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A computer includes a processor and a memory, and the
memory stores instructions executable by the processor to
receive at least one 1mage {frame from at least one camera,
the at least one 1mage frame showing a vehicle; determine at
least one baseline pixel coordinate within one 1mage frame
for the vehicle; imtialize a plurality of initial poses for the
vehicle 1n a preset pattern; for each 1nitial pose, determine a
respective final pose by mimmizing a reprojection error
between the at least one baseline pixel coordinate and at
least one respective estimated pixel coordinate, the at least
one respective estimated pixel coordinate resulting from
reprojecting the vehicle to pixel coordinates 1in the one
image frame; and select a first final pose from the final poses,
the first final pose having the lowest minimized reprojection
error of the final poses.
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VEHICLE POSE MANAGEMENT

BACKGROUND

[0001] A pose 1s a position and orientation of an object,
¢.g., a vehicle. Camera data about an object can be used to
determine the object pose. A vehicle pose can depend on 1ts
environment. For example, the vehicle may be manufactured
on an assembly line having a plurality of workstations. Each
workstation typically adds the same part(s) or performs the
same operation on each partially finished product in turn.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] FIG. 1 1s a side diagrammatic view of an example
vehicle moving through an example facility.

[0003] FIGS. 2A-C are time-synchronized image frames
of the vehicle from cameras of the facility.

[0004] FIG. 3 1s a side view of an example three-dimen-
sional model of the vehicle.

[0005] FIGS. 4A-B are diagrams of example preset pat-
terns of a plurality of initial poses of the vehicle.

[0006] FIG. S 1s a top view of an example path that the
vehicle follows through the facility.

[0007] FIG. 6 1s a process flow diagram of an example
process for determining a pose of the vehicle.

DETAILED DESCRIPTION

[0008] This disclosure relates to determining a pose of a
vehicle based on 1image data from one or more cameras that
show the vehicle. For example, the pose of a vehicle can be
determined as the vehicle moves through an assembly line 1n
a facility, and if the vehicle 1s an autonomous vehicle for
which the powertrain has already been assembled, the
vehicle can be mstructed to move 1tself based on the pose.
The facility can include a plurality of cameras, and the
vehicle can move within view of one or more of those
cameras 1n turn. A computer of the facility can be pro-
grammed to receive an image frame from one of the cameras
showing the vehicle and determine baseline pixel coordi-
nates within the image frame for the vehicle. Pixel coordi-
nates are two-dimensional locations within the image frame.
The baseline pixel coordinates can be of landmarks on the
vehicle such as a comer of a headlight or an edge of a
side-view mirror. Then the computer can initialize a plurality
of mitial poses for the vehicle mm a preset pattern and
determine a respective final pose for each initial pose. The
initial poses can serve as starting points for, e.g., an opti-
mization process that determines the final poses. Determin-
ing each final pose can include iteratively reprojecting the
landmarks of the vehicle from an estimated pose (starting
with the respective 1nitial pose) to estimated pixel coordi-
nates 1n the image frame and minimizing a reprojection error
between the baseline pixel coordinates and the respective
estimated pixel coordinates. Next, the computer can select
one of the final poses as the best estimate of the pose of the
vehicle. The selected final pose can have a lowest mimmized
reprojection error of the final poses. The selected final pose
can be highly accurate, e.g., within a few centimeters. The
computer can use the selected final pose to, e.g., mstruct the
vehicle to move. The high accuracy of the selected final pose
can be useful for granular instructions for moving the
vehicle with a high degree of control.

[0009] A computer includes a processor and a memory,
and the memory stores instructions executable by the pro-
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cessor to receive an 1mage frame from a camera, the 1mage
frame showing a vehicle; determine at least one baseline
pixel coordinate within the image frame for the vehicle;
initialize a plurality of initial poses for the vehicle in a preset
pattern; for each i1mtial pose, determine a respective final
pose by minimizing a reprojection error between the at least
one baseline pixel coordinate and at least one respective
estimated pixel coordinate; and select a first final pose from
the final poses, the first final pose having the lowest mini-
mized reprojection error of the final poses. the at least one
respective estimated pixel coordinate results from reproject-
ing the vehicle to pixel coordinates 1n the 1mage frame.
[0010] The instructions may further include instructions to
transmit a message to the vehicle based on the first final
pose, the message usable for actuating the vehicle. The
istructions may further include instructions to determine at
least one waypoint based on the first final pose, and the
message to the vehicle includes the at least one waypoint.
[0011] The imitial poses and final poses may each include
two horizontal spatial dimensions and yaw. The 1nitial poses
and final poses may each include a vertical spatial dimen-
s1on, roll, and pitch.

[0012] The preset pattern may be a grid.

[0013] The mnstructions may further include 1nstructions to
identify at least one landmark of the vehicle 1n the image
frame, the at least one baseline pixel coordinate may be of
the at least one landmark, and the estimated pixel coordi-
nates may be of the at least one landmark. The at least one
landmark may include a plurality of landmarks, the at least
one baseline pixel coordinate may include a plurality of
respective baseline pixel coordinates, and the estimated
pixel coordinates may include, for each baseline pixel coor-
dinate, a plurality of respective estimated pixel coordinates.
[0014] The instructions may further include instructions
to, upon determining that the lowest mimimized reprojection
error exceeds a threshold, re-identily the at least one land-
mark in the image frame.

[0015] Identifying the at least one landmark may include
executing a machine-learning program.

[0016] The istructions may further include instructions
to, upon determining that the lowest mimimized reprojection
error exceeds a threshold, discard the first final pose.
[0017] The 1image frame may be a first image frame, the
camera may be a first camera, the instructions may further
include instructions to receive a second 1mage frame from a
second camera, and the at least one baseline pixel coordinate
may include a first baseline pixel coordinate in the second
image irame. The second 1mage frame may be time-syn-
chronized with the first image frame.

[0018] The at least one respective estimated pixel coordi-
nate may include a first estimated pixel coordinate corre-
sponding to the first baseline pixel coordinate.

[0019] The instructions may further include 1nstructions to
identify a first landmark of the vehicle in the first image
frame and a second landmark of the vehicle in the second
image frame, the at least one baseline pixel coordinate may
be of the first and second landmarks, and the estimated pixel
coordinates may be of the first and second landmarks. The
second landmark may be outside the first image frame.
[0020] Reprojecting the vehicle to pixel coordinates in the
image frame may be based on a three-dimensional model of
the vehicle.

[0021] Mimmimizing the reprojection error may include
performing iterative optimization.
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[0022] The camera may be positioned above the vehicle
and oriented facing downward.

[0023] A method includes recetving an image frame from
a camera, the 1image frame showing a vehicle; determining
at least one baseline pixel coordinate within the 1mage frame
tor the vehicle; mitializing a plurality of 1nitial poses for the
vehicle 1n a preset pattern; for each 1nitial pose, determining
a respective final pose by minimizing a reprojection error
between the at least one baseline pixel coordinate and at
least one respective estimated pixel coordinate; and select-
ing a first final pose from the final poses, the first final pose
having the lowest minimized reprojection error of the final
poses. The at least one respective estimated pixel coordinate
results from reprojecting the vehicle to pixel coordinates in
the 1mage frame.

[0024] With reference to the Figures, wherein like numer-
als 1indicate like parts throughout the several views, a com-
puter 105 includes a processor and a memory, and the
memory stores instructions executable by the processor to
receive at least one image frame 200 from at least one
camera 110, the at least one 1mage frame 200 showing a
vehicle 115; determine at least one baseline pixel coordinate
within one 1mage frame 200 for the vehicle 115; imtialize a
plurality of 1nitial poses 405 for the vehicle 115 1n a preset
pattern 400; for each initial pose 405, determine a respective
final pose by minimizing a reprojection error between the at
least one baseline pixel coordinate and at least one respec-
tive estimated pixel coordinate, the at least one respective
estimated pixel coordinate resulting from reprojecting the
vehicle 1135 to pixel coordinates 1n the one 1mage frame 200;
and select a first final pose from the final poses, the first final
pose having the lowest minimized reprojection error of the
final poses.

[0025] With reference to FIG. 1, the vehicle 115 may be
any passenger or commercial automobile such as a car, a
truck, a sport utility vehicle, a crossover, a van, a minivan,
a taxi, a bus, etc.

[0026] The vehicle 115 may be an autonomous vehicle. A
vehicle computer 135 can be programmed to operate the
vehicle 115 independently of the mtervention of a human
operator, completely or to a lesser degree. The vehicle
computer 135 may be programmed to operate a propulsion
system, a brake system, a steering system, and/or other
vehicle systems. For the purposes of this disclosure, autono-
mous operation means the vehicle computer 135 controls the
propulsion system, brake system, and steering system with-
out input from a human operator; semi-autonomous opera-
tion means the vehicle computer 135 controls one or two of
the propulsion system, brake system, and steering system
and a human operator controls the remainder; and nonauto-
nomous operation means a human operator controls the
propulsion system, brake system, and steering system.

[0027] The vehicle computer 135 1s a microprocessor-
based computing device, e.g., a generic computing device
including a processor and a memory, an electronic controller
or the like, a field-programmable gate array (FPGA), an
application-specific integrated circuit (ASIC), a combina-
tion of the foregoing, etc. Typically, a hardware description
language such as VHDL (VHSIC (Very High Speed Inte-
grated Circuit) Hardware Description Language) 1s used 1n
clectronic design automation to describe digital and mixed-
signal systems such as FPGA and ASIC. For example, an
ASIC 1s manufactured based on VHDL programming pro-
vided pre-manufacturing, whereas logical components

Dec. 28, 2023

inside an FPGA may be configured based on VHDL pro-
gramming, €.g., stored 1n a memory electrically connected to
the FPGA circuit. The vehicle computer 135 can thus
include a processor, a memory, etc. The memory of the
vehicle computer 135 can mnclude media for storing nstruc-
tions executable by the processor as well as for electroni-
cally storing data and/or databases, and/or the vehicle com-
puter 135 can include structures such as the foregoing by
which programming 1s provided. The vehicle computer 135
can be multiple computers coupled together.

[0028] The vehicle 115 can be 1n a facility 100. The
facility 100 can be a structure, e.g., a building or a series of
buildings, at which the wvehicle 115 1s manufactured,
assembled, operated on, repaired, upgraded, etc. The facility
100 can include a ceiling 120 positioned above the vehicle

115 and a floor 125 on which the vehicle 115 can travel.

[0029] The facility 100 can include the computer 105. The
computer 105 1s a microprocessor-based computing device,
e.g., a generic computing device including a processor and
a memory. The memory of the computer 105 can include
media for storing mstructions executable by the processor as
well as for electronically storing data and/or databases,
and/or the computer 105 can include structures such as the
foregoing by which programming 1s provided. The computer
105 can be multiple computers coupled together.

[0030] The facility 100 includes at least one camera 110,
¢.g., a plurality of the cameras 110, communicatively
coupled to the computer 105. The cameras 110 can detect
clectromagnetic radiation 1n some range of wavelengths. For
example, the cameras 110 may detect visible light, infrared
radiation, ultraviolet light, or some range of wavelengths
including wvisible, infrared, and/or ultraviolet light. For
example, the cameras 110 can be a charge-coupled devices
(CCD), complementary metal oxide semiconductors
(CMOS), or any other suitable type.

[0031] At least one camera 110, e.g., the cameras 110, can
be positioned above the vehicle 115 and oriented facing
downward, erther diagonally downward or straight down-
ward. For example, the cameras 110 can be mounted to the
ceiling 120 of the facility 100. A center of the field of view
of each camera 110 can be a vertical line downward to the
floor 125 of the facility 100. The cameras 110 can be
arranged to have overlapping fields of view, such that the
vehicle 115 can be within the fields of view of multiple
cameras 110 at once. The cameras 110 can be arranged to
provide coverage of the floor 1235 of the facility 100, or of
at least a portion of the floor 125 on which the vehicle 115
can travel.

[0032] The facility 100 can include a transceiver 130
communicatively coupled to the computer 105. The trans-
ceiver 130 may be adapted to transmit signals wirelessly
through any suitable wireless communication protocol, such
as cellular, Bluetooth®, Bluetooth® Low Energy (BLE),
ultra-wideband (UWB), WiF1, IEEE 802.11a/b/g/p, cellular-
V2X (CV2X), Dedicated Short-Range Communications
(DSRC), other RF (radio frequency) communications, efc.
The transceiver 130 may be adapted to communicate with a
remote computer, that 1s, a computer distinct and spaced
from the transceiver 130, e.g., distinct from the facility 100.
For example, the remote computer can be the vehicle 115,
¢.g., the vehicle computer 135 of the vehicle 115. The
transceirver 130 may be one device or may include a separate
transmitter and receiver.
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[0033] With reference to FIGS. 2A-C, the computer 105
can receive 1mage data from the cameras 110. The image
data are sequences of the image frames 200 of the fields of
view ol the respective cameras 110. Each image frame 200
1s a two-dimensional matrix of pixels. Each pixel has a
brightness or color represented as one or more numerical
values, e.g., a scalar unitless value of photometric light
intensity between 0 (black) and 1 (white), or values for each
of red, green, and blue, ¢.g., each on an 8-bit scale (0 to 255)
or a 12- or 16-bit scale. The pixels may be a mix of
representations, €.g., a repeating pattern of scalar values of
intensity for three pixels and a fourth pixel with three
numerical color values, or some other pattern. Position in an
image frame 200 can be specified 1n pixel coordinates, e.g.,
an ordered pair of pixel distances, such as a number of pixels
from a top edge and a number of pixels from a leit edge of
the 1image frame 200. The image frames 200 can show the
vehicle 115, fully or partially.

[0034] The computer 105 can be programmed to receive at
least one 1image frame 200 from one of the cameras 110, e.g.,
a plurality of the image frames 200 from the cameras 110.
The plurality of the 1mage frames 200 can be time-synchro-
nized, 1.e., captured at a same time. For example, the
plurality of the image frames 200 can include a first image
frame 200, a second 1mage frame 200, a third image frame
200, etc., and the second image frame 200, third image
frame 200, etc. can be time-synchronized with the first
image irame 200. The time-synchronization of the image
frames 200 can be usetul because the vehicle 115 can move
over time and the time-synchronized image frames 200
ensure that the pose 1s the same for each of the image frames
200. One of the time-synchronized image frames 200 can be

designated as a reference 1image frame 200, e.g., the image

frame 200 with the largest number of pixels occupied by the
vehicle 115.

[0035] At any given time, the vehicle 115 can be charac-
terized by a pose. For the purposes of this disclosure, a pose
1s defined as a description of the position and/or orientation
of something, e.g., the vehicle 115. The pose can be repre-
sented as a vector of values for dimensions of the position
and/or the orientation of the vehicle 115. Dimensions of the
position can include two horizontal spatial dimensions x, y
and a vertical spatial dimension z. Dimensions of the ori-
entation can include yaw 1, roll ¢, and pitch 0. The yaw 1)
can be an angular dimension about the z-axis, the roll ¢ can
be an angular dimension about the x-axis, and the pitch 0 can
be an angular dimension about the y-axis. The pose can
include the two horizontal spatial dimensions x, v and the
yaw 1. For example, the pose can include only the two
horizontal spatial dimensions x, y and the yaw 1, e.g., when
the floor 125 of the facility 100 1s flat and level so that the
vertical spatial dimension z, the roll @, and the pitch 0O are
already known. For another example, the pose can include
the vertical spatial dimension z, the roll @, and the pitch 0 in
addition to the two horizontal spatial dimensions x, y and the
yaw 1. The pose can alternatively and equivalently be
represented as a transformation matrix that transtforms from
the reference frame of the vehicle 115 to a reference frame
of the facility 100, e.g., of one of the cameras 110. The
transformation matrix can be a 3x4 matrix that include a 3x3
rotation matrix R, and a 3x1 translation vector T,, 1.e.,
[R,IT,]. The transformation matrix can include the two
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horizontal spatial dimensions X, y and the yaw 1, and may
or may not also include the vertical spatial dimension z, the
roll 1y, and the pitch 0.

[0036] The computer 105 can be programmed to 1dentity
at least one landmark 205 of the vehicle 115 1n the plurality
of the image frames 200, ¢.g., a plurality of landmarks 205.
For the purposes of this disclosure, a “landmark™ 1s defined
as a recognizable feature of something. The landmarks 205
can be points defined by edges and/or corners of components
of the vehicle 115. For example, the landmarks 2035 can
include an outboard edge of the side-view mirror, a base of
the side-view mirror (as both shown in FIGS. 2A and 2C),
a rear corner of a rear side window (as shown 1n FIGS.
2A-B), inboard and outboard corners of a taillight (as shown
in FIG. 2B), a corner of a bumper, a corner of a grill (as both
shown 1n FIG. 2C), etc. The landmarks 205 can be inside one
or more of the plurality of the image frames 200 and
simultaneously outside of others of the plurality of the image
frames 200; e.g., the outboard edge of the side-view mirror

1s 1nside the image frames 200 of FIGS. 2A and 2C and
outside the image frame 200 of FIG. 2B.

[0037] Identifying the landmarks 205 can include execut-
ing a machine-learming program. The machine-learning pro-
gram can be any suitable type for receiving image data as
input and generating a classification as output, e.g., a neural
network such as a convolutional neural network. The clas-
sification can be the qualitative location of the landmark 205
on the vehicle 115, e.g., outboard edge of the side-view
mirror, the rear corner of the rear side window, etc. A
convolutional neural network includes a series of layers,
with each layer using the previous layer as input. Each layer
contains a plurality of neurons that receive as imput data
generated by a subset of the neurons of the previous layers
and generate output that 1s sent to neurons 1n the next layer.
Types of layers include convolutional layers, which compute
a dot product of a weight and a small region of input data;
pool layers, which perform a downsampling operation along
spatial dimensions; and fully connected layers, which gen-
crate based on the output of all neurons of the previous layer.
The final layer of the convolutional neural network gener-
ates a score for each potential classification, and the final
output 1s the classification with the highest score. The
machine-learning program can be trained on a dataset of
image frames 200 with the landmarks 2035 selected and
coded manually by a technician. The manual coding of the
landmarks 205 serves as ground truth that the machine-
learning program 1s trained to replicate.

[0038] The computer 105 can be programmed to deter-
mine the baseline pixel coordinates within the respective
image frames 200. The baseline pixel coordinates can be of
the landmarks 205. The output can include a baseline pixel
coordinate for each appearance of a landmark 205 in 1n the
plurality of the image frames 200, e¢.g., a landmark 205
appearing in two 1image frames 200 will receive two baseline
pixel coordinates, one for each 1mage frame 200 1n which
that landmark 205 appears. For example, the machine-
learning program described above can output the baseline
pixel coordinates paired with the classifications of the land-
marks 205. The machine-learning program can be trained on
a dataset of 1mage frames 200 with pixel coordinates for the
landmarks 205 selected and coded manually by a technician.
The manual selection of the pixel coordinates serves as
ground truth that the machine-learning program 1s trained to
replicate.
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[0039] With reference to FIG. 3, the computer 105 can
store a three-dimensional model 300 of the vehicle 115. The
three-dimensional model 300 specifies the relative positions
of the landmarks 205 to the rest of the vehicle 115. For
example, the three-dimensional model 300 can include an
origin point 305 relative to which other points of the vehicle
115 are described. The origin point 305 can be, e.g., a center
of gravity of the vehicle 115 or a center of a rear axle of the
vehicle 115. The computer 105 can geometrically determine
an absolute position, e.g., a position relative to the facility
100 rather than to the vehicle 115, of one of the landmarks
205 by using a pose of the vehicle 115. The pose of the
vehicle 115 can specify the absolute position of the origin
point 305 and the orientation of the vehicle 115.

[0040] With reference to FIGS. 4A-B, the computer 105
can be programmed to imtialize a plurality of the imitial
poses 405 for the vehicle 115 1n a preset pattern 400. The
number of the 1nitial poses 405 can be a preset number (e.g.,
16 as shown in FIG. 4A or 18 as shown in FIG. 4B),
irrespective of the number of time-synchronized image
frames 200 1n which the vehicle 115 appears, 1.e., the
number of 1nitial poses 405 1s the same regardless of whether
the vehicle 115 appears 1n, say, three 1image frames 200 at
once or four 1mage frames 200 at once. The 1nitial poses 405
can be spread over a horizontal area in the facility 100. The
initial poses 405 can be based on the baseline pixel coordi-
nates, e.g., a first 1imitial pose 405 can be generated by a
mapping from the baseline pixel coordinates of the landmark
205, and the remaining 1nitial poses 405 can be spread over
a region centered on the first mitial pose 405. Alternatively,
the 1nitial poses 405 can be initialized irrespective of the
baseline pixel coordinates, e.g., can be the same whenever
the vehicle 115 appears 1n the 1image frame 200 of a given
camera 110. For example, the initial poses 405 can be
generated based on which camera 110 captured the reference
image frame 200.

[0041] The 1nitial poses 405 can vary 1n a systematic way
from each other according to the preset pattern 400. For
example, the preset pattern 400 can be a grid, e.g., a square
grid as shown 1n FIG. 4A or a hexagonal grid as shown 1n
FIG. 4B. The imitial poses 405 can be evenly spaced in one
or more of the spatial dimensions, e.g., can be evenly spaced
in the two horizontal spatial dimensions x, y. The preset
pattern 400 can reduce a likelithood that, when minimizing
a reprojection error as described below, the result 1s a local
minimum that 1s not the global minimum.

[0042] The computer 105 can be programmed to reproject
the vehicle 115 to pixel coordinates 1n an 1mage frame 200.
In particular, the computer 105 can be programmed to, for
each appearance of a landmark 205 1n one of the plurality of
image frames 200, reproject the position of the landmark
205 to pixel coordinates, e.g., in the 1image frame 200 that
captured that appearance of the landmark 205. The result 1s
referred to herein as the estimated pixel coordinates. For
example, the computer 105 can use the following equations
to reproject all the appearances of the landmarks 205 into
pixel coordinates:

X, =PX

proj v

[R.IT.][R.IT.]

c‘am

in which x,, .. 1s a vector of the estimated pixel coordinates
of the landmarks 205 in the respective image frames 200; P
1s the projection matrix, X  1s a vector of the three-dimen-

sional positions of the landmarks 205; K . 1s the intrinsic
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matrix of the camera 110 that captured the reference image
frame 200; [R_I'T ] 1s the extrinsic pose matrix of the nth
camera 110, 1.e., the transformation matrix from the camera
110 that captured the image frame 200 showing the land-
mark 205 to the camera 110 that captured the reference
image frame 200; and [R IT ] 1s the pose of the vehicle 115
with respecto to the camera 110 that captured the reference
frame i1mage 200, e.g., represented as a transformation
matrix from the reference frame of the vehicle 115 to the
reference frame of the camera 110 that captured the refer-
ence 1mage frame 200. The vector x,,,; 1s a concatenation of
all the two-dimensional estimated pixel coordinates of the
appearances of the landmarks 205, meaning the vector x

has length 2N 1f there are N appearances of landmarks 205
The computer 105 can determine the three-dimensional
positions X of the landmarks 205 based on the three-
dimensional model 300 of the vehicle 115 as described

above. The intrinsic matrix K __  of the camera 110 1s known
from calibration of the camera 110 and may be provided by
a manufacturer of the camera 110. The transformation
matrix [R _IT, ] between the camera 110 that captured the
image frame 200 showing the landmark 205 and the camera
110 that captured the reference 1image frame 200 can be
known from calibrating the cameras 110 after installation 1n
the facility 100. If the image frame 200 showing the land-
mark 205 1s the same as the reference 1image frame 200, then

the transformation matrix [R_I'T ] 1s the idenfity matrix.

[0043] The computer 105 can be programmed to deter-
mine the reprojection error between the baseline pixel
coordinates of the appearances of the landmarks 205 and the
estimated pixel coordinates of the appearances of the land-
mark 205 for a given initial pose 405. For example, the
repmJectlon error can be a least square error, e.g., Ux , .~

X in which x, . 1s the estimated pixel coordinates,
X . 18 the baseline plxel coordinates, and ||* is the norm
of a vector. Like the vector x .. described above, the vector
X .. .18 a concatenation of all the two-dimensional baseline
pixel coordinates of the appearances of the landmarks 205,
meaning the vector x__. ., has length 2N 1f there are N

appearances of landmarks 205.

acruaf‘ ‘

[0044] The computer 105 can be programmed to minimize
the reprojection error between the baseline pixel coordinates
and the estimated pixel coordinates by determining the pose
that results 1n the minimal reprojection error:

min||x — X
R, T, ” praj acrum’”

For example, the computer 105 can use a process of iterative
optimization by adjusting the pose, reprojecting the position
of the landmark 205 to arrive at new estimated pixel
coordinates as described above, and calculating the repro-
jection error with the new estimated pixel coordinates. The
iterative optimization process can be any suitable algorithm
for solving a nonlinear least squares problem, e.g., gradient
descent, Newton’s method, the Levenberg-Marquardt algo-
rithm, the Gauss-Newton method, etc.

[0045] As one example, the computer 105 can minimize
the reprojection error by using the Levenberg-Marquardt
algorithm. At each iteration, the pose equals the sum of the
pose from the previous iteration and a descent vector in the
direction of the steepest descent of the reprojection error,
with the descent vector possibly multiplied by a step size:
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Rj:+ 1, Tvk+l :Rvk, Tvk+ﬂk6 (Rw T‘p)

in which the superscripts refer to the iteration, k 1s an index
of the 1teration, a 1s the step size, and 0 1s the descent vector.
The pose used for the first iteration 1s the 1nitial pose 405; as
described below, the minimization can be performed mul-
tiple times, once for each 1nitial pose 405. The step size o
can be chosen to promote fast convergence without over-
shooting the solution, e.g., 1. The descent vector 6 can be
defined by the following equation, which uses the Jacobian
I of the difference e between the estimated and baseline pixel
coordinates. The Jacobian matrix of a vector-valued function
1s the matrix of all the function’s first-order partial deriva-
tives. The matrix product of the transpose of the Jacobian J*
and the Jacobian J 1s summed with a damping matrix AD,
and that sum 1s multiplied by the descent vector 6. That
product equals the negative transpose of the Jacobian J*
multiplied by the difference ¢ between the estimated and
baseline pixel coordinates, from which the descent vector o
can be inferred, as seen 1n the following equation:

(J(eR,, T,)) J(eR,, T))+AD)R,, T,)=J(e(R,,T,))"e
(R, T.)

e(R, T )=x,,—xX

proj “Yactiial

in which A 1s a damping factor and D 1s a matrix with the
diagonal values set to the diagonals of J? J and the rest of the
matrix set to zeroes. The damping factor A can be chosen to
promote fast convergence without overshooting the solution.
The damping factor A can vary based on whether the
reprojection error increased or decreased in the previous
iteration, €.g., by decreasing when the reprojection error
decreased and increasing when the reprojection error
increased. The variable damping factor A can help prevent
the algorithm from settling on a local mimimum that 1s not
the global minimum. The algorithm can execute for a preset
number of iterations k or until the descent vector 6 or the
reduction 1n the reprojection error falls below a preset value,
up to a maximum number of iterations k. The preset value
can be chosen to indicate that the pose 1s sufliciently
accurate for directing movement of the vehicle 115, as
described below. The final pose 1s the value of R, T after
the final iteration.

[0046] The computer 105 can be programmed to deter-
mine a final pose by minimizing the reprojection error
multiple times, once for each of the mnitial poses 405
generated above. Each of the final poses will have a corre-
sponding minimized reprojection error, which is the repro-
jection error at the final step of the iterative optimization
process. The computer 105 can be programmed to select a
first final pose from the final poses, the first final pose having
the lowest minimized reprojection error of the final poses.
Selecting the first final pose from multiple final poses can
avoid solutions stuck at local minima.

[0047] The computer 105 can be programmed to deter-
mine whether the lowest minimized reprojection error
exceeds a threshold. The threshold can be chosen to indicate
that the 1terative optimization process did not converge for
any of the final poses. A lack of convergence can occur 1f the
machine-learning program incorrectly identifies the land-
marks 205. The computer 105 can be programmed to, upon
determining that the lowest mimimized reprojection error
exceeds the threshold, discard the first final pose. In other
words, the computer 105 does not rely on the first final pose
or use the first final pose for any decision-making. In that
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case, the computer 1035 can rely on a previously determined
first final pose, or the computer 105 can re-identily the
landmarks 205 1n the image frames 200 so as to follow the
steps above to redetermine the first final pose.

[0048] With reference to FIG. 5, the computer 105 can
determine a message and transmit the message to the vehicle
115 based on the first final pose. The computer 105 can
transmit the message via the transceiver 130. The message
can be usable by the vehicle 115 for actuating the vehicle
115. For example, the computer 105 can determine at least
one waypoint 500, e.g., a plurality of waypoints 300 defining
a path 505, based on the first final pose, and the message can
include the at least one waypoint 500. The computer 105 can
determine the waypoints 500 based on the first final pose of
the vehicle 115, a planned destination for the vehicle 115, the
three-dimensional model 300 of the vehicle 115, and a
two-dimensional or three-dimensional model of the facility
100. For example, the computer 105 can choose the way-
points 300 so that the vehicle 115 will travel along the path
505 to the planned destination such that the three-dimen-
sional model 300 of the vehicle 115 does not intersect the
model of the facility 100 anywhere along the path 505, e.g.,
using known path-planming algorithms. For another
example, the message can include the first final pose, the
planned destination, and the two-dimensional or three-di-
mensional model of the facility 100. The first final pose

specifies a location of the vehicle 115 1n a reference frame
of the model of the facility 100.

[0049] Once the vehicle 115 receives the message, the
vehicle 1135 can autonomously navigate 1tself along the path
505 through the waypoints 500. For example, the vehicle
computer 135 can be programmed to actuate the vehicle 115
to travel along the path 505 through the waypoints 500, e.g.,
to actuate the propulsion system, the brake system, and the
steering system to navigate the vehicle 115 to each waypoint
500 1n turn. The vehicle computer 1335 can use algorithms for
local path-planning, as are known, to navigate between each
pair ol consecutive waypoints 300. For another example, 1
the message includes the first final pose, the planned desti-
nation, and the model of the facility 100, the vehicle
computer 135 can be programmed to determine the way-
points 500 and/or the path 505 so that the vehicle 115 will
travel along the path 505 to the planned destination and the
vehicle 115 will not intersect the facility 100 anywhere
along the path 505. The vehicle computer 135 can use
known global path-planning algorithms. The vehicle com-
puter 135 can determine the possible intersections to avoid
based on the model of the facility 100 and the first final pose
specifying the location of the vehicle 115 relative to the
model of the facility 100. The vehicle computer 135 can then
actuate the propulsion system, the brake system, and the

steering system to navigate the vehicle 1135 along the path
505.

[0050] Alternatively or additionally to transmitting the
message, the computer 105 can be programmed to mstruct
a component of the facility 100 to actuate based on the first
final pose. For example, the computer 105 can instruct a
siren or other warning device to actuate if the vehicle 1135 1s
less than a threshold distance from a predesignated area of
the facility, e.g., a wall or a walkway. The computer 105 can
determine whether the vehicle 1135 1s less than the threshold
distance from the predesignated area based on the first final
pose, the three-dimensional model 300 of the vehicle 115,
and the model of the facility 100.
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[0051] FIG. 6 15 a process flow diagram illustrating an
exemplary process 600 for determining the pose of the
vehicle 115. The memory of the computer 103 stores execut-
able 1nstructions for performing the steps of the process 600.
As a general overview of the process 600, the computer 105
receives the time-synchronized image frames 200 from the
cameras 110, determines the baseline pixel coordinates of
the landmarks 205, and initializes the initial poses 405. For
cach initial pose 405, the computer 105 determines the
corresponding final pose by minimizing the reprojection
error. The computer 105 selects the final pose having the
lowest minimized reprojection error. If the lowest mini-
mized reprojection error 1s above the threshold, the com-
puter 105 discards the selected final pose. Otherwise, the
computer 1035 reprojects the final pose to the image frames
200, determines the waypoints 500, and transmits the mes-
sage including the waypoints 500 to the vehicle 115.

[0052] The process 600 begins 1n a block 605, in which the
computer 105 recerves the time-synchronized image frames
200 from the cameras 110, as described above. Alternatively,
the computer 105 can receive a single image frame 200 from
one camera 110, from which the rest of the process 600 can
still be performed.

[0053] Next, in a block 610, the computer 105 1dentifies

the landmarks 205 1n the image frames 200 and determines
the baseline pixel coordinates for each appearance of the
landmarks 205 1n the image frames 200, as described above.

[0054] Next, in a block 615, the computer 105 initializes
the plurality of the initial poses 405 for the vehicle 1135 in the
preset pattern 400, as described above.

[0055] Next, 1 a block 620, the computer 105 selects a
next initial pose 405 from the plurality of the mnitial poses
405. For example, each of the imtial poses 405 can be
assigned an index, and the computer 105 can select the
initial pose 405 with the next highest index, starting with the
lowest 1ndex.

[0056] Next, in a block 6235, the computer 1035 determines
the final pose for the initial pose 405 selected 1n the block
620 by minimizing the reprojection error, as described
above.

[0057] Next, in a decision block 630, the computer 105

determines whether any 1nitial poses 405 remain for which
final poses have not been determined. For example, the
computer 105 can determine whether the index of the 1nitial
pose 405 selected 1n the block 620 1s the largest index. If
there are remaining 1mitial poses 403, the process 600 returns
to the block 620 to proceed to the next 1mitial pose 405. If
there are no mitial poses 405 remaining, the process 600
proceeds to a block 635.

[0058] In the block 633, the computer 103 selects the first
final pose from the final poses, as described above. The first
final pose 1s the final pose having the lowest minimized
reprojection error of the final poses.

[0059] Next, in a decision block 640, the computer 105

determines whether the lowest minimized reprojection error
exceeds a threshold, as described above. If so, the process
600 proceeds to a block 645. If not, the process 600 proceeds
to a block 630.

[0060] In the block 645, the computer 105 discards the
first final pose, as described above. After the block 643, the
process 600 returns to the block 610 for the computer 105 to
re-identily the landmarks 205 1n the image frames 200 and
redo the rest of the process 600.
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[0061] In the block 6350, the computer 105 projects the
final pose from the reference frame of the camera 110 that
captured the reference image frame 200 to the cameras 110
that captured the other image frames 200 using the trans-
formation matrices [R IT,] for the respective cameras 110.

[0062] Next, in a block 655, the computer 105 determines
the waypoints 500 based on the first final pose, as described
above.

[0063] Next, 1n a block 660, the computer 105 transmits
the message to the vehicle 115 so that the vehicle 115 can use
the message for actuating the vehicle 115 to travel through
the facility 100, as described above. Alternatively or addi-
tionally, the computer 105 can instruct a component of the
facility 100 to actuate based on the first final pose, as
described above. After the block 660, the process 600 ends.

[0064] In general, the computing systems and/or devices
described may employ any of a number of computer oper-
ating systems, including, but by no means limited to, ver-
sions and/or varieties of the Ford Sync® application, App-
Link/Smart Device Link middleware, the Microsoit
Automotive® operating system, the Microsolt Windows®
operating system, the Unix operating system (e.g., the
Solaris® operating system distributed by Oracle Corpora-
tion of Redwood Shores, California), the AIX UNIX oper-
ating system distributed by International Business Machines
of Armonk, New York, the Linux operating system, the Mac
OSX and 108 operating systems distributed by Apple Inc. of
Cupertino, Califormia, the BlackBerry OS distributed by
Blackberry, Ltd. of Waterloo, Canada, and the Android
operating system developed by Google, Inc. and the Open
Handset Alliance, or the QNX® CAR Platform for Infotain-
ment offered by QNX Software Systems. Examples of
computing devices include, without limitation, an on-board
vehicle computer, a computer workstation, a server, a desk-
top, notebook, laptop, or handheld computer, or some other
computing system and/or device.

[0065] Computing devices generally include computer-
executable 1nstructions, where the instructions may be
executable by one or more computing devices such as those
listed above. Computer executable instructions may be
compiled or interpreted from computer programs created
using a variety of programming languages and/or technolo-
gies, ncluding, without limitation, and either alone or in
combination, Java™,_ C, C++, Matlab, Stmulink, Stateflow,
Visual Basic, Java Script, Python, Perl, HI ML, etc. Some of
these applications may be compiled and executed on a
virtual machine, such as the Java Virtual Machine, the
Dalvik virtual machine, or the like. In general, a processor
(e.g., a microprocessor) receives instructions, e.g., from a
memory, a computer readable medium, etc., and executes
these instructions, thereby performing one or more pro-
cesses, mcluding one or more of the processes described
herein. Such instructions and other data may be stored and
transmitted using a variety of computer readable media. A
file 1n a computing device 1s generally a collection of data
stored on a computer readable medium, such as a storage
medium, a random access memory, efc.

[0066] A computer-readable medium (also referred to as a
processor-readable medium) includes any non-transitory
(e.g., tangible) medium that participates 1n providing data
(e.g., instructions) that may be read by a computer (e.g., by
a processor of a computer). Such a medium may take many
forms, including, but not limited to, non-volatile media and
volatile media. Instructions may be transmitted by one or
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more transmission media, including fiber optics, wires,
wireless communication, including the internals that com-
prise a system bus coupled to a processor of a computer.
Common forms ol computer-readable media include, for
example, RAM, a PROM, an EPROM, a FLASH-EEPROM,
any other memory chip or cartridge, or any other medium
from which a computer can read.

[0067] Databases, data repositories or other data stores
described herein may include various kinds of mechanisms
for storing, accessing, and retrieving various kinds of data,
including a hierarchical database, a set of files 1 a file
system, an application database in a proprietary format, a
relational database management system (RDBMS), a non-
relational database (NoSQL), a graph database (GDB), efc.
Each such data store 1s generally included within a comput-
ing device employing a computer operating system such as
one of those mentioned above, and are accessed via a
network 1n any one or more of a variety of manners. A file
system may be accessible from a computer operating sys-
tem, and may include files stored in various formats. An
RDBMS generally employs the Structured Query Language
(SQL) 1n addition to a language for creating, storing, editing,
and executing stored procedures, such as the PL/SQL lan-
guage mentioned above.

[0068] In some examples, system elements may be imple-
mented as computer-readable 1nstructions (e.g., software) on
one or more computing devices (e.g., servers, personal
computers, etc.), stored on computer readable media asso-
ciated therewith (e.g., disks, memories, etc.). A computer
program product may comprise such instructions stored on

computer readable media for carrying out the functions
described herein.

[0069] In the drawings, the same reference numbers indi-
cate the same elements. Further, some or all of these
clements could be changed. With regard to the media,
processes, systems, methods, heuristics, etc. described
herein, 1t should be understood that, although the steps of
such processes, etc. have been described as occurring
according to a certain ordered sequence, such processes
could be practiced with the described steps performed 1n an
order other than the order described herein. It further should
be understood that certain steps could be performed simul-
taneously, that other steps could be added, or that certain
steps described herein could be omitted.

[0070] All terms used 1n the claims are mtended to be
given their plain and ordinary meanings as understood by
those skilled 1n the art unless an explicit indication to the
contrary 1 made heremn. In particular, use of the singular
articles such as “a,” “the,” “said,” etc. should be read to
recite one or more of the indicated elements unless a claim
recites an explicit limitation to the contrary. The adjectives
“first,” “second,” and “third” are used throughout this docu-
ment as i1dentifiers and are not intended to signily impor-
tance, order, or quantity. Use of “in response to” and “upon
determining” 1ndicates a causal relationship, not merely a
temporal relationship.

[0071] The disclosure has been described 1n an 1llustrative
manner, and 1t 1s to be understood that the terminology
which has been used 1s intended to be 1n the nature of words
of description rather than of limitation. Many modifications
and variations of the present disclosure are possible 1n light
of the above teachings, and the disclosure may be practiced
otherwise than as specifically described.
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What 1s claimed 1s:

1. A computer comprising a processor and a memory, the
memory storing instructions executable by the processor to:

recerve an 1mage iframe from a camera, the image frame

showing a vehicle;

determine at least one baseline pixel coordinate within the

image frame for the vehicle;

imitialize a plurality of initial poses for the vehicle in a

preset pattern;
for each 1mitial pose, determine a respective final pose by
minimizing a reprojection error between the at least one
baseline pixel coordinate and at least one respective
estimated pixel coordinate, the at least one respective
estimated pixel coordinate resulting from reprojecting
the vehicle to pixel coordinates 1n the image frame; and

select a first final pose from the final poses, the first final
pose having the lowest minimized reprojection error of
the final poses.

2. The computer of claam 1, wheremn the instructions
further include instructions to transmit a message to the
vehicle based on the first final pose, the message usable for
actuating the vehicle.

3. The computer of claam 2, wheremn the instructions
turther 1include mstructions to determine at least one way-
point based on the first final pose, and the message to the
vehicle includes the at least one waypoint.

4. The computer of claim 1, wherein the mitial poses and
final poses each include two horizontal spatial dimensions
and yaw.

5. The computer of claim 4, wherein the 1nitial poses and
final poses each include a vertical spatial dimension, roll,
and pitch.

6. The computer of claim 1, wherein the preset pattern 1s
a grid.

7. The computer of claam 1, wheremn the instructions
turther include nstructions to 1dentify at least one landmark
of the vehicle 1n the 1mage frame, the at least one baseline
pixel coordinate being of the at least one landmark, and the
estimated pixel coordinates being of the at least one land-
mark.

8. The computer of claam 7, wherein the at least one
landmark includes a plurality of landmarks, the at least one
baseline pixel coordinate includes a plurality of respective
baseline pixel coordinates, and the estimated pixel coordi-
nates include, for each baseline pixel coordinate, a plurality
of respective estimated pixel coordinates.

9. The computer of claam 7, wheremn the instructions
further include instructions to, upon determining that the
lowest minimized reprojection error exceeds a threshold,
re-identily the at least one landmark in the image frame.

10. The computer of claim 7, wherein 1dentifying the at
least one landmark includes executing a machine-learning
program.

11. The computer of claim 1, wherein the instructions
further include instructions to, upon determining that the
lowest minimized reprojection error exceeds a threshold,
discard the first final pose.

12. The computer of claim 1, wherein the image frame 1s
a first 1mage frame, the camera 1s a {first camera, the
instructions further include instructions to receive a second
image Irame from a second camera, and the at least one
baseline pixel coordinate includes a first baseline pixel
coordinate 1n the second 1mage frame.

13. The computer of claim 12, wherein the second 1mage
frame 1s time-synchronmized with the first image frame.
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14. The computer of claim 12, wherein the at least one
respective estimated pixel coordinate includes a first esti-
mated pixel coordinate corresponding to the first baseline
pixel coordinate.

15. The computer of claim 12, wherein the instructions
turther include instructions to 1dentify a first landmark of the
vehicle 1n the first image frame and a second landmark of the
vehicle 1n the second 1image frame, the at least one baseline
pixel coordinate being of the first and second landmarks, and
the estimated pixel coordinates being of the first and second
landmarks.

16. The computer of claim 15, wherein the second land-
mark 1s outside the first 1mage frame.

17. The computer of claim 1, wherein reprojecting the
vehicle to pixel coordinates 1n the image frame 1s based on
a three-dimensional model of the vehicle.

18. The computer of claim 1, wherein minimizing the
reprojection error includes performing iterative optimiza-
tion.
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19. The computer of claim 1, wherein the camera 1s
positioned above the vehicle and oriented facing downward.

20. A method comprising;:
recerving an image iframe from a camera, the image frame

showing a vehicle;

determining at least one baseline pixel coordinate within
the 1mage frame for the vehicle;

imitializing a plurality of 1mitial poses for the vehicle in a
preset pattern;

for each 1nitial pose, determining a respective final pose
by minimizing a reprojection error between the at least
one baseline pixel coordinate and at least one respec-
tive estimated pixel coordinate, the at least one respec-
tive estimated pixel coordinate resulting from repro-
jecting the vehicle to pixel coordinates in the image
frame:; and

selecting a first final pose from the final poses, the first
final pose having the lowest minimized reprojection
error of the final poses.

G ex x = e
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