 and following a target trajectory 8700. FIG. 87B
illustrates a plan view of a group of vehicles 7902¢, 7902f,
7902¢g, and 7902/ traveling along a city roadway 7900 and
following target trajectories 8700a and 87005 that may be
associated with lanes 7910 and 7920 of roadway 7900, for
example. FIG. 87C illustrates a plan view of a vehicle 7902/
traveling within a rural geographic region 8722 on roadway
7900. FIG. 87D illustrates a vehicle 7902 traveling on a
roadway 7900 including a newly modified traffic pattern. For
example, where once lane 7910 may have extended forward
of vehicle 7902, a new traffic pattern may exist where lane
7910 now comes to an end forward of vehicle 7902.
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Information relating to the navigation of vehicle 7902 in
any of these situations, among others, may be collected and
uploaded to one or more server based systems that maintain
sparse data map 800. Based on the received information, the
server may analyze whether one or more updates are needed
to sparse data map 800 and, if an update is determined to be
justified, then the server may make the update to sparse data
map 800. In some embodiments, the analysis and updating
may be performed automatically by the server via automated
image analysis of images captured by cameras aboard
vehicle 7910, automated review of sensor and position
information, automated cross-correlation of information
received from multiple autonomous vehicles, etc. In some
embodiments, an operator associated with the server-based
system may assist in review of the information received
from the autonomous vehicles and determination of whether
updates to sparse data model 800 are needed based on the
received information.

In some embodiments, the server may be configured to
receive navigational information from all available autono-
mous vehicles. Further, this information may be uploaded to
the server based on a predetermined protocol. For example,
the information may be uploaded across a streaming data
feed. Additionally or alternatively, the information may be
uploaded to the server at a predetermined periodic rate (e.g.,
several times per second, once per second, once per minute,
once every several minutes, once per hour, or any other
suitable time interval). The information may also be
uploaded to the server based on aspects of the vehicle’s
navigation. For example, navigational information may be
uploaded from a vehicle to the server as the vehicle moves
from one road segment to another or as the vehicle moves
from one local map associated with sparse data map 800 to
another.

In some embodiments, the server may be configured to
selectively control the receipt of navigational information
from one or more autonomous vehicle. That is, rather than
receiving all available navigational information from all
available autonomous vehicles, the server may restrict the
amount of information it receives from one or more avail-
able autonomous vehicles. In this way, the server may
reduce the amount of bandwidth needed for communicating
with available autonomous vehicles. Such selective control
of information flow from the autonomous vehicles and the
server may also reduce an amount of processing resources
required to process the communications incoming from the
autonomous vehicles.

The selective control of information flow between the
autonomous vehicles and the server may be based on any
suitable criteria. In some embodiments, the selectivity may
be based on the type of road that a vehicle is traversing. With
reference to the example shown in FIG. 87A, vehicle 7902
is traversing an interstate, which may be a well-traveled
road. In such situations, the server may have accumulated a
significant amount of navigational information relating to
the interstate road, its various lanes, the landmarks associ-
ated with the road, etc. In such circumstances, continuing to
receive full information uploads from every vehicle that
travels along the interstate roadway may not contribute to
significant or further refinements of the road model repre-
sented in sparse data map 800. Therefore, the server may
limit, or an autonomous vehicle traveling along a certain
type of road or a particular road segment may limit, the
amount or type of information uploaded to the server.

In some embodiments, the server may forego automatic
information uploads altogether from vehicles traveling
along a particular interstate roadway, a heavily traveled
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urban road, or any other road where sparse data model 800
is determined to require no additional refinements. Instead,
in some embodiments, the server may selectively acquire
data from vehicles traveling along such roads as a means for
periodically confirming that sparse data map 800 remains
valid along selected roadways. For example, the server may
interrogate one or more vehicles determined to be traveling
along an interstate, heavily traveled road segment, etc. to
collect navigational information from the interrogated
vehicle. This information may include information relating
to a reconstructed trajectory of the vehicle along the road-
way, a position of the vehicle on the roadway, sensor
information from the vehicle, captured images from cameras
onboard the vehicle, etc. Using this technique, the server
may periodically monitor the state of a roadway and deter-
mine whether updates are needed to sparse data model 800
without unnecessary usage of data transmission and/or data
processing resources.

In some embodiments, the server may also selectively
control data flow from an autonomous vehicle based on the
number of cars determined to be traveling within a group
along a roadway. For example, where a group of autono-
mous vehicles (e.g., two or more vehicles) is determined to
be traveling within a certain proximity of one another (e.g.,
within 100 meters, 1 km, or any other suitable proximity
envelope), information upload may be restricted from any of
the members of the group. For example, the server may
restrict information transfer to only one member of the
group, any subset of members of the group, one member of
the group from each lane of the road, etc.

In some embodiments, the server may also selectively
control data flow from an autonomous vehicle based on a
geographic region. For example, some geographic regions
may include road segments for which sparse data model 800
already includes refined target trajectories, landmark repre-
sentations, landmark positions, etc. For example, in certain
geographic regions (e.g., urban environments, heavily trav-
eled roadways, etc.), sparse data model 800 may be gener-
ated based upon multiple traversals of various road segments
by vehicles in a data collection mode. Fach traversal may
result in additional data relevant to road segments in a
geographic region from which sparse data model 800 may
be refined. In some cases, sparse data map 800 for certain
geographic regions may be based upon 100, 1000, 10000 or
more prior traversals of various road segments. In those
regions, additional information received from one or more
autonomous vehicles may not serve as a basis for further,
significant refinements of sparse data model. Thus, the
server may restrict uploads from vehicles traveling in certain
geographic regions. For example, in some cases, the server
may preclude all automatic transmissions of road data from
vehicles traveling in selected geographic regions. In other
cases, the server may enable transmission of data from only
a portion of vehicles traveling in a certain geographic region
(e.g., 1 of 2 vehicles, 1 of 5, 1 of 100, etc.). In other cases,
the server may receive transmissions from only those
vehicles in a geographic location that the server identifies
and queries for updated road information. The server can use
information received from any portion of the vehicles from
a certain geographic region to verify and/or update any
aspect of sparse data model 800.

In some embodiments, the server may also selectively
control data flow from an autonomous vehicle based on a
confidence level assigned to a particular local map, road
segment, geographic region, etc. For example, like the
geographic region example, certain road segments, local
maps, and/or geographic regions may be associated with a
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confidence level indicative of for example, a level of refine-
ment of sparse data map 800 in those areas. The server may
restrict transmission of road information from vehicles trav-
eling on any roads, local map areas, or geographic regions
associated with a confidence level above a predetermined
threshold. For example, in some cases, the server may
preclude all automatic transmissions of road data from
vehicles traveling in regions with a confidence level above
a predetermined threshold. In other cases, the server may
enable transmission of data from only a portion of vehicles
traveling in those regions (e.g., 1 of 2 vehicles, 1 of 5, 1 of
100, etc.). In other cases, the server may receive transmis-
sions from only those vehicles in a high-confidence area
(one including a confidence level above a predetermined
threshold) that the server identifies and queries for updated
road information. The server can use information received
from any portion of the vehicles from a high-confidence
level region to verify and/or update any aspect of sparse data
model] 800.

In some embodiments, the server may also selectively
control data flow from an autonomous vehicle based on the
type of information included within the navigational infor-
mation to be uploaded by a particular autonomous vehicle.
For example, in many cases, the road information uploaded
to the server from various host vehicles may not signifi-
cantly impact sparse data model 800. For example, in
high-confidence level geographic areas or road segments
etc., additional road information from traversing vehicles
may be useful for veritying the continued accuracy of sparse
data model 800, but such information may not offer a
potential for additional significant refinements to sparse data
model 800. Thus, continued transmission of information that
verifies sparse data model 800, but does not offer a potential
for significant further refinement of sparse data model 800
may consume data transmission and processing resources
without a potential for significant benefit.

In such cases, it may be desirable for the server to limit
data transmissions from vehicles. Instead of receiving data
transmissions automatically from all (or even a part of)
available vehicles, the server may restrict data transmissions
from vehicles to only those experiencing situations that may
impact sparse road model 800. For example, where a vehicle
traversing a road segment experiences a situation that
requires a navigational response that departs from one
anticipated by the sparse data model 800 (e.g., where the
vehicle must travel a path different from a target trajectory
for a road segment), then the processing unit 110 may
determine that such a departure has occurred and may relay
that information to the server. In response, the server may
query the vehicle for information relating to the navigational
departure so that the server can determine whether any
updates are needed to sparse data model 800. In other words,
the server may elect to receive road information from
vehicles only where the information suggests that a change
may be needed to sparse data model 800.

FIG. 88 illustrates an example flowchart representing a
method for road model management based on selective
feedback consistent with the disclosed embodiments. Steps
of process 8800 may be performed by ae server (e.g., server
1230). As discussed below, process 8800 may involve
selectively receiving feedback to potentially update the road
model based upon road environment information from
autonomous vehicles.

At step 8810, the server may selectively receive road
environment information based on navigation from a plu-
rality of autonomous vehicles through their respective road
environments. For example, the server may selectively apply
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a limitation on a frequency of information transmissions
received from a particular vehicle, from a group of vehicles,
from vehicles traveling within a particular geographic
region, or from vehicles based on a determined model
confidence level associated with a particular geographic
region. Further, in some embodiments, the server may
selectively limit data transmissions from vehicles only to
those transmissions that reflect a potential discrepancy with
respect to at least one aspect of a predetermined road model.

At step 8812, the server may determine whether one or
more updates to the road model are required based on the
road environment information. If the server determines that
updates to the road model are justified based on information
selectively received from one or more autonomous vehicles,
those updates may be made at step 8814.

The foregoing description has been presented for pur-
poses of illustration. It is not exhaustive and is not limited
to the precise forms or embodiments disclosed. Modifica-
tions 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 stored in
memory, 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, 4K Ultra HD Blu-ray, or
other optical drive media.

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 mod-
ules 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.

Moreover, while illustrative embodiments have been
described herein, the scope of any and all embodiments
having equivalent elements, modifications, omissions, com-
binations (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, includ-
ing 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.

What is claimed is:
1. An autonomous vehicle, comprising:
a body; and
a non-transitory computer-readable medium including a
sparse map for autonomous vehicle navigation along a
road segment,
the sparse map comprising:
a polynomial representation of a target trajectory for
the autonomous vehicle along the road segment;
and
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a plurality of predetermined landmarks associated
with the road segment,
wherein the plurality of predetermined landmarks
are spaced apart by at least 50 meters, and
wherein the sparse map has a data density of no
more than 1 megabyte per kilometer; and
a processor configured to execute data included in the
sparse map for providing autonomous vehicle naviga-
tion along the road segment.

2. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks include a traffic sign
represented in the sparse map by no more than 50 bytes of
data.

3. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks include a directional
sign represented in the sparse map by no more than 50 bytes
of data.

4. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks include a general
purpose sign represented in the sparse map by no more than
100 bytes of data.

5. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks include a generally
rectangular object represented in the sparse map by no more
than 100 bytes of data.

6. The autonomous vehicle of claim 5, wherein the
representation of the generally rectangular object in the
sparse map includes a condensed image signature associated
with the generally rectangular object.

7. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks are represented in the
sparse map by parameters including landmark size, distance
to previous landmark, landmark type, and landmark posi-
tion.

8. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks included in the sparse
map are spaced apart by at least 2 kilometers.

9. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks included in the sparse
map are spaced apart by at least 1 kilometer.

10. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks included in the sparse
map are spaced apart by at least 100 meters.

11. The autonomous vehicle of claim 1, wherein the
sparse map has a data density of no more than 100 kilobytes
per kilometer.

12. The autonomous vehicle of claim 1, wherein the
sparse map has a data density of no more than 10 kilobytes
per kilometer.

13. The autonomous vehicle of claim 1, wherein the
plurality of predetermined landmarks appear in the sparse
map at a rate that is above a rate sufficient to maintain a
longitudinal position determination accuracy within 1 meter.

14. The autonomous vehicle of claim 1, wherein the
polynomial representation is a three-dimensional polyno-
mial representation.

15. The autonomous vehicle of claim 1, wherein the
polynomial representation of the target trajectory is deter-
mined based on two or more reconstructed trajectories of
prior traversals of vehicles along the road segment.

16. An autonomous vehicle, comprising:

a body; and

a processor configured to

receive data included in a sparse map and
execute the data for autonomous vehicle navigation
along a road segment, the sparse map comprising:
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a polynomial representation of a target trajectory for
the autonomous vehicle along the road segment;
and

a plurality of predetermined landmarks associated
with the road segment, 5
wherein the plurality of predetermined landmarks

are spaced apart by at least 50 meters, and
wherein the sparse map has a data density of no
more than 1 megabyte per kilometer.
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