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A SYSTEM AND METHOD OF WHEELCHAIR DOCKING

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  This application claims the benefit of priority to the Singapore application no.
10202203787P filed April 12, 2022, the contents of which is hereby incorporated by reference

in its entirety for all purposes.

TECHNICAL FIELD
[0002]  This application relates to a system and method for use with a wheelchair or an

assistive mobility device.

BACKGROUND
[0003]  There are many daily tasks that involve wheelchair docking operations, e.g., docking
the wheelchair at a table at mealtimes, aligning the wheelchair next to a bed in readiness for the
user to move from the wheelchair to the bed, navigating the wheelchair into position next to a
toilet seat, moving the wheelchair next to a car door, etc. Wheelchair docking can be particularly
difficult as there is relatively less space available for any re-orientation of the wheelchair. Many
wheelchair users, especially those with upper limb disability, find it challenging to control and

maneuver their wheelchairs with sufficient precision in such situations.

SUMMARY
[0004] In one aspect, the present application discloses a method of docking a wheelchair
relative to an object. The method includes: converting a user-selected 2D point in a two-
dimensional (2D) image of a scene into a three-dimensional (3D) point in a 3D point cloud of

the scene. The user-selected 2D point may be de-projected to obtain the 3D point in the point
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cloud of the scene. Preferably, the object in the 2D image may be segmented to obtain a
segmented 2D image, and the 3D point cloud may be filtered to retain a plurality of 3D points
corresponding to the object based on the segmented 2D image. The method includes
determining a first group of edges from the 3D point cloud based on the 3D point by computing
a convex hull of the 3D point cloud, in which the first group of edges includes an approximated
reference edge of the object. The method includes defining an intermediate dock pose spaced
apart from the approximated reference edge by a spacing. The method includes determining a
second group of edges from the 3D point cloud, in which the second group of edges includes at
least one potential reference edge. The at least one potential reference edge is based on a
plurality of intersections between the second group of edges and respective projection lines
between a plurality of random points of the 3D point cloud and the intermediate dock pose. The
method includes determining a dock pose based on one of the at least one potential reference
edge, and moving the wheelchair towards the dock pose.

[0005]  In another aspect, the present application discloses a system for wheelchair docking
relative to an object. The system comprises: a wheelchair having motorized wheels; an
adjustable camera coupled to the wheelchair and adjustable to obtain a view of the scene as
viewed from the wheelchair; a user interface configured to receive a user-selected 2D point as
an input from a user; and a controller. The controller is coupled to the motorized wheels, and
the adjustable camera, and the user interface. The controller is configured to: convert the user-
selected 2D point in a two-dimensional (2D) image of the scene into a three-dimensional (3D)
point in a 3D point cloud of the scene; determine a first group of edges from the 3D point cloud
based on the 3D point, the first group of edges including an approximated reference edge of the
object; define an intermediate dock pose spaced apart from the approximated reference edge by
a spacing; determine a second group of edges from the 3D point cloud, the second group of

edges including at least one potential reference edge, the at least one potential reference edge
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being based on a plurality of intersections between the second group of edges and respective
projection lines between a plurality of random points of the 3D point cloud and the intermediate
dock pose; determine a dock pose based on one of the at least one potential reference edge; and

control the motorized wheels to move the wheelchair towards the dock pose.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]  Various embodiments of the present disclosure are described below with reference
to the following drawings:
FIG. 1 is a schematic flowchart illustrating a method of wheelchair docking according to an
embodiment of the present disclosure;
FIG. 2 is a schematic block diagram of one embodiment of a system configured to perform the
method of FIG. 1;
FIG. 3A is an exemplary 2D RGB image of a scene presented to a user;
FIG. 3B is the 2D RGB image of FIG. 3A after segmentation;
FIG. 4 is a corresponding 3D point cloud of the scene of FIG. 3A;
FIG. 5 is the 3D point cloud of FIG. 4 illustrating a 3D point (P,) and a de-projection line;
FIG. 6 is the 3D point cloud of FIG. 4 illustrating an intermediate dock pose (¥jumd);
FIG. 7 is a schematic drawing of a top view of a scene illustrating a first group of points and
edges of a 3D point cloud in an example involving wheelchair docking at a table;
FIG. 8 is schematic drawing of the scene of FIG. 7 illustrating a second group of points and
edges of the 3D point cloud,;
FIG. 9 is a schematic drawing of the scene of FIG. 7 illustrating multiple random points of the
3D point cloud,
FIG. 10 is a schematic drawing of the scene of FIG. 7 illustrating multiple potential reference

edges of the table;
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FIG. 11 is a schematic drawing of the top view of a scene illustrating multiple random points
of a 3D point cloud for a table, according to another example;

FIG. 12 is a schematic drawing of the scene of FIG. 11 illustrating multiple potential reference
edges of the table;

FIG. 13 is a schematic drawing of the scene of FIG. 11 illustrating fitting models to the table;
FIG. 14 is a schematic drawing of the scene of FIG. 11 illustrating the dock pose relative to the
table;

FIG. 15 is a schematic drawing of the scene of FIG. 11 illustrating a footprint of the wheelchair
and multiple search poses;

FIG. 16 is a schematic drawing of a top view of a scene illustrating a footprint of the wheelchair
and multiple search poses in an example with a round table;

FIG. 17A is an exemplary image of a 3D point cloud illustrating a final dock pose during motion
planning;

FIG. 17B is a schematic line drawing representing FIG. 17A from which the image of the 3D
point cloud has been omitted to avoid obfuscation;

FIGS. 18A to 18C are images of a white glossy table placed close to a wall in experiments;
FIGS. 19A and 19B are 2D images with 10% and 40% of the table visible respectively;

FIG. 20 shows images of different scenarios (Scenario One, Scenario Two, and Scenario Three)
tested in experiments;

FIG. 21 is a bar chart comparing an Average Score from a NASA-TLX survey and a
Performance Score of an example of the present method against a baseline (* indicates that a
lower score is better, ” indicates that a higher score is better);

FIG. 22 is a bar chart comparing an Average Score for Perceived Usefulness and a Perceived
Ease-of-Use (lower is better) of the present method against the baseline;

FIG. 23 is a bar chart showing results of user preferences; and
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FIGs. 24 and 25 are respective sets of images showing the effect of segmentation with the top
row showing the process on a big table and the bottom row showing the process on a small

table.

DETAILED DESCRIPTION

[0007] The following detailed description is made with reference to the accompanying
drawings, showing details and embodiments of the present disclosure for the purposes of
illustration. Features that are described in the context of an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments, even if not explicitly
described in these other embodiments. Additions and/or combinations and/or alternatives as
described for a feature in the context of an embodiment may correspondingly be applicable to
the same or similar feature in the other embodiments.

[P S INT3
a

[0008]  In the context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0009] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance as generally
understood in the relevant technical field, e.g., within 10% of the specified value.

[0010]  Asused herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0011]  Asused herein, “comprising” means including, but not limited to, whatever follows
the word “comprising”. Thus, use of the term “comprising” indicates that the listed elements
are required or mandatory, but that other elements are optional and may or may not be present.
[0012]  As used herein, “consisting of” means including, and limited to, whatever follows

the phrase “consisting of”. Thus, use of the phrase “consisting of” indicates that the listed

elements are required or mandatory, and that no other elements may be present.
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[0013] A detailed description of various examples will be described below with reference to
FIG. 1 and FIG. 2. FIG. 1 is a schematic flowchart illustrating an example of a method 100 of
wheelchair docking. FIG. 2 is a schematic diagram showing a system 300 configured to perform
the method 100 according to one embodiment of the present disclosure.

[0014]  Theterm "wheelchair" as used herein is to be understood to include but not be limited
to a motorized wheelchair, robotic wheelchair, or assistive mobility device. The wheelchair 70
may include a joystick 340 intended for manipulation by a user so as to provide user control
(manual control) of a movement of the wheelchair 70 and/or a direction of movement of the
wheelchair 70. The system 300 may include a controller 310 configured to control autonomous
movement of the wheelchair 70 and/or the direction of the movement of the wheelchair 70. The
controller 310 may be disposed on the wheelchair 70 or elsewhere. In the experiments
conducted, a prototype of the proposed system 300 included a programmable controller 310
and a plurality of sensors 320 disposed on the wheelchair 70 and configured for signal
communication with one another in operation. In the non-limiting example illustrated, the one
or more sensors 320 include at least one camera 322 and at least one range sensor 324 disposed
on either side of the wheelchair 70, generally oriented to detect or sense the physical
environment frontward and/or to either side of the wheelchair 70. The one or more sensors 320
further include an adjustable camera 326 coupled to the wheelchair 70, preferably around or
above the head of the user seated in the wheelchair. The adjustable camera 326 is generally
oriented to acquire images as viewed by the user seated in the wheelchair 70 or to provide a
generally frontward view of the wheelchair 70. The adjustable camera 326 may be couped to
an actuator and/or motor 330 such that the adjustable camera 326 may rotate relative to the
wheelchair 70 and capture a wider range of view or different views of the scene, similar to a

person turning his/her head to obtain a wider range of view of the scene ahead. The wheelchair
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70 may include one or more actuators or motors, which are in turn coupled to a set of wheels
330 to drive a movement of wheelchair 70.

[0015]  Asused herein, the terms "docking", "wheelchair docking", and "table docking" may
be used interchangeably, and refer to bringing the wheelchair to a destination at/beside/in
alignment with an object, in a predefined orientation relative to the object. Examples of the
object include but are not limited to a table or other articles of furniture, vehicles, building
elements, etc. The "docking" as described herein goes beyond the docking of an AGV
(autonomous guided vehicle) found, for example, in a warehouse or in the case of a floor
cleaning robot. The docking of the AGV takes place at a specially designated charging station
customized to receive the AGV into a docked position. In contrast, it is a common problem that
wheelchair users have difficulties using facilities not specially designed for use with a
wheelchair. Understandably, to the user seated in a wheelchair, it is important to be able to carry
out docking operations anywhere, e.g., at any table without requiring the table to be customized
for the particular wheelchair. As used herein, the term "docking position" is not limited to a
position at a customized docking station.

[0016]  The terms "docking pose" or "dock pose" are used interchangeably herein to refer to
a position and orientation of the wheelchair when the wheelchair is stopped at/beside/in
alignment with the object or in relation to the object, in which examples of the object include
but are not limited to a table. The terms as used herein may each include a position in a space
(e.g., an X-Y-Z coordinate in a Cartesian coordinate system. The terms as used herein may also
include an orientation, e.g., a direction or a facing of the dock pose. A skilled person in the
technical field will understand the challenges in docking a wheelchair over bringing a
wheelchair to a stop. Bringing a wheelchair to a stop refers to having the wheelchair stop in a
particular place in any orientation. "Docking" refers to enabling the wheelchair to stop nearby

in a perpendicular or parallel orientation with respect to the object of interest.
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[0017] 2D IMAGE-BASED USER INPUT

[0018]  Referring again to FIG. 1, the method 100 may include the system 300 presenting a
2D (two-dimensional) image via a user interface 350 to the user and receiving an input from
the user, in which the input includes the user's selection of a 2D point on the 2D image (step
105). The user may be the person seated in the wheelchair. In some situations, the user-selected
2D point may be selected by a care giver of the person seated in the wheelchair. The 2D image
is preferably an RGB image of the scene before the user or a 2D graphical rendition of the scene
as viewed from the user's perspective or from the wheelchair's perspective. One non-limiting
example of the 2D image 210 is shown in the image of a scene in FIG. 3A. The 2D image 210
may be an RGB image captured by the adjustable camera 326. The 2D image 210 is preferably
a still image in a format such that an untrained user can pick out a 2D point (pixel) to indicate
the user's preferred docking position 212 relative to an object 60. The set of points available for
selection by the user includes the plurality of points in a visible surface 64 in the 2D image of
the scene, as viewed from the wheelchair 70 and without data on the depth of the object visible
in the image. The 2D image presented to the user need not include a complete view of the
preferred docking position (in this case, at the table) and/or potential obstacles (e.g., the chair).
When shown a 2D image 210 of the scene including at least a partial view of the desired docking
position, the user may select a 2D point by pointing to an edge 62 or to a visible surface 64 of
the object 60 in the image 210, and this 2D point will be used as user input (i.e., the user-
selected 2D point). For a user with limited skill or ability to precisely control the selection of a
point, the system 300 is configured to receive user input in the form of a 2D point on the at least
partially visible surface 64 of the object 60. In the present disclosure, reference to a table 61 in
the following will be understood as a non-limiting example of the object 60 relative to which
the docking position is determined by the present system 300 and method 100 of wheelchair

docking.
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[0019]  The selected 2D point is referred to herein as a user-selected 2D point as the user is
free to select the place where the wheelchair 70 should preferably be docked. This initial user-
selected 2D point acquired by the system 300 is wholly based on a user selection of a point (one
2D point) from a 2D image 210 of the scene as viewed from the wheelchair or as viewed by the
user, i.e., it is wholly based on one user-selected 2D point. The system 300 does not pre-
calculate candidate docking positions and the user is not given a list of calculated or predicted
candidate docking positions to select from. That is, the user-selected 2D point is not one
selected by the user from a list of candidate docking positions.

[0020]  Counter-intuitively, in embodiments of the present disclosure, the user is provided
with a 2D image at the beginning of the docking operation. In the preferred method, once the
2D point has been selected (i.e., once a user-selected 2D point is acquired by the system 300),
the user does not need to manually provide further input or manually control the wheelchair for
moving and/or re-orientating the wheelchair for the purpose of docking. Intuitively, one would
expect 3D images to give a more complete picture (including the depth data), however, in the
present method 100, the user input to the system 300 does not include 3D point or depth data.
[0021]  FIG. 4 is an image of a 3D point cloud 220 corresponding to the scene shown in the
2D image of FIG. 3A. The location and pose of the wheelchair 70 may also be included in the
3D point cloud image. To an untrained user, it can be difficult to recognize the actual objects
(e.g., atable, a cabinet, a partial view of a chair) in the point cloud image of FIG. 4. The method
includes converting the user-selected 2D point 212 into a 3D (three-dimensional) point 222 in
a 3D point cloud of the scene (e.g., stepl110 of FIG. 1). As used herein, the 2D image does not
include data on the depth.

[0022] SEGMENTATION

[0023]  In some embodiments as illustrated in FIG. 3B, the method 100 includes segmenting

the 2D image to obtain a segmented 2D image 211. The method 100 may further include
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filtering the 3D point cloud obtained from the segmented 2D image to retain a plurality of 3D
points, in which the retained 3D points correspond to the object 60 as viewed in the 2D image.
That is, the plurality of 3D points retained correspond to the object 60 based on the segmented
2D image. Various segmentation methods may be used. In some experiments, a ViT (vision
transformer) was used to obtain a segmented 2D image of the object 60 and to retain relevant
3D points in the 3D point cloud (e.g., step 115 of FIG. 1).

[0024] DOCK POSE

[0025]  After obtaining the 3D point cloud, the method 100 determines a dock pose for the
wheelchair 70. The method 100 includes determining a first group of edges (e.g., 120 of FIG.
1) of the table 61 based on the 3D point cloud. Based on first group of edges, an intermediate
dock pose is determined (e.g., 130 of FIG. 1). Referring to FIG. 5, for purpose of determining
a dock pose (ydock) for the wheelchair 70, the user-selected 2D point 212 on the 2D RGB image
210 of a scene is converted to a 3D point (Py) 222 in the 3D point cloud 220. The user-selected
2D point 212 may be adjacent to the object 60 in the 2D RGB image 210. In one embodiment,
the conversion of the user-selected 2D point 212 on the 2D RGB image 210 to the 3D point 222
in the 3D point cloud 220 is by way of de-projecting the pixels using sensor or camera
parameters. A de-projection line 224 may be constructed from the camera 120 as shown in FIG.
5. The 3D point (Py) 222 corresponding to the user-selected 2D point 212 may lie at any depth
along the de-projection line 224. As an example, for computing a depth of the 3D point (Py)
222, a depth of an intersection of the de-projection line 224 with the 3D point cloud 220 of the
scene may be used as the depth the 3D point (P,) 222.

[0026]  The present method 100 advantageously determines the depth of the 3D point (Py)
222 based on accumulating point clouds from multiple time instants, instead of relying on the
point cloud at only one time instant. In one embodiment, the 3D point cloud is preferably

accumulated by use of a spatio-temporal voxel layer. The spatio-temporal voxel layer may

10
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accumulate point clouds from multiple time steps (time instants) and from multiple cameras
320 (such as two RGB-Depth cameras). The points which are not present in the multiple
acquired 3D point clouds may be slowly decayed with only the persistent points being
accumulated. It may be appreciated that the de-projection line 224 may intersect with many
points in the spatio-temporal voxel layer.

[0027]  Inoneexample, the present method 100 is configured to choose the intersection point
between the de-projection line 224 and the spatio-temporal voxel layer as a point most likely to
lie adjacent to or at the edge 62 (FIG. 2) closest to the adjustable camera 326. FIG. 5 illustrates
a sample 3D point (Py) 222 based on the intersection between the de-projection line 224 and
the spatio-temporal voxel layer. While spatio-temporal voxel layer method described here has
the advantage of being less noisy, it may be appreciated that other forms of 3D point cloud
accumulation methods may also be viable and operable options.

[0028]  The system 100 is configured to determine (compute) a dock pose ()dock) Which is
perpendicular to an edge of the table 60 that is closest to the 3D point (Py) 222. While the user
is likely to select a 2D point close to the edge 62 to indicate the user-selected 2D point, there
may be some situations where the corresponding 3D point (Py) 222 is not at the edge 62, but
instead be on the visible surface 64 (FIG. 2) of the table 61 or on some article 65 (FIG. 2)
disposed on the table 61.

[0029] It is not trivial to determine one or more edges of the table 60 from the 3D point
cloud, especially if there are other objects like chairs close to the table 60 or when the table 60
is partially occluded. The following describes the steps to determine a dock pose (Ydock) from
the 3D point (Py) 222, according to embodiments of the present disclosure.

[0030] FIG. 6 illustrates a subsequent step of determining an intermediate dock pose (}jtnd)
290 based on the 3D point cloud of FIG. 5(e.g., step 130 of FIG. 1). To aid understanding,

reference is also made to FIG. 7 which provides a schematic diagram of a top view of a 3D

11
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point cloud 230 relative to a table 61, according to one example. Upon converting the user-
selected 2D point 212 on the 2D RGB image 210 to a 3D point (Py) 222 in the 3D point cloud
220, for purpose of determining the dock pose ()aock), the system 100 first determines an
intermediate dock pose (yimd) 290. The system 300 is configured to determine a first group of
points 226 surrounding the 3D point (Py) 222, based on the assumption that the reference edge
or the edge 62 of the table 61 closest to the 3D point (Py) 222 would lie in an adjacent region
around the 3D point (Py) 222. If applicable, the first group of points 226 within a predetermined
range of height (H) values, e.g., from about 0.75 meters (m) to about 1.2 m for a table, are
computed around the 3D point (Py) 222. The first group of points 226 may correspond to a first
group of edges 230 surrounding the 3D point (P,) 222. In some embodiments, the first group of
points 226 may be a convex hull of the 3D point cloud 220 around the 3D point (Py) 222 within
the predetermined range of height (H) values, wherein edges 230 of the convex hull surround
the 3D point (Py) 222. In other words, the method 100 includes computing a convex hull 230
of the points around the 3D point cloud 226 and around the 3D point (Py) 222, and using the
edge of the convex hull closest to the 3D point (Py) as an approximate reference edge 232. The
approximate reference edge 232 may be a first approximation of the edge of the object 60.

[0031]  That is, the system 300 is configured to select the approximated reference edge 232
from the first group of edges 230 or from the edges 230 of the convex hull closest to the 3D
point (Py) 222. The approximated reference edge 232 may be determined as the edge that the
user wants to dock to. Based on the approximated reference edge 232, the system 300
determines an intermediate dock pose (yumd) 290 by projecting 3D point (Py) 222 onto the
approximated reference edge 232 and moving the projected point outwards (away from the table
61 and towards the wheelchair 70) such that the projected point is spaced apart from the
approximated reference edge 232. As an example, the intermediate dock pose (yimd) 290 may

be spaced apart from the approximated reference edge 232 by a spacing (S) of about 0.5 m.
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Determining an intermediate dock pose (yuma) prior to determining the dock pose (ydock) is found
to be advantageous. It helps to ensure that the intermediate dock pose (yjiimd) 290 is not within
the table 61. It also helps in cases where the convex hull of points may have included points
that do not belong to the table 61. Because the system 300 and the method 100 is able to address
these and other potential errors, the user may have the ease and freedom of providing user input
of the user-selected 2D point based on a 2D RGB image of the scene in which the object 60
may be no more than partially visible.

[0032]  The system 300 is configured to exclude points from other articles and/or obstacles,
such as points from the chair beside the user-selected 2D point. These points are excluded from
the points around the 3D point (Py) 222 before the edge 62 of the table 61 is determined by the
system 300. It is found that this contributes to reliability of the system 300 in the determination
of the dock pose (ydock) based on the intermediate dock pose (¥itma).

[0033]  Referring now to FIG. 8, the method 100 includes further processing the 3D point
cloud 220 to determine the dock pose (ydock). To recap, the intermediate dock pose (¥jtmd) 290
is located outside of the table 60 and spaced apart from the approximated reference edge 232.
The points in front of the intermediate dock pose (yimd) 290 (the points between the intermediate
dock pose and the table 61) include points close to the edge 61 corresponding to the user-
selected 2D point. The system 300 is configured to extract the table edge from the 3D point
cloud 220, by first obtaining a sampled region 240 in front of the intermediate dock pose (¥jumd)
290. In other words, the sampled region 240 is selected such that the intermediate dock pose
(yitma) 290 faces the sampled region 240. A second group of points 228 from the 3D point cloud
220 is determined within the sampled region 240 (e.g., 140 of FIG. 1). The second group of
points 228 may correspond to a second group of edges 250 surrounding the second group of
points 228. The intermediate dock pose (yiumd) 290 also faces the second group of edges 250. In

some embodiments, the second group of points 228 may be a concave hull of the 3D point cloud
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220 within the sampled region 240, wherein the intermediate dock pose (yjmd) 290 faces the
edges 250 of the concave hull of the 3D point cloud 220 within the sampled region 240.
[0034]  According to the present method 100, determining the reference edge or edge 62 of
the table 61 involves first determining one or more potential reference edges (Pegges) based on
the second group of edges 250 or from the edges 250 of the concave hull (e.g., step 150 of FIG.
1). Making reference to FIG. 9, the system 300 is configured to sample a number of random
points 260 of the 3D point cloud from within the second group of edges 250 or the edges 250
of the concave hull. In other words, the second group of edges 250 surrounds the random points
260. In some embodiments, the number of random points 260 may be predetermined according
to parameters of the docking system 100, such as the number of sensors 120, the resolution of
the sensors 120, the iteration rate of the controller 310, etc. In an example as illustrated in FIG.
9, ten points 260 were sampled from within the edges 250 of the concave hull. Respective
projection lines 262 joining each of the random points 260 with the intermediate dock pose
(%itmd) 290 are defined by the system 300. When one or more intersection(s) is formed between
the projection lines 262 and the second group of edges 250 or the edges 250 of the concave
hull, the respective edges are determined as potential reference edges (Pegge) 252/254. In other
words, the potential reference edges (Pedge) 252/254 intersect at least one of the projection lines
262. In the example of FIG. 9 there are two potential reference edges (Pedge) 252/254.

[0035]  Referring now to FIG. 10, in order to remove potential reference edges (Pedge) 252
which does not belong to the table 61, perpendicular poses 292/294 spaced apart from each of
the potential reference edges (Pedge) 252/254 are defined by the system 300. Perpendicular poses
that are not within an angular range relative to the intermediate dock pose (}iimd) 290 are deemed
unlikely to belong to the actual edges of the table 61 and are rejected or discarded. Perpendicular
poses that are within the angular range relative to the intermediate dock pose (yimd) 290 are

selected as potential reference edges (Pedge). In some embodiments, the angular range may be
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predetermined and preferably be within a threshold angle (@cdges) such as (but not limited to) a
range from 25 degrees to 65 degrees, or preferably within 45 degrees. As the intermediate dock
pose (yimd) 290 is approximated using the convex hull of the 3D point cloud 220, the
perpendicular poses which are not within 45 degrees (®cdges) Of the intermediate dock pose
(yimd) 290 may be considered unlikely to belong to the edge 62 of the table 61 or to the reference
edge. The system 300 is configured to filter out or discard potential reference edges (Pedge) that
do not belong to the table 61, based on determining a respective perpendicular pose for each of
the potential reference edges (Pedge).

[0036] Referring to FIG. 10 as an example, the perpendicular pose 294 forms an angle
with the intermediate dock pose (yima) 290 in which the angle B is larger than the angular range
of 45 degrees. The system 300 is configured to discard the corresponding edge as a potential
reference edge (Pedge) 254. In the case of the perpendicular pose 292 which forms an angle o
with the intermediate dock pose (yima) 290 where the angle a is within the angular range of 45
degrees, the system 300 is configured to select the corresponding edge as a potential reference
edge (Pedge). In some embodiments, there may be more than one potential reference edges (Pedge)
selected by the system 300.

[0037]  In another example as illustrated in FIGS. 11 and 12, depending on parameters such
as a position of the user-selected 2D point, fewer random points may be sampled from within
the edges 250 of the concave hull. In the example illustrate five points 260 were selected. In
this example, only one potential reference edge (Pedge) 252 is determined by the system 300, in
which the angle of the potential reference edge (Pedge) 252 relative to the intermediate dock pose
(ximd) 290 is within the threshold angle (e.g., angular range of about 45 degrees). Therefore, no
potential reference edges (Pedge) are discarded. In some embodiments, there may be multiple
potential reference edge (Peqge) determined with none of the potential reference edges (Pedge)

discarded.
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[0038]  Referring now to FIGS. 13 and 14 and to step 160 of FIG. 1, one or more geometric
model 270, such as a quadrilateral (rectangle) model 272 or circular (round) model 274, may
be fitted to the points on the selected potential reference edges (Pedge) 252 to obtain an estimate
of the edge(s) of the table 61. The system 300 may be configured to use Random Sample
Consensus (RANSAC) model, for example. The geometric model 272 which provides a closer
fit with the edges of the table 61 is chosen. A dock pose (ydock) 292 may then be determined by
projecting the intermediate dock pose (¥imd) 290 onto the chosen geometric model 272 (or
corresponding edge 62) to obtain a projection 291 and by adding an offset (O) to the projection
291. In some embodiments, the projection 291 may be perpendicular to the fitted geometric
model 272. In an example suitable for a wheelchair and table scenario, the offset (O) may be
set at about 0.2 m. It may be appreciated that the offset (O) may be predetermined based on
different application scenarios, such as wheelchair docking to a table, a bed, a car door/car seat,
etc.

[0039]  The system 300 may be further configured to take into consideration various
geometric characteristics of various objects 60. For example, if the object 60 is a table 61, the
user may prefer to sit with the upper body relatively close to the edge 62 to facilitate the user's
use of the table 61. The dock pose thus preferably provides for the lower body of the user (seated
on the wheelchair) to be "slotted" under the table top although the wheelchair may appear to
"collide" with the table 61. The present system 300 is configured to handle such variations.
[0040]  Referring now to FIG. 15, to ensure that the dock pose (ydock) 292 is not in collision
with the table 61 (for example), the system 300 may be configured to define a footprint 72 of
the wheelchair 70 at the dock pose (ydock) 292, with the sum of a local costmap grid cells
calculated to be within the footprint 72. The footprint 72 may correspond to a maximum
dimension of the wheelchair 70, such as a polygonal cross section corresponding to the size of

the wheelchair 70. In some examples, such as the one shown in FIG. 15, the footprint 72 may
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simply be a rectangular cross section. A higher cost is indicative of a higher chance of collision.
The system 300 may be configured to search around the dock pose (ydock) 292 for other possible
dock poses (or search poses 294) in response to the cost being higher than a threshold. In one
non-limiting example, the threshold may be set at 0.5. In some embodiments, the search poses
294 are restricted based on in-liers of a RANSAC model and the search pose 294 closest to the
initially determined dock pose (ydock) 292 will be used as the new dock pose (ydock) 292. In other
words, the system 300 is configured such that, responsive to a sum of cost within a footprint of
the wheelchair exceeding a threshold, the system 300 determines a (new) dock pose (ydock) 292
from the search poses 294. In another embodiment as illustrated in FIG. 16, the geometric model
270 may be a circular model or round model.

[0041]  In some embodiments, the method 100 may include iteratively and/or periodically
updating the dock pose (ydock) 292 with more 3D point cloud accumulation. That is, the method
100 may include iteratively updating the 3D point cloud based on a plurality of 2D images
acquired at various time instants concurrently with the moving of the wheelchair. In some
embodiments, as shown in Table 1 (Algorithm 1), updating the dock pose (Ydock) 292 includes
using the most updated spatio-temporal voxel layer of the 3D point cloud, repeating the process
as illustrated in FIGS. 8 to 15 (e.g., 190 of FIG. 1), determining the potential reference edges
(Pedges) 252 from the second group of edges 250, removing potential reference edges (Pedge) 252
which does not belong to the table 60 (if any), and fitting a geometric model 272 to the potential
reference edges (Peage) 252 (e.g., 160 of FIG. 1). This is followed by determining an updated
dock pose (ydock) 292 from the search poses 294 responsive to a sum of cost within a footprint

of the wheelchair 70 exceeding a threshold.

Table 1. Algorithm 1 to update a dock pose.
Input:  Time step, T, Accumulated Table Edges, P,yges , Local Costmap, Myoeq ,
Intermediate Dock Pose, Xitma
Output: Updated Docking Goal Pose, Ygock
;' procedure UPDATEPOSE(T, Peagess Miocars Xitmd)
2: while True do
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3: L « SpatioTemporalVoxellLayer(T)

4: Heoncave < GetConcaveHull(L)

S

6: Plegges < GetTargetEdges(Heoncave Xitma) See FIG. 8

7

8: append P'egges 10 Pegges See FIG. 9

9: Ry, « FitModel(Poyges)

10: if CheckModelFit(Ry, Pegges) then

11: X' aock < ProjectPoseToModel(¥itmar Rim)

12:

13: if not PoseReachable(¥' gock» Mipcqr) then See FIG. 14

14: X,dock < SearChPose()(itmd, Rm' Mlocal)

15:

16: end if See FIGS. 15
and 16

17: Xdock < X,dock

18: clear Pogges

19: end if

20: end while

[0042]  The updating of the dock pose (xgock) 292 may be performed periodically, for
example every 0.5 seconds, with the latest spatio-temporal voxel layer of the 3D point cloud. It
may be appreciated that the frequency of updating the dock pose (ydock) 292 may be the same
as (in phase with) the frequency of updating the spatio-temporal voxel layer of the 3D point
cloud. In some embodiments, the frequency of updating the dock pose (yaock) 292 may be
different or lower from the frequency of updating the spatio-temporal voxel layer of the 3D
point cloud, to allow an accumulation of points in the spatio-temporal voxel layer prior to
updating the dock pose (Ydock) 292.

[0043]  For situations where the RANSAC is not able to get a good fit to a geometric model
270, the potential reference edges (Pedge) 252 may be computed from the concave hulls from
previous time instants, and the potential reference edges may be accumulated until a line model
(quadrilateral model) or a round model (circular model) can be fitted to the potential reference
edges (Pedge) 252. When the RANSAC is able to fit a line model or a round model, the dock
pose (Ydock) 292 is updated by projecting the intermediate dock pose (¥imd) 290 onto the

geometric model 270, followed by discarding all the accumulated potential reference edges
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(Pedge) 252. The updating process may continue until the wheelchair 70 approaches close
enough to the table 61 when the system 300 starts to implement 3D motion planning. That is,
the system 300 is configured not to use 3D motion planning in moving to the first intermediate
dock pose (yjmd) 290.

[0044]  In some embodiments, when one or more articles or obstacles are partially occluding
the object 60 (e.g., the table 61) when viewed from the wheelchair (also referred to as the
wheelchair approach side), the intermediate dock pose (¥iumd) 290 determined using the convex
hull may not lie outside the table 61. In such a situation there is a risk of inaccuracy in the
determination of the subsequent dock pose (ydock) 292. In such cases, as illustrated in FIG. 17A,
the wheelchair docking system 100 may iteratively update (e.g., step 180 of FIG. 1) the
intermediate dock pose (yiumd) 290, by determining the first group of edges 230 or the edges 230
of the convex hull closest to the 3D point (Py) 222 with the latest spatio-temporal voxel layer
of the 3D point cloud, and updating the intermediate dock pose (¥iumd) 290 as the wheelchair 70
(represented here by the footprint 72) moves towards the table 60 until a point in time where
the wheelchair 70 moves past the occluding object(s). In some embodiments, the updating of
the intermediate dock pose (yiima) 290 may be performed periodically, for example every 0.5
seconds, with the latest spatio-temporal voxel layer of the 3D point cloud. Reference may also
be made to FIG. 17B which is a line drawing representation of FIG. 17A from which the 3D
point cloud image has been omitted to avoid obfuscation.

[0045] MOTION PLANNING

[0046]  Upon determination of the dock pose (ydock) 292, the wheelchair docking system 100
may begin motion planning in determining a path of motion for the wheelchair 70 and
controllably moving the wheelchair 70 along the determined path of motion (step 175 of FIG.
1). Preferably, the system 300 is configured to implement a combination of 2D path planner

and 3D motion planner. Preferably, the system 300 is configured to perform constant updating
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as the wheelchair moves towards the dock pose, based on the lighter computational load of the
2D path planner. Preferably, the system 300 is configured to use the 3D motion planner during
the final docking action where a greater degree of accuracy is preferred.

[0047] When the wheelchair 70 is relatively far apart from the table 61, for example, more
than about 1.0 m radial distance from the dock pose (ygock) 292, a 2D path planner may be
employed for determining a path of motion for the wheelchair 70 from a current position to the
dock pose (ygock) 292. In some embodiments, the wheelchair docking system 100 may include
a 2D path planner such as a ROS navigation stack, move base with Navfn as global planner and
TEB as the local planner. In some embodiments, the 2D path planner may include a costmap
(2D costmap).

[0048]  Typically, 2D path planners require a minimum obstacle distance (MOD) for
obstacle avoidance that will stop the wheelchair 70 too far (such as 0.2 m) for the user to
comfortable use the table 61. Disregarding the table 61 from the local costmap may not be a
feasible option as the 2D path planner may then plan a path through the table 60 leading to
collision. Referring to FIG. 17A, the present method 100 includes, using the 2D path planner
with a part or a portion of the table 61 removed from the local costmap (2D costmap). In some
embodiments, a width (W) of this removed portion of the table 61 removed corresponds to a
width/depth of the wheelchair 70 moving under the table top. In some embodiments, the width
(W) of the removed portion of the table 61 may be determined based on the shape of the
wheelchair 70, such that part of the wheelchair 70 may go under the table top. As an example,
the width (W) of the removed portion of the table 61 may be 0.1 m, such that the wheelchair 70
may go under the table top by 0.1 m. This alleviates the problem that may arise when the 2D
path planner fails to find a path to the dock pose (ydock) 292 because the dock pose (Ydock) 292
is too close to the table 61 while balancing the need for the user to sit close enough to use the

table 61 comfortably.
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[0049]  According to an embodiment of the present method 100, the system 300 is configured
to first remove the whole table top (visible surface 64) from the costmap. This may be done by
removing all the points above a certain threshold height from the 3D point cloud 220, for
example 0.5 m, before projecting the 3D point cloud 220 to the local costmap. A line obstacle
(LO) is positioned or placed in front of the dock pose (ydock) 292 perpendicular to an orientation
of the line obstacle (LO). To allow the wheelchair 70 to go 0.1 m under the table 60, the line
obstacle (LO) is defined at 0.5 m distance in a case where the dock pose (yaock) 292 is at an
offset (O) of 0.2 m from the estimated table edge (Pedge) and where the minimum obstacle
distance (MOD) is set as 0.2 m. This allows the 2D planner to plan a path to the dock pose
(Ydock) 292 in which the wheelchair 70 can be taken in up to 0.1m under the table top.

[0050]  Further to providing the 2D planner to plan a path to the dock pose (Ydock) 292, the
system 300 is configured to deploy a 3D planner when the wheelchair reaches a position within
1.0 m radial distance from the dock pose (ydock) 292. In some embodiments, the 3D planner may
include Movelt with RRT* as a global planner and a PID controller as a local planner for
planning a path to the dock pose ()aock) 292 based on a generated 3D OctoMap and a 3D model
of the wheelchair 70. The path may be constrained such that the wheelchair 70 does not move
out of a cuboid, as an example, with dimension of about4.0 m X 4.0 m X 2.0 m around a current
position of the wheelchair 70. This ensures that the path planned is not outside the 3D OctoMap.
The system 300 may be optionally configured to stop the updating of the dock pose (Ydock) 292
once the 3D motion planning begins, such that the 3D motion planning is not reiterated.
[0051] In some embodiments, the motor 330 may be controllably operated by the controller
310 such that the adjustable camera 326 is rotated at every 0.5 seconds to allow the adjustable
camera 326 to face a point selected by the user and keep at least a part of the table 61 within
the camera view. The rotation of the adjustable camera 326 may be limited to about 20 degrees

in either direction to prevent a lag between the updating of the camera pose and the actual
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rotation. Correspondingly, the system 300 may be configured to disregard all the points in the
3D point cloud that are outside of the £20 degrees will not be used for the spatio-temporal
voxel layer and/or the OctoMap.

[0052]  Referring again to FIG. 1, the present method 100 may also be described as including
a conversion of a user-selected 2D point on a 2D image of a scene into a 3D point of a 3D point
cloud of the scene, wherein the user-selected 2D point is adjacent to a docking station in the 2D
image (110). The method 100 further includes determining a first group of edges from the 3D
point cloud, wherein the first group of edges surrounds the 3D point (120). The method includes
determining an intermediate dock pose spaced apart from an approximated reference edge of
the docking station, wherein the approximated reference edge is one selected from the first
group of edges closest to the 3D point (130). The method further includes determining a second
group of edges from the 3D point cloud based on the intermediate dock pose, wherein the
intermediate dock pose faces the second group of edges (140). The method 100 includes
determining at least one potential reference edges based on a plurality of random points of the
3D point cloud, wherein the second group of edges surrounds the plurality of random points
(150). The method 100 includes fitting the at least one potential reference edges with a
docketing station model (160). The method 100 includes determining a vehicle dock pose by
projecting the intermediate dock pose onto the docking station model to form a projection and
adding an offset to the projection (170). In some embodiments, the method 100 further
comprises iteratively updating the vehicle dock pose based on an updated 3D point cloud. The
method may also include iteratively updating the intermediate dock pose based on an updated
3D point cloud. In some embodiments, the method further comprises iteratively updating (180)
the intermediate dock pose based on an updated 3D point cloud. The method may also include
iteratively fitting (190) the at least one potential reference edges with the docketing station

model based on an updated 3D point cloud.
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[0053]  Alternatively, the method may be described as follows:

[0054] In one aspect, the method 100 includes: converting a user-selected 2D point (step
110) in a two-dimensional (2D) image of a scene into a three-dimensional (3D) point in a 3D
point cloud of the scene. The method 100 includes determining a first group of edges (convex
hull) from the 3D point cloud based on the 3D point (step 120), in which the first group of edges
includes an approximated reference edge of the object. The method 100 includes defining an
intermediate dock pose (step 130) spaced apart from the approximated reference edge. The
method 100 includes determining a second group of edges (concave hull) from the 3D point
cloud (step 140), in which the second group of edges includes at least one potential reference
edge. The at least one potential reference edge is based on a plurality of intersections between
the second group of edges and respective projection lines extending between respective ones of
a plurality of random points of the 3D point cloud and the intermediate dock pose. The method
100 includes determining a dock pose (step 170) based on one of the at least one potential
reference edge, and moving the wheelchair towards the dock pose.

[0055]  In another aspect, the system 300 includes: a wheelchair 70 having motorized wheels
330; an adjustable camera 326 coupled to the wheelchair 70 and adjustable to obtain a view of
the scene as viewed from the wheelchair 70; a user interface 350 configured to receive a user-
selected 2D point as an input from a user; and a controller 310. The controller 310 is configured
to: convert the user-selected 2D point in a two-dimensional (2D) image of the scene into a three-
dimensional (3D) point in a 3D point cloud of the scene (step 110); determine a first group of
edges from the 3D point cloud based on the 3D point (step 120), the first group of edges
including an approximated reference edge of the object; define an intermediate dock pose (step
130) spaced apart from the approximated reference edge; determine a second group of edges
(step 140) from the 3D point cloud, the second group of edges including at least one potential

reference edge, the at least one potential reference edge being based on a plurality of
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intersections between the second group of edges and respective projection lines extending
between respecive ones of a plurality of random points of the 3D point cloud and the
intermediate dock pose; determine a dock pose (step 170) based on one of the at least one
potential reference edge; and control the motorized wheels to move the wheelchair towards the
dock pose.

[0056] The user interface 350 may be configured to present the 2D image as a RGB (Red
Green Blue) image based on the view of the scene obtained by the adjustable camera 326. The
2D image may be made up of a plurality of pixels, with any of the plurality of pixels being
available for selection as the user-selected 2D point. The controller 310 is configured to receive
the user-selected 2D point as user input before obtaining the 3D point cloud, in which the 3D
point cloud being generated about the 3D point. Advantageously, the system 300 is operable
when the 2D image includes a partial image of the object 60.

[0057] EXPERIMENTS & RESULTS

[0058]  Various experiments were designed and carried out to evaluate the proposed system
300 and method 100 of wheelchair docking to evaluate the effectiveness to handle partially
visible tables and sparse point clouds. A baseline experiment was conducted using a
conventional method and used for comparison.

[0059]  Baseline

[0060]  For the baseline, the conventional method involves first autonomously detecting
table docking locations by trying to fit a table plane to the scene point cloud and then showing
the user the detected table docking locations in the form of a 3D point cloud image. The user is
therefore only allowed to select one of the detected docking locations. It was found that the user
had difficulty choosing from the detected docking locations, especially because the untrained
user cannot clearly identify the table in the point cloud. To aid the user, in the experiments to

establish a baseline, the point cloud of the scene is transformed to a frame behind the
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wheelchair. An image of the wheelchair is added to the point cloud image to help the user
localize the table in the point cloud. In a first experiment, the wheelchair position is fixed as
control over the region of the table visible to the camera is desired. For the user study
experiments, the user may move the wheelchair to get a better view of the table if the user is
not satisfied with the displayed docking positions before selecting a docking position.

[0061]  After the docking position is selected by the user, the wheelchair was moved to that
docking position. For a fair comparison, a same planner for the baseline was used.

[0062]  Effect of Table Visibility and Point Cloud Density

[0063]  This section describes the experiments conducted to test the effectiveness of the
proposed system 300 and method 100 to handle partially visible objects 60 or partially visible
docking positions.

[0064]  Experiments were set out to determine if the method 100 of wheelchair docking as
disclosed herein is able to perform better when the table visibility decreases as compared to the
baseline approach. Another aim of the experiments is to determine if an initial vehicle dock
pose refined over time as the wheelchair moves towards the table results in a final dock pose
that improves over an initial dock pose.

[0065]  For the experiments, a glossy white table (table with a highly reflective table top
surface) was placed close to a wall to provide a relatively sparse point cloud under normal
lighting, as shown in FIG. 18A. No obstructions were present around the table to block its
visibility. For conducting these experiments, it is required to extract the ground truth table dock
pose for comparison with the dock pose identified by the proposed method and that of the
baseline. For this purpose, twelve Aruco markers were used as shown in FIG. 18C. Six of the
Aruco markers are attached to the wall adjacent to the table. The other six of the Aruco markers
are attached to the table edges. In a calibration stage, the transformation between each of the

markers on the wall and each of the markers on the table edge are estimated. During an
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experiment stage, only the Aruco markers attached to the wall are present. By using the detected
markers and the corresponding estimated transformations, the table edge marker positions
(ground truth dock poses) are obtained.

[0066]  In the experiments, the wheelchair starts from a fixed position (1.2m away from the
table). By rotating the wheelchair at this position, the region of the table visible to the camera
was controlled. The table visibility was varied from 10% to 100% in increments of 10%. FIGS.
19A and 19B show exemplary cases of table visibility at 10% and 40% respectively. For each
level of visibility, the user initiates docking operation using the proposed method and using the
baseline method. The dock poses generated by both methods are compared with the ground
truth dock pose to determine the pose with the minimum position error and the corresponding
orientation error.

[0067]  Root mean squared error (RMSE) was used for computing the position error. For the
orientation error, the corresponding yaw angle difference in degrees was used. For the proposed
method 100, a smaller error was noted for both the intermediate dock pose and the final dock
pose. In comparison, the baseline produced an array of docking poses based on the identified
table and the pose with least error is noted.

[0068]  The table docking trial is considered successful if the wheelchair was able to dock to
the table without any errors. For each level of visibility, trials were conducted until two
successful trials were recorded. To study the effect of the 3D point cloud density, the same
experiment was run under two conditions. Firstly, the white table was used as such since it
provided a relatively sparse 3D point cloud. Secondly, the table top was covered with non-
reflective mats as shown in FIG. 18B so that a dense 3D point cloud could be obtained. The

results of experiments are tabulated in Tables 2 and 3.

Table 2. Minimum position and orientation error for dock poses estimates by proposed

docking method and baseline method when a dense 3D point cloud is available
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[0069]  From Tables 1 and 2, it is evident that the present method 100 is able to handle
partially visible tables with relative ease. For all levels of table visibility, the wheelchair was
successfully docked to the table and with very low dock pose errors in terms of the position and
the orientation. In comparison, the baseline method did not have a successful trial when there
was less than 30% table visibility and less than 50% table visibility in the dense and sparse 3D
point clouds respectively. Further, it is evident that the dock pose orientation error increased
for the baseline method as the table visibility decreases. When a dense 3D point cloud was
available, the maximum dock pose orientation error observed was 52.28 degrees and 21.80
degrees for the baseline and the present method 100 respectively. Similarly for a sparse 3D
point cloud, the maximum orientation error observed was 42.77 degrees and 18.13 degrees for
the baseline and the present method 100 respectively. The baseline method shows an orientation
error of about 27 degrees when the table visibility was about 50%, while the present method
100 did not show an orientation error of about 27 degrees in the intermediate dock pose until
table visibility dropped to about 10%. Even so, the orientation error of the corresponding final
dock pose was only about 14%. To achieve an orientation error of only 14%, the conventional
baseline method needs the table visibility to be at least 80%.

[0070]  As shown in Tables 2 and 3, both the position error and the orientation error exhibit
significant improvements between the intermediate and final dock pose in the proposed system
300 and method 100. This may be taken to indicate that the present system 300 and method 100
can achieve a satisfactory final dock pose.

[0071]  The failed trials and respective causes were analyzed to get better insights about both
methods. In total, 19 failed attempts at wheelchair docking was observed when using the
proposed method 100. The proposed method 100 exhibits satisfactory performance in
completing the docking task, and the failed attempts were attributable to the quality of the 3D

point cloud generated and the reliability of the 3D motion planners used. In contrast, the
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baseline experiments had 45 failed attempts with most of the failures being related to the dock
pose estimated. In a majority of the cases, the conventional baseline method was unable to
generate a dock pose, identified dock poses with orientation errors of more than 90 degrees, or
identified a dock pose on a wrong edge of the table (an edge that could not be reached by the
wheelchair). In other cases, it was observed that a circular table was detected at a wrong
location. In summary, the conventional baseline method was not able to complete the docking
task even with high quality 3D point clouds and similar 3D motion planning. The failures of
the conventional baseline method can also be attributed to a failure to handle a table that is only
at most partially visible.

[0072]  Table Occlusion

[0073]  In real scenarios, the table might be occluded by various articles and clutter, making
it difficult to identify an appropriate table edge. As described in the foregoing, it has been
experimentally verified that the proposed method 100 could remove one or more potential
reference edges from consideration. In other words, the proposed method 100 is sufficiently
robust to deal with a partially occluded table and/or a cluttered table top.

[0074]  Experiments with and without Segmentation

[0075]  The proposed method 100 may optionally include an image segmentation step (e.g.,
step 115 of FIG. 1) to segment out table regions for better table edge estimation. FIGs. 24 and
25 illustrate the respective steps of the method 100 and the effect of segmentation on edge
detection and dock pose determination. The experiments were conducted using two tables of
different sizes (the upper row of images in FIGs. 24 and 25 show a relatively big table and the
lower row of images in FIGs 24 and 25 show a relatively small table) covered with non-
reflective mats. Further, the table was intentionally at least partially occluded by placing a chair
in front of it. In both cases, the first edges (or convex hull), the second edges (or concave hull),

and the table edge were determined by the method 100. As shown in FIG. 25, when
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segmentation was not employed in the method 100, although the edge computed for the small
table may be less precise and may include portions of the chair, the proposed method 100 can
still compute a number of acceptable final dock poses. In the case for the big table, irrespective
of whether segmentation was employed, the proposed method 100 was able to detect a
satisfactory table edge and a satisfactory final dock pose. With segmentation, when the
experiment was conducted using the smaller table, the proposed method 100 was able to
segment out the chair. Although the concave hull may still include parts of the chair, probably
due to noise, a satisfactory edge was computed after edge filtering. Advantageously, the present
method may be implemented optionally with segmentation and edge filtering in situations
where the point cloud is noisy, when the table edge is short or when the table is small.

[0076]  Studies on the Threshold angle ®edees

[0077]  As described above, in the process of estimating the table edge from the concave
hull, edges that are not within the threshold angle @cgges of the intermediate dock pose yjuma were
filtered out. To evaluate the effect of varying this threshold, experiments were conducted in
which the proposed method 100 was employed with different threshold angles Gecdges = 25
degrees, 45 degrees, and 65 degrees, respectively. The same experimental setup as the one used
in FIGS. 24 and 25 was used and tested with three different user-selected 2D points on the table,
namely, (i) close to the chair, (ii) mid-point of the visible edge, and (iii) close to corner of the
table. In the experiments, it was observed that varying the threshold angle does not affect the
table edge detection nor computation of the dock pose. Although some sample points from chair
or other corners of the table may be included, the proposed method is sufficiently robust such
that most of the points are at the desired edge, i.e., the proposed method 100 was experimentally
verified to be capable of identifying a good table edge and a practical final dock pose.

[0078]  User Experience Study
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[0079]  An experiment was designed and carried out to evaluate the proposed method 100
and system 300 from the perspective of user experience. A total of 16 volunteers participated
in the experiment. The volunteers tested both the proposed system 300 and the conventional
baseline system in three scenarios as shown in FIG. 20. The first scenario (Scenario One)
mimicked a situation of docking at a table in a food court. The second scenario (Scenario Two)
was intended to be similar to docking the wheelchair at a workstation in an office where the
table is generally rectangular. The third scenario (Scenario Three) was intended to be similar to
docking the wheelchair at a table in a small meeting room where the table is circular in shape.

[0080]  The experiment set out to determine if users would find it easier to convey intended
docking position by clicking on a 2D RGB image as compared to clicking on pre-computed
docking poses. Another aspect of the experiment determines whether computation of dock pose
using the 3D point cloud around the user’s selected 2D point and updating the dock pose using
additional point cloud data will result in fewer motion planning failures.

[0081] At the beginning of the experiment, each participant was asked to fill up an informed
consent, as required by the Institutional Review Board (IRB) guidelines. Subsequently, a five-
minutes familiarization session was conducted to acquaint the participant with the wheelchair
control, as well as the docking process. Each participant was asked to perform the docking task
in Scenario One, using both the conventional baseline method and the proposed method 100.
After the familiarization session, the wheelchair was moved to a pre-defined start position as
shown in FIG. 20. During each run of the scenarios, to avoid confounding due to order effects,
the participant would perform the three tests — (i) dock to the table manually, (ii) dock to the
table using the baseline system, and (iii) dock to the table using the proposed system300 — in
a random order.

[0082]  The following performance measures were recorded during each trial of the

experiment:
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(i)Time taken to complete the task. The task completion time is the summation of the time

taken to convey the desired docking pose (Interaction time) t; and time taken to reach the
dock pose (Reaching time) t..

(i) Number of failed trials. A trial is considered unsuccessful or failed if (a) the planner

could not plan a path to the docking pose, or (b) the planner could plan a path but
execution of the path could not be completed because a false collision with environment
was detected due to noisy point cloud, or (c) e-stop was pressed by the user due to
collision or anticipation of collision.

(iii) User workload and satisfaction. A questionnaire was administered at the end of each

trial and the user rated workload according to the six scales of the NASA-task load index
(TLX): mental workload, physical demand, temporal demand, as well as the perceived
level of task performance by the participant, effort, and frustration. Two additional scales
were included to rate user satisfaction with regard to the final dock pose and the time
taken for docking. Each scale was rated on a 10-point Likert semantic differential scale,

with 1 being total agreement and 10 being total disagreement with the statement.

Table 4. Questions to evaluate the baseline method and the proposed method for docking.

Perceived Usefulness Questions

Q1 | Iam able to dock more quickly when using this algorithm.

Q2 | This algorithm improves my table docking performance.

Q3 | Itis easier to dock to table using this algorithm.
Q4 | I find this algorithm useful.

Perceived Ease-of-Use Questions

Q5 | Learning to use this algorithm is easy for me.

Q6 | It is easy to get this algorithm to do what I want it to do.

Q7 | It is easy for me to become skillful at using this algorithm.

Q8 | I would find this algorithm easy to use.

The questions in the questionnaire are shown in Table 4. Additionally, the following questions

were asked to compare the overall preference of the systems:
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1) Do you prefer manual table docking or autonomous table docking? Why?
2) Which of the autonomous table docking method do you prefer? Why?
3) Any other comments?

Table 5. Average Interaction Time and Reaching Time in Seconds

System Type Scenario One Scenario Two Scenario Three
t; t, t; t, t; t,

Present System 12.813 95.917 10.241 73.883 21.629 52.208
Baseline System | 27.902 79.478 66.139 75.031 50.727 52.236

Table 6. Percentage of Failures

System Type Scenario One Scenario Two Scenario Three
The present system 37.5 18.75 12.5
The baseline system 43.75 43.75 25.0

[0083] Table 5 shows the Average Interaction time t; for all the 16 trials in each scenario
and the average of Reaching Time t: for the successful trials in each scenario. Table 6 shows
the percentage of trials that failed for the present system 300 and for the baseline system. Results
of user questionnaire are plotted in FIGS. 21, 22, and 23.

[0084]  As shown in Table 5, the Interaction Time t; is significantly lower for the proposed
system 300 as compared to the conventional baseline system. ANOVA (analysis of variance)
analysis of Interaction Time shows that the difference is statistically significant (p <0.05; 0.001,
6.8E — 05 and 0.002 for Scenarios One, Two, and Three, respectively). There is no significant
difference in the average Reaching Time tr for Scenarios Two and Three, while for Scenario
One, Reaching Time t; for our system is higher. However, given very high variance in Reaching
Time t; due to factors like replanning done by 3D motion planner, ANOVA analysis shows that
this difference is not statistically significant (p > 0.1; 0.22, 0.87 and 1.00 for Scenarios One,
Two, and Three, respectively). Specifically for Scenario One, it was observed that due to the
material of the table, wheelchair docking pose is computed slightly closer to the table, which

increases planning time in many trials due to replanning. Thus, it may be understood that by
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using the proposed system 300, users could complete the docking task faster by conveying their
intention more quickly. To verify whether this also translates to user satisfaction, reference may
be taken to results of the questionnaire.

[0085] From FIGS. 21 and 22, it may be observed that the proposed system received
significantly better scores for the amount of effort required for docking (1.29 vs 3.69) and for
ease of use (1.56 vs 4.56). ANOVA analysis shows that the difference is statistically significant
(p < 0.05; 8.98E—09 and 0.000003 for the amount of effort required and ease of use,
respectively). Overall, from FIGS. 21 and 22, it is evident that the proposed system 300 received
a better score for all the questions and that the improvement is considerably great in terms of
mental demand, effort, and ease of use. Therefore, it may be understood that users find it easier
to convey their desired docking position using the present system 300 as compared to the
conventional baseline system. As observed for the baseline system, it took longer to convey the
desired docking position because the conventional system is not operable in multiple instances,
e.g., where the table is only partially visible or where the viewing angle is not optimum. When
the baseline system fails to find any docking pose, the user has to adjust the wheelchair position
to make the algorithm detect the docking poses. Although the viewing angle may be improved
if the user navigates to different positions, this can be frustrating and difficult for users who are
frail or have upper body disabilities than make manual re-orientation of the wheelchair difficult.
This problem is more pronounced when the table is at the side of the wheelchair (as in Scenario
Two). The improvement provided by the proposed system 300 over the baseline system is most
evident in that Scenario in terms of both the task completion time (Table 5) and user evaluation.
[0086]  As shown in Table 6, the percentage of failure cases is much lower for the proposed
system 300 as compared to the baseline system. In Scenario Two, the difference is especially
significant. This is despite the user taking significantly more time to choose the docking

position for the baseline system and despite the baseline system having an advantage in dock
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pose generation (the user can see the docking positions and adjust the wheelchair until a good
docking position is available).

[0087]  This suggests that the baseline system does not take into account the user’s intention
or preferences before computing docking locations and that the baseline system tries to compute
the table top plane by finding the largest plane at a certain height in the point cloud. This results
in inaccurate docking locations especially when the table is only partially visible or there are
objects around (as in the case of Scenario Two). Noise in 3D point cloud when the wheelchair
is far from the table also affects the docking positions computed. Users tried to overcome these
shortcomings by moving the wheelchair a bit before selecting the docking location. However,
from the failure rates, it was observed that the docking position selected is still not very good
and that failures still occur too often.

[0088]  On the other hand, the proposed system 300 makes use of one click from the user
and looks at the point cloud only around the clicked point (selected point). This was surprisingly
found to be particularly helpful in cases where table is only partially visible. The continuous
update of the dock pose helps in dealing with occlusions and noisy point cloud when the
wheelchair was far from the table. The overall pose satisfaction rating (6.81) was also higher
for the proposed system as compared to baseline (6.44) (See FIG. 21).

[0089]  Looking at the overall survey done at the end of the trial (See FIG. 22), all the users
who chose an autonomous system over a fully manual system preferred to use the proposed
system 300 instead of the baseline system. Compared to the baseline system, all the users found
the proposed system 300 to be easier to use. Users also indicated that the final dock pose was
more aligned to their desired pose when using the proposed system 300.

[0090]  As described, the proposed system 300 and method 100 have been experimentally
shown to be effective even when the table or the object is no more than partially visible or when

the point clouds obtainable were fairly sparse. The user experience study conducted to evaluate
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the proposed wheelchair docking framework in realistic scenarios also score better in terms of
users' preferences when compared against conventional methods.

[0091]  Inpractical terms, this means that the present system 300 and the present method 100
can provide the user with greater flexibility and greater confidence when new situations are
encountered. It also means that the user can more quickly and successfully perform docking of

the wheelchair to new places or new objects.
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CLAIMS

1. A method of docking a wheelchair relative to an object, the method comprising:

converting a user-selected 2D point in a two-dimensional (2D) image of a scene into
a three-dimensional (3D) point in a 3D point cloud of the scene;

determining a first group of edges from the 3D point cloud based on the 3D point,
the first group of edges including an approximated reference edge of the object;

defining an intermediate dock pose spaced apart from the approximated reference
edge by a spacing;

determining a second group of edges from the 3D point cloud, the second group of
edges including at least one potential reference edge, the at least one potential
reference edge being based on a plurality of intersections between the second
group of edges and respective projection lines between a plurality of random
points of the 3D point cloud and the intermediate dock pose;

determining a dock pose based on one of the at least one potential reference edge;
and

moving the wheelchair towards the dock pose.

2. The method as recited in claim 1, comprising:
presenting the 2D image via a user interface as an RGB (Red Green Blue) image as
viewed from the wheelchair, the 2D image being made up of a plurality of pixels,
any of the plurality of pixels being available for selection as the user-selected
2D point; and
receiving the user-selected 2D-point as user input before obtaining the 3D point

cloud, wherein the 3D point cloud is generated about the 3D point.
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3. The method as recited in claim 1 or claim 2, wherein the 2D image comprises a partial

image of the object.

4. The method as recited in any one of claims 1 to 3, wherein the determining the dock pose
comprises:
fitting the at least one potential reference edge with a geometric model of the object;
projecting the intermediate dock pose onto the geometric model to form a projection;
and
adding an offset to the projection, such that the dock pose is spaced apart from the

object by at least the offset.

5. The method as recited in any one of claims 1 to 4, further comprising: determining the
dock pose from a plurality of search poses responsive to a sum of cost within a footprint

of the wheelchair exceeding a threshold.

6. The method as recited in any one of claims 1 to 5, further comprising: determining a path

of motion for the wheelchair from a current position to the dock pose via a 2D costmap.

7. The method as recited in claim 6, further comprising: removing a portion of the object
from the 2D costmap, wherein a width of the portion of the object corresponds to a width

of the wheelchair moving under the object.

8. The method as recited in any one of claims 1 to 7, further comprising: iteratively updating
the 3D point cloud based on a plurality of 2D images acquired at various time instants

concurrently with the moving of the wheelchair.
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10.

11.

12.

13.

14.

The method as recited in claim 8, further comprising: iteratively updating the

intermediate dock pose in response to the updating of the 3D point cloud.

The method as recited in claim 8 or claim 9, further comprising: iteratively fitting the at
least one potential reference edge with the geometric model based on an updated 3D

point cloud.

The method as recited in any one of claims 1 to 10, further comprising:
determining a respective perpendicular pose for each of the at least one potential
reference edge; and
selecting one of the at least one potential reference edge having a corresponding
perpendicular pose within a threshold angle relative to the intermediate dock

pose.

The method as recited in claim 11, wherein the threshold angle is one selected from a

range from 25 degrees to 65 degrees.

The method as recited in any one of claims 1 to 12, further comprising: determining the

first group of edges based on a convex hull of a first group of points from the 3D point

cloud, wherein the first group of points are within a predetermined range of height values.

The method as recited in claim 12, wherein the predetermined range of height values is

from 0.75mto 1.2 m.
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15.

16.

17.

18.

19.

20.

The method as recited in any of the above claims, further comprising: determining the
second group of edges based on a concave hull of a second group of points of the 3D
point cloud, wherein the second group of points are within a sampled region, wherein

the intermediate dock pose faces the sampled region.

The method as recited in any one of claims 1 to 15, further comprising: determining the
3D point cloud based on a spatio-temporal voxel layer accumulating a plurality of 3D

points from multiple time instants.

The method as recited in any one of claims 1 to 16, further comprising: segmenting the
2D image to obtain a segmented 2D image; and filtering the 3D point cloud to retain a

plurality of 3D points corresponding to the object based on the segmented 2D image.

The method as recited in any one of claims 1 to 17, wherein converting the user-selected
2D point into the three-dimensional (3D) point comprises determining the 3D point

based on an intersection between a de-projection line and the 3D point cloud.

The method as recited in any one of claims 1 to 18, wherein the object is a table.

A system for wheelchair docking relative to an object, the system comprising:
a wheelchair having motorized wheels;
an adjustable camera coupled to the wheelchair and adjustable to obtain a view of the
scene as viewed from the wheelchair;
a user interface configured to receive a user-selected 2D point as an input from a user;

and
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a controller coupled to the motorized wheels, and the adjustable camera, and the user
interface, the controller being configured to:

convert the user-selected 2D point in a two-dimensional (2D) image of the scene into a
three-dimensional (3D) point to which wheelchair can dock to;

determine a first group of edges from the 3D point cloud based on the 3D point, the
first group of edges including an approximated reference edge of the object;

define an intermediate dock pose spaced apart from the approximated reference edge
by a spacing;

determine a second group of edges from the 3D point cloud, the second group of edges
including at least one potential reference edge, the at least one potential reference
edge being based on a plurality of intersections between the second group of edges
and respective projection lines between a plurality of random points of the 3D point
cloud and the intermediate dock pose;

determine a dock pose based on one of the at least one potential reference edge; and

control the motorized wheels to move the wheelchair towards the dock pose.

21. The system as recited in claim 20, wherein the user interface is configured to present the
2D image as a RGB (Red Green Blue) image based on the view of the scene obtained by
the adjustable camera, the 2D image being made up of a plurality of pixels, any of the
plurality of pixels being available for selection as the user-selected 2D point; and wherein
the controller is configured to receive the user-selected 2D point as user input before

obtaining the 3D point cloud, the 3D point cloud being generated about the 3D point.

22. The system as recited in claim 20 or claim 21, wherein the 2D image comprises a partial

image of the object.
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