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Figure 2

Obtain, with one or more 3D sensors, a first set of image data from an object.
300

Obtain, with one or more 2D sensors, a second set ofimage data from the object.
310

(Generate a first set of coordinates of a point on the object using the first set of image

data and a second set of coordinates of the point using the second set of Image data.
320

Calibrate the 3D Lidar and 2D Lidar by matching the first set of coordinates of the point
with the second set of coordinates of the point.
330

Figure 3
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Figure 4

Estimate, from a 2D Lidar coordinate system, a location of a cube point Aj=[Ayi, Ayis Ayl

by the projections of a 2D line on a surface of the cube.
500

Obtain from a 3D Lidar coordinate system, the following: (1) a point cloud of the cube,
and (2) an estimated location of the same cube point B;=|B,;, Byi, B,i] by matching the

point cloud to a standard cube point cloud.
510

Repeat blocks 500 and 510 N times to obtain N correspondences and matrices
A=[A1, Az, cass AN] and B= [Bl, Bz, cons BN]
520

Find the solution for R and t in the equation B = R*A + t.
530

Figure 5
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ldentify, from image data from the object, information associated with at least one

surface to which the object Is attached.
600

Detect a salient regular surface of the object using information of the at least one

iIdentified surface and the image data of the object.
610

v

Select points connected to the salient regular surfaces and segment into candidate

protrusion clusters based on Euclidean distance constraints.
620

For each candidate cluster, classify as protrusion If cluster size I1s above a threshold
and, optionally, If the cluster lies within a known expected area for the protrusion on

the salient regular surface.
630

Align robotic arm to a component of the object whose position Is extrapolated from
the position of a detected protrusion based on known geometrical relationship

between the component of the object and the protrusion.
640

Figure 6
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Estimate a mean distance and standard deviation for each point in the first N images
of the object.
/00

v

Check connectivity of each individual point by Euclidean distance constraints.

710

v

Select the largest set of connected points with their mean distances and standard

deviations as the object template for change detection.
720

For the following frame of each point, If an absolute value of a distance minus the
mean distance divided by the standard deviation Is greater than a threshold, then

assign the point as foreground, else assign as background.
/30

Group the foreground points as the candidate change region. If change region

belongs to object, detect change as internal, else detect as external.
740

Figure 7
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Choose a set of candidate base positions 5 for each robotic arm.

1300

For each base position, choose grid space & between the lane and the robot base.
1310

v

For each point pg 1in G, set end effector position pe=pg, and set end effector orientation ge to
be orthogonal to longitudinal plane of vehicle.

1320

Compute an inverse kinematics based on (pe ,ge). If a solution does not exist, mark pg as
infeasible and go to next pg. Else, proceed.

1330

Compute forward kinematics to determine a Cartesian position of key points (e.g. elbow). If
any key point violates a constraint (e.g. exceed back wall), mark pg as infeasible and go to

next pg. Else, add pg to feasible workspace 7
1340

Take union of feasible workspaces tor all robots to obtain combined workspace /all = U £

1350

Test for vanation of vehicles form and position. If robot end effector positions pw
corresponding to vehicle windows belong 1n combined workspace Fall, then the set of

candidate base positions {5} 1s feasible for the variations considered.
1360

v

For all feasible base position candidates, compute a metric /= where di 1s the shortest
distance of pwi to the boundary of /all, and A 1s the footprint spanned by the robot bases.

Then, the optimal set of base positions 1s the one with the highest metric ./
1370

Figure 13
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