wo 2020/081536 A1 | NI 0000 KO0 A0 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
23 April 2020 (23.04.2020)

(10) International Publication Number

WO 2020/081536 Al

WIPO I PCT

(51) International Patent Classification:
B6OW 30/10 (2006.01) B6OW 40/10 (2012.01)
Beow 30/18 (2012.01) B6OW 40/12 (2012.01)

(21) International Application Number:
PCT/US2019/056280

(22) International Filing Date:

15 October 2019 (15.10.2019)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

(74) Agent: DIDAS, Michael, J. et al.; Lee & Hayes, P.C., 601
W. Riverside Ave, Suite 1400, Spokane, WA 99201 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

16/160,493 15 October 2018 (15.10.2018)  US TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: ZOOX,INC. [US/US]; 1149 Chess Drive, Fos-  (84) Designated States (unless otherwise indicated, for every
ter City, CA 94404 (US). kind of regional protection available). ARIPO (BW, GH,
. i . ) GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
(72) Inventors: AKELLA, Ablshek, Krishna; c¢/o Zoox, Inc., UG, ZM, ZW), Eurasian (AM, AZ, BY, KG. KZ, RU. TJ.
1149 Chess PI‘IVG, Foster City, CA 94404' US). HUDE- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
CEK, Janek; c/o Zoox, Inc., 1149 Chess Drive, Foster City, EE. ES, FIL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
CA 94404 (US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK., SM,
(54) Title: TRAJECTORY INITIALIZATION
FIG. 1 100
( 108 /_
uz I/;
@ 104
Q;—_ma
106
@ | — 114
=1
V' W
j 18
DECision 124a 124b
\Y TRAJECTORIES

VEMICLE COMPUTING DEVICE(S) 118 124

PLANNING 118

( DECISION PLANNING 120 j HRIvE
TRAJECTORIES
( DRIVE PLANNING 128 ) i28

(57) Abstract: Trajectory determination for controlling a vehicle, such as an autonomous vehicle, is described. [n an example, a vehicle
system includes multiple planning systems for calculating trajectories. A first system may calculate first trajectories at a first frequency
and the second system may calculate second trajectories at a second frequency and based on the first trajectories. The first and/or second
trajectories may be initialized at states of the vehicle corresponding to a projection onto a previous-in-time respective first or second
trajectory. The second trajectories may be control trajectories along which the vehicle is controlled.

[Continued on next page]



WO 20207081536 A1 |11 08000 000 T 0O

TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2020/081536 PCT/US2019/056280

TRAJECTORY INITIALIZATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This PCT International Patent Application claims benefit of the filing date of U.S.
Patent Application No. 16/160,493, filed October 15, 2018, the disclosure of which is

incorporated herein by reference.

BACKGROUND
[0002] Planning systems in autonomous and semi-autonomous vehicles determine
trajectories along which the vehicle may be controlled. For example, control trajectories may
be generated to slow down and/or stop for crossing pedestrians, for traffic signals, for
decelerating vehicles, or the like. Similarly, vehicles may be controlled to accelerate, e.g., to
merge into traffic, when an intersection clears, when the speed limit increases, or the like.
Control trajectories may also determine controls for steering and/or controlling other aspects
of the vehicle. However, conventional models may over- or under-estimate an actual state of
the vehicle, which may result in abrupt acceleration or deceleration, failure to completely stop,
stopping short of a preferred destination, accelerating at a slower rate than is desired, over-
steering, under-steering, or the like. In some cases, such models may result in an unpleasant
experience for the rider, unnecessary wear on the vehicle and/or its components, and/or a

failure to comply with traffic rules and regulations.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] The detailed description is described with reference to the accompanying figures.
In the figures, the left-most digit(s) of a reference number identifies the figure in which the
reference number first appears. The use of the same reference numbers in different figures
indicates similar or identical components or features.
[0004] FIG. 1 is a schematic diagram illustrating an example implementation of trajectory
initialization and generation for vehicle control in an environment as described herein.
[0005] FIG. 2 is a collection of graphs illustrating trajectory initialization and generation
for vehicle control as described herein.
[0006] FIG. 3 is a block diagram illustrating an example computing system for trajectory

initialization and generation as described herein.
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[0007] FIG. 4 is a flowchart illustrating an example method for navigating a vehicle

through an environment using trajectory initialization and generation, as described herein.

DETAILED DESCRIPTION
[0008] Techniques described herein are directed to generating trajectories for controlling a
vehicle, such as an autonomous vehicle. For example, autonomous vehicles may determine a
current state of a vehicle, e.g., a velocity, acceleration, position, and/or orientation of the
vehicle based on sensors associated with the vehicle. A planning system may generate one or
more trajectories based on the current state and other information. A drive system may control
the vehicle according to the one or more trajectories.
[0009] In some implementations, the vehicle may include, or receive information from, the
planning system. The planning system may include multiple layers for generating trajectories
to control the vehicle. For instance, the planning system may include a high-level route
planning system that determines a general drive path, e.g., from a current location to a
destination. The planning system may also include a decision planning system and a drive
planning system. The decision planning system may determine decision trajectories that
generally include trajectories for travelling along segments or portion of the drive path. The
drive planning system may determine drive trajectories based on the decision trajectories, e.g.,
the drive trajectories may closely approximate the decision trajectories. In some instances, the
drive trajectories may be smoothed or otherwise modeled to increase rider comfort, to increase
efficiency of the vehicle, to decrease wear on the vehicle, in accordance with capabilities or
limitations of the vehicle, or in other ways. The drive system may control the vehicle according
to the drive trajectories
[0010] In some implementations described herein, the decision planning system and the
drive planning system may operate at different frequencies. For example, the decision planning
system may determine decision trajectories at a lower frequency than the drive planning system
determines drive trajectories. In this manner, multiple drive trajectories may be determined for
each decision trajectory. In some examples, the decision planning system may operate at about
1 Hz to about 20 Hz. The drive planning system may operate at about 30 Hz to about 80 Hz,
for example.
[0011] In some implementations, the decision planning system may initialize decision
trajectories using previous decision trajectories. For example, the decision planning system
may project onto a most-recently generated decision trajectory to determine an initialization

state for a next decision trajectory. In some instances, the initialization state at a time T1 may
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be a projected state of the vehicle on a decision trajectory determined at the time To. Similarly,
the drive planning system may initialize decision trajectories using previous drive trajectories.
For example, the drive planning system may project onto a most-recently generated decision
trajectory to determine an initialization state for a next drive trajectory. In some examples, the
initialization state at time t1 may be a projected state of the vehicle on a decision trajectory
determined at the time to.

[0012] The drive system may execute the drive trajectories at the vehicle. For example,
the drive system may control drive modules and/or system controllers to cause the vehicle to
traverse along the drive trajectories. The drive system may also include an execution module
that receives sensor data and confirms whether the vehicle is following the drive trajectory.
The drive system may correct controlling of the vehicle based on an output from the execution
module, for example. In some implementations, the execution system may operate at a third
frequency, which may be higher than the frequency at which the drive planning system
operates.

[0013] The systems and techniques described herein are distinct from previous systems, in
that previous systems may initialize trajectories based on an actual pose of the vehicle. For
instance, using an actual pose of the vehicle to determine a decision trajectory, drive trajectories
may be calculated that require unnecessary acceleration or deceleration, steering, or the like,
as the drive trajectories continue to attempt to conform to a trajectory based on the actual pose,
despite the drive trajectories being initialized from a different initialization state. For example,
in previous systems, if the vehicle was going faster than a control or drive trajectory assumed,
the result could be continued acceleration of the vehicle, even if the decision trajectory was to
bring the vehicle to a stop. Similarly, when accelerating, if the vehicle was going slower than
the drive trajectory initialization state assumed, the vehicle would accelerate at a slower than
desired acceleration, or decelerate, to conform to the decision trajectory. Thus, unlike
conventional systems, aspects of this disclosure may determine better initialization states for
determining decision and/or drive trajectories. Techniques described herein may result in a
smoother ride for passengers and increased safety for the autonomous vehicle and/or objects in
the environment.

[0014] Techniques described herein are directed to leveraging sensor and perception data
to enable a vehicle, such as an autonomous vehicle, to navigate through an environment
providing a pleasant riding experience. Techniques described herein can utilize information to
determine multiple trajectories for controlling the vehicle in the environment in a more efficient

manner and/or with increased comfort to passengers than with existing navigation techniques.
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For example, techniques described herein may provide a technological improvement over
existing prediction and navigation technology. In addition to improving the accuracy with
which sensor data can be used to determine the vehicle trajectory, techniques described herein
can provide a smoother ride and improve safety outcomes by, for example, more accurately
determining safe operation for reaching an intended destination. Techniques described herein
may also reduce component wear and energy requirements associated with the vehicle. For
example, existing techniques may more harshly brake and/or accelerate, putting additional and
unnecessary stress on vehicle components.

[0015] FIGS. 1-3 provide additional details associated with techniques described herein.
[0016] FIG. 1 is a schematic diagram illustrating an example implementation of trajectory
initialization for generating trajectories to control a vehicle through an environment as
described herein. More specifically, FIG. 1 illustrates an example environment 100 in which
a vehicle 102 is operating. In the illustrated example, the vehicle 102 is driving in the
environment 100, although in other examples the vehicle 102 may be stationary and/or parked
in the environment 100. In the illustrated embodiment, one or more objects, or agents, also are
in the environment 100. For instance, FIG. 1 illustrates three pedestrians 104a, 104b, 104c
(collectively, the “pedestrians 1047). Although not illustrated, any number and/or type of
agents, including static agents, e.g., road signs, parked vehicles, fire hydrants, buildings, curbs,
or the like, and/or dynamic agents, e.g., pedestrians, animals, cyclists, trucks, motorcycles,
other vehicles, or the like, can additionally or alternatively be present in the environment 100.
[0017] The vehicle 102 can be an autonomous vehicle configured to operate according to
a Level 5 classification issued by the U.S. National Highway Traffic Safety Administration,
which describes a vehicle capable of performing all safety-critical functions for the entire trip,
with the driver (or occupant) not being expected to control the vehicle at any time. In such an
example, since the vehicle 102 can be configured to control all functions from start to stop,
including all parking functions, it can be unoccupied. This is merely an example, and the
systems and methods described herein can be incorporated into any ground-borne, airborne, or
waterborne vehicle, including those ranging from vehicles that need to be manually controlled
by a driver at all times, to those that are partially or fully autonomously controlled. Additional
details associated with the vehicle 102 are described below.

[0018] More specifically, FIG. 1 illustrates a scenario in which the vehicle 102 is travelling
through the environment 100, generally in the direction of arrow 106. The vehicle 102 is
travelling on a road 108 having a first lane 110 and a second lane 112. The vehicle 102 is in

the first lane 110 approaching a crosswalk 114 in which the pedestrians 104 are crossing the
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road 108. Because the pedestrians 104 are in the crosswalk 114, the vehicle 102 must be
controlled to slow, and potentially stop, until the crosswalk 114 clears. For instance, one or
more vehicle computing devices 116 may receive sensor data indicative of a position and/or
movement of the pedestrians 104 and generate controls for decelerating the vehicle 102. In the
example of FIG. 1, the vehicle computing device(s) 116 may determine one or more trajectories
along which the vehicle 102 may decelerate in view of the pedestrians 104.

[0019] In the illustrated example, the vehicle computing device(s) 116 may include a
planning system 118 for determining the trajectories along which the vehicle will decelerate.
The planning system may include a first planning system, e.g., a decision planning system 120,
and a second planning system, e.g., a drive planning system 122. The decision planning system
120 may be configured to determine first, decision trajectories 124 and the drive planning
system 122 may be configured to determine second, drive trajectories 126. In implementations
described herein, the decision trajectories 124 may be iteratively determined at a first frequency
and the drive trajectories 126 may be determined at a second frequency. For example, the drive
trajectories 126 may be determined at a higher frequency, and may be at least in part based on
the last-determined decision trajectory 124. For instance, the drive trajectories 126 may be
executed by one or more drive and/or control systems of the vehicle 102, as described further
herein.

[0020] FIG. 1 includes a timeline 128 illustrating trajectory generation according to
techniques described herein. More specifically, the timeline 128 illustrates two of the first,
decision trajectories 124a, 124b (collectively, the decision trajectories 124) generated by the
decision planning system 120 and four of the second, drive trajectories 126a, 126b, 126¢, 126d
(collectively, the drive trajectories 126) generated by the drive planning system 122. The
decision trajectories 124 are determined at a first frequency, e.g., iteratively at a first period T.
Accordingly, the first decision trajectory 124a is determined at a first time T1 and the second
decision trajectory 124b is determined at a time Tz, a period T after the first time T1. Similarly,
the second drive trajectories 126 are determined at a second frequency, e.g., iteratively at a
second period t. Accordingly, the first drive trajectory 126a is determined at a second time t1,
the second drive trajectory 126b is determined at a time t2, a period t after the second time t1,
the third drive trajectory 126¢ is determined at a time s, the period t after the time t2, and the
fourth drive trajectory 126d is determined at a time t4, the period t after the time t3. The first
and second periods T, t are for illustration only. By way of non-limiting example, while the
first period T is illustrated as being approximately double the second period t, in other

examples, the second period t may be smaller, e.g., such that additional drive trajectories 126
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are determined before a successive decision trajectory 124 is determined, as described herein.
In other examples, the decision planning system 120 and the drive planning system 122 may
operate at different frequencies, including the same frequency.

[0021] In the example of FIG. 1, the trajectories 124, 126 are illustrated as velocity profiles,
e.g., showing a planned velocity for the vehicle 102 over a future time horizon. Though
depicted as a single velocity profile, such depictions are for illustrative purposes as vehicle
state may include position in any of an x-, y-, z-direction, orientation in any of a roll, pitch, or
yaw direction, velocities in any one or more of an x-, y-, z-direction, or accelerations in any
one or more of an x-, y-, z-direction and the like. As illustrated in FIG. 1, the first decision
trajectory 124a shows a velocity profile for the vehicle 102 that will have the vehicle decelerate
from a current state to stop short of the crosswalk 114. For example, the decision planning
system 120 may determine the first decision trajectory 124a upon receiving information from
one or more sensors indicating that the pedestrians 104 are at or in the crosswalk 114. In other
examples, the decision planning system 120 may receive additional information from another
system, e.g., a route planning system, that generates a command to stop the vehicle. The
decision planning system 120 may also receive information about the current state of the
vehicle 102 to determine an initialization state—in the example of FIG. 1, an initialization
velocity. For example, the initialization velocity may be based at least in part on a current pose
of the vehicle, a current velocity of the vehicle, a current acceleration of the vehicle, or other
information determined by one or more sensor systems associated with the vehicle 102. The
sensor system(s) can include, but is/are not limited to, light detection and ranging (LIDAR)
sensors, radio detection and ranging (RADAR) sensors, ultrasonic transducers, sound
navigation and ranging (SONAR) sensors, location sensors (e.g., global positioning system
(GPS), compass, etc.), inertial sensors (e.g., inertial measurement units, accelerometers,
magnetometers, gyroscopes, etc.), cameras (e.g., RGB, IR, intensity, depth, etc.), wheel
encoders, microphones, environment sensors (e.g., temperature sensors, humidity sensors, light
Sensors, pressure sensors, etc.), etc.

[0022] In the example, the first decision trajectory 124a may be a high-level determination
for guiding the autonomous vehicle 102 to a stop before the crosswalk 114. That is, the first
decision trajectory 124a may not take into account agents in the environment other than the
pedestrians 104, may not take into account the safety and/or comfort of passengers in the
vehicle, may not take into account the physical capabilities of the vehicle, and/or the like.

Moreover, the decision trajectories may be determined in a first reference frame, e.g., a global
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coordinate system, a first inertial reference frame (e.g., a first inertial reference frame relative
to the vehicle state as determined (known) by the decision layer), etc.

[0023] In some implementations, the drive planning system 122 may receive or otherwise
obtain information about the first decision trajectory 124a and generate one or more of the drive
trajectories 126 based thereon for controlling the vehicle 102 in the environment 100. For
example, the drive planning system 122 can access, receive, and/or determine real-time
processed sensor data to determine object(s), like the pedestrians 104 in the environment 100,
as well as any other objects in the environment that may affect travel. Moreover, the drive
planning system 122 may determine drive trajectories taking into account additional
information, such as passenger preferences (e.g., turning radiuses, a ride smoothness, or the
like), wear on the vehicle, capabilities of the vehicle, or the like. In the at least one example,
the drive planning system 122 can process the instruction in view of the real-time processed
sensor data and determine the drive trajectories 126. Moreover, the drive planning system 122
may determine the drive trajectories 126 in a different reference frame than the decision
planning system 120 determines the decision trajectories 124. For example, the drive
trajectories 126 may be determined in an inertial reference frame (e.g. a second inertial
reference frame, or otherwise a reference frame relative to a vehicle state as determined
(known) by the drive layer), etc.

[0024] Each of the decision trajectories 124 and the drive trajectories 126 may be
determined from respective initialization states, e.g., initialization velocities in the illustrated
example. Thus, at each time T, the decision planning system 120 determines a state at which
to begin the decision trajectory, and, at each time t, the drive planning system 122 determines
a state at which to begin the drive trajectory. Of course, though depicted herein as a single
dimension (velocity), and number of dimensions may be used for determining such an initial
state, as described in detail herein. As shown, at take-off, e.g., when the vehicle starts from a
stopped position, the initialization state may be the same for both the decision trajectories 124
and the drive trajectories 126, e.g., a zero-velocity state, but as the vehicle 102 travels through
the environment, the initialization states for the drive and decision trajectories may vary, as
described herein. In the example of FIG. 1, and as shown in the timeline 128, the vehicle is
moving, and the initialization states for the decision and drive trajectories are different. As
described further herein, the initialization states may be based on one or more of a current state
of the vehicle and/or a previous trajectory.

[0025] Thus, in the example of FIG. 1, at Ti, the decision planning system 120 can

determine a decision initialization state, e.g., an initialization velocity, and a trajectory from
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that decision initialization state. The first decision trajectory 124a generally includes a velocity
profile for proceeding from the initialization state, e.g., the initialization velocity, to the stopped
position at which the decision trajectory 124a terminates. As also illustrated by the timeline
128, at Tz, the decision planning system 120 can also determine a second decision initialization
state, e.g., an initialization velocity, and trajectory from that second decision initialization state.
The initialization states may be based on at least one of an actual state of the vehicle 102 and/or
a previous decision trajectory, as detailed further herein.

[0026] As also illustrated by the timeline 128, at t1, the drive planning system 122 can
determine the first drive trajectory 126a from a first drive initialization state, e.g., an
initialization velocity. The first drive trajectory 126a generally includes a velocity profile for
proceeding from the initialization state, e.g., the initialization velocity, to the stopped position
at which the drive trajectory 126a terminates. As illustrated, the drive initialization velocity
may be different from the decision initialization velocity, because, as described herein, the
drive planning system 122 may be configured to perform different functions and/or control the
vehicle 102 according to other rules and/or constraints that may cause the vehicle to diverge
from the decision trajectory 124a. By way of non-limiting example, the drive planning system
122 may be constrained by one or more smoothing functions that may prevent the vehicle from
following a decision trajectory exactly. The smoothing function(s) may take into account wear
on the vehicle 102, rider comfort, rules of the road, and/or other parameters. Thus, the drive
planning system 122 generates drive trajectories 126 that may attempt to follow the decision
trajectories 124, but in practice may be bound by constraints that result in slightly different
results. In some instances, the decision planning system 120 and the drive planning system
122 may generate trajectories in different reference frames (which may be, for example,
relative reference frames as determined by each system).

[0027] As also illustrated in the timeline 128, the second drive trajectory 126b may also be
determined from an initialization velocity, at time t2, and, like the first drive trajectory 126a,
the second drive trajectory may be based at least in part on the first decision trajectory 124a,
e.g., because the first decision trajectory 124a is the most-recently determined decision
trajectory. The third drive trajectory 126¢ may also be determined from an initialization
velocity, at time t3, and the fourth drive trajectory 126d may also be determined from an
initialization velocity, at time ts. The third drive trajectory 126¢ and the fourth drive trajectory
126d may be based at least in part on the second decision trajectory 124b, which is generated
subsequent to generating the second drive trajectory 126b, but prior to generating the third

drive trajectory 126¢, for example. The initialization velocity (or state) may be determined (or
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otherwise received) at each point in time in accordance with the techniques described herein.
The flow chart 128 will be described in more detail in FIG. 2.

[0028] More specifically, FIG. 2 illustrates a collection 200 of timelines illustrating
trajectory initialization and generation. The timelines include the timeline 128 from FIG. 1, a
first vehicle velocity timeline 202 showing a velocity of the vehicle 102 as it is controlled
according to the trajectories set forth in the timeline 128, a second control timeline 204
illustrating an alternative method of trajectory initialization and control, and a second vehicle
velocity timeline 204 showing a velocity of the vehicle 102 as it is controlled according to the
second control timeline 204. The timelines 128, 202, 204, 206 may illustrate differences
resulting from using two types of initialization states, as described further herein.

[0029] The timeline 128 from FIG. 1 is reproduced in FIG. 2 in more detail. The reference
numerals introduced in FIG. 1 are also used in FIG. 2 to show the same features, e.g., the
decision trajectories 124 and the drive trajectories 126. As illustrated and introduced above, at
T1, the decision planning system 120 can determine a first initialization velocity 208 and the
first decision trajectory 124a as a velocity profile for decelerating from the first initialization
velocity 208 to a stop before the vehicle 102 reaches the crosswalk 114.

[0030] At t1, the drive planning system 122 can determine the first drive trajectory 126a
from a first drive initialization state, e.g., a first initialization velocity 210. The first drive
trajectory 126a generally includes a velocity profile for proceeding from the initialization state,
e.g., the initialization velocity 210, to the stopped position at which the first drive trajectory
126a terminates. As illustrated, the drive initialization velocity may be different from the
decision initialization velocity, because, as described herein, the drive planning system 122
may be configured to perform different functions and/or control the vehicle 102 according to
other rules and/or constraints that may cause the vehicle to diverge from the decision trajectory
124a. By way of non-limiting example, the drive planning system 122 may be constrained by
one or more smoothing functions that may prevent the vehicle from following a decision
trajectory exactly. Thus, the first drive trajectory 126a is initialized at a lower velocity than
the first decision trajectory 124a, but is determined as a trajectory that attempts to approximate
the first decision trajectory 124a. Accordingly, the first drive trajectory is based at least in part
on the first drive initialization velocity 208 and the first decision trajectory 124a, e.g., because
the first decision trajectory is the most-recently calculated one of the decision trajectories 124.
[0031] In the illustrated embodiment, the first decision initialization velocity 208 is higher
than the first drive initialization velocity 210. Accordingly, the drive planning system 122 may

generate the first drive trajectory 126a as a velocity profile that includes an initial acceleration,
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e.g., to attempt to move the vehicle 102 to a state (velocity in this instance) that matches a state
on the first decision trajectory 124a. Once the first drive trajectory 126a is determined, the
vehicle 102, e.g., via a controller or the like, may control the vehicle according to the first drive
trajectory 126a, until the next drive trajectory, e.g., the second drive trajectory 126D, is
calculated.

[0032] As noted above, the drive planning system 122 calculates new drive trajectories 126
at a predetermined frequency. Thus, in the example of FIGS. 1 and 2, the first drive trajectory
126a is calculated at a time t1 and the second drive trajectory 126b is calculated at time t2,
which is t1 plus the period, t. The second drive trajectory 126b includes another velocity
profile, which again attempts to conform the movement of the vehicle 102 to the first decision
trajectory 124a (e.g., because the first decision trajectory 124a is the most-recently determined
decision trajectory). Because the vehicle has moved from the time t1 to the time t2, however,
the second drive trajectory 126b may be initialized at a second drive initialization state, e.g., a
second drive initialization velocity 212. In examples described herein, the second drive
initialization velocity 212 may be a projection of the vehicle 102 onto a previously-determined
drive trajectory. For example, a point 212 shown on the first drive trajectory 126a corresponds
to the position on the trajectory at the time t2. More specifically, the point 212 represents a
spatial projection of the vehicle 102 state onto the first drive trajectory 126a at the time to.
Thus, for example, a state of the vehicle may be determined, e.g., by alocalization system, at
a predetermined frequency. In some examples, the frequency at which the vehicle state is
determined may be higher than a frequency at which the drive trajectories 126 are determined.
Thus, for example, a most-recently determined vehicle state, e.g., most recent before the time
12, may be projected onto the most-recent drive trajectory, e.g., the first drive trajectory 124a
in this instance, to determine the second drive initialization state 212. In the illustrated
example, and because velocity is a single-dimension parameter, the projection of the current
vehicle state may be the velocity the vehicle 102 would have if the vehicle 102 were to follow
the first drive trajectory 126a exactly (e.g., the velocity defined by the drive trajectory 126a
corresponding to the time t2). However, in other instances, the projected state (initialization)
may differ based on the nature of the spatial projection used. For example, the spatial
projection may vary based on a frequency at which the vehicle state is determined, parameters
of a tracker and/or controller of the vehicle that may keep the vehicle on the drive trajectory
126, a number of parameters of the state estimated and/or provided in the trajectory, or other

factors.

10



WO 2020/081536 PCT/US2019/056280

[0033] As noted above, FIG. 2 uses the reference numeral 212 to show the second
initialization velocity for the second drive trajectory 126b. From the second initialization state,
e.g., the second initialization velocity 212, the drive planning system 122 determines the second
drive trajectory 126b, e.g., as another trajectory for closely approximating the first decision
trajectory 124a. To further illustrate the use of the projection of the vehicle onto the first drive
trajectory 126a, FIG. 1 also shows an elapsed portion 126a’ of the first drive trajectory 126a
on the velocity profile generated as the second drive trajectory 126b. Specifically, the elapsed
portion 126a’ corresponds to the portion of the first drive trajectory 126a between the first
initialization velocity 210 and the point 212.

[0034] As with the first drive trajectory 126a, the second drive trajectory 126b begins with
an increased velocity from the second initialization velocity 212, e.g., as the second drive
trajectory 126b progresses toward the first decision trajectory 124a. The result of following
the drive trajectories 126 with the vehicle 102 are illustrated in the first vehicle velocity
timeline 202, discussed further below.

[0035] In the example of FIG. 2, the decision planning system 120 may operate at about
half the frequency of the drive planning system 122. Thus, before the drive planning system
122 generates the third drive trajectory 126¢, the decision planning system 120 may determine
the second decision trajectory 124b. As will be appreciated, in other implementations, the
frequency at which the decision planning system 120 determines the decision trajectories 124
and the frequency at which the drive planning system 122 determines the drive trajectories 126
may be different, e.g., such that more or fewer drive trajectories 126 are determined before a
subsequent decision trajectory 124 is determined.

[0036] In some implementations of this disclosure, a second decision initialization state for
the second decision trajectory 124b may be determined in a manner similar to the manner in
which the second initialization state for the second drive trajectory 126b was determined. For
example, an initialization velocity 214 for the second planning trajectory 124b may be a
velocity (e.g., an actual velocity of the vehicle determined by a localization system) projected
onto the first decision trajectory 124a, e.g., at the time Tz2. In this example, the projected
velocity is shown as the point 214 on the first decision trajectory 124a. Both the projected
point on the first decision trajectory 124a and the second initialization velocity are labelled
with the same reference numeral, 214, to show that they are the same value. As with the second
drive initialization velocity 212 discussed above, the second decision initialization velocity 214
may be a spatial projection of a most-recently determined state (e.g., velocity) of the vehicle

102 spatially projected onto the last most-recently determined decision trajectory, e.g., the first
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decision trajectory 124a in this instance. Once the second decision initialization velocity 136
is determined, the decision planning system 120 determines a new decision trajectory, e.g., the
second decision trajectory 124b. In the illustrated example, the pedestrians 104 may still be in
the crosswalk 114 and thus the second decision trajectory 124b may look substantially the same
as the first decision trajectory 124b. The second decision trajectory 124b could be different in
other examples, including examples in which the planning system 120 determines that the
vehicle should accelerate, e.g., because the crosswalk 114 clears, examples in which the
decision planning system 120 determines that the vehicle 102 should stop quicker, e.g., because
the crosswalk 114 has become crowded and some of the pedestrians 104 have started to cross
the road 108 in the first lane 110, or other examples. To further illustrate the use of the
projection of the vehicle 102 onto the first decision trajectory 124a, FIG. 1 also shows an
elapsed portion 124a’ of the first decision trajectory on the velocity profile generated as the
second decision trajectory 126b. Specifically, the elapsed portion 124a” corresponds to the
portion of the first decision trajectory 124a between the first decision initialization velocity 208
and the point 214. The first decision initialization velocity 208 is also shown on the elapsed
portion 124a’, to show that the decision initialization velocity has decreased, as a function of
projecting the actual state of the vehicle 102 onto the previous decision trajectory, despite the
fact that the vehicle has actually accelerated, per the first drive trajectory 126a and the second
drive trajectory 126b.

[0037] The drive planning system 122 may use the second decision trajectory 124b as a
reference for determining additional drive trajectories 126. For example, at time t3, the drive
planning system 122 generates the third drive trajectory 124c. As in the example of the second
drive trajectory 124b, the drive planning system determines a third initialization state, e.g., a
third drive initialization velocity 216, as a projection of a current (near-current or most-recently
determined) state of the vehicle 102 onto the previously determined drive trajectory, e.g., the
second drive trajectory 124b. This projection is also illustrated as the point on the second drive
trajectory 126b (the point is also designated with reference numeral 216), corresponding to the
time t3. Unlike the second drive trajectory 126b, however, the third drive trajectory 126¢ may
be determined based on the second planning trajectory 124b, e.g., instead of based on the first
planning trajectory 124a. As illustrated, the third drive initialization velocity 216 is relatively
closer to the second decision initialization velocity 214. As a result, the third drive trajectory
126¢ may more closely follow the second decision trajectory 124b. When the third drive
trajectory 126¢ is implemented by a control system of the vehicle 102, there may be only a

relatively small initial acceleration, after which the third drive trajectory 126¢ decelerates

12



WO 2020/081536 PCT/US2019/056280

generally in the same manner as the second decision trajectory 124b, e.g., to stop the vehicle
102.

[0038] FIG. 2 also illustrates the next iteration of determining the drive trajectory 126.
Specifically, FIG. 2 also illustrates the fourth drive trajectory 126d generated by the drive
planning system 122 at the time t4. In this example, the drive planning system 122 may
determine a fourth drive initialization state, e.g., a fourth drive initialization velocity 218, as a
projection of the vehicle 102 state on the third drive trajectory 126¢ at the time t4. This
projection is also illustrated as the point (also designated with reference numeral 218) on the
third drive trajectory 126¢ in FIG. 2. From the fourth initialization state, e.g., the fourth
initialization velocity 218, the drive planning system 122 determines the fourth drive trajectory
126d, e.g., as atrajectory for closely approximating the second decision trajectory 124b. In the
example, the fourth drive trajectory 126d is nearly identical to the second decision trajectory
124b. To further illustrate the use of the projection of the vehicle 102 onto the third drive
trajectory 126¢, FIG. 2 also shows an elapsed portion 126¢’ of the third drive trajectory 126¢
on the velocity profile generated as the fourth drive trajectory 126b. Specifically, the elapsed
portion 126¢” corresponds to the portion of the third drive trajectory 126¢ between the third
initialization velocity 216 and the point 218.

[0039] Accordingly, FIG. 2 illustrates examples in which projected states are used as
initialization states for iteratively determining trajectories at multiple planning systems. The
first vehicle velocity timeline 202 shows a velocity of the vehicle 102 as the vehicle 102 is
controlled according to the drive trajectories 126. As illustrated, the vehicle 102 may start at
an initial velocity 220 that is slightly above the first decision trajectory initialization 208. As
illustrated, because the vehicle is then controlled from the time t1 to the time t2 according to the
first drive trajectory 126a, the vehicle 102 is to accelerate, e.g., along the portion of the first
drive trajectory between the initialization velocity 20 and the time t2. Thus, despite a desire to
slow (and stop) the vehicle 102, the vehicle 102 is controlled to accelerate slightly between the
time t1 and the time t2, because of differences between the decision trajectories, the actual state
of the vehicle, and the drive trajectories. Similarly, between the time t2 and the time t;, the
second drive trajectory 126b requires an acceleration, and between the time t; and the time t4
the third drive trajectory 126¢ requires an acceleration. Accordingly, the velocity of the vehicle
102 continues to increase from time ti through time ts, as illustrated. At some time after time
t4 and before time ts, the fourth drive trajectory 126d begins to show a deceleration, and the
vehicle begins to slow toward the stop. This deceleration generally begins at the point 222

shown in FIG. 2. For reference, the first vehicle velocity timeline 202 also shows, at time T1,
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the first decision initialization velocity 208 and, at time T2, the second decision initialization
velocity 214. In this example, both are below the actual velocity of the vehicle 212. Moreover,
despite the vehicle accelerating from Ti to Tz, the decision initialization velocity decreases
according to the examples just described. As noted above, depending upon the frequencies of
the decision planning system 120 and the drive planning system 122, the acceleration in the
example may persist for a fraction of a second, before the vehicle 102 begins to decelerate.
[0040] The second control timeline 204 shows an alternative approach to determining
decision trajectories 224 and drive trajectories 226, e.g., using the decision planning system
120 and the drive planning system 122, respectively. As with the trajectories 124, 126
described above, the decision trajectories 224 may be trajectories determined from decision
initialization states and drive initialization states, but the timeline 204 illustrates a different
method of determining the decision initialization states. The timeline 204 may be indicative
of a conventional process for determining decision initialization states.

[0041] More specifically, a first decision trajectory 224a may be a trajectory from a first
initialization state, e.g., a first decision initialization velocity 228, at the time T1. In the
timeline 204, the vehicle 102 is again being controlled to stop before the crosswalk 114, The
timeline 204 assumes that the decision trajectories 224 are generated at the same frequency as
the decision trajectories 124 and that the drive trajectories 226 are generated at the same
frequency as the drive trajectories 126. However, in the example of the timeline 204, the
decision initialization state is an actual state of the vehicle 102, e.g., the first decision
initialization velocity 228 is an actual velocity of the vehicle 102 at the time T1. Thus, the first
decision trajectory 224ais a trajectory for stopping the vehicle 102 from its current state.
[0042] As with the techniques described above, a first drive trajectory 226a and a second
drive trajectory 226b may be determined based at least in part on the first decision trajectory
224a. The first drive trajectory is illustrated as being initialized at a first drive initialization
velocity 230 and the second drive trajectory 226b is illustrated as being initialized at a second
drive initialization velocity 232. For purposes of this example, the drive initialization states
may be projections of a vehicle state onto a previous drive trajectory, as in the examples
described above.

[0043] At Ta, the decision planning system may determine a second decision trajectory
224b, which may be initialized at a second decision initialization state, e.g., a second
initialization velocity 234. As discussed above, in this example, the decision initialization
velocity is an actual velocity of the vehicle.102. Thus, the second decision initialization

velocity 234 is higher than the first decision initialization velocity 228, e.g., because the vehicle
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102 is accelerating between T1 and T2 in accordance with the first drive trajectory 226a and the
second drive trajectory 226b. The drive planning system 122 may then determine a third drive
trajectory 226¢ from a third drive initialization velocity 236 and a fourth drive trajectory 226d
from a fourth drive initialization velocity 238. As with the examples described above, the third
and fourth initialization velocities 236, 238 may be spatial projections of an actual state of the
vehicle onto a last most-recently generated drive trajectory. Thus, as illustrated, both the third
and fourth drive trajectories 226¢, 226d have fairly significant initial accelerations, as those
drive trajectories attempt to match the second decision trajectory 224b.

[0044] The second vehicle velocity timeline 206 illustrates the actual velocity of the
vehicle as it is controlled according to the drive trajectories 226. Specifically, as illustrated, at
each of 11, 2, t3, and t4, the vehicle accelerates, and more drastically than in the first vehicle
velocity timeline 202. Moreover, the vehicle 102 continues to accelerate between the time t4
and ts, and, as will be appreciated, because the vehicle 102 has an increasing velocity, a next
decision trajectory 224 will be initialized at a velocity even higher than the second drive
initialization velocity 234. Accordingly, when compared to the control techniques illustrated
by the timeline 128, the techniques illustrated by the timeline 204 may require a much more
drastic deceleration. Also, the difference between the decision initialization state and the drive
initialization state may not converge until much later in time, resulting in a drastic deceleration
closer to the crosswalk 114. For example, subsequent drive trajectories 226 may continue to
require initial acceleration as the drive trajectories 226 continue to try to approximate the
decision trajectories 224. In these examples, the vehicle may have a continued acceleration for
a longer period of time, before requiring a relatively drastic deceleration nearer the crosswalk
114. Actual trajectories of the vehicle controlled in accordance with timeline 204 may, then,
be associated with uncomfortable controls due to increased jerkiness (due to high acceleration
and then deceleration), stop hops, jumps, and the like. The techniques of FIG. 2, then, may
result in a smoother ride for passengers, improved peace of mind for the pedestrians 104, and/or
less wear on the vehicle 102. Moreover, although the example implementation mitigates late
or quick stops, techniques described herein may also prevent false starts, early stops, hops
(stopping and then moving a short distance to an intended stopping point), and the like,
resulting from the divergence of the decision and drive trajectories in some conventional
systems.

[0045] The example of FIG. 2 is for illustration only; techniques described herein can
improve upon conventional control systems in most scenarios. For example, by using the

projected initialization state as described, acceleration and deceleration events can be smoother.

15



WO 2020/081536 PCT/US2019/056280

Moreover, the techniques are not limited to velocity and acceleration controls. Any vehicle
trajectory characteristics can be initialized using techniques described herein. For instance,
trajectories that require lateral movement, e.g., steering, or trajectories that change a vehicle’s
orientation may utilize the initialization techniques described herein.

[0046] FIG. 3 illustrates an example system that can implement trajectory initialization and
generation in a vehicle, as described herein. In at least one example, the system 300 can include
a vehicle 302, which can be the same as the vehicle 102 described above with reference to
FIG. 1. The vehicle 302 can include one or more vehicle computing devices 304, one or more
sensor systems 306, one or more communication connections 308, at least one direct
connection 310, one or more drive modules 312, and data 314. In at least one example, the
vehicle computing device(s) 304 can correspond to the vehicle computing device(s) 116
described above with reference to FIG. 1.

[0047] The vehicle computing device(s) 304 can include processor(s) 316 and memory 318
communicatively coupled with the processor(s) 316. In the illustrated example, the vehicle
302 is an autonomous vehicle; however, the vehicle 302 could be any other type of vehicle. In
the illustrated example, the memory 318 of the vehicle computing device(s) 304 stores a
localization system 320, a perception system 322, a prediction system 324, a planning system
326, a drive system 328, and one or more system controllers 330. Although these systems and
components are illustrated, and will be described below, as separate components for ease of
understanding, functionality of the various systems and controllers may be attributed
differently than discussed. By way of non-limiting example, functionality attributed to the
perception system 322 may be carried out by the localization system 320 and/or the prediction
system 324. Fewer or more systems and components may be utilized to perform the various
functionalities described herein. Furthermore, though depicted in FIG. 3 as residing in
memory 318 for illustrative purposes, it is contemplated that the localization system 320, the
perception component 322, the prediction system 324, the planning system 326, the drive
system 328, and/or the one or more system controllers 330 can additionally, or alteratively,
be accessible to the vehicle 302 (e.g., stored on, or otherwise accessible by, memory remote
from the vehicle 302).

[0048] In at least one example, the localization system 320 can include functionality to
receive data from the sensor system(s) 306 to determine a state, position and/or orientation of
the vehicle 302 (e.g., one or more of an x-, y-, z-position, roll, pitch, or yaw). For example,
the localization system 320 can include and/or request/receive a map of an environment (e.g.,

from the map storage 332) and can continuously determine a location and/or orientation of the
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vehicle 302 within the map. In some instances, the localization system 320 can utilize SLAM
(simultaneous localization and mapping), CLAMS (calibration, localization and mapping,
simultaneously), relative SLAM, bundle adjustment, non-linear least squares optimization,
differential dynamic programming, or the like to receive image data, LIDAR data, radar data,
IMU data, GPS data, wheel encoder data, and the like to accurately determine a location of the
autonomous vehicle. In some instances, the localization system 320 can provide data to various
components of the vehicle 302 to determine an initial position of an autonomous vehicle for
generating a candidate trajectory for travelling in the environment. The position and/or
orientation of the vehicle 302 determined by the localization system 320 may be projected onto
a previous drive and/or decision trajectory to determine an initialization state for a next drive
and/or decision trajectory, as described further herein. In some implementations, the
localization system may also determine additional information about a current or near-current
state of the vehicle 302 (e.g., velocity, acceleration, steering angle, or the like), which may also
be used to determine an initialization state, as described herein. For example, the localization
system 320 may determine the state of the vehicle at a predetermined frequency, which may
be a higher frequency than the frequency at which the decision planning system 332 determines
decision trajectories and/or than the frequency at which the drive planning system 334
determines drive trajectories. As described further herein, the most-recently calculated state of
the vehicle may be projected, e.g., spatially projected, onto the last-calculated decision
trajectory to determine an initialization state for a next decision trajectory and/or onto the last-
calculated drive trajectory to determine an initialization state for a next drive trajectory.

[0049] In some instances, the perception system 322 can include functionality to perform
object detection, segmentation, and/or classification. In some examples, the perception system
322 can provide processed sensor data that indicates a presence of an agent that is proximate
to the vehicle 302, such as the additional vehicles 104a, 104b and/or the pedestrian 106. The
perception system 322 may also determine a classification of the entity as an entity type (e.g.,
car, pedestrian, cyclist, animal, building, tree, road surface, curb, sidewalk, unknown, etc.).
For instance, the perception system 322 may compare sensor data to the agent information 128
in the agent information database 334 to determine the classification. In additional and/or
alternative examples, the perception system 322 can provide processed sensor data that
indicates one or more characteristics associated with a detected agent and/or the environment
in which the agent is positioned. In some examples, characteristics associated with an agent
can include, but are not limited to, an x-position (global and/or local position), a y-position

(global and/or local position), a z-position (global and/or local position), an orientation (e.g., a
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roll, pitch, yaw), an agent type (e.g., a classification), a velocity of the agent, an acceleration
of the agent, an extent of the agent (size), etc. Characteristics associated with the environment
can include, but are not limited to, a presence of another agent in the environment, a state of
another agent in the environment, a time of day, a day of a week, a season, a weather condition,
an indication of darkness/light, etc.

[0050] The prediction system 324 can access sensor data from the sensor system(s) 306,
data from the data store 314, and, in some examples, perception data output from the perception
system 322 (e.g., processed sensor data). In at least one example, the prediction system 324
can determine features associated with the agent based at least in part on the sensor data, the
map data, and/or the perception data. Features can include an extent of an agent (e.g., height,
weight, length, etc.), a pose of an agent (e.g., x-coordinate, y-coordinate, z-coordinate, pitch,
roll, yaw), a velocity of an agent, an acceleration of an agent, and a direction of travel of an
agent (e.g., a heading). Moreover, the prediction system 324 may be configured to determine
a distance between an agent and a proximate driving lane, a width of a current driving lane,
proximity to a crosswalk, semantic feature(s), interactive feature(s), etc.

[0051] The prediction system 324 can also analyze features of agents to predict future
actions of the agents. For instance, the prediction system 324 can predict lane changes,
decelerations, accelerations, turns, changes of direction, or the like. The prediction system 324
can send prediction data to the planning system 326 so the planning system 326 can determine
trajectories for the vehicle 302, as described herein. For example, the planning system 326 can,
using the prediction data, determine an appropriate velocity profile for controlling the vehicle
302 along a travel path, e.g., to stop before the crosswalk 114,

[0052] In general, the planning system 326 can determine a path, e.g., a travel path, along
which the vehicle 302 can traverse through an environment. For example, the planning system
326 can determine various routes and trajectories and various levels of detail. The planning
system 326 can determine a route to travel from a first location (e.g., a current location) to a
second location (e.g., a target location). Further, the planning system 326 can generate an
instruction for guiding the autonomous vehicle along at least a portion of the route from the
first location to the second location. In at least one example, the planning system 326 can
determine how to guide the autonomous vehicle from a first waypoint in a sequence of
waypoints to a second waypoint in the sequence of waypoints. In examples described herein,
the instruction can be a trajectory, or a portion of a trajectory. In some examples, multiple

trajectories can be substantially simultaneously generated (e.g., within technical tolerances) in
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accordance with a receding horizon technique, wherein one of the multiple trajectories is
selected for the vehicle 302 to navigate.

[0053] In more detail, the planning system 326 may include a route planning system 330,
a decision planning system 332 (which may be the decision planning system 120), and a drive
planning system 334 (which may be the drive planning system 122).

[0054] The route planning system 330 can be configured to determine a most efficient route
to travel from a first location (e.g., a current location) to a second location (e.g., a target
location). A route can be a sequence of waypoints for travelling between two locations. As
non-limiting examples, waypoints may include streets, intersections, global positioning system
(GPS) coordinates, etc. In at least one example, the route planning system 330 can perform a
search, such as a graph search, on top of a map to identify a route to guide the autonomous
vehicle 302 from a first location to a second location. As used herein, a map can be any number
of data structures modeled in two dimensions or three dimensions that are capable of providing
information about an environment, such as, but not limited to, topologies (such as
intersections), streets, mountain ranges, roads, terrain, and the environment in general. In at
least one example, the route planning system 330 can utilize a graph traversal algorithm to
identify a route to guide an autonomous vehicle from a first location to a second location.
Graph traversal algorithms can include algorithms for unweighted graphs (e.g., breadth first
search, depth first search, greedy best first, A* search, etc.) and/or weighted graphs (e.g.,
Dijkstra’s algorithm, weighted A* search, etc.).

[0055] The decision planning system 332 is configured to determine first trajectories, e.g.,
the decision trajectories 124. In at least one example, the decision planning system 332 can
receive the route (e.g., the sequence of waypoints) determined by the route planning system
330 and can generate an instruction for guiding the autonomous vehicle 102 along at least a
portion of the route from the first location to the second location. The decision planning system
332 may also receive information about a current state, e.g., a pose, a velocity, an acceleration,
or the like, from the localization system 330. This information may include inertial
information, as well as information in a coordinate frame, e.g., an x-y, local, global, relative,
inertial, etc. coordinate frame. The decision planning system 332 can determine the decision
trajectories 124 in the coordinate frame based on the route and the information from
localization system 330. In at least one example, the decision planning system 332 can
determine how to guide the autonomous vehicle 102 from a first waypoint in the sequence of
waypoints to a second waypoint in the sequence of waypoints. In some examples, the

instruction can be a trajectory, or a portion of a trajectory. In such examples, the decision
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planning system 332 can generate a sequence of actions (e.g., drive down the road, accelerate,
change lanes, turn left, etc.) to guide the autonomous vehicle 122 along the route. A non-
limiting example of a trajectory can be “stop the vehicle in 20 meters.”

[0056] In at least one example, the decision planning system 332 can utilize one or more
models and/or algorithms to determine an instruction for guiding the autonomous vehicle 102
from the first location to the second location in view of constraint(s). For instance, in at least
one example, the decision planning system 332 can utilize a combination of temporal logic
(e.g., linear temporal logic (LTL), signal temporal logic (STL), interval temporal logic (ITL),
computational tree logic (CTL) property specification language (PSL), Hennessy-Milner logic
(HML), etc.) and a search algorithm (e.g., policy tree search, Monte Carlo Tree Search
(MCTS), exhaustive search, etc.) to determine one or more candidate trajectories and evaluate
a performance of each of the potential instructions prior to determining which instruction to
select.

[0057] The drive planning system 334 can receive the trajectory determined at the decision
planning system 332 and can determine a second trajectory, e.g., a drive trajectory 126, for
controlling the vehicle. The drive planning system 334 can determine the trajectories based on
objects identified in the environment. In at least one example, the drive planning system 334
can access, receive, and/or determine real-time processed sensor data to determine object(s) in
the environment which the autonomous vehicle 102 is travelling. In the at least one example,
the drive planning system 334 can process the instruction in view of the real-time processed
sensor data. For example, the drive planning system 334 may determine the drive trajectories
in an inertial coordinate system, independent of an x-y coordinate system (e.g., the x-y
coordinate system in which the decision trajectories are calculated).

[0058] The drive planning system 334 can leverage model(s) and/or algorithm(s),
constraint(s), and/or cost(s) to optimize the trajectory. For instance, the drive planning system
334 can utilize model(s) and/or algorithm(s) including, but not limited to, differential dynamic
programming, interior point optimization, sequential quadratic programming, etc. to refine the
trajectory. In at least one example, the constraint(s) can include, but are not limited to, cost(s),
comfort, safety, rules of the road, etc. In at least one example, the cost(s) can include, but are
not limited to, performance (e.g., speed), minimizing lateral acceleration, positioning in a lane,
etc. In at least one example, the model(s) and/or algorithm(s) can include bi-directionality. In
such an example, a velocity of the autonomous vehicle 302 can be optimized to include a
positive, a negative, or a zero value. In at least one example, a rotation of the autonomous

vehicle 302 can be described using Euclidian matrices. As a result, a same model and/or
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algorithm can be used for optimizing a trajectory having different types of waypoints (e.g.,
road, intersection, roundabout, etc.). Based at least in part on processing the trajectory, in view
of the real-time processed sensor data, the drive planning system 334 can generate an output
trajectory, e.g., the drive planning trajectory 126.

[0059] Thus, both the decision planning system 332 and the drive planning system 334 are
configured to determine trajectories. Both the decision planning system 332 and the drive
planning system 334 can access, receive, and/or determine real-time processed sensor data and
poses of the autonomous vehicle 122 to determine the trajectories. However, the drive planning
system 334 can utilize a more detailed model of the autonomous vehicle 302 than the decision
planning system 332. As a result, processing performed by the drive planning system 334 may
be more computationally expensive than processing performed by the decision planning
system. In some examples, the decision planning system 332 and the drive planning system
334 can determine trajectories in different coordinate systems. Coordinate systems may
include inertial coordinate systems, track based coordinate systems, map based coordinate
systems, or the like. In an example described above, the decision planning system may
determine the decision trajectories 124 in an a first (e.g., an x-y) coordinate system, whereas
the drive planning system 334 may determine the drive trajectories 126 in a second (e.g., an
inertial) coordinate system, separate from the first coordinate system. For example, the drive
planning system 334 may determine the drive trajectories as spatial projections. Of course,
any combination of coordinate systems and reference frames is contemplated.

[0060] The trajectories may include instructions for controlling any of a number of
attributes of the vehicle’s travel. For example, the trajectory may include information about a
velocity of the vehicle, as in the example of FIG. 1. In other examples, the trajectory may
include information about an acceleration, position, steering, or the like.

[0061] As also illustrated in FIG. 3, the decision planning system 332 can have a first
frequency of operation (e.g., f1) and the drive planning system 334 can have a second frequency
of operation (e.g., f2). In at least one example, the first frequency can be a relatively lower
frequency (e.g., 1-10 Hertz) and the second frequency can be a higher frequency (e.g., 20-40
Hz). That is, in at least one example, the decision planning system 332 can process data (e.g.,
to generate the decision trajectories 124) with less frequency than the drive planning system
334 processes data (e.g., generates the drive trajectories 126), as generally described above in
accordance with FIG. 1. The different frequencies can enable the system 300 to distribute
computational resources to modules based on a frequency at which individual modules receive

updated data and/or a time period in which individual modules need to process and output data
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and/or based on safety considerations. In practice, and as illustrated in FIG. 1, the differing
frequencies may result in multiple drive trajectories 126 being determined for each decision
trajectory 124.

[0062] The decision planning system 332 and the drive planning system 334 may include
functionality for determining respective trajectories from initialization states. In some
examples, the decision planning system 332 can receive information about a pose or other state
of the vehicle 102 and can use the current pose and/or state of the vehicle to determine the
initialization state. For example, the localization system 320 may determine the current state
of vehicle at a predetermined frequency, and the most-recently determined state of the vehicle
may be projected, e.g., as a spatial projection, on the last-determined decision trajectory to
determine an initialization state for a next decision trajectory. Similarly, the most-recently
determined state of the vehicle may be projected, e.g., as a spatial projection, on the last-
determined drive trajectory to determine an initialization state for a next drive trajectory. For
example, the localization system 320 may determine the current state at a higher frequency
(e.g., 80-100 Hz), than one or both of the frequencies at which the decision and drive
trajectories are determined. In the example of FIG. 1, in which the velocity is a one-
dimensional value, an initialization drive velocity for a trajectory determined at t1 may also be
determined as a projected velocity of the vehicle at t1 on a velocity profile created at a time
before t1. In other implementations, e.g., in higher dimensions, the spatial projection of the
current state of the vehicle may not be this projected velocity.

[0063] The drive system 328 generally can include functionality for controlling the vehicle
in accordance with drive trajectories 126. For example, the drive system 328 may include an
execution system 336 that can receive the drive trajectory from the drive planning system 334
and can compute commands for actuating steering and acceleration of the autonomous vehicle
102 to enable the autonomous vehicle 102 to follow the drive trajectory. In at least one
example, the execution system 336 can receive the drive trajectory and can compute a steering
angle and velocity to enable the autonomous vehicle 102 to follow the drive trajectory. In some
examples, the execution system 336 can also track the vehicle as it executes the drive trajectory.
Thus, for example, the execution system 336 can iteratively track a state, e.g., local position,
velocity, acceleration, or the like, of the vehicle 102, determine a difference between the state
and the drive trajectory, and control the vehicle 102 to minimize the difference. As illustrated
in FIG. 2, the execution system 336 can have a third operating frequency (e.g., f3), which may
be a frequency at which the execution system 336 performs this iterative process. For instance,

the third operating frequency may be higher than the second operating frequency at which the
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drive planning system 334 generates drive trajectories. For example, the third operating
frequency may be 100 Hz. In some examples, the drive system 328 and/or the execution
system 336 may include a tracker for tracking steady state errors, errors over time, and/or
instantaneous tracking errors.

[0064] In some implementations, the vehicle computing device(s) 302, e.g., implementing
the prediction system 324, the planning system 326, and/or the drive system 328 may consider
discrete times in a decision horizon, which may be less than 1 second to several seconds or
more. At each discrete time step, the vehicle computing device(s) 304 may determine a
reaction for the vehicle based on information about static objects in the environment, e.g., based
on an assumption that such objects will remain static, and predictions of dynamic entities, e.g.,
determined by the prediction system 324. Thus, at each time step, the vehicle computing
device(s) 304, e.g., the planning system 326, may evaluate a position of the vehicle, positions
of other dynamic objects, and positions of the static objects.

[0065] While the decision planning system 332 and the drive planning system 334 are
illustrated as being a part of the planning system 326, one or more of the functionalities of the
decision planning system 332 and the drive planning system 334 may be separate from the
planning system 326.

[0066] In at least one example, the localization system 320, the perception system 322, the
prediction system 324, and/or the planning system 326 can process sensor data, as described
above, and can send their respective outputs over network(s) 340, to computing device(s) 342.
In at least one example, the localization system 320, the perception system 322, the prediction
system 324, and/or the planning system 326 can send their respective outputs to the computing
device(s) 342 at a particular frequency, after a lapse of a predetermined period of time, in near
real-time, etc.

[0067] In at least one example, the vehicle computing device(s) 304 can include one or
more system controllers 338, which can be configured to control steering, propulsion, braking,
safety, emitters, communication, and other systems of the vehicle 302. These system
controller(s) 330 can communicate with and/or control corresponding systems of the drive
module(s) 312 and/or other components of the vehicle 302. For example, the system
controllers 330 may cause the vehicle to traverse along a drive path determined by the planning
system 326, as described herein.

[0068] In at least one example, the sensor system(s) 306 can include LIDAR sensors,
RADAR sensors, ultrasonic transducers, SONAR sensors, location sensors (e.g., GPS,

compass, etc.), inertial sensors (e.g., inertial measurement units, accelerometers,
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magnetometers, gyroscopes, etc.), cameras (e.g., RGB, UV, IR, intensity, depth, etc.),
microphones, wheel encoders, environment sensors (e.g., temperature sensors, humidity
sensors, light sensors, pressure sensors, etc.), etc. The sensor system(s) 306 can include
multiple instances of each of these or other types of sensors. For instance, the LIDAR sensors
can include individual LIDAR sensors located at the corners, front, back, sides, and/or top of
the vehicle 302. As another example, the camera sensors can include multiple cameras
disposed at various locations about the exterior and/or interior of the vehicle 302. The sensor
system(s) 306 can provide input to the vehicle computing device(s) 304. Additionally and/or
alternatively, the sensor system(s) 306 can send sensor data, via the network(s) 340, to the
computing device(s) 342 at a particular frequency, after a lapse of a predetermined period of
time, in near real-time, etc.

[0069] The vehicle 302 can also include communication connection(s) 308 that enable
communication between the vehicle 302 and other local or remote computing device(s). For
instance, the communication connection(s) 308 can facilitate communication with other local
computing device(s) on the vehicle 302 and/or the drive module(s) 312. Also, the
communication connection(s) 308 can allow the vehicle to communicate with other nearby
computing device(s) (e.g., other nearby vehicles, traffic signals, etc.). The communications
connection(s) 308 also enable the vehicle 302 to communicate with a remote teleoperations
computing device or other remote services.

[0070] The communications connection(s) 308 can include physical and/or logical
interfaces for connecting the vehicle computing device(s) 302 to another computing device or
a network, such as network(s) 340. For example, the communications connection(s) 308 can
enable Wi-Fi-based communication such as via frequencies defined by the IEEE 802.11
standards, short range wireless frequencies such as BLUETOOTH®, or any suitable wired or
wireless communications protocol that enables the respective computing device to interface
with the other computing device(s).

[0071] In at least one example, the vehicle 302 can include drive module(s) 312. In some
examples, the vehicle 302 can have a single drive module 312. In at least one example, if the
vehicle 302 has multiple drive modules 312, individual drive modules 312 can be positioned
on opposite ends of the vehicle 302 (e.g., the front and the rear, etc.). In at least one example,
the drive module(s) 312 can include sensor system(s) to detect conditions of the drive
module(s) 312 and/or the surroundings of the vehicle 302. By way of example and not
limitation, the sensor system(s) 306 can include wheel encoder(s) (e.g., rotary encoders) to

sense rotation of the wheels of the drive module, inertial sensors (e.g., inertial measurement
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units, accelerometers, gyroscopes, magnetometers, etc.) to measure position and acceleration
of the drive module, cameras or other image sensors, ultrasonic sensors to acoustically detect
objects in the surroundings of the drive module, LIDAR sensors, RADAR sensors, etc. Some
sensors, such as the wheel encoder(s) can be unique to the drive module(s) 312. In some cases,
the sensor system(s) on the drive module(s) 312 can overlap or supplement corresponding
systems of the vehicle 302 (e.g., the sensor system(s) 306). Information from the sensor
system(s) on the drive modules 312 may be used by the localization system 320 to determine
a current state of the vehicle, for example.

[0072] The drive module(s) 312 can include many of the vehicle systems, including a high
voltage battery, a motor to propel the vehicle 302, an inverter to convert direct current from the
battery into alternating current for use by other vehicle systems, a steering system including a
steering motor and steering rack (which can be electric), a braking system including hydraulic
or electric actuators, a suspension system including hydraulic and/or pneumatic components, a
stability control system for distributing brake forces to mitigate loss of traction and maintain
control, an HVAC system, lighting (e.g., lighting such as head/tail lights to illuminate an
exterior surrounding of the vehicle), and one or more other systems (e.g., cooling system, safety
systems, onboard charging system, other electrical components such as a DC/DC converter, a
high voltage junction, a high voltage cable, charging system, charge port, etc.). Additionally,
the drive module(s) 312 can include a drive module controller which can receive and
preprocess data from the sensor system(s) and to control operation of the various vehicle
systems. In some examples, the drive module controller can include processor(s) and memory
communicatively coupled with the processor(s). The memory can store one or more modules
to perform various functionalities of the drive module(s) 312. Furthermore, the drive module(s)
312 also include communication connection(s) that enable communication by the respective
drive module with other local or remote computing device(s).

[0073] The data 314 may include any number of data types accessible by or useful to the
vehicle 302. For instance, the data 314 may include a map storage storing one or more maps,
e.g., for determining decision trajectories, as described herein. A map can be any number of
data structures modeled in two dimensions or three dimensions that are capable of providing
information about an environment, such as, but not limited to, topologies (such as
intersections), streets, mountain ranges, roads, terrain, and the environment in general. In other
examples, the data 314 may include one or more models, constraints, policies, logical rules,
predictive data, or the like. For example, the models may include models of the vehicle 102,

models of other objects in the environment, decision models, or the like.
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[0074] The vehicle 302 can send sensor data to the computing device(s) 342, via the
network(s) 340. In some examples, the vehicle 302 can send raw sensor data to the computing
device(s) 342. In other examples, the vehicle 302 can send processed sensor data and/or
representations of sensor data to the computing device(s) 342 (e.g., data output from the
localization system 320, the perception system 322, the prediction system 324, and/or the
planning system 326). In some examples, the vehicle 302 can send sensor data to the
computing device(s) 342 at a particular frequency, after a lapse of a predetermined period of
time, in near real-time, etc.

[0075] The computing device(s) 342 can receive the sensor data (raw or processed) from
the vehicle 302 and/or one or more other vehicles and/or data collection devices, and can
determine trajectories as described herein. In at least one example, the computing device(s)
342 can include processor(s) 344 and memory 346 communicatively coupled with the
processor(s) 344. In the illustrated example, the memory 346 of the computing device(s) 342
stores a planning component 348, for example.

[0076] The planning component 348 may correspond to the planning system 326 described
above. For example, the planning component 348 may process data to determine one or more
routes or trajectories, e.g., decision trajectories and/or drive trajectories. For example, the
routes and/or trajectories may be determined at the computing device(s) 342 and transferred
back to the vehicle 302, e.g., via the networks 340, for execution by the drive system 328.
Moreover, the planning system 348 can perform one or more operations as described above
and ascribed to the localization system 320, the perception system 322, and/or the prediction
system 324.

[0077] The processor(s) 316 of the vehicle 302 and the processor(s) 344 of the computing
device(s) 342 can be any suitable processor capable of executing instructions to process data
and perform operations as described herein. By way of example and not limitation, the
processor(s) 316, 344 can comprise one or more Central Processing Units (CPUs), Graphics
Processing Units (GPUs), or any other device or portion of a device that processes electronic
data to transform that electronic data into other electronic data that can be stored in registers
and/or memory. In some examples, integrated circuits (e.g., ASICs, etc.), gate arrays (e.g.,
FPGA:s, etc.), and other hardware devices can also be considered processors in so far as they
are configured to implement encoded instructions.

[0078] Memory 318 and 346 are examples of non-transitory computer-readable media.
Memory 318 and 346 can store an operating system and one or more software applications,

instructions, programs, and/or data to implement the methods described herein and the
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functions attributed to the various systems. In various implementations, the memory can be
implemented using any suitable memory technology, such as static random-access memory
(SRAM), synchronous dynamic RAM (SDRAM), nonvolatile/Flash-type memory, or any other
type of memory capable of storing information. The architectures, systems, and individual
elements described herein can include many other logical, programmatic, and physical
components, of which those shown in the accompanying figures are merely examples that are
related to the discussion herein.

[0079] While FIG. 3 is illustrated as a distributed system, in alternative examples,
components of the vehicle 302 can be associated with the computing device(s) 342 and/or
components of the computing device(s) 342 can be associated with the vehicle 302. That is,
the vehicle 302 can perform one or more of the functions associated with the computing
device(s) 342, and vice versa. Moreover, although various systems and components are
illustrated as being discrete systems, the illustrations are examples only, and more or fewer
discrete systems may perform the various functions described herein.

[0080] FIG. 4 is a flowchart showing an example process involving trajectory initialization
determination, and execution as described herein. Specifically, FIG. 4 illustrates a process 400
in which multiple planning systems are used to determine trajectories. The method illustrated
in FIG. 4 is described with reference to the vehicles 102 and/or 302 shown in FIGS. 1 and 3
for convenience and ease of understanding. However, the process illustrated in FIG. 4 is not
limited to being performed using the vehicles 102, 302, and can be implemented using any of
the other vehicles described in this application, as well as vehicles other than those described
herein. Moreover, the vehicles 102, 302 described herein are not limited to performing the
method illustrated in FIG. 4.

[0081] The process 400 is illustrated as a collection of blocks in alogical flow graph, which
represents a sequence of operations that can be implemented in hardware, software, or a
combination thereof. In the context of software, the blocks represent computer-executable
instructions stored on one or more computer-readable storage media that, when executed by
processor(s), perform the recited operations. Generally, computer-executable instructions
include routines, programs, objects, components, data structures, and the like that perform
particular functions or implement particular abstract data types. The order in which the
operations are described is not intended to be construed as a limitation, and any number of the
described blocks can be combined in any order and/or in parallel to implement the processes.
In some embodiments, one or more blocks of the process can be omitted entirely. Moreover,

the process 400 can be combined in whole or in part with other methods.
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[0082] At 402, the process 400 can include determining, at a first planning system, a first
initialization state. For example, and as described above, a vehicle 302 may include or be
associated with one or more computing devices 304 that include the decision planning system
332. The decision planning system 332 may receive information from the route planning
system 330, the one or more sensor systems 306, the localization system 320, the perception
system 322, the prediction system 324, and/or other sources to determine the initialization state.
For instance, the initialization state may be determined based on a pose or current state of the
vehicle 102. As discussed above, the decision initialization state may be based at least in part
on a spatial projection of the current state of the vehicle onto a previous decision trajectory,
e.g., the last-determined decision trajectory. In some instances, the decision trajectories may
be iteratively determined, and the first initialization state may be determined as a spatial
projection of a current state of the vehicle, e.g., as determined by the localization system 320
onto the last calculated trajectory. In examples, the first initialization state may include
information about a velocity, acceleration, steering angle, vehicle position, or other attributes
associated with vehicle control.

[0083] At 404, the method 400 can include determining, based on the first initialization
state, a first trajectory. In the example illustrated in FIG. 1 and discussed above, the decision
planning system 332 may determine a decision trajectory 124 based on the first initialization
velocity. The decision trajectory 124 will be a trajectory to stop the vehicle 102 short of the
crosswalk 114. Because the example includes only longitudinal motion, the decision trajectory
124 may include only information about acceleration and/or velocity. In other examples,
decision trajectories may include information about lateral changes, e.g., steering parameters
or vehicle position, or other control-related changes. Of course, any change in vehicle state
(position, orientation, yaw rate, acceleration, velocity, etc.) is contemplated.

[0084] At 406, the process 400 can include determining, at a second planning system, a
second initialization state. For example, and as described above, a vehicle 302 may include or
be associated with one or more computing devices 304 that include the drive planning system
334. As discussed above, the second initialization state may be based at least in part on a
projected state of the vehicle relative to a previous drive trajectory. In some instances, the
drive trajectories may be iteratively determined, and the second initialization state may be
determined as a spatial projection of a current state of the vehicle onto the last calculated drive
trajectory. In examples, the second initialization state may include information about velocity,
acceleration, steering angle, vehicle position, and/or other attributes associated with vehicle

control.
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[0085] At 408, the process 400 can include determining, based on the second initialization
state, a second trajectory. In the example illustrated in FIG. 1 and discussed above, the drive
planning system 122, 334 may determine a drive trajectory 126 based on the second
initialization velocity. The drive trajectory 126 may be a trajectory for controlling the vehicle
generally along the decision trajectory 124, but, when the second initialization state is different
from the first initialization state, the drive trajectory 124 will be different from the decision
trajectory. The drive trajectory may also be based at least in part on constraints, rules, logic,
or other parameters. For example, the drive trajectory may be determined to avoid sudden
acceleration or steering, e.g., to promote rider comfort. The decision trajectory 124 may
include information about any control parameters of the vehicle, including acceleration,
velocity, steering, vehicle position, or the like.

[0086] At 410, the process 400 can include controlling the vehicle according to the second
trajectory. As described above, the vehicle computing device(s) 304 can include the drive
system 328 and one or more system controllers 330, which can be configured to control
steering, propulsion, braking, safety, emitters, communication, and other systems of the vehicle
302. These system controller(s) 330 can communicate with and/or control corresponding
systems of the drive module(s) 314 and/or other components of the vehicle 302. In at least one
example, the drive system and/or the system controller(s) 330 can receive the drive trajectory
126 and can communicate with and/or control corresponding systems of the drive module(s)
314 and/or other components of the vehicle 302 such to cause the vehicle 302 to navigate along
the trajectory. Moreover, the drive system 328 can include the execution system 336, which
may iteratively confirm that the vehicle is following the drive trajectory, e.g., by receiving
sensor data from the sensor system(s) 306 and controlling the drive module(s) 312, e.g., in
near-real time.

[0087] As also illustrated in FIG. 3, the process 400 may be iteratively performed, such
that, after 410, processing may return to 402 and/or to 406. 402 may be performed at a first
control frequency f1and 406 may be performed at a second control frequency f2. For example,
the first control frequency f1 may be lower than the second control frequency f2. In some
instances, the first control frequency f1 may be between about 1 Hz and 10 Hz, and the second
control frequency f» may be between about 30 and 80 Hz. Accordingly, and as discussed in
more detail above, multiple drive trajectories can be calculated based on each decision
trajectory.

[0088] The various techniques described herein can be implemented in the context of

computer-executable instructions or software, such as program modules, that are stored in
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computer-readable storage and executed by the processor(s) of one or more computers or other
devices such as those illustrated in the figures. Generally, program modules include routines,
programs, objects, components, data structures, etc., and define operating logic for performing
particular tasks or implement particular abstract data types.

[0089] Other architectures can be used to implement the described functionality, and are
intended to be within the scope of this disclosure. Furthermore, although specific distributions
of responsibilities are defined above for purposes of discussion, the various functions and
responsibilities might be distributed and divided in different ways, depending on
circumstances.

[0090] Similarly, software can be stored and distributed in various ways and using different
means, and the particular software storage and execution configurations described above can
be varied in many different ways. Thus, software implementing the techniques described above
can be distributed on various types of computer-readable media, not limited to the forms of

memory that are specifically described.

Example Clauses

[0091] A: An example vehicle includes: one or more processors; and memory storing
processor-executable instructions that, when executed by the one or more processors, configure
the vehicle to: determine a first vehicle state, the first vehicle state including at least a first
vehicle speed of the vehicle in the environment; determine, based at least in part on the first
vehicle speed and a first previous trajectory, a first initialization speed; determine a first
trajectory for controlling the vehicle, the first trajectory based at least in part on a change in
speed of the vehicle from the first initialization speed to a desired speed; determine a second
vehicle state, the second vehicle state including at least a second vehicle speed of the vehicle;
determine, based at least in part on the second vehicle speed and a second previous trajectory,
a second initialization speed different from the first initialization speed; determine, based at
least in part on the first trajectory, a second trajectory for controlling the vehicle, the second
trajectory based at least in part on a change in speed of the vehicle from the second initialization
speed to the desired speed; and control the vehicle based at least in part on the second trajectory.
[0092] B: The vehicle of example A, wherein the first trajectory is one of a plurality of first
trajectories iteratively determined at a first frequency and the second trajectory is one of a
plurality of second trajectories iteratively determined at a second frequency higher than the

first frequency.
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[0093] C: The vehicle of example A or example B, wherein: the first initialization speed is
determined at a first time; the first previous trajectory is a most-recently determined, prior to
the first time, one of the first trajectories; the second initialization speed is determined at a
second time; and the second previous trajectory is a most-recently determined, prior to the
second time, one of the second trajectories.

[0094] D: The vehicle of any one of example A through example C, wherein the first
vehicle state and the second vehicle state are vehicle states determined at a third frequency
higher than the second frequency.

[0095] E: The vehicle of any one of example A through example D, wherein: the first
vehicle state comprises a vehicle state determined immediately prior to the first time and the
second vehicle state comprises a vehicle state determined immediately prior to the second time.
[0096] F: The vehicle of any one of example A through example E, wherein a first planning
system determines the first trajectory and a second planning system determines the second
trajectory.

[0097] G: The vehicle of any one of example A through example F, wherein the first
trajectory is determined in a first coordinate frame and the second trajectory is determined in a
second coordinate frame.

[0098] H: An example method includes: determining a first initialization state for a vehicle,
based at least in part on a first previous trajectory; determining, based on the first initialization
state, a first trajectory for the vehicle; determining a second initialization state for the vehicle,
based at least in part on a second previous trajectory, the second initialization state differing
from the first initialization state; determining, based at least in part on the second initialization
state and the first trajectory, a second trajectory for the vehicle; and controlling the vehicle
based at least in part on the second trajectory.

[0099] I: The method of example H, wherein the first trajectory is one of a plurality of first
trajectories iteratively determined at a first frequency and the second trajectory is one of a
plurality of second trajectories iteratively determined at a second frequency higher than the
first frequency.

[00100] J: The method any one of example H or example I, wherein: the first initialization
state is determined at a first time; the first previous trajectory is a most-recently determined
one of the plurality of first trajectories, prior to the first time; the second initialization state is
determined at a second time; and the second previous trajectory is a most-recently determined

one of the plurality of second trajectories, prior to the second time.
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[00101] K: The method any one of example H through example J, further comprising:
determining a plurality of states of the vehicle, the plurality of states being iteratively
determined at a third frequency higher than the second frequency, wherein the first
initialization state is determined based at least in part on a first state of the plurality of states,
and wherein the second initialization state is determined based at least in part on a second state
of the plurality of states.

[00102] L: The method of example H through example K, wherein the first initialization
state is a spatial projection of the first state onto the first previous trajectory and the second
initialization state is a spatial projection of the second state onto the second previous trajectory.
[00103] M: The method of example H through example L, wherein: the first initialization
state is determined at a first time; the first state is a most-recently determined one of the states
of the vehicle, prior to the first time; the second initialization state is determined at a second
time; and the second state is a most-recently determined one of the states of the vehicle, prior
to the second time.

[00104] N: The method of example H through example M, wherein: the first initialization
state comprises a first speed of the vehicle; the first trajectory includes first information about
a first acceleration for controlling the vehicle from the first speed to a desired speed; the second
initialization state comprises a second speed of the vehicle; and the second trajectory includes
second information about a second acceleration for controlling the vehicle from the second
speed to the desired speed, the second speed differing from the first speed.

[00105] O: The method of example H through example N, wherein at least one of the first
trajectory or the second trajectory comprises information about at least one of an acceleration,
a velocity, steering, or a vehicle position.

[00106] P: Example non-transitory computer-readable medium having a set of instructions
that, when executed, cause one or more processors to perform operations comprising:
determining a first initialization state for a vehicle, the first initialization state being based at
least in part on a first previous trajectory; determining, based on the first initialization state, a
first trajectory for the vehicle; determining, a second initialization state for the vehicle, the
second initialization state being based at least in part on a second previous trajectory and
differing from the first initialization state; determining, based at least in part on the second
initialization state and the first trajectory, a second trajectory for the vehicle; and controlling

the vehicle based at least in part on the second trajectory.
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[00107] Q: The non-transitory computer-readable medium of example P, wherein the first
trajectory is determined iteratively at a first frequency and the second trajectory is determined
iteratively at a second frequency higher than the first frequency.

[00108] R: The non-transitory computer-readable medium of example P or example Q, the
operations further comprising: determining a plurality of states of the vehicle, the plurality of
states being iteratively determined at a third frequency higher than the second frequency,
wherein the first initialization state is determined as a spatial projection of a first state of the
plurality of states onto the first previous trajectory, and wherein the second initialization state
is determined as a spatial projection of a second state of the plurality of states onto the second
previous trajectory.

[00109] S: The non-transitory computer-readable medium of example P or example R,
wherein a first planning system determines the first trajectory and a second planning system
determines the second trajectory.

[00110] T: The non-transitory computer-readable medium of example P or example S,
wherein at least one of the first trajectory or the second trajectory comprises information about

at least one of an acceleration, a velocity, steering, or a vehicle position.

Conclusion

[00111] While one or more examples of the techniques described herein have been
described, various alterations, additions, permutations and equivalents thereof are included
within the scope of the techniques described herein.

[00112] In the description of examples, reference is made to the accompanying drawings
that form a part hereof, which show by way of illustration specific examples of the claimed
subject matter. It is to be understood that other examples can be used and that changes or
alterations, such as structural changes, can be made. Such examples, changes or alterations are
not necessarily departures from the scope with respect to the intended claimed subject matter.
While the steps herein can be presented in a certain order, in some cases the ordering can be
changed so that certain inputs are provided at different times or in a different order without
changing the function of the systems and methods described. The disclosed procedures could
also be executed in different orders. Additionally, various computations described herein need
not be performed in the order disclosed, and other examples using alternative orderings of the
computations could be readily implemented. In addition to being reordered, in some instances,

the computations could also be decomposed into sub-computations with the same results.
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CLAIMS
WHAT IS CLAIMED IS:

1. A vehicle comprising:
one or more processors; and
memory storing processor-executable instructions that, when executed by the one or
more processors, configure the vehicle to:

determine a first vehicle state, the first vehicle state including at least a first
vehicle speed of the vehicle in the environment;

determine, based at least in part on the first vehicle speed and a first previous
trajectory, a first initialization speed;

determine a first trajectory for controlling the vehicle, the first trajectory based
at least in part on a change in speed of the vehicle from the first initialization speed to
a desired speed;

determine a second vehicle state, the second vehicle state including at least a
second vehicle speed of the vehicle;

determine, based at least in part on the second vehicle speed and a second
previous trajectory, a second initialization speed different from the first initialization
speed;

determine, based at least in part on the first trajectory, a second trajectory for
controlling the vehicle, the second trajectory based at least in part on a change in speed
of the vehicle from the second initialization speed to the desired speed; and

control the vehicle based at least in part on the second trajectory.

2. The vehicle of claim 1, wherein the first trajectory is one of a plurality of first
trajectories iteratively determined at a first frequency and the second trajectory is one of a
plurality of second trajectories iteratively determined at a second frequency higher than the

first frequency.

3. The vehicle of claim 2, wherein:

the first initialization speed is determined at a first time;

the first previous trajectory is a most-recently determined, prior to the first time, one of
the first trajectories;

the second initialization speed is determined at a second time; and
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the second previous trajectory is a most-recently determined, prior to the second time,

one of the second trajectories.

4, The vehicle of claim 2 or claim 3, wherein the first vehicle state and the second
vehicle state are vehicle states determined at a third frequency higher than the second

frequency.

5. The vehicle of claim 4, wherein:
the first vehicle state comprises a vehicle state determined immediately prior to the first
time and the second vehicle state comprises a vehicle state determined immediately prior to the

second time.

6. The vehicle of any one of claims 1-5, wherein a first planning system determines

the first trajectory and a second planning system determines the second trajectory.

7. The vehicle of any one of claims 1-6, wherein the first trajectory is determined

in a first coordinate frame and the second trajectory is determined in a second coordinate frame.

8. A method comprising;

determining a first initialization state for a vehicle, based at least in part on a first
previous trajectory;

determining, based on the first initialization state, a first trajectory for the vehicle;

determining a second initialization state for the vehicle, based at least in part on a
second previous trajectory, the second initialization state differing from the first initialization
state;

determining, based at least in part on the second initialization state and the first
trajectory, a second trajectory for the vehicle; and

controlling the vehicle based at least in part on the second trajectory.

9. The method of claim 8, wherein the first trajectory is one of a plurality of first
trajectories iteratively determined at a first frequency and the second trajectory is one of a
plurality of second trajectories iteratively determined at a second frequency higher than the

first frequency.

10. The method of claim 9, wherein:

the first initialization state is determined at a first time;
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the first previous trajectory is a most-recently determined one of the plurality of first
trajectories, prior to the first time;

the second initialization state is determined at a second time; and

the second previous trajectory is a most-recently determined one of the plurality of

second trajectories, prior to the second time.

11. The method of claim 9 or claim 10, further comprising:

determining a plurality of states of the vehicle, the plurality of states being iteratively
determined at a third frequency higher than the second frequency,

wherein the first initialization state is determined based at least in part on a first state
of the plurality of states, and

wherein the second initialization state is determined based at least in part on a second

state of the plurality of states.

12. The method of any one of claims 8-11, wherein the first initialization state is a
spatial projection of the first state onto the first previous trajectory and the second initialization

state is a spatial projection of the second state onto the second previous trajectory.

13. The method of claim 11 or claim 12, wherein:

the first initialization state is determined at a first time;

the first state is a most-recently determined one of the states of the vehicle, prior to the
first time;

the second initialization state is determined at a second time; and

the second state is a most-recently determined one of the states of the vehicle, prior to

the second time.

14. The method of any one of claims 8-13, wherein:

the first initialization state comprises a first speed of the vehicle;

the first trajectory includes first information about a first acceleration for controlling
the vehicle from the first speed to a desired speed;

the second initialization state comprises a second speed of the vehicle; and

the second trajectory includes second information about a second acceleration for
controlling the vehicle from the second speed to the desired speed, the second speed differing

from the first speed.
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15. One or more non-transitory computer readable media having instructions stored
thereon which, when executed by one or more processors, cause the one or more processors to

perform the method of any one of claims 8-14.
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
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3. Claims Nos.: 6, 7, 12-14

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable

claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
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3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
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4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
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payment of a protest fee.
The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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