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AUTONOMOUS MACHINE AND METHOD OF CONTROLLING THE SAME

[0001] The present application relates to an autonomous machine and methods of
controlling the autonomous machine. The present application also relates to a

computing system for controlling movement of the autonomous machine.

[0002] Operation of an autonomous machines such as robotics and autonomous
vehicles involves many coordinate frames; and tracking of the coordinate frames and
pose transformations within the autonomous machines is very critical for autonomous
controlling of the autonomous machines, since positions of two objects (such as the
autonomous machine and a target the autonomous machine approaches to) can be
compared only in a same coordinate frame. Currently, transformation matrix is
commonly adopted between different coordinate frames; however, keeping track of
coordinate frames and pose transformation becomes a common pain point for
developers due to complexity of the transformation matrix between different coordinate
frames. In addition, bugs are often generated when developers improperly applied the

transformation matrix.

[0003] Instead of the transformation matrix, the subject invention provides a simple and
easy way for pose transformation between coordinate frames by unifying pose of the
autonomous machine and the transformation. In particular, a computing system is also
disclosed to operate the pose transformation for controling movement of the
autonomous machine. Accordingly, kinematics of the autonomous machine is also

illustrated for applications of robotic arms and pose estimation of autonomous vehicles.

[0004] As a first aspect, the present application discloses an autonomous machine. The
autonomous machine comprises one or more movable components, a representation
unit, a transformation unit communicatively coupled to the representation unit and one
or more driving mechanism coupled to the movable component and the transformation

unit for moving the movable component(s).

[0005] Each component/object of the autonomous machine or each component/object
in the environment has a pose (x, y, z; y, 6, ¢) in a coordinate frame (x-0-y-z) which
has three axes (i.e. X-axis, Y-axis and Z-axis) and a coordinate origin (i.e. o-point). The
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pose (x, ¥, Z; g, 6, ¢) is further divided into a position (x, y, 2z} and an orientation (y, 6,
@). The position (x, y, 2) has respective projections on the X-axis, Y-axis and Z-axis as
X, y and z; while the orientation (y, 6, ¢) is expressed as Euler angles y, 6 and ¢ around
the Z-axis, Y-axis and X-axis respectively. The orientation may be expressed in other
rotation order, such as (¢, 6, @) as Euler angles ¢ for X-axis, @ for Y-axis, and y for Z-
axis respectively. The orientation may be expressed in other forms. In some
implementations, the orientation is expressed as a direction of a unit vector (xu, yu, 2u)
from the coordinate origin; while in other implementations, the orientation is expressed

in other forms of the Euler angles, such as a 3x3 rotation matrix or a quaternion.

[0006] The pose (x, vy, z; W, 6, @) is represented in the representation unit to a
represented pose (X, ¥, Z; gw, Qx, Qy, Gz) in the coordinate frame (x-0-y-z). Accordingly,
the orientation (y, 6, ¢) is represented to a represented orientation (qw, Gx qQy, gz in

quaternion.

[0007] During the application of autonomous machine, a first pose (x1, y1, z1; W1, 81, ¢1)
of an object in the coordinate frame (x-0-y-z) needs to be transformed to a second pose
of another object in the same coordinate frame (x-0-y-z). The object may comprise
either a component of the autonomous machine (such as a sensor) or a component in
the environment external to the autonomous machine (such as an obstacle). Similarly,
another object refers to a different object which may comprise either another component
of the autonomous machine or another component in the environment external to the
autonomous machine. Alternatively, the first pose of the object needs to be transformed
to a new pose of the same object in the same coordinate (x-0-y-z) after a movement.
Similarly, the second pose or the new pose (xz, y2, Z2; W2, 82, $2) has a second position
(X2, y2, z2) and a second orientation (w2, 6z, ¢2). The first pose (x1, y1, z1;, W1, 61, 1) is
also represented in the representation unit to a first represented pose (x1, y1, Z1; Qw1,
gx1, Qy1, Qz1) in quaternion. The second pose (xz, y2, z2; W2, B2, ¢2) is also represented
in the representation unit to a second represented pose (xz, y2, Z2; Qwa, Qxe, Qyz, gz2) in

quaternion.

[0008] Traditionally, a serial of translations and rotations will be applied to the first pose
in any order via serials of operations of matrix multiplication, which makes the

transformation very complicated and thus may generate bugs during the transformation.
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[0009] For simplifying transformation process of the first pose (x1, y1, z1; w1, 61, ¢1) to
the second pose (xz, y2, z2; W2, B2, ¢2), The transformation unit comprises a general
transformation (x;, yi, zi; Wi, 6, ¢)) is defined and is to be unified with the pose (x, y, z; w,
6, ¢), thus simpler operation of addition on the pose in whole could be applied in the
transformation process to transform the poses from first pose (x1, y1, z1; w1, 61, ¢1) to
second pose (X2, ¥z, Z2; W2, B2, §2) rather than operations of matrix multiplication.

[0010] Since both the position (x, y, z) in pose and the translation (x;, y;, z) in the general
transformation may be denoted as a vector (x, y, 2), the position (x, y, 2) in the pose
may be seen as a translation (x;, y;, z) in the general transformation while the translation
(%, vi, Z) in the general transformation may be also seen as a position (x, y, 2) in pose.
Therefore, the position (x, y, 2) in pose and the translation (x;, y;, z) in the general

transformation are unified for satisfying the mathematical addition.

[0011] If Euler angels of the orientation (g1, 81, ¢1) is expressed in a fixed order of Z-Y-
X axis (yaw-pitch-roll), i.e. rotating the first pose (x1, y1, z1; w1, 81, $1) and the coordinate
frame (x-0-y-z) for i radians around Z-axis and resulting in a Z-axis rotated pose (x1z
Y1z 217, Wiz, G127, $12) and a Z-axis rotated coordinate frame (xz-0-yz-zz); then rotating the
Z-axis rotated pose (X1z Y1z, Ziz Wiz B1z ¢12) and the Z-axis rotated coordinate frame
(xz-0-yz-zz) for 6; radians around the new Y-axis and resulting in a Y-axis rotated pose
(X127, Yizys Z1zy; Wizy, 12y, B1zy) and a Y-axis rotated coordinate frame (Xzy-0-yzy-zzy); and
finally rotating the Y-axis rotated pose (X1z, Y1z, Z1zy; Wiz, B1z, P1z) and the Y-axis
rotated coordinate frame (Xzy-0-yzy-zzy) for ¢; radians around the new X-axis for
completing the rotation (i, 6;, ¢;) with a X-axis rotated pose (X1zyx, Yizyx, Z1zyx; Wizyxs O1zyx,
®1zyx) and a X-axis rotated coordinate frame (Xzyx-0-Yzyx-Zzyx). However, all the Z-axis
rotation, the Y-axis rotation and the X-axis rotation do not satisfy mathematical addition.
Therefore, the first orientation (g1, 61, ¢1) is represented in quaternion expression (Qwr,
gx1, Qy1, gz1), which is calculated from the Euler angels. Simiarly, the rotation (i, 6;, ¢))
may be also represented in quaternion expression as a represented rotation (qwi, gxj,
Qyi, 9z). Since the mathematical addition could be defined as the traditional multifaction
on quaternion and is applicable to the quaternion expression, the represented
orientation (gw, gx, Qy, gz) in the pose and the represented rotation (qwi, 9xi, Qyi, =) in the
general transformation are unified for satisfying the mathematical addition. Finally, the
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order of translation (x;, yi;, z) and the represented rotation (gwi, Gx, Qyi, Q=) in the general
transformation is defined that the represented rotation (quwi, gx, Qy, Gz) is after the
translation (x; y;, z). Therefore, the represented pose (x, ¥, Z; quw, Qx, Qy, Q) is unified
with the represented general transformation (xi, vi, Zi; qwi, Qxi, Qyi, Q=) for satisfying the

mathematical addition.

[0012] Particularly, to transform the first pose (x1, y1, z1; w1, 81, $1) in coordinate frame
(x-0-y-z) to second pose (xz, y2, Z2; Wa, B2, $2) in coordinate frame (x-0-y-z), a new pose
(xi, yi, Zi; Wi, 6, ¢ in coordinate frame (X-0’-y’-Z) is added to the first pose (x1, y1, z1;
w1, 61, ¢1), where the coordinate frame (x'-0’-y’-Z’) is defined by the first pose (x1, y1, z1;
W1, 61, ¢1). The pose (x;, yi, Zi; Wi, 6;, ¢i) is another representation of the second pose
(x2, y2, 22, w2, B2, ¢2) in coordinate frame (X-0’-y’-z’), meanwhile the pose (xi, yi, Z; wi,
6;, ¢ is also the general transformation from first pose (x1, y1, Z1; W1, 61, ¢1) in coordinate

frame (x-0-y-z) to second pose (x2, yz, Z2; W2, B2, $2) in coordinate frame (x-0-y-z).

[0013] The driving mechanism moves the movable component according to the
represented transformation (x;, yi, Zi; qwi, Gxi» Qyi, Gz). As discussed above, the movable
component is configured to firstly translate the movable object according to the
represented translation (x;, yi, z) and secondly rotate the removable object according to
the represented rotation (qwi, v, Qyis 9z) for completing the represented transformation
(xi, Vi, Zi; Qwi, Qxi, Qyi, =) to the movable object.

[0014] The movable component optionally comprises a moving body configured in the
coordinate frame (x-0-y-z); and a manipulator mounted on the moving body, and the
manipulator is configured in a manipulator coordinate frame (xX'-0-y’-Z’). The
manipulator may have various end effectors to interact with its surrounding environment,
according to specific applications of the manipulator. The end effector may comprise an
impactive gripper physically grasping by direct impact on a target (such as a jaw or a
claw), an ingressive gripper physically penetrating a surface of a target (such as a pin,
a needle or a hackle), an astrictive gripper applying to a target surface by vacuum,
magneto- or electro-adhesion, a contigutive gripper requiring direct contact for adhesion
(such as glue, surface tension or freezing), or any combination of the foregoing grippers.
Since the moving body and the manipulator can only be compared in a same coordinate
frame, the coordinate frame (x-0-y-z) of the moving body and the manipulator
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coordinate frame (x’-0’-y’-z’) of the manipulator should be transformative to each other.
Current transformative methods generally involve mathematical multiplication of a
transformation matrix which is complex and easy for developers to make bugs. In
contrast, the moving body and the manipulator are coupled to the representation unit
for representing the coordinate frame (x-0-y-z) of the moving body and the manipulator
coordinate frame (x’-0’-y’-Z’) of the manipulator to a represented coordinate frame (x, y,
Z; Qw, Qx, Qy, §z) and a represented manipulator coordinate frame (x’, ¥’, Z’; @'w, @'x, @'y,
q’z), respectively. The general transformation (x;, Vi, Z;; Qwi, Qxi, Qyi, Gz} IS configured to
transform the coordinate frame (x-0-y-z) to the manipulator coordinate frame (x’-0’-y’-
Z’) by firstly translating the coordinate frame (x-0-y-z) according to the represented
translation (x;, yi, z) and secondly rotating the coordinate frame (x-0-y-z) according to
the represented rotation (gwi, v, Qyi, gz). The represented translation (x; yi, z) shows
position of coordinate origin of the manipulator coordinate frame (x’-0’-y’-Z’) in the
coordinate frame (x-0-y-z); and the represented rotation (qwi, Qx, Qy, Qz) shows
orientation of X-axis of the manipulator coordinate frame (x’-0’-y’-Z’) relative to X-axis
of the coordinate frame (x-o0-y-z). Therefore, the represented manipulator coordinate
frame (X', ¥, Z’; @'w» @'x, @'y, Q’z) is obtained by mathematically adding the general
transformation (x;, yi, Z; Qwi, Qxi, Qyi» gz 10 the represented coordinate frame (x, y, Z; qu,
Gx Gy, G2)-

[0015] As a result, the pose in the represented expression (such as the first represented
pose (X1, 1, Z1; Qwt, Qx1, Qy1, z1) and the second represented second pose (xz, yz, Z2;
gwz, Qx2, Qya, Qz2), the coordinate in the represented expression (such as the
represented coordinate frame (x, ¥, Z, qw, Qx Qy, gz and the represented manipulator
coordinate frame (x’, ¥, Z’; @'w, @'x @y, q’2)) and the general transformation (x;, i, Zi; Qwi,
Qxi, Qyi, Qz) are unified by operation of mathematical addition, which makes the
transformative process of the pose or the coordinate frame convenient and bug-free. In
particular, the mathematical addition does not meet an exchange law, i.e. A+B does not
equal to B+A, wherein A and B stand for the represented poses, the presented

coordinate frames, the general transformations, or any combination thereof.

[0016] It is well-known that mathematical abstraction of positive numbers equal to
mathematical addition of negative numbers. Similarly, mathematical abstraction of the
represented poses, the represented coordinate frames, the general transformations, or
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any combination thereof equal to mathematical addition of negative represented poses,
negative represented coordinate frames, negative general transformations, or any

combination thereof.

[0017] The moving body optionally comprises an autonomous vehicle for moving the
manipulator to a pre-determined location automatically. The autonomous vehicle may
comprise a Global Navigation Satellite System (GNSS) receiver for locating the
autonomous vehicle in a Local Tangent Plane (LTP) coordinate frame or Local Vertical-
Local Horizontal (LVLH) coordinate frame, which may be a right-handed system or left-
handed coordinate frame. Two commonly adopted right-hand coordinate frames are
East-North-Up (ENU) coordinate frame with coordinates (E, N, U) and North-East-Down
(NED) coordinate frame with coordinates (N, E, D). The LTP coordinate frame or the
LVLH coordinate frame can be transformed to a geographical coordinate frame, such
as Earth Centered Earth Fixed (ECEF) coordinate frame with coordinate (x, y, 2), and
GPS coordinate frame with longitude Ag, latitude ¢g4, and altitude ag. The geographical
coordinate frame is associated with World Geodetic System (WGS) as a standard for
the Global Navigation Satellite System (GNSS). In other words, the moving body can
be guided by satellite navigation (such as GPS) under the WGS standard.

[0018] With general transformation and the mathematical addition, the GPS coordinate
at longitude Ag, latitude @g4, and altitude ag could be easily transformed to a pose in local
ENU coordinates than traditional matrix multiplications, it is just the result of an addition
between the pose (0, 0, 0; Ag, @g, 0) and the pose (ag+d(@g), 0, 0; /2, 0, 11/2), where
d(¢) is the distance from the earth center to the sea level at latitude ¢, i.e., if using
geodesy standard of World Geodetic System 1984 (WGS 84),

d(p) = 6378137/1/1 — sin®(¢p) (2 — 1/208.257223563) /208.257223563

[0019] For an application of robotics, the manipulator comprises multiple freedoms for
moving an end effector freely towards the target. For example, the manipulator
optionally comprises six freedoms in six coordinate frames (x'1-0'1-y’1-z'1) to (X's-0'6-y’s-
Z’s), respectively. In particular, the six freedoms are represented to six coordinate
frames (x'1-0'1-y’'1-Z'1) to (X'6-0’6-y'6-Z'6) 10 Six represented coordinate frames (x’1, y'1, Z'1;

Q'wi, @'xt, Q'y1, Q'z1) 10 (X’s, ¥, Z'6; GQ'ws, Q'x6, Q've, G 'z6), respectively. Meanwhile, the
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general transformation (X, ¥i, Zi; Qwi, x, Qyi, §z) comprises five general transformations
(X’12, Y'12, 2’12, Q'wrz, Q'x12, Q'y12, Q'z12) 10 (X's6, ¥'56, Z'56, Q'ws6, Q'x56, q'ys6, q z56), for
transforming the six represented coordinate frames (x’1, ¥'1, Z'1; Q'wt, @'x1, Q'y1, Q’z1) 1O
(X's, ¥, Z'6; Q'ws, Q'x6, G'ys, Q'z6) Sequentially. Therefore, every two of the six respective
coordinate frames (x'1-0’1-y’1-2’1) to (X's-0’6-y’s-Z’'s) may be easily transformed to each
other by mathematically adding their relevant general transformations of the five general
transformations (X’1z, ¥'12, 2’12, Q'wiz, Q’x12, Q'y12, @’212) 10 (X’56, ¥'56, Z'56; Q'ws6, G 'x56, G y56,

q’256).

[0020] The driving mechanism optionally comprises an interpretation unit for
interpreting the general transformation (xi, Vi, Zi; Qwi, Gx, Qyi, Gz) to the geographical
coordinate frame (such as the ECEF coordinate frame) for indicating movements of
translation and rotation of the autonomous vehicle in the geographical coordinate
system. As discussed above, the geographical coordinate frame is associated with the
WGS standard for the Global Navigation Satellite System (GNSS); and thus the
autonomous vehicle can be guided by satellite navigation (such as GPS) under the
WGS standard.

[0021] As a second aspect, the present application discloses a computing system for
controlling movement of the autonomous machine of the first aspect of the present
application for reaching a target. The computing system comprises a memory for storing
a series of instructions; a detecting mechanism (such as sensor) for detecting an initial
pose (x, ¥, Z; , 6, ¢) of the autonomous machine in an initial coordinate frame (x-o-y-
z) and a final pose (x’, y’, z’; ', €', ¢) of the autonomous machine in a final coordinate
frame(x-0™-y-z’); one or more processors operatively coupled to the memory and the
detecting mechanism; and an activating mechanism for activating the autonomous
machine to move according to a general transformation (x;, Vi, Zi; Qwi, Qx, Qy, gz). The
initial pose (x, y, z; w, 6, ¢) comprises an initial position (x, y, 2) and an initial orientation
(w, 6, ¢); and the final pose (X, y’, z’; w’, €', ¢’) comprises a final position (x’, y’, z’) and

a final orientation (¢, 8’, ¢)).

[0022] The process has several functions: firstly, the process converts the initial pose

(x, v, Z; w, 6, ¢) into an initial transformation (x, y, Z; gw, Gx, Gy, gz) in the initial coordinate



10

15

20

25

30

WO 2021/221560 PCT/SG2020/050255

frame (x-0-y-2); secondly, the process converts the final pose (x’, y’, z’; @', €', ¢) into a
final transformation (x’, y’, Z’; @'w, @'x, @y, @’2) in the final coordinate frame (x-0-y*-z’);
and finally the processor plans the general transformation (xi, ¥i, Zi; Qwi, Qxi, Qyi» Q=) for
transforming the initial coordinate frame (x-o-y-2) to the final coordinate frame (x-o0™-y*-
Z’} in order to change the initial transformation (x, v, Z; qw, Qx Qy, Q) to the final
transformation (x’, ¥, z’; @'w, @'x, @'y, Q’2). The general transformation (xi, ¥i, Zi; Qwi, Qxi,
Qyi, §z) comprises a translation movement for transforming the initial position (x, y, 2) to
the finial positon and a rotation movement for transforming the initial orientation (y, 6,
@) to the final orientation (g, 8°, ¢’), and the translation movement is performed before
and the rotation movement according to the series of instructions stored in the memory.
In particular, the series of instructions comprise mathematical operations of addition

exclusively for calculating both the translation movement and the rotation movement.

[0023] The autonomous machine optionally comprises a base for provides the initial
pose (X, v, z; W, 6, ¢) in the initial coordinate frame (x-0-y-z); and a manipulator coupled
to the base for reaching the final pose (X', y’, Z; W, €, ¢’) in a final coordinate frame(x'-
0'-y’-Z'). The manipulator performs the translation movement and the rotation
movement in sequence accordingly to the general transformation (xi, yi, Zi; qQwi, Qxi, Qyi,
gz for transforming the initial coordinate frame (x-0-y-z) to the final coordinate frame(x'-
0'-y’-Z'); meanwhile, the initial transformation (x, y, z; qw, g« Gy, Gz) is changed to the

final transformation (X', ¥, Z’; @'w, @'x, @'y, §2).

[0024] The manipulator optionally comprises an effector for realizing any pre-
determined function to the target. The manipulator may have six freedoms for moving
the effector freely towards the target. In some implementations, the manipulator has six
motors for activating the six freedoms respectively. In some implementations, the six
motors have six linear axes respectively for rotating the manipulator around the six axes

independently.

[0025] The initial coordinate frame (x-0-y-2) and the final coordinate frame (x-0-y*-z’)
are configured to transform between joint coordinate system and Cartesian coordinate
system. In the joint coordinate system, each freedom has its own coordinate frame (x-
o-y-Z) with a coordinate origin located at its axis; and each freedom would translate
along and rotate around its axis. For example, the first freedom has a first coordinate
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frame (x'-0'-y’-z') with a coordinate origin o at a first axis; and the first freedom would
rotate around the first axis. In particular, the first coordinate frame (x’-o’-y’-z') overlaps
with the initial coordinate frame (x-o-y-Z) if the coordinate origin o’is located at a lower
end of the first axis. While the sixth coordinate frame (x’-o’-y’-z') overlaps with the final
coordinate frame (x-0-y-z’) if the coordinate origin ofis located at an upper end of the
sixth axis. In contrast, all the six freedoms share a single coordinate frame (x5-05-y5-z°)
in the Cartesian coordinate system, and the single coordinate frame (xs-0s-y5-z5) has its
coordinate origin usually at a lower end of the manipulator coupled to the base. Since
the coordinate frame (x-0-y-Z) of each freedom could be transformed to the first
coordinate frame (x’-0’-y’-z’) of the joint coordinate system with its general
transformation (X, yi, Zi; Qwi, Qx, Qyi, Qz), the initial coordinate frame (x-o-y-z) and the
final coordinate frame (x-o0-y-z’) can be transformed between the joint coordinate
system and Cartesian coordinate system through the general transformation (x;, yi, z;

Qwi, Qxi» Qyi, Q=) of each freedom in sequence.

[0026] The manipulator optionally further comprises seven links for coupling the base
and the effector together. In some implementations, the links are rigid and cannot
elongate or shorten, but the manipulator still has six freedoms for flexibly reaching to
the target at any location within a certain range. In other implementations, each link may
elongate or shorten along itself for translating the manipulator upwardly or downwardly.
For example, each link comprises an inner shell and an outer shell movably
encapsulating the inner shell. The link elongates when the inner shell moves out from
the outer shell; while the link shortens when the inner shell moves into the outer shell.

Therefore, the manipulator has more flexibility for reaching the target in a wider range.

[0027] The autonomous machine optionally comprises an autonomous vehicle, and the
detecting mechanism optionally comprises at least one sensor configured to mount on
a top of the autonomous vehicle. The sensor is adopted to detect location of the target
with a ray having a horizontal angle o, a vertical angle 8o, and a distance d, in sensor’s
coordinate frame. Similarly, the sensor’s coordinate frame may be transformed to other
coordinate frames with the general transformation (x, yi, Z; Qw, Qx,» Qyi, Q=) and thus

express the location of the target in any of the other coordinate frames.
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[0028] The autonomous machine may further comprise a Global Navigation Satellite
System (GNSS) receiver for providing autonomous geo-spatial positioning in the
geographical coordinate frame. For example, the sensor has a longitude Ags, latitude
@gs, and altitude ags in the GPS coordinate frame, and then the GPS coordinate frame
is transformed to any other coordinate frame (such as the sensor’s coordinate frame)
for comparing positions of the sensor and any other object (such as the sensor). The
GNSS receiver may be installed on the autonomous vehicle for moving along with the
autonomous vehicle. For example, the GNSS receiver is mounted on the top of the
autonomous vehicle. In particular, the GNSS receiver is configured to locate apart from
the sensor for reducing error of the geo-spatial positioning.

[0029] The GNSS receiver may further comprise a master GNSS antenna and a slave
GNSS antenna spaced apart from each other. The master GNSS antenna provides its
position in the GPS coordinate frame with a longitude Aga, a latitude @ga, altitude aga,
while the slave GNSS antenna provides orientation of the mater GNSS antenna with a
yaw y, a pitch 6, and a roll ¢ relative to the local ENU orientation. As a result, the GNSS
receiver is precisely located in the GPS coordinate frame. For example, the sensor is
mounted at a left front corner of the top of the autonomous vehicle, and the master
GNSS antenna and the slave GNSS antenna are mounted at a right rear corner and a
right front corner of the top of the autonomous vehicle, respectively.

[0030] As a third aspect, the present application discloses a method of enhancing
efficiency of coordinate transformation for moving an autonomous machine towards a
target automatically. The method comprises a first step of providing an initial pose (x,
Y, Z, y, 6, ¢) of the autonomous machine, and the initial pose comprises an initial
position (x, ¥, 2) and an initial orientation (y, 6, ¢) in an initial coordinate frame (x-o-y-
2); a second step of converting the initial pose (x, y, z w, 6, ¢) into an initial
transformation (x, y, Z; gw, 9x Gy, Gz) in the initial coordinate frame (x-o-y-2); a third step
of detecting a final pose (x’, y’, z’; @, €', ¢’} to which the autonomous machine moves,
and the final pose comprises a final position (x’, y’, z)) and a final orientation (¢, 8’, ¢’)
in a final coordinate frame(x-0-y~z’); a fourth step of converting the final pose (x’, y’,
z ', @, ¢) into a final transformation (x’, ¥, Z’; ¢'w, @'x, @'y, Q’z) in the final coordinate
frame (x-0-y-2’); a fifth step of planning a general transformation (x;, ¥i, Z; Qwi, Qx, Qyi
gz) for transforming the initial coordinate frame (x-o0-y-2) to the final coordinate frame

10
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(x-0-y~z’), and the general transformation (xi, Vi, Zi; Qwi, Qxi, Qyi,» Qz) comprises a
translation movement for transforming the initial position (x, y, 2) to the finial positon (x’,
y’, Z’) and a rotation movement for transforming the initial orientation (y, 6, ¢) to the
final orientation (y’, 8, ¢’), and the translation movement is performed before the
rotation movement; and a sixth step of activating the autonomous machine to move
according to the general transformation (x;, yi, Zi; Qwi, Qx, Qyi,» Qz). In particular, the
planning step comprises mathematical operations of addition exclusively for both the

translation movement and the rotation movement of the general transformation (x; yi

Zi; Qwiy, Qxiy Qyi, qu)'

[0031] The method optionally comprises a step of coupling a base and a manipulator
into the autonomous machine before the first providing step, and the initial pose (x, y,

Z; y, 6, ¢) of the autonomous machine is configured to the base.

[0032] The coupling step optionally further comprises a step of assembling seven links
into the manipulator, and a first link of the manipulator is coupled to the base. The
method optionally further comprises a step of coupling an effector at a far end of the
manipulator opposed to the base for reaching the target far away from the base.

[0033] The method optionally further comprises a step of mounting one or more sensors

on a top of an autonomous vehicle as the autonomous machine.

[0034] The method optionally further comprises a step of mounting a Global Navigation
Satellite System (GNSS) receiver on the top of the autonomous vehicle for providing
autonomous geo-spatial positioning, and the GNSS receiver is configured to locate

apart from the at least one sensor.

[0035] The mounting a GNSS receiver step may further comprise a step of mounting a
master GNSS antenna at a right rear corner of the top of the autonomous vehicle; and
a step of mounting a slave GNSS antenna at a right front corner of the top of the
autonomous vehicle. While the sensor is mounted at a left front corner of the top of the

autonomous vehicle.
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[0036] The accompanying figures (Figs.) illustrate embodiments and serve to explain

principles of the disclosed embodiments. It is to be understood, however, that these

figures are presented for purposes of illustration only, and not for defining limits of

relevant applications.

Fig. 1 illustrates a mathematical addition of two poses in a two-dimensional
coordinate frame;

Fig. 2 illustrates unification of a pose, a coordinate frame and a general
transformation in a two-dimensional configuration;

Fig. 3 illustrates a mathematic addition of two poses in a two-dimensional
coordinate frame;

Fig. 4 illustrates an inverse pose in the two-dimensional coordinate frame of Fig. 3;

Fig. 5 illustrates a mathematical subtraction of two poses in a two-dimensional

coordinate frame;

Fig. 6 illustrates a distribution of two inverse poses in the coordinate frame of Fig.
3;

Fig. 7 illustrates an application of kinematics for robotics;

Fig. 8 illustrates an addition chain of the kinematics for robotics;

Fig. 9 illustrates an application of autonomous vehicle;

Fig. 10  illustrates an East-North-Up (ENU) coordinate frame in an Earth Centered
Earth Fixed (ECEF) coordinate frame;

Fig. 11 illustrates an addition chain of the autonomous vehicle.

[0037] Fig. 1 illustrates a mathematical addition of two poses in vector form (x, y, 2), a
first pose (a) 102 and a second pose (b) 104 in a two-dimensional (2D) coordinate frame
100. A third pose (a+b) 106 also in vector form expresses mathematical addition of the
first pose 102 and the second pose 104. The first pose 102 starts from a coordinate
origin 108 of the coordinate frame 100 and ends at a first point 110; while the second
pose 106 stars from the first point 110 and ends at a second point 112. The second
pose 106 may be relocated to also start from the coordinate origin 108 and then ends
at a third point 114. In relation to the coordinate origin 108, the first point 110 and the
third point 114 represent a first position 116 of the first pose 102 and a second position
118 of the second pose 104 in the coordinate frame 100, respectively. The third pose
106 starts from the coordinate 108 and ends at the second point 112. Similarly, the
second point 112 represents a third position 120 of the third pose 106 in relation to the
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coordinate origin 108 in the coordinate frame 100. The coordinate frame 100 also has
an X-axis 122 and a Y-axis 124. The first pose 102, the second pose 104 and the third
pose 106 have a first angle 126, a second angle 128 and a third angle 130 to the X-
axis 122, which represent a first orientation 132, a second orientation 134 and a third
orientation 136 of the first pose 102, the second pose 104 and the third pose 106 in the
coordinate frame 100, respectively.

[0038] The first orientation 132, the second orientation 134 and the third orientation 136
may be expressed in other forms, such as Euler angles, rotation matrix and quaternion.
In a three-dimensional (3D) coordinate frame, an orientation may be expressed in the
Euler angle (g, 6, ¢) in order of zy-x (yaw-pitch-roll), while 3x3 rotation matrix and
quaternion (gw, gx, Qy, Gz)- For the Euler angles (y, 6, ¢), rotation of w radians around a
Z-axis, rotation of 6 radians around a new Y-axis after the Z-axis rotation, and rotation
of ¢ radians around a new X-axis after the Y-axis rotation. The different forms could be
converted to each other. For example, the quaternion (gw, gx, qQy. Q=) form is obtained

from the Euler angles (y, 6, ¢) as below:

(9w; @=> @y, 4=) = (cos(/2)cos(0/2)cos(¢/2) + sin(tp/2) sin(6/2) sin(¢/2),

cos(1/2) cos(8/2) sin(¢/2) — sin(vp/2) sin(8/2) cos(¢/2),

sin(4/2) cos(6/2) sin(¢/2) + cos(v/2) sin(6/2) cos(¢/2),

sin(1/2) cos(8/2) cos(¢/2) — cos(¢/2) sin(0/2) sin(¢/2)) equation (1)
wherein 9w+ 4z + gy + ez =1
Therefore, a pose in the three-dimensional (3D) coordinate frame is expressed as (x, y,
Z; Qw, Qx, Qys Gz}, Wherein (x, y, 2) and (qw, Qx, Qy, §z) express a position and a rotation of
the pose relative to a coordinate origin of the three-dimensional coordinate frame,
respectively.

[0039] As a result, the first pose 102 is expressed as (Xa, Va, Za, Qwa, Qxa, Qya Gza), the
second pose 104 is expressed as (Xb, yb, Zb; Qwb, Gxb, Qyb, Gzb), @and the third pose 106 is
expressed as (Xe, Ve, Ze; Qwe, Qxe, Qye, Qzc)- If the second pose 104 is viewed as a general
transformation 138, the first pose 102 is transformed to the third pose 106 by
mathematically adding the first pose 102 (Xa, Va, Za; Qwa, Qxa, Qya, za) and the general
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transformation 138 (xp, ¥b, Zb; Qub, Qxb, Qyb, Gzb), Which equals to the third pose 106 (x,
Yo, Zo, Que, Qxe, Qyey Qzc).

[0040] If the pose in a first coordinate frame is treated as its coordinate origin; the first
coordinate frame may be also expressed in the form as (x, ¥, Z, 9w, Gx Qy, gz), Wherein
(%, v, 2) and (qw, gx, Qy, Q-) express a position and a rotation of the first coordinate frame
in a second coordinate frame in the form as (X, v, Z’; @'w, @’x G, @’z). Similarly, a general
transformation also in the form as (x;, yi, Zi; gwi, Qxi, Qyi, =) transforms the first coordinate
frame (X, ¥, Z; Qw, Qx Qy, Q) to the second coordinate frame (X, ¥, Z’; @'w, O'x, Gy, G’2) by
mathematically adding the general transformation (x;, yi, Zi; Qwi, Qxi, Qyi, gz) to the first
coordinate frame (x, ¥, Z; gw, Qx, Gy, Qz)-

[0041] Fig. 2 illustrates unification of a pose 202, a coordinate frame 204 and a general
transformation 206 in a two-dimensional coordinate frame 200. In contrast to the Fig. 1,
the pose 202 is not a vector and is represented as a curve 208 with an arrow 210 relative
to a first coordinate frame 212 expressed as (x-o0-y). Alternatively, the curve 208 is view
as the pose 202 relative to a coordinate pose 214 which is the coordinate origin 216 (0)
of the first coordinate frame 212. While the curve 208 is also viewed as second
coordinate frame 218 as (x’-0’-y)) relative to first coordinate 212 (x-o-y), or relative to
the coordinate pose 214 (o). The curve 208 is also viewed as the general transformation
206 for transforming the first coordinate frame 212 (x-0-y) to the second coordinate
frame 218 (x’-0’-y’). Therefore, the pose 202, the coordinate frame 204 (either the first
coordinate frame 212 or the second coordinate frame 218) and the general
transformation 206 as unified in the expression which is convenient for operation of

mathematical addition.

[0042] Fig. 3 illustrates a mathematic addition of two poses (i.e. a first pose 302 and a
second pose 304) in a two-dimensional coordinate frame 300 (x-0-y). The first pose 302
and the second pose 304 are represented by a curve A 306 and a curve B 308,
respectively. A mathematical addition of the first pose 302 and the second pose 304
(A+B) equals to a third pose 312 which is represented by a curve C 314 in the coordinate

frame 300 (x-0-y). The mathematical addition is calculated as below:
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C=A+B

Y

@y, 2" Q45 4y 4) = (2,9, 25 Qw, Qs Gy, 32) + (2, Y3 25 €05 45 > 07
=(@+2(2+ ¢ — a2 — @)+ 2 (€ety — W) + 27 (€4z + Qwy),
Y+ 22" (420 + qwa=) + V' (62 — & + 42 — ¢2) + 22/ (9y2z — Quls),

z+ 22 (0202 — qudy) + 29 (0y 0z + quda) + 2/ (62 — @2 — ¢ + ¢2);

10

15

20

Qwlw — 9oz — dyy — =%z
92y + Quls + 929y — W95,
Wy — 0205 + Gudly + 9%,
99y + @ — 929y + ;)
equation (2)

wherein A is expressed as (x, ¥, Z, gw, Qx, Qy, Q2), B is expressed as (x’, V', Z’; Q'w, @',
gy, 9’2, and C is also expressed as (x”, y", Z”; @"w, "%, 9"y, @”7). Similarly, if the curves
A, B and C represent three coordinate frames or three transformations, the
mathematical addition above is also applicable to the coordinate frame or the
transformation. In contrast to ordinary addition in algebra, the mathematical addition

above does not satisfy exchange law, i.e. 4+ B # B+ A in the equation (2).

[0043] Fig. 4 illustrates an inverse pose 320 to the first pose 302 represented by the
curve A 306 in the coordinate frame 300. The inverse pose 320 is represented by a
curve (-A) 322 which forms a closed cycle with the curve A 306. The inverse pose 320

is calculated from the first pose 302 as below:

—A

—(2, Y, % Qw, 4z, Oy 4z)

= (—2(¢% + 2 — @2 — ¢2) — 2y(gz0y + Gulz) — 22(429> — Guy);
—2(gzqy — quwdz) — ¥(ga — 92 + 95 — 42) — 22(q = + Guia),
—22(Q2x + Quwly) — 2¥(Qya: — wis) — 2(a2 — a2 — @& + ¢2);
Qu, =Gz, —qy, —qz)

(', 2 Qs O30 Oy T2)

equation (3)

wherein the A is expressed as (X, ¥, Z; Qw, Gx, Gy, Gz), and (-A) is expressed as (X, V', Z;
g'w, O'x, @'y, q’z). As aresult, a mathematical subtraction of the first pose 302 is converted
to the mathematical addition by converting the first pose 302 to the inverse pose 320.

If a pose O 324 is used to denote a special zero pose at coordinate origin 326 of the
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coordinate frame 310, then the following equations are deduced from the closed cycle:
A+(-A)=0;(-A)+ A= 0;and O+ A= A,and A+ O = A. The pose O 324 is expressed
as (0, 0, 0; 1, 0, 0, 0). The mathematical subtraction is also applicable to the
transformation; and similarly a special transformation O 328 is used to mean no

translation and no rotation for the transformation.

[0044] Fig. 5 illustrates a mathematical subtraction of two poses (i.e. a first pose 402
and a second pose 404) in a two-dimensional coordinate frame 400. The first pose 402
and the second pose 404 are represented by a curve A 406 and a curve B 408,
respectively. A third pose 410 is equal to a mathematical addition of the first pose 402
and the second pose 404, which is represented by a curve C. The mathematical
addition is expressed as C=A+B. Therefore, the first pose 410 is equal to a
mathematical subtraction of the third pose 410 by the second pose 404, which is
expressed as A=C-B; while the second pose 404 is equal to a mathematical subtraction
of the third pose 410 by the first pose 402, which is expressed as B=-A+C in the

coordinate frame 400.

[0045] Fig. 6 illustrates a distribution of the two inverse poses (i.e. a first inverse pose
414 inverse to the first pose 402 and a second inverse pose 416 inverse to the second
pose 404) in the coordinate frame 400. A third inverse pose 418 is also shown inverse
to the third pose 410 which is represented by a curve D. The third inverse pose 418 is

thus expressed as D=-(A+B), which is distributed as D=-B-A, but not D=-A-B, since:

—(A+B)+(A+B)=0
—(A+B)+A+B=0
—(A+B)+A=-B
—(A+B)=-B-A#-A-B

[0046] Different expressions of the pose, the coordinate frame or the general
transformation may be converted to each other. For example, the pose expressed as
(X, ¥» Z; Qw, Qx, Qy, Qz) is converted to expression as (x, y, z; y, 6, @) by following the

conversion method below:
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% = tan"}(2(qoay + qu:)/ (@ + a2 — a2 — ¢2))
0= Sin_1(2(Qwa - QmQZ))
. 1 2 2 2 2
¢ = tan™'(2(qyq: + qudz)/ (9 — 45 — q; + 42)) equation (4)

[0047] Fig. 7 illustrates an application of kinematics for robotics 500. The robotics 500
has a chassis 502 and a manipulator 504 mounted on the chassis 502. The manipulator
504 has seven links 506-518 coupled in sequence, i.e. a first link 506 coupled to the
chassis 502, and the other links 508-518 coupled in sequence. The manipulator further
comprises an effector 520 coupled to the seventh link 518. The chassis 502 and the
seven links 506-518 are located in a first coordinate frame (x-o0-y-z) 522; while the
effector 520 is located in a second coordinate frame (x-0-y-2’) 524. In particular, the
seven links 506-518 are thus expressed as seven poses in the first coordinate frame
(x-0-y-2) 522 with their respective heights in a Z-axis direction and respective rotations
(except the seventh link 518): the first link 506 has a first height of I+ and a first rotation
of a1 around the X-axis; the second link 508 has a second height of |2 and a second
rotation of a2 around the Z-axis; the third link 510 has a third height of I3 and a third
rotation of as around the Z-axis; the fourth link 512 has a fourth height of 14 and a fourth
rotation of a4 around the X-axis; the fifth link 514 has a fifth height of Is and a fifth rotation
of as around the Z-axis; the third link 516 has a sixth height of Is and a sixth rotation of
as around the X-axis; and the seventh link 518 has a seventh height of I7, but the seventh

link 518 cannot rotate.

[0048] Fig. 8 illustrates an addition chain of the kinematics for robotics 500. The seven
poses of the seven links 506-518 are represented in their represented poses in the first
coordinate frame (x-0-y-2) 522, respectively: a first represented pose (0, 0, I1; a1, 0, 0)
526, a second represented pose (0, 0, I2; 0, 0, a2) 528, a third represented pose (0, 0,
Is; 0, 0, a3) 530, a fourth represented pose (0, 0, l4; a4, 0, 0) 532, a fifth represented pose
(0, 0, I5; 0, 0, as) 534, a sixth represented pose (0, 0, ls; as, 0, 0) 536, and a seventh
represented pose (0, 0, I7; 0, 0, 0) 538. The effector 520 has an effector represented
pose (P) 544 which is easily calculated from the seven represented poses 526-538 as

below:
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P= (0501 llv 011,0,0) + (0707l2;07 07 a2) + (010, l3;05 07a3) + (0707 l4;0£4,0, 0)+
(Oa 0, l5; 0,0, 015) + (07 0, l6; ag, 0, O) + (Oa 0, l7; 0,0, 0) equation (5)

Meanwhile, the second coordinate frame 524 of the effector 520 is also obtained from
the calculation above, in relation to the first coordinate.

[0049] Fig. 9 illustrates an application of autonomous vehicle 600 for reaching a target
602 automatically. The autonomous vehicle 600 has a sensor 604 mounted at a left-
front-top position, a master GNSS antenna 606 mounted at a front-right-top position,
and a slave GNSS antenna 608 mounted at a rear-right-top position of the autonomous
vehicle 600. The autonomous vehicle 600 has a vehicle pose 610 which defines a
vehicle coordinate frame 612 (x-0-y-z) in a center of the autonomous vehicle 600
horizontally and on the ground vertically. As a result, the master GNSS antenna 606
has a GNSS antenna pose 614 which defines a GNSS antenna coordinate frame 616
(X-0-y-Z), whose coordinate origin 618 is located at (%g:¥5:%4:0,0,0) in the vehicle
coordinate frame 612 (x-0-y-z). The slave GNSS antenna 608 is used to provide an
orientation of the autonomous vehicle 600 in East-North-Up (ENU) coordinate frame
620 (not shown) with the master GNSS antenna 606 together. The sensor 604 has a
sensor pose 622 which defines a sensor coordinate frame 624 (x’-0”-y’-Z’), whose
coordinate origin 626 is located at (z,41,71;7/2,0,¢1) in the vehicle coordinate frame 612
(x-0-y-2).

[0050] Fig. 10 illustrates the East-North-Up (ENU) coordinate frame 620 in an Earth
Centered Earth Fixed (ECEF) coordinate frame 628. For a point P 630 having a
longitude A, a latitude @, and an altitude a in the ECEF coordinate frame 628, the point
P 630 has a pose as (0, 0, 0; A, @, 0) + (a+d(¢), O, O; 11/2, O, 11/2) in the ENU coordinate
frame 620, relative to the earth center 632, wherein d(¢) stands for a distance from the
sea level at point P 630 to the earth center 632 of the earth 634 calculated from the
latitude @ base on geodesy standards of World Geodetic System, such as WGS 84.

[0051] Fig. 11 illustrates a map 700 of an addition chain of the autonomous vehicle 600.
The coordinate of the autonomous vehicle 600, such as the center of the autonomous
vehicle 600, is at an autonomous vehicle position 701. The map 700 is usually using a

ENU coordinate frame, whose ENU origin 704 in the map 700 is located at a longitude
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Am, @ latitude @m, and an altitude am in a ECEF coordinate frame with an ECEF origin
703; the master GNSS antenna 606 provides a master antenna position 706 at a
longitude Ag, a latitude @g4, and an altitude ag; and the slave GNSS antenna 605 provides
a mater GNSS antenna orientation 705 at yaw g, pitch 8y, and roll ¢4 relative to the
ENU coordinate frame. The sensor 604 at a sensor position 707 detects a position of
the target 702 with a ray having a horizontal angle o, a vertical angle 6, and a distance
do in the sensor coordinate frame, then position of the target 702 in the map 700 is
calculated as

P, = P, + (z1,yl, hi;7/2,0, 1) + (0,0,0;,,6,,0) + (d,,0,0;0,0,0) equation (6)
wherein the vehicle pose Py, in map coordinate is
P, = P, — (z4,yq, hg;0,0, 0),
and the master GNSS antenna pose in map coordinate is
Py, = —(am + d(¢¥m),0,0;7/2,0,7/2) — (0,0, 0; Apm, ©m, 0)
+(0,0,0; Ag, ¢g,0) + (ag + d(pg),0,0;7/2,0,m/2) + (0,0, 0; g, b4, 1g)

, wherein d(¢) is the distance from the earth center to the sea level at latitude ¢.

[0052] In the application, unless specified otherwise, the terms "comprising",
"comprise”, and grammatical variants thereof, intended to represent "open" or
"inclusive" language such that they include recited elements but also permit inclusion

of additional, non-explicitly recited elements.

[0053] As used herein, the term "about", in the context of concentrations of components
of the formulations, typically means +/- 5% of the stated value, more typically +/- 4% of
the stated value, more typically +/- 3% of the stated value, more typically, +/- 2% of the
stated value, even more typically +/- 1% of the stated value, and even more typically
+/- 0.5% of the stated value.

[0054] Throughout this disclosure, certain embodiments may be disclosed in a range
format. The description in range format is merely for convenience and brevity and
should not be construed as an inflexible limitation on the scope of the disclosed ranges.
Accordingly, the description of a range should be considered to have specifically

disclosed all the possible sub-ranges as well as individual numerical values within that
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range. For example, description of a range such as from 1 to 6 should be considered to
have specifically disclosed sub-ranges such as from 1 to 3, from 1 to 4, from 1 to 5,
from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within that range,
for example, 1, 2, 3, 4, 5, and 6. This applies regardless of the breadth of the range.

[0055] It will be apparent that various other modifications and adaptations of the
application will be apparent to the person skilled in the art after reading the foregoing
disclosure without departing from the spirit and scope of the application and it is
intended that all such modifications and adaptations come within the scope of the

appended claims.
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Reference Numerals

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
200
202
204
206
208
210
212
214
216
218
300
302

two-dimensional coordinate frame;
first pose (a);

second pose (b);

third pose (a+b);
coordinate origin;

first point;

second point;

third point;

first position;

second position;

third position;

X-axis;

Y-axis;

first angle;

second angle;

third angle;

first orientation;

second orientation;

third orientation;

general transformation;
two-dimension coordinate frame;
pose;

coordinate frame;
general transformation;
curve;

arrow;

first coordinate frame;
coordinate pose;
coordinate origin;

second coordinate frame;
two-dimension coordinate frame;

first pose;
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304
306
308
312
314
320
322
324
326
328
400
402
404
406
408
410
412
414
416
418
420
500
502
504
506
508
510
512
514
516
518
520
522
524

second pose;
curve A;

curve B;

third pose;

curve C;

inverse pose;
curve (-A);

pose O;
coordinate origin;

transformation O;

two-dimension coordinate frame;

first pose;

second pose;
curve A;

curve B;

third pose;

curve C;

first inverse pose;
second inverse pose;
third inverse pose;
curve D;

robotics;

chassis;
manipulator;

first link;

second link;

third link;

fourth link;

fifth link;

sixth link;

seventh link;

effector;

first coordinate frame;

second coordinate frame;
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526
528
530
532
534
536
538
544
600
602
604
606
608
610
612
614
616
618
620
622
624
626
628
630
632
634
700
701
702
703
704
705
706
707

first represented pose;
second represented pose;
third represented pose;

fourth represented pose;

fifth represented pose;

sixth represented pose;
seventh represented pose;
effector represented pose (P);
autonomous vehicle;

target;

Sensor;

master GNSS antenna;

slave GNSS antenna;

vehicle pose;

vehicle coordinate frame;
GNSS antenna pose;

GNSS antenna coordinate frame;
coordinate origin;

ENU coordinate frame;
Sensor pose;

sensor coordinate frame;
coordinate origin;

ECEF coordinate frame;
point P;

the earth center;

the earth;

map;

autonomous vehicle position;
target position;

ECEF origin (Earth center);
ENU origin;

master GNSS antenna orientation;
mater GNSS antenna position;

sensor position;

23

PCT/SG2020/050255



10

15

20

25

30

WO 2021/221560 PCT/SG2020/050255

Claims

An autonomous machine comprising:

> at least one movable component;

> a representation unit coupled to the at least one movable component;

> a transformation unit communicatively coupled to the representation unit;
and

> at least one driving mechanism coupled to the at least one movable

component and the transformation unit for moving the at least one
component;

wherein each of the at least one movable component has a pose (x, y, Z; y,
6, ¢) in a coordinate frame (x-0-y-z), and the pose (x, y, z, y, 6, @) is
configured to divide into a position (x, y, 2) and an orientation (g, 6, ¢); and
the pose (x, y, z; @, 6, @) is represented in the representation to a represented
pose in quaternion (X, ¥, Z; gw, Qx, Qy, Gz} in the coordinate frame (x-0-y-z).

The autonomous machine of claim 1, wherein

the at least one movable component comprises a first object having a first pose (x1,
Y1, Z1; W1, 61, ¢1) in the coordinate frame (x-0-y-z), and the first object is configured
to move to a new pose (xz, yz, Z2; Yz, 62, ¢2) in the coordinate frame (x-0-y-z), wherein
the first pose (x1, y1, z1; W1, 61, ¢1) and the new pose (xz, y2, z2; W, B2, ¢2) are
represented in the representation unit to a first represented pose in quaternion (xv,
Y1, Z1; Qwt, Gx1, Qy1, gz1) @and a new represented pose in quaternion (xz, yz, Z2; Gwe, Gx2,

Qyz, Gz2), respectively.

The autonomous machine of claim 1, wherein

the at least one movable component comprises a first object having a first pose (x7,
Y1, Z1; Y1, 61, ¢1) and a second object having a second pose (xz, y2, Z2; Wa, B2, 2) in
the coordinate frame (x-0-y-z), and the first pose of the first object is configured to
transform to the second pose of the second object in the coordinate frame (x-0-y-z),
wherein the first pose (x1, y1, Z1; W1, 61, ¢1) and the second pose (xz, y2, Z2; Wz, 62,

¢2) are represented in the representation unit to a first represented pose in
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quaternion (x1, y1, Z1; Qw1, gx1, Qy1, z1r) and a second represented pose in quaternion

(X2, y2, Z2, Qwz, Qx2, Qy2, Qz2), respectively.

The autonomous machine of any preceding claim, wherein

the transformation unit comprises a general transformation (x;, yi, zi; wi, 6i, ¢i) for
transforming the pose (x, y, z; y, 6, ¢), wherein the general transformation (x; y;, z;
wi, 6;, ¢)) is configured to unify with the pose (x, y, z w, 6, ¢) for satisfying a
mathematical addition of the pose (x, y, z; @, 6, ¢) and the general transformation
(%, vi, Zi; Wi, B, i) by representing the general transformation (x;, yi, zi; Wi, 6;, ¢ to a
represented general transformation (xi, ¥i, Zi; Qwi, Qxi, Qyi, gzi).

The autonomous machine of claim 4, wherein

the general transformation (x; yi, zi; Wi 6;, ¢;) comprises a translation (x;, y;, z) for
transforming the position (x, y, 2), wherein the translation (x; yj, z) is configured to
unify with the position (x, y, 2) for satisfying a mathematical addition of the translation

(x;, yi, z) and the position (x, y, 2).

The autonomous machine of claim 5, wherein

the general transformation (x;, yi, zi; Wi, 6, ¢i) comprises a rotation (y;, 6;, ¢; for
transforming the orientation (y, 6, ¢), wherein the rotation (g, 6;, ¢;) is configured to
unify with the orientation (g, 6, ¢) for satisfying a mathematical addition of the
rotation (g, 6;, ¢/) and the orientation (y, 6, ¢) by representing the rotation (g, 6, ¢)
to a represented rotation (qwi, gxi» Qyi, 9z), Wherein the represented rotation (gwi, gxi,

Qyi, §z) is performed after the translation (x; yi, z).

The autonomous machine of any preceding claim, wherein

the movable component comprises

> a moving body configured in the coordinate frame (x-0-y-z); and

> a manipulator mounted on the moving body, wherein the manipulator is
configured in a manipulator coordinate frame (x’-0’-y’-2’),
wherein the moving body and the manipulator are coupled to the

representation unit for representing the coordinate frame (x-0-y-z) and the
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manipulator coordinate frame (x’-0’-y’-Z’) to a represented coordinate frame
(X, ¥, Z, gqw, Qx Qy, gz) and a represented manipulator coordinate frame (x’,
Y, Z'q'w Q% Gy, Q2), respectively; and

the general transformation (x;, yi, Zi; Qwi, Qx, Qyi, Gz) is configured to transform
the coordinate frame (x-0-y-z) to the manipulator coordinate frame (x’-0’-y’-
Z’) by firstly translating the coordinate frame (x-0-y-z) according to the
represented translation (x;, yi, z) and secondly rotating the coordinate frame

(x-0-y-z) according to the represented rotation (qwi, xi, Qyi, Gz).

The autonomous machine of claim 7, wherein

the moving body comprises an autonomous vehicle for moving the manipulator to a

pre-determined location automatically, wherein the autonomous vehicle comprises

a Global Navigation Satellite System (GNSS) receiver for locating the autonomous

vehicle in a geographical coordinate frame (such as ENU coordinate frame).

The autonomous machine of claim 8, wherein

>

the manipulator comprises six freedoms in six respective coordinate
frames (x'1-0'1-y'1-Z'1) to (X'6-0’6-y’6-2’6), Wherein the six coordinate frames
(X'1-0'1-y’'1-Z'1) to (X'6-0’s-y’s-Z’s) are represented to six represented
coordinate frames (X’1, ¥’1, Z’1; Q'w1, @'x1, Q'y1, Q’z1) 10 (X6, ¥'6, Z'6; G'ws, G x5,
q'vs, Q’z6), respectively; and

the general transformation (x;, yi, Zi; qQwi. Qxi, Qyi» 9z) comprises five general
transformations (X’12, y’12, 2'12; Q'wiz, §'x12, Q’y12, Q’z12) 10 (X’56, ¥ '56, Z56; G ‘w56,
q’xs6, q'ys6, Q'z56), for transforming the six represented coordinate frames
X1, Y, Z't, Qwi, @x1, Qy1, Q'z1) 10 (X6, ¥V'6, Z'6; Q'we, G'x6, Q'y6, 'z6)

sequentially.

The autonomous machine of claim 8, wherein

the driving mechanism comprises an interpretation unit for interpreting the general

transformation (x;, Vi, Zi; qwi, Qx, Qyi, gz} to the geographical coordinate frame for

indicating movements of translation and rotation of the autonomous vehicle in the

geographical coordinate system.
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11. A computing system for controlling movement of an autonomous machine to reach

a target, comprising:

>
>

a memory for storing a series of instructions;

detecting mechanism (such as sensor) for detecting an initial pose (x, y, z;

w, 6, ¢) of the autonomous machine in an initial coordinate frame (x-o-y-2)

and a final pose (x’, y’, z’; @’, 8, ¢’) of the autonomous machine in a final

coordinate frame(x-o-y-z’), wherein the initial pose (x, y, z; y, 6, ¢)

comprises an initial position (x, y, 2) and an initial orientation (g, 6, ¢) and

the final pose (x, y’, z’; w’, @', ¢’) comprises a final position (x’, ¥, z) and a

final orientation (y’, €’, ¢);

at least one processor operatively coupled to the memory and the detecting

mechanism for

i.  converting the initial pose (x, y, z; y, 6, ¢) into an initial transformation
(% ¥, Z, gw, Qx Qy, G2) in the initial coordinate frame (x-0-y-2);

ii. converting the final pose (x’, y’, z’; @', €', ¢’) into a final transformation
x5 Y, 259w, @ Q. q’7) in the final coordinate frame (x-o0-y-z’); and

iii. planning a general transformation (xi, yi, 2Zi; Qwi, Qx, Qyi, Qz) for
transforming the initial coordinate frame (x-0-y-2) to the final
coordinate frame (x-o-y-z’) in order to change the initial
transformation (x, ¥, Z; qw, x Qy. gz) to the final transformation (x’, y’,
Z, 9'w, @'x, @'y, Q’z), wherein the general transformation (x;, i, Zi; Qwi, Qxi,
Qyi, =) comprises a translation movement for transforming the initial
position (x, y, 2) to the finial positon and a rotation movement for
transforming the initial orientation (y, 6, ¢) to the final orientation (¢,
@', ¢), and wherein the translation movement is performed before and
the rotation movement according to the series of instructions stored in
the memory; and

an activating mechanism for activating the autonomous machine to move

towards the target according to the general transformation (x;, yi, Zi; Qwi, Gxi,

Qi Qz);

wherein the series of instructions comprise mathematical operations of

addition exclusively for calculating both the translation movement and the

rotation movement of the general transformation (x;, yi, Zi; Qwi, Qxi, Qyi, Q).
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. The computing system of claim 11, wherein

the autonomous machine comprises

> a base for provides the initial pose (x, y, z; w, 6, ¢) in the initial coordinate
frame (x-0-y-z); and

> a manipulator coupled to the base for reaching the final pose (X, y’, Z'; ¢,
0, ¢’) of the autonomous machine in a final coordinate frame(x’-0’-y’-z’),
wherein the manipulator performs the translation movement and the rotation

movement in sequence accordingly to the general transformation (xi, yi, z;

Qwi, Qxi, Qyi, Gzi).

The computing system of claim 12, wherein
the manipulator comprises an effector, wherein the manipulator has six freedoms for

moving the effector freely towards the target.

The computing system of claim 13, wherein

the initial coordinate frame (x-o-y-z) and the final coordinate frame(x-o0-y-2) are
configured to transform between joint coordinate system and Cartesian coordinate
system.

The computing system of claim 14, wherein
the manipulator further comprises seven links for coupling the base and the effector
together.

The computing system of claim 11, wherein
the autonomous machine comprises an autonomous vehicle, wherein the detecting
mechanism comprises at least one sensor configured to mount on a top of the

autonomous vehicle.

The computing system of claim 16, wherein

the autonomous machine further comprises a Global Navigation Satellite System
(GNSS) receiver for providing autonomous geo-spatial positioning, wherein the
GNSS receiver is mounted on the top of the autonomous vehicle and configured to
locate apart from the at least one sensor.
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18. The computing system of claim 17, wherein

the GNSS receiver further comprises a master GNSS antenna and a slave GNSS

antenna spaced apart, wherein the at least one sensor is mounted at a left front

corner of the top of the autonomous vehicle, and the master GNSS antenna and the

slave GNSS antenna are mounted at a right rear corner and a right front corner of

the top of the autonomous vehicle, respectively.

19. A method of enhancing efficiency of pose transformation for moving an autonomous

machine automatically, comprising:

>

a first step of providing an initial pose (x, y, z; w, 6, ¢) of the autonomous
machine, wherein the initial pose comprises an initial position (x, y, z) and
an initial orientation (g, 6, ¢) in an initial coordinate frame (x-0-y-2);

a second step of converting the initial pose (x, y, z; g, 6, ¢) into an initial
transformation (x, y, z; gw, Qx, Qy, G2 in the initial coordinate frame (x-0-y-2);
a third step of detecting a final pose (x’, vy, z’; ', 6, ¢’) to which the
autonomous machine moves, wherein the final pose comprises a final
position (x’, ¥, z)) and a final orientation (y’, €, ¢’) in a final coordinate
frame(x-o0™-y-z’);

a fourth step of converting the final pose (x’, y’, z’; ', 8, ¢’) into a final
transformation (x’, ¥, Z’; @'w, @'x, @'y, Q’2) in the final coordinate frame (x-o0*-
y-z);

a fifth step of planning a general transformation (x;, yi, Zi; Qwi, Qxi, Qyi, gz) for
transforming the initial coordinate frame (x-o0-y-z) to the final coordinate
frame (x-0™-y*-z’), wherein the general transformation (x;, Vi, Zi; Qwi, Qx, Qyi,
gz} comprises a translation movement for transforming the initial position (x,
¥, 2) to the finial position (x’, y’, z’) and a rotation movement for transforming
the initial orientation (g, 6, ¢) to the final orientation (g, 6’, ¢’), and wherein
the translation movement is performed before the rotation movement; and
a sixth step of activating the autonomous machine to move according to the
general transformation (x;, yi, Z; Qwi, Qxi, Qyi» Gz,

wherein the planning step comprises mathematical operations of addition
exclusively for both the translation movement and the rotation movement of

the general transformation (x;, Vi, Z; Qwi, Qxi, Qyi» Qz)-
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The method of claim 19, further comprising:

coupling a base and a manipulator into the autonomous machine before the first
providing step, wherein the initial pose (x, y, z; @, 6, ¢) of the autonomous machine
is configured to the base.

The method of claim 20, wherein
the coupling step further comprises a step of assembling seven links into the
manipulator, wherein a first link of the manipulator is coupled to the base.

The method of claim 21, further comprising:
coupling an effector at a far end of the manipulator opposed to the base.

The method of claim 19, further comprising:
mounting at least one sensor on a top of an autonomous vehicle as the autonomous

machine.

The method of claim 23, further comprising:
mounting a Global Navigation Satellite System (GNSS) receiver on the top of the
autonomous vehicle for providing autonomous geo-spatial positioning, wherein the

GNSS receiver is configured to locate apart from the at least one sensor.

The method of claim 24, wherein

the mounting a GNSS receiver step further comprises

> mounting a master GNSS antenna at a right rear corner of the top of the
autonomous vehicle; and

> mounting a slave GNSS antenna at a right front corner of the top of the
autonomous vehicle,
wherein the at least one sensor is mounted at a left front corner of the top

of the autonomous vehicle.
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