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USING WHEEL ORIENTATION TO DETERMINE FUTURE HEADING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation of U.S. Patent Application
No. 15/429,275, filed February 10, 2017 the disclosure of which is hereby incorporated
herein by reference.

BACKGROUND

[0002] Autonomous vehicles, such as vehicles that do not require a human driver, can
be used to aid in the transport of passengers or items from one location to another. Such
vehicles may operate in a fully autonomous mode where passengers may provide some initial
input, such as a pickup or destination location, and the vehicle maneuvers itself to that
location.

[0003] Such vehicles are typically equipped with various types of sensors in order to
detect objects in the surroundings. For example, autonomous vehicles may include lasers,
sonar, radar, cameras, and other devices which scan and record data from the vehicle's
surroundings. Sensor data from one or more of these devices may be used to detect objects
and their respective characteristics (position, shape, heading, speed, etc.). In many cases,
such systems are now able to identify the type of the object, for instance using cues such as
the object size, shape, speed, location, etc. These characteristics can be used to predict what
an object is likely to do for some brief period into the future which can be used to control the
vehicle in order to avoid these objects. Thus, detection, identification, and prediction are
critical functions for the safe operation of autonomous vehicle.

BRIEF SUMMARY

[0004] Aspects of the disclosure provide a method of determining a future heading of
an object. The method includes receiving, by one or more processors, sensor data including
information identifying an object in a vehicle’s environment and sensor data points
corresponding to the object; identifying, by the one or more processors, an area
corresponding to an expected location of a wheel of the object based on the sensor data;
estimating, by the one or more processors, an orientation of the wheel based on the sensor
data points having locations within the area; and determining, by the one or more processors,
a future heading of the object based on the estimation.

[0005] In one example, estimating the orientation includes fitting any of the sensor

data points having locations within the area to a first plane. In this example, the sensor data
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further includes a bounding box bounding the data points corresponding to the object, and
estimating the orientation includes determining an angular difference between a second plane
of a side of the bounding box and the first plane. In addition, estimating the orientation of the
wheel is further based on sensor data points having locations that are outside of the bounding
box and within the area. In another example, identifying the area is further based on a prior
estimated trajectory of the object determined over a period of time. In this example,
identifying the area is further based on a type of the object. In another example, the method
also includes generating a notification based on the future heading and providing the
notification to a passenger of the vehicle indicating that the object is moving towards the
vehicle. In this example, the notification requests that the passenger take control of one or
more of the steering, acceleration, and deceleration of the vehicle. In another example, the
method also includes using the future heading to control the vehicle in an autonomous driving
mode. In another example, identifying the area is further based on a model of wheel
locations. In this example, the sensor data further includes a bounding box bounding the data
points corresponding to the object, and identifying the area further includes inputting
dimensions of the bounding box into the model. In addition or alternatively, the model is
based on a fixed wheel radius. In another example, the method also includes receiving an
image of the object and analyzing the image to identify a possible wheel location, and
wherein identifying the area is further based on the possible wheel location.

[0006] Another aspect of the disclosure provides a system for predicting that an
object is going to enter into a trajectory of a vehicle. The system includes one or more
processors configured to receive sensor data including information identifying an object in a
vehicle’s environment and sensor data points corresponding to the object; identify an area
corresponding to an expected location of a wheel of the object based on the sensor data;
estimate an orientation of the wheel based on the sensor data points having locations within
the area; and determine a future heading of the object based on the estimation.

[0007] In one example, the one or more processors are further configured to estimate
the orientation by fitting any of the sensor data points having locations within the area to a
first plane. In another example, the sensor data further includes a bounding box bounding the
data points corresponding to the object, and the one or more processors are further configured
to estimate the orientation by determining an angular difference between a second plane of a
side of the bounding box and the first plane. In another example, the one or more processors

are further configured to generate a notification based on the future heading and provide a
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notification to a passenger of the vehicle indicating that the object is moving towards the
vehicle. In another example, the one or more processors are further configured to use the
future heading to control the vehicle in an autonomous driving mode. In another example,
the system also includes the vehicle.

[0008] Another aspect of the disclosure provides a non-transitory computer readable
recording medium on which instructions are stored. The instructions when executed by one
or more processors, cause the one or more processors to perform a method for predicting that
an object is going to enter into a trajectory of a vehicle. The method includes receiving
sensor data including information identifying an object in a vehicle’s environment and sensor
data points corresponding to the object; identifying an area corresponding to an expected
location of a wheel of the object based on the sensor data; estimating an orientation of the
wheel based on the sensor data points having locations within the area; and determining a
future heading of the object based on the estimation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIGURE 1 is a functional diagram of an example vehicle in accordance with
aspects of the disclosure.

[0010] FIGURES 2A-2D are example external views of a vehicle in accordance with
aspects of the disclosure.

[0011] FIGURE 3 is a view of a roadway and vehicles in accordance with aspects of

the disclosure.

[0012] FIGURE 4 is a view of a data and a vehicle in accordance with aspects of the
disclosure.
[0013] FIGURES 5A and 5B are example views of a bounding box in accordance

with the disclosure.

[0014] FIGURES 6A and 6B are example views of a bounding box and an area
corresponding to an estimated location of a wheel in accordance with the disclosure.

[0015] FIGURE 7 is an example of a bounding box, an area corresponding to an
estimated location of a wheel, and an estimated plane in accordance with the disclosure.
[0016] FIGURE 8 is another view of a data and a vehicle in accordance with aspects
of the disclosure.

[0017] FIGURE 9 is a flow diagram in accordance with aspects of the disclosure.
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DETAILED DESCRIPTION

OVERVIEW

[0018] The technology relates to predicting a future trajectory of an object and using
this information to make a driving decision for an autonomous vehicle. For certain types of
objects having wheels, such as vehicles or bicycles, the raw sensor information can be used to
identify the relative orientation of the object’s front wheel including the object’s tire, rim (or
hubcap), or both. For example, in a passenger car, a tire may be large enough to be detected,
but for a bicycle, the tire may be fairly thin and more difficult to detect. This can then be used
to determine a future trajectory of the object, for instance, by combining information about
the object’s past trajectory or speed with the orientation of the wheel.

[0019] The perception system and/or the vehicle’s computing devices may use prior
observations of the object to predict a future trajectory of the object. For instance, an object’s
speed, orientation/heading, location, state (i.e. turn signal, etc.), prior estimated trajectory,
may be used to predict a series of locations and times in the future where the object is likely
to be. Together, these locations and times may form a trajectory for the object for some brief
period into the future.

[0020] The vehicle’s perception system may also identify the location of sensor data
points corresponding to an object. This information may be provided by segmentation of the
sensor data. Segmentation is the process of labeling sensor data such that the computing
devices know which sensor data points (or vision pixels) correspond to an object. In some
instances, the sensor data may be segmented into bounding boxes which represent estimated
dimensions of an object. In addition, the perception system may provide information
identifying sensor data points around the object, but not specifically associated with the
object by the segmentation. The perception system may also identify and provide
characteristics of the object, such as the object’s location, orientation, size, shape, type,
direction and speed of movement, etc.

[0021] Using the size of the bounding box and/or the dimensions of the object, the
vehicle’s computing devices may estimate an area corresponding to a location of a wheel of
the object. In order to estimate location of a wheel (front or rear) of an object, the vehicle’s
computing system may have access to information identifying expected wheel locations for
different vehicle sizes, or in some cases, even vehicle types. Using the example of the front

wheel, generally, unless the object is heading towards the vehicle’s sensors, only one front
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wheel will be visible to the sensors, so the location of this front wheel relative to the
bounding box can be estimated based on a combination of the heading of the object (for
instance, from a past trajectory of the object) and the expected wheel locations (identified
using the size of the bounding box and/or dimensions of the object).

[0022] The data points within the area may then be analyzed to identify an average
orientation of the points in the area. For instance, the data points may be fit to a plane using a
simple plane fitting algorithm. The difference between this plane and the plane of the side of
the bounding box may be estimated to be an orientation of the vehicle’s wheel.

[0023] Of course, the number of data points within the area will depend upon the
relative positions, distance and angle between the object’s front wheel and the vehicle’s
sensors. In that regard, the closer the object is to the vehicle and the more perpendicular the
wheel is to the vehicle’s sensors, the more sensor data points are likely to be received from
wheel surface and the more accurate the estimation may be.

[0024] The estimation may be used as an indication of the curvature of the future path
of the object or yaw rate of the object. For example, combining the future wheel orientation
with the object’s speed, a trajectory of the object can be determined. The predicted heading
or trajectory may then be used to make driving decisions for the vehicle.

[0025] The features described herein allow a vehicle’s computing devices to estimate
an orientation of an object’s wheels. This may allow the vehicle’s computing devices to
predict a change in the heading of an object, before the object even begins to make the
heading change. By doing so, the vehicle’s computing devices can better predict a future

path or trajectory of the object and thus make better decisions about how to control the

vehicle.
EXAMPLE SYSTEMS
[0026] As shown in FIGURE 1, a vehicle 100 in accordance with one aspect of the

disclosure includes various components. While certain aspects of the disclosure are
particularly useful in connection with specific types of vehicles, the vehicle may be any type
of vehicle including, but not limited to, cars, trucks, motorcycles, busses, recreational
vehicles, etc. The vehicle may have one or more computing devices, such as computing
devices 110 containing one or more processors 120, memory 130 and other components
typically present in general purpose computing devices.

[0027] The memory 130 stores information accessible by the one or more processors

120, including instructions 132 and data 134 that may be executed or otherwise used by the
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processor 120. The memory 130 may be of any type capable of storing information
accessible by the processor, including a computing device-readable medium, or other
medium that stores data that may be read with the aid of an electronic device, such as a hard-
drive, memory card, ROM, RAM, DVD or other optical disks, as well as other write-capable
and read-only memories. Systems and methods may include different combinations of the
foregoing, whereby different portions of the instructions and data are stored on different types
of media.

[0028] The instructions 132 may be any set of instructions to be executed directly
(such as machine code) or indirectly (such as scripts) by the processor. For example, the
instructions may be stored as computing device code on the computing device-readable
medium. In that regard, the terms "instructions" and "programs" may be used
interchangeably herein. The instructions may be stored in object code format for direct
processing by the processor, or in any other computing device language including scripts or
collections of independent source code modules that are interpreted on demand or compiled
in advance. Functions, methods and routines of the instructions are explained in more detail
below.

[0029] The data 134 may be retrieved, stored or modified by processor 120 in
accordance with the instructions 132. For instance, although the claimed subject matter is not
limited by any particular data structure, the data may be stored in computing device registers,
in a relational database as a table having a plurality of different fields and records, XML
documents or flat files. The data may also be formatted in any computing device-readable
format.

[0030] The one or more processor 120 may be any conventional processors, such as
commercially available CPUs. Alternatively, the one or more processors may be a dedicated
device such as an ASIC or other hardware-based processor. Although FIGURE 1
functionally illustrates the processor, memory, and other elements of computing devices 110
as being within the same block, it will be understood by those of ordinary skill in the art that
the processor, computing device, or memory may actually include multiple processors,
computing devices, or memories that may or may not be stored within the same physical
housing. For example, memory may be a hard drive or other storage media located in a
housing different from that of computing devices 110. Accordingly, references to a processor
or computing device will be understood to include references to a collection of processors or

computing devices or memories that may or may not operate in parallel.
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[0031] Computing devices 110 may include all of the components normally used in
connection with a computing device such as the processor and memory described above as
well as a user input 150 (e.g., a mouse, keyboard, touch screen and/or microphone) and
various electronic displays (e.g., a monitor having a screen or any other electrical device that
is operable to display information). In this example, the vehicle includes an internal
electronic display 152 as well as one or more speakers 154 to provide information or audio
visual experiences. In this regard, internal electronic display 152 may be located within a
cabin of vehicle 100 and may be used by computing devices 110 to provide information to
passengers within the vehicle 100.

[0032] Computing devices 110 may also include one or more wireless network
connections 156 to facilitate communication with other computing devices, such as the client
computing devices and server computing devices described in detail below. The wireless
network connections may include short range communication protocols such as Bluetooth,
Bluetooth low energy (LE), cellular connections, as well as various configurations and
protocols including the Internet, World Wide Web, intranets, virtual private networks, wide
area networks, local networks, private networks using communication protocols proprietary
to one or more companies, Ethernet, WiFi and HTTP, and various combinations of the
foregoing.

[0033] In one example, computing devices 110 may be an autonomous driving
computing system incorporated into vehicle 100. The autonomous driving computing system
may capable of communicating with various components of the vehicle. For example,
returning to FIGURE 1, computing devices 110 may be in communication with various
systems of vehicle 100, such as deceleration system 160, acceleration system 162, steering
system 164, signaling system 166, routing system 168, positioning system 170, and
perception system 172, and power system 174, for instance a gas or diesel powered engine or
electric motor, in order to control the movement, speed, etc. of vehicle 100 in accordance
with the instructions 132 of memory 130. Again, although these systems are shown as
external to computing devices 110, in actuality, these systems may also be incorporated into
computing devices 110, again as an autonomous driving computing system for controlling
vehicle 100.

[0034] As an example, computing devices 110 may interact with deceleration system
160 and acceleration system 162 in order to control the speed of the vehicle. Similarly,

steering system 164 may be used by computing devices 110 in order to control the direction
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of vehicle 100. For example, if vehicle 100 is configured for use on a road, such as a car or
truck, the steering system may include components to control the angle of wheels to turn the
vehicle. Signaling system 166 may be used by computing devices 110 in order to signal the
vehicle's intent to other drivers or vehicles, for example, by lighting turn signals or brake
lights when needed.

[0035] Routing system 168 may be used by computing devices 110 in order to
determine and follow a route to a location. In this regard, the routing system 168 and/or data
134 may store detailed map information, e.g., highly detailed maps identifying the shape and
elevation of roadways, lane lines, intersections, crosswalks, speed limits, traffic signals,
buildings, signs, real time traffic information, vegetation, or other such objects and
information. In other words, this detailed map information may define the geometry of
vehicle’s expected environment including roadways as well as speed restrictions (legal speed
limits) for those roadways. In addition, this map information may include information
regarding traffic controls, such as traffic signal lights, stop signs, yield signs, etc., which, in
conjunction with real time information received from the perception system 172, can be used
by the computing devices 110 to determine which directions of traffic have the right of way
at a given location.

[0036] The map information need not be entirely image based (for example, raster).
For example, the map information may include one or more roadgraphs or graph networks of
information such as roads, lanes, intersections, and the connections between these features.
Each feature may be stored as graph data and may be associated with information such as a
geographic location and whether or not it is linked to other related features, for example, a
stop sign may be linked to a road and an intersection, etc. In some examples, the associated
data may include grid-based indices of a roadgraph to allow for efficient lookup of certain
roadgraph features.

[0037] Positioning system 170 may be used by computing devices 110 in order to
determine the vehicle's relative or absolute position on a map or on the earth. For example,
the position system 170 may include a GPS receiver to determine the device's latitude,
longitude and/or altitude position. Other location systems such as laser-based localization
systems, inertial-aided GPS, or camera-based localization may also be used to identify the
location of the vehicle. The location of the vehicle may include an absolute geographical

location, such as latitude, longitude, and altitude as well as relative location information, such



as location relative to other cars immediately around it which can often be determined with
greater accuracy than absolute geographical location.

[0038] The positioning system 170 may also include other devices in communication
with computing devices 110, such as an accelerometer, gyroscope or another direction/speed
detection device to determine the direction and speed of the vehicle or changes thereto. By
way of example only, an acceleration device may determine its pitch, yaw or roll (or changes
thereto) relative to the direction of gravity or a plane perpendicular thereto. The device may
also track increases or decreases in speed and the direction of such changes. The device's
provision of location and orientation data as set forth herein may be provided automatically to
the computing devices 110, other computing devices and combinations of the foregoing.
[0039] The perception system 172 also includes one or more components for
detecting objects external to the vehicle such as other vehicles, obstacles in the roadway,
traffic signals, signs, trees, etc. For example, the perception system 172 may include lasers,
sonar, radar, cameras and/or any other detection devices that record data which may be
processed by computing devices 110. In the case where the vehicle is a small passenger
vehicle such as a car, the car may include a laser or other sensors mounted on the roof or
other convenient location. For instance, a vehicle’s perception system may use various
sensors, such as LIDAR, sonar, radar, cameras, etc. to detect objects and their characteristics
such as location, orientation, size, shape, type, direction and speed of movement, etc. The raw
data from the sensors and/or the aforementioned characteristics can be quantified or arranged
into a descriptive function or vector for processing by the computing devices 110. As
discussed in further detail below, computing devices 110 may use the positioning system 170
to determine the vehicle's location and perception system 172 to detect and respond to objects
when needed to reach the location safely.

[0040] FIGURES 2A-2D are examples of external views of vehicle 100 having a
width dimension W1 (as shown in FIGURE 2C), a length dimension L1 (as shown in
FIGURES 2A and 2D), and a height dimension H1 (as shown in FIGURES 2A and 2C). As
can be seen, vehicle 100 includes many features of a typical vehicle such as headlights 202,
windshield 203, taillights/turn signal lights 204, rear windshield 205, doors 206, side view
mirrors 208, wheels 210, and turn signal/parking lights 212. Headlights 202, taillights/turn
signal lights 204, and turn signal/parking lights 212 may be associated with the signaling
system 166. Light bar 207 may also be associated with the signaling system 166.
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[0041] Vehicle 100 also includes sensors of the perception system 172. For example,
housing 214 may include one or more laser devices for having 260 degree or narrower fields
of view and one or more camera devices. Housings 216 and 218 may include, for example,
one or more radar and/or sonar devices. The devices of the perception system 172 may also
be incorporated into the typical vehicle components, such as taillights/turn signal lights 204
and/or side view mirrors 208. Each of these radar, camera, and lasers devices may be
associated with processing components which process data from these devices as part of the
perception system 172 and provide sensor data to the computing devices 110.

[0042] The computing devices 110 may control the direction and speed of the vehicle
by controlling various components. By way of example, computing devices 110 may
navigate the vehicle to a destination location completely autonomously using data from the
detailed map information, perception system 172, and routing system 168. In order to
maneuver the vehicle, computing devices 110 may cause the vehicle to accelerate (e.g., by
increasing fuel or other energy provided to the power system 174 by acceleration system
162), decelerate (e.g., by decreasing the fuel supplied to the power system 174, changing
gears, and/or by applying brakes by deceleration system 160), change direction (e.g., by
turning the front or rear wheels of vehicle 100 by steering system 164), and signal such
changes (e.g., by lighting turn signals of signaling system 166). Thus, the acceleration
system 162 and deceleration system 160 may be a part of a drivetrain that includes various
components between a power system 174 of the vehicle and the wheels of the vehicle.
Again, by controlling these systems, computing devices 110 may also control the drivetrain
of the vehicle in order to maneuver the vehicle autonomously.

[0043] The perception system 172 and/or computing devices 110 may use prior
observations of the object to predict a future trajectory of the object. For instance, an object’s
speed, orientation/heading, location, state (i.e. turn signal, etc.) may be used to predict a
series of locations and times in the future where the object is likely to be. Together, these
locations and times may form a trajectory for the object for some brief period into the future.
[0044] As discussed further below, the perception system 172 may also provide a
bounding box representing the location of sensor data points corresponding to an object. In
addition, the perception system may provide information identifying all of the points within
and, in some cases, also any points within an area around that bounding box.

[0045] The data 134 may include a database, table or other organization system that

relates bounding box sizes or dimensions to expected wheel locations. For example, different

—-10-



WO 2018/148075 PCT/US2018/016133

bounding boxes may accommodate objects of different sizes which may have wheels located
at different relative positions. For example, for a size of a side given bounding box, as an
example, 8 feet by 5 feet, the expected wheel location may be measured from a corner of the
bounding box corresponding to the front end of the object and have a predetermined size, as
an example 2 feet 4 inches back from the corner. In some cases, the expected wheel locations
may be further delineated by specific objecct types, such as, for instance, whether the object
is bus, truck, passenger car, motorcycle, bicycle etc. These actual dimensions may be based
on actual observed wheel locations on different size and/or types of objects.

EXAMPLE METHODS

[0046] In addition to the operations described above and illustrated in the figures,
various operations will now be described. It should be understood that the following
operations do not have to be performed in the precise order described below. Rather, various
steps can be handled in a different order or simultaneously, and steps may also be added or
omitted.

[0047] The computing devices 110 may initiate the necessary systems to control the
vehicle autonomously along a route to the destination location. For instance, the routing
system 168 may use the map information of data 134 to determine a path or route to the
destination location that follows a set of the lane segments of map information. The
computing devices 110 may then maneuver the vehicle autonomously (or in an autonomous
driving mode) as described above along the route towards the destination.

[0048] In order to follow the route, the computing devices 110 may periodically
determine a trajectory for the vehicle. For example, using the route as a baseline, the
computing devices may generate a set of future locations of the vehicle in order to both
follow the route using the detailed map information and avoid close interaction with other
road users, such as pedestrians, bicyclists, and pedestrians. These future locations may be
used by the computing devices to guide the steering, acceleration and/or deceleration of the
vehicle in order to follow the route.

[0049] For instance, FIGURE 3 is an example view of vehicle 100 being maneuvered
by the computing devices 110 along a roadway 300. In this example, roadway includes
northbound lanes 310, 312 and southbound lanes 314, 316. Vehicle 100 is traveling in the
northbound lane 310 and is approaching another vehicle 320. Vehicle 320 is traveling in the
northbound lane 312.
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[0050] As the vehicle 100 is traveling, the sensors of the perception system 172 may
detect various objects in the vehicle’s environment. FIGURE 4 is a representation of objects
detected by the perception system 172 along roadway 400 and the position of vehicle 100
corresponding to the view of roadway 300 in FIGURE 3. In this example, the perception
system 172 may detect lanes lines 401, 402, 403, 404, 405, and 406 which define lanes 410,
412, 414, and 416. In this example, lanes 410, 412, 414, and 416 may correspond to each of
northbound lanes 310 and 312 and southbound lanes 314 and 316, respectively. In addition,
perception system 172 has also detected vehicle 320.

[0051] For each object, the vehicle’s perception system may use segmentation to
identify specific sensor data points corresponding to an object. This may also include
determining a bounding box representing the dimensions of that object. This may be
achieved using any known segmentation and/or bounding box techniques. For instance, as
shown in FIGURE 4, the location of vehicle 320 is represented by bounding box 420 which
includes data points that the perception system 172 has determined to correspond to an
object. FIGURE 5A depicts a top down view of the relative positions of vehicle 100 and
bounding box 420 as shown in FIGURE 4. Arrow 510 represents the current or observed
heading of vehicle 320 and therefore the heading of bounding box 420. FIGURE 5B depicts
a side view of the bounding box 420. Arrows 520 and 522 identify the corresponding sides
of the bounding box 420 of FIGURES 5A and 5B. The distances X, Y, and Z represent the
width, length and height of the bounding box 420.

[0052] The characteristics of the identified objects as well as the segmentation
information identifying the sensor data points (and in some cases, bounding boxes) for those
objects may be provided to the computing devices 110 by the perception system 172. As an
example, these characteristics may include the location (GPS coordinates and/or relative to
the vehicle), size, shape, dimensions, speed, orientation, elevation, type (passenger vehicle,
tractor trailer, bicycle, pedestrian), features of the road surface (lane lines, etc.), and more. In
addition, the perception system may provide information identifying sensor data points
around the object, but not specifically associated with the object according to the
segmentation.

[0053] The perception system and/or the vehicle’s computing devices may use prior
observations of the object to predict a future trajectory of the object. For instance, an object’s
speed, orientation/heading, location, state (i.e. turn signal, etc.), or prior estimated trajectory

may be used to predict a series of locations and times in the future where the object is likely
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to be. Together, these locations and times may form a trajectory for the object for some brief
period into the future. With regard to the examples of FIGURES 3 and 4, the perception
system 172 may predict that the vehicle 320 or the object of bounding box 420 may continue
traveling north following northbound lane 312 or lane 412 based on the object’s prior history
of traveling in northbound lane 312 or lane 412.

[0054] When the characteristics of an object are determined to correspond to an
object that has a wheel, for instance because it is located in a lane and is of at least a
particular size, has a particular shape, is moving at a particular speed, is of a particular type,
etc., the computing devices may attempt to estimate a location of a wheel of the object.
Again, this determination may be made by the computing devices 110 on the basis of the
characteristics received from the perception system 172.

[0055] Using the dimensions of the bounding box and/or the size of the object, the
vehicle’s computing devices may estimate an area corresponding to a location of a wheel of
the object. In order to estimate location of a wheel (front or rear) of an object, the vehicle’s
computing system may access the expected wheel locations of data 134 and identify an
expected wheel location corresponding to the dimensions (X, Y, and Z) of the bounding box
420. An expected wheel location may correspond to a 2D area such as a disc or a 3D volume
such as a cylinder with a height corresponding to a width of a wheel located at some distance
relative to a particular corner of the bounding box. So given the dimensions of the bounding
box, the computing devices 110 may identify an area (2D or 3D) of the bounding box where a
wheel of the object (vehicle 320) is likely to be located.

[0056] In addition to the dimensions of the bounding box, other characteristics from
the perception system 172 may be used to identifying an expected wheel location from the
data 134. As an example, if the bounding box 420 is identified as corresponding to a
passenger car, the expected wheel location identified from the data 134 may be different from
a situation in which the bounding box 420 is identified as corresponding to a bus or bicycle.
[0057] As shown in, FIGURES 6A and 6B, area 610, which represents an expected
wheel location for a front wheel of bounding box 420, is a cylinder. One circular end surface
612 of the cylinder is located at or a short distance, such as 2 or 3 inches or more or less,
outside of surface S of the bounding box (the side of the bounding box to which the location
of wheel would correspond as shown in FIGURE 6B). In this regard, other data points
representing objects or surfaces which may have been intentionally or unintentionally

excluded from the bounding box 420, but which are still within a short distance of the
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bounding box, for instance, 2 or 3 inches or more or less, may also be included in the analysis
in order to avoid missing points which could still correspond to a wheel.

[0058] Again, in this example, arrow 620 represents the heading of the bounding box
420 and thus corresponds to arrow 510 of FIGURE 5. In this example, the area may be
identified as being a cylinder of radius R and height H, located at a distance D from corner C
corresponding to a corner of the bounding box visible to the perception system 172 and
closest to the front of the vehicle according to the heading of the vehicle. As an example
only, for a small passenger vehicle R may be 12.25 inches, H may be 7.3inches, and D may
be 32.413 inches.

[0059] Using the example of the front wheel, generally, unless the object is heading
towards the vehicle’s sensors, only one front wheel will be visible to the sensors, so the
location of this front wheel relative to the bounding box can be estimated based on a
combination of the heading of the object (for instance from the past trajectory of the object)
and the expected wheel locations (identified using the size of the bounding box and/or
dimensions of the object). In other words, arrow 620 (corresponding to arrow 510),
representing the heading of the bounding box 420 (as determined from a past trajectory of the
object), can be used to identify the front of the vehicle, assuming that vehicles typically travel
forwards.

[0060] The data points within the area may then be analyzed to identify an average
orientation of the points in the area. For instance, the data points may be fit to a plane using a
simple plane fitting algorithm. FIGURE 7 is a top down view of the bounding box 420
depicting the area 610. In this example, the points within area 610 are fit to plane 710. The
angular difference between plane 710 and the plane of the surface S of the bounding box, or
angle ©, may be estimated to be an orientation of the front wheel of the object of bounding
box 420, here vehicle 320.

[0061] The object's past trajectory can also be used to get an idea or estimate of the
orientation of the front wheel. For instance, the object’s past heading could be used as a seed
(a start angle) when fitting the data points to the plane. Alternatively, the past trajectory
could be used alone to determine the orientation of the vehicle’s wheel.

[0062] Of course, the number of data points within the area will depend upon the
relative positions, distance and angle between the object’s front wheel and the vehicle’s

sensors. In that regard, the closer the object is to the vehicle and the more perpendicular the
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wheel is to the vehicle’s sensors, the more sensor data points are likely to be received from
wheel surface and the more accurate the estimation may be.

[0063] The estimation may be used as an indication of the curvature of the future path
of the vehicle (the change in orientation over distance) or yaw rate (the change in orientation
over time). For example, combining the future wheel orientation with the object’s speed, a
trajectory of the object can be determined. In this regard, the estimation may be used to
determine a future heading for an object, a future trajectory for an object, or alternatively,
increase or decrease a likelihood or confidence in different future trajectories for an object.
[0064] The predicted heading or trajectory may then be used to make driving
decisions for the vehicle. For instance, when the object is in an adjacent lane, the predicted
heading may be a very early indication that the object is going to move towards the vehicle’s
lane. As an example, turning to FIGURE 8, where the angle © is relatively large, such as 15
degrees or more or less, this may indicate a future heading or future trajectory 810 of the
bounding box 420 which takes the object (vehicle 320) towards the northbound lane 410. In
this example, the future trajectory (heading and speed over a future period of time) of the
bounding box may indicate that the object will enter into lane 410 within a predetermined
period of time, for instance 1 second or more or less. In response, the vehicle’s computing
devices may control the vehicle to speed up, slow down, or even change lanes as appropriate
to avoid a collision or even getting too close to vehicle 320. In extreme cases, such as where
the object appears to be changing headings erratically, the vehicle’s computing devices may
even notify a passenger of the vehicle to take control of the steering, braking, or acceleration
if possible. Alternatively, if the vehicle is being controlled in a semi-autonomous or manual
mode, the notification may be provided in order to assist the driver of the vehicle.

[0065] Alternatively, the area may be determined by using a model of wheel
locations. In this regard, the size, location, and shape of the bounding box as well as the
locations of the data points, may be used to fit a model which provides the orientation of the
wheel using a simple fixed wheel radius for the wheel or more complex wheel radius that
depends upon the size of the bounding box. In this example, the model may be trained using
machine learning where operators mark and identify data points corresponding to wheels as
positive examples for training data for the model.

[0066] The features described above may relate to laser data points which provide
distance, direction and intensity information. In this regard, the intensity information may be

used as a cue to indicate the outer rim of the wheel (i.e. a black wheel would have low
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reflectivity and therefore low intensity). In this regard, the area may be estimated using one
or more images of the object and thereafter, the laser data may be used to identify the
orientation of the wheel.

[0067] Similarly, if the perception system provides camera data, the location of a
black object above the road surface and proximate to the location of the bounding box méy be
used as a cue to indicate a location of a wheel. In some cases, an image alone may be
sufficient to recognize a possible wheel location and even estimate an orientation of a
vehicle’s wheel, for instance, using a 3D model estimation from two or more images of the
wheel and/or 3D model data generated for the image using laser data. Another way to
compute wheel orientation from an image may include determining the aspect ratio of wheel
width and height in the image. This aspect ratio may correspond to a wheel orientation.
Combining this with the orientation of the object, as determined from other sensor data,
image processing of the image or multiple images of the wheel, the relative wheel orientation
can be computed.

Estimating the wheel orientation can even be useful for very slow moving and even stopped
vehicles. For instance, an object that is ready to move out of a parking spot may have angled
the object’s wheels to move out of the parking spot, but may not actually have begun moving,
Thus, using the angle of the wheel to estimate a future trajectory of an object is more likely to
predict accurately the object’s trajectory as otherwise, the computing devices would likely
predict that the object would remain stationary. In another example, a given vehicle is
stopped in an adjacent lane may attempting to change into the lane of the vehicle 100, for
instance, because the driver of that car has changed his mind and wants to change his route
and use the lane. In such cases, the wide angle of the wheel relative to the side of the given
vehicle may provide more information about where the given vehicle is going to go than the
given vehicle’s prior trajectory. Such stationary lane changes or low-speed lane changes are
common cases where the front wheels are angled significantly.

[0068] FIGURE 9 is an example flow diagram 900 in accordance which may be
performed by one or more processors of one or more computing devices of a vehicle, such as
computing devices 110 of vehicle 100 in order to determine a future heading of an object. In
this example, sensor data, including information identifying a bounding box representing an
object in a vehicle’s environment and locations of sensor data points corresponding to the
object, is received at block 910. An area corresponding to a front wheel of the object based

on the size of the bounding box is identified at block 920. An orientation of the wheel is
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determined based on the sensor data points having locations within the area at block 930. A
future heading of the object is determined based on the estimation at block 940.

[0069] Unless otherwise stated, the foregoing alternative examples are not mutually
exclusive, but may be implemented in various combinations to achieve unique advantages.
As these and other variations and combinations of the features discussed above can be
utilized without departing from the subject matter defined by the claims, the foregoing
description of the embodiments should be taken by way of illustration rather than by way of
limitation of the subject matter defined by the claims. In addition, the provision of the
examples described herein, as well as clauses phrased as "such as," "including" and the like,
should not be interpreted as limiting the subject matter of the claims to the specific examples;
rather, the examples are intended to illustrate only one of many possible embodiments.
Further, the same reference numbers in different drawings can identify the same or similar

elements.
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CLAIMS

1. A method of determining a future heading of an object, the method comprising:

receiving, by one or more processors, sensor data including information
identifying an object in a vehicle's environment and sensor data points corresponding
to the object;

identifying, by the one or more processors, an area corresponding to an
expected location of a wheel of the object based on the sensor data and a model of
wheel locations;

estimating, by the one or more processors, an orientation of the wheel based
on the sensor data points having locations within the area; and

determining, by the one or more processors, a future heading of the object

based on the estimation.

2. The method of claim 1, further comprising: estimating dimensions of the
object from the sensor data points,
and wherein the model of wheel locations relates the dimensions of the object

to expected wheel locations.

3. The method of claim 1, wherein estimating the orientation includes fitting any

of the sensor data points having locations within the area to a first plane.

4. The method of claim 3, wherein the sensor data further includes a bounding
box bounding the data points corresponding to the object, and estimating the
orientation includes determining an angular difference between a second plane of a

side of the bounding box and the first plane.

5. The method of claim 4, wherein estimating the orientation of the wheel is
further based on sensor data points having locations that are outside of the bounding

box and within the area.

6. The method of claim 1, wherein identifying the area is further based on a prior
estimated trajectory of the object determined over a period of time.
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7. The method of claim 6, wherein identifying the area is further based on a type
of the object.
8. The method of claim 1, further comprising: generating a notification based on

the future heading; and providing the notification to a passenger of the vehicle
indicating that the object is moving towards the vehicle.9. The method of claim 8,
wherein the notification requests that the passenger take control of one or more of the

steering, acceleration, and deceleration of the vehicle.

10. The method of claim 1, further comprising, using the future heading to control

the vehicle in an autonomous driving mode.

11.  The method of claim 1, wherein the sensor data further includes a bounding
box bounding the data points corresponding to the object, and identifying the area

further includes inputting dimensions of the bounding box into the model.

12. The method of claim 1, wherein the model is based on a fixed wheel radius.

13. The method of claim 1, further comprising: receiving an image of the object;
and analyzing the image to identify a possible wheel location, and wherein identifying

the area is further based on the possible wheel location.

14. A system for predicting that an object is going to enter into a trajectory of a
vehicle, the system comprising one or more processors configured to:

receive sensor data including information identifying an object in a vehicle's
environment and sensor data points corresponding to the object;

identify an area corresponding to an expected location of a wheel of the object
based on the sensor data and a model of wheel locations;

estimate an orientation of the wheel based on the sensor data points having
locations within the area; and

determine a future heading of the object based on the estimation.
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15. The system of claim 14, wherein the one or more processors are further
configured to estimate the orientation by fitting any of the sensor data points having

locations within the area to a first plane.

16.  The system of claim 15, wherein the sensor data further includes a bounding
box bounding the data points corresponding to the object, and the one or more
processors are further configured to estimate the orientation by determining an
angular difference between a second plane of a side of the bounding box and the first

plane.

17. The system of claim 16, wherein the one or more processors are further
configured to estimate the orientation based on sensor data points having locations

that are outside of the bounding box and within the area.

18. The system of claim 14, wherein the one or more processors are further
configured to: generate a notification based on the future heading; and provide a
notification to a passenger of the vehicle indicating that the object is moving towards

the vehicle.

19. The system of claim 14, further comprising the vehicle.

20. A non-transitory computer readable recording medium on which instructions
are stored, the instructions when executed by one or more processors, cause the one or
more processors to perform a method for predicting that an object is going to enter
into a trajectory of a vehicle, the method comprising:

receiving sensor data including information identifying an object in a vehicle's
environment and sensor data points corresponding to the object;

identifying an area corresponding to an expected location of a wheel of the
object based on the sensor data and a model of wheel locations;

estimating an orientation of the wheel based on the sensor data points having
locations within the area; and

determining a future heading of the object based on the estimation.
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21. The system of claim 19, wherein the one or more processors are further
configured to use the future heading to control the vehicle in an autonomous driving

mode.
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