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relationship, which simplities calculation without comprom-
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ageously can be accurately determined using less computa-
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with a greater stability.
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Title of Invention: METHOD, APPARATUS, AND SYSTEM FOR
DETERMINING A MOVEMENT OF A MOBILE PLATFORM
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BACKGROUND

Mobile platforms, such as manned and unmanned vehicles, can be used for
performing surveillance, reconnaissance, and exploration tasks for military and civilian
applications. For example, an unmanned aerial vehicle (UAV) may be outfitted with a
functional payload, such as a sensor for collecting data from the surrounding en-
vironment or a substance to be delivered to a destination.

Accurately measuring a movement of a mobile platform is important for effectively
controlling the mobile platform. For example, to perform selected tasks, it may be
desirable to place a UAV in a hovering state in which the UAV suspends in air without
a change of position. Exemplary tasks include capturing images of a target object or
spraying a pesticide onto a target location. In the hovering state, any movement of the
UAYV is measured so that a controller can manipulate the UAV to compensate for the
movement. In one example, when a speed of the UAV is detected to be non-zero, the
controller can control the UAV to adjust the speed to be zero. In another example,
when a position of the UAV is detected to have deviated from a desired hovering
position, the controller can move the UAV to the desired position.

Existing techniques for measuring a movement of mobile platforms are often time-
consuming and lack accuracy. When the movement is not accurately measured, the
mobile platform may not be able to perform a required task. Further, control of the
mobile platform can fail, which may result in the mobile platform being involved in an
accident.

In view of the foregoing, there is a need for method, apparatus, and system for de-
termining a movement of a mobile platform that overcomes the aforementioned
obstacles and deficiencies of currently-available techniques for measuring mobile
platform movement.

SUMMARY

The present disclosure relates to an apparatus and system for determining a
movement of a mobile platform and methods for making and using same.

In accordance with a first aspect disclosed herein, there is set forth a method for de-
termining a movement of a mobile platform, including:

obtaining an error contribution value for a first measurement of the movement; and

estimating an error of the first measurement based upon the obtaining.

In some embodiments of the disclosed method, the estimating includes estimating the
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error of the first measurement according to a correlation between the error and the
error contribution value.

In some embodiments of the disclosed method, the method further includes de-
termining the movement of the mobile platform by combining the first measurement
with a second measurement of the movement of the mobile platform based on the error
of the first measurement.

In some embodiments of the disclosed method, the method further includes
generating the first measurement by identifying a matching feature point pair including
a first feature point of an object based upon a first image of the object captured at a
first time and a second feature point of the object based upon a second image of the
object captured at a second time.

In some embodiments of the disclosed method, the first time is different from the
second time, the generating the first measurement including measuring the movement
of the mobile platform between the first time and the second time based on a rela-
tionship between the first feature point and the second feature point within the
matching feature point pair.

In some embodiments of the disclosed method, the estimating includes estimating the
error of the first measurement according to the correlation, the correlation being in-
dependent of an error distribution parameter of a coordinate of the first feature point.

In some embodiments of the disclosed method, the estimating includes estimating the
error of the first measurement according to the correlation, and the correlation is in-
dependent of a coordinate of the first feature point.

In some embodiments of the disclosed method, the obtaining includes obtaining the
error contribution value correlated with a distance between the object and the mobile
platform.

In some embodiments of the disclosed method, the obtaining includes obtaining the
error contribution value including a binocular disparity associated with the first feature
point.

In some embodiments of the disclosed method, the obtaining includes obtaining the
error contribution value including the binocular disparity generated based upon two
sub-images associated with the first feature point.

In some embodiments of the disclosed method, the obtaining includes obtaining the
error contribution value including the binocular disparity generated based upon the two
sub-images captured simultaneously by respective two imaging devices.

In some embodiments of the disclosed method, the estimating includes estimating the
error of the first measurement as increasing linearly with a reciprocal of a square of the
binocular disparity.

In some embodiments of the disclosed method, the generating the first measurement
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includes:

identifying a plurality of matching feature point pairs each including a respective
selected first feature point and a corresponding second feature point; and

measuring the movement of the mobile platform between the first time and the
second time based upon a relationship between the respective selected first feature
point and the corresponding second feature point within a selected inlier feature point
pair selected from the plurality of matching feature point pairs.

In some embodiments of the disclosed method, the generating the first measurement
includes selecting one or more inlier feature point pairs from the plurality of matching
feature point pairs.

In some embodiments of the disclosed method, the obtaining includes obtaining the
error contribution value including a number of the one or more inlier feature point
pairs.

In some embodiments of the disclosed method, the estimating includes estimating the
error of the first measurement as increasing linearly with a reciprocal of the number of
the one or more inlier feature point pairs.

In some embodiments of the disclosed method, the generating the first measurement
includes:

obtaining a sample movement value based on each of the respective matching feature
point pairs; and

measuring the movement of the mobile platform based on the sample movement
value provided by the most matching feature point pairs of the plurality of matching
feature point pairs,

and the most matching feature point pairs are the one or more inlier feature point
pairs.

In some embodiments of the disclosed method, the generating the first measurement
includes measuring a displacement of the mobile platform between the first time and
the second time.

In some embodiments of the disclosed method, the generating the first measurement
includes measuring a speed of the mobile platform between the first time and the
second time.

In some embodiments of the disclosed method, the estimating includes estimating a
covariance matrix associated with the first measurement.

In some embodiments of the disclosed method, the method further includes
generating the second measurement using an inertial measurement unit.

In some embodiments of the disclosed method, the estimating includes estimating the
error of the first measurement for determining the movement of an Unmanned Aerial
Vehicle (UAV).
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In accordance with another aspect disclosed herein, there is set forth an apparatus for
determining a movement of a mobile platform, including a processor configured to:

obtain an error contribution value for a first measurement of the movement; and

estimate an error of the first measurement based upon the obtaining.

In some embodiments of the disclosed apparatus, the processor is configured to
estimate the error of the first measurement according to a correlation between the error
and the error contribution value.

In some embodiments of the disclosed apparatus, the processor is configured to
provide the error for determining the movement of the mobile platform by combining
the first measurement with a second measurement of the movement of the mobile
platform based on the error of the first measurement.

In some embodiments of the disclosed apparatus, the first measurement includes
identifying a matching feature point pair including a first feature point of an object
based upon a first image of the object captured at a first time and a second feature
point of the object based upon a second image of the object captured at a second time.

In some embodiments of the disclosed apparatus, the first time being different from
the second time, a relationship between the first feature point and the second feature
point within the matching feature point pair providing the movement of the mobile
platform between the first time and the second time.

In some embodiments of the disclosed apparatus, the correlation between the error
and the error contribution value is independent of an error distribution parameter of a
coordinate of the first feature point.

In some embodiments of the disclosed apparatus, the correlation between the error
and the error contribution value is independent of a coordinate of the first feature point.

In some embodiments of the disclosed apparatus, the processor is configured to
obtain the error contribution value correlated with a distance between the object and
the mobile platform.

In some embodiments of the disclosed apparatus, the error contribution value
includes a binocular disparity associated with the first feature point.

In some embodiments of the disclosed apparatus, the binocular disparity is generated
based upon two sub-images associated with the first feature point.

In some embodiments of the disclosed apparatus, the two sub-images are captured si-
multaneously by respective two imaging devices.

In some embodiments of the disclosed apparatus, the processor is configured to
estimate the error of the first measurement as increasing linearly with a reciprocal of a
square of the binocular disparity.

In some embodiments of the disclosed apparatus, wherein:

the first measurement includes:
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identifying a plurality of matching feature point pairs, wherein each matching feature
point pair includes a respective selected first feature point and a corresponding second
feature point; and

measuring the movement of the mobile platform between the first time and the
second time based upon a relationship between the respective selected first feature
point and the corresponding second feature point within any of one or more inlier
feature point pairs selected from the plurality of matching feature point pairs; and

the error contribution value includes a number of the one or more inlier feature point
pairs.

In some embodiments of the disclosed apparatus, the processor is configured to
estimate the error of the first measurement as increasing linearly with a reciprocal of
the number of the one or more inlier feature point pairs.

In some embodiments of the disclosed apparatus, the first measurement includes:

obtaining a sample movement value based on each matching feature point pair of the
plurality of matching feature point pairs, respectively; and

measuring the movement of the mobile platform based on the sample movement
value provided by the most matching feature point pairs of the plurality of matching
feature point pairs, and the most matching feature point pairs are the one or more inlier
feature point pairs.

In some embodiments of the disclosed apparatus, the first measurement includes
measuring a displacement of the mobile platform between the first time and the second
time.

In some embodiments of the disclosed apparatus, the first measurement includes
measuring a speed of the mobile platform between the first time and the second time.

In some embodiments of the disclosed apparatus, the error of the first measurement
includes a covariance matrix associated with the first measurement.

In some embodiments of the disclosed apparatus, the first measurement is generated
by a first sensor, and the second measurement is generated by a second sensor being
different from the first sensor.

In some embodiments of the disclosed apparatus, the first sensor includes a vision
Sensor.

In some embodiments of the disclosed apparatus, the second sensor includes an
inertial measurement unit.

In some embodiments of the disclosed apparatus, the mobile platform includes an
Unmanned Aerial Vehicle (UAV).

In accordance with another aspect disclosed herein, there is set forth an apparatus
assembly for determining a movement of a mobile platform, including:

a vision sensor for generating a first measurement of the movement of a mobile
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platform; and

the apparatus for determining a movement of a mobile platform, for estimating an
error of the first measurement.

In accordance with another aspect disclosed herein, there is set forth an apparatus
assembly for determining a movement of a mobile platform, including:

a vision sensor for generating a first measurement of the movement of a mobile
platform;

the apparatus for determining a movement of a mobile platform, for estimating an
error of the first measurement; and

an inertial measurement unit for generating a second measurement of the movement
of a mobile platform, the second measurement being combined with the first mea-
surement based upon the error of the first measurement, to determine the movement of
a mobile platform.

In accordance with another aspect disclosed herein, there is set forth an unmanned
aerial vehicle (UAV), including the apparatus for determining a movement of a mobile
platform.

In accordance with another aspect disclosed herein, there is set forth an unmanned
aerial vehicle (UAV), including the apparatus assembly for determining a movement of
a mobile platform.

In accordance with another aspect disclosed herein, there is set forth a kit for as-
sembling an unmanned aerial vehicle (UAV), including the apparatus for determining a
movement of a mobile platform.

In accordance with another aspect disclosed herein, there is set forth a kit for as-
sembling an unmanned aerial vehicle (UAV), including the apparatus assembly for de-
termining a movement of a mobile platform.

In accordance with another aspect disclosed herein, there is set forth a computer
program product including instructions for determining the movement of the mobile
platform in accordance with the method for determining a movement of a mobile
platform.

In accordance with another aspect disclosed herein, there is set forth a method for es-
timating an error of measuring a movement of a mobile platform, including:

hypothesizing a correlation between an error contribution value and the error of
measuring the movement, the correlation containing an unknown parameter;

collecting an experimental measurement value, a ground truth, and an error con-
tribution value each corresponding to a test movement;

calculating an error of measuring the test movement based on the ground truth and
the experimental measurement value; and

fitting the hypothesized correlation to the error contribution value of the test
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movement and the error of measuring the test movement, to solve the unknown
parameter.

In some embodiments of the method, the method further includes enabling the cor-
relation to estimate the error of measuring the movement of the mobile platform based
on the error contribution value of measuring the movement.

In some embodiments of the method, the method further includes collecting the ex-
perimental measurement value by identifying a matching feature point pair including a
first feature point of an object based upon a first image of the object captured at a first
time and a second feature point of the object based upon a second image of the object
captured at a second time.

In some embodiments of the method, the first time is different from the second time,
the collecting an experimental measurement value including measuring the test
movement of the mobile platform between the first time and the second time based on
a relationship between the first feature point and the second feature point within the
matching feature point pair.

In some embodiments of the method, the hypothesizing includes hypothesizing the
correlation independent of an error distribution parameter of a coordinate of the first
feature point.

In some embodiments of the method, the hypothesizing includes hypothesizing the
correlation independent of a coordinate of the first feature point.

In some embodiments of the method, the collecting includes collecting the error con-
tribution value correlated with a distance between the object and the mobile platform.

In some embodiments of the method, the collecting includes collecting the error con-
tribution value including a binocular disparity associated with the first feature point.

In some embodiments of the method, the hypothesizing includes hypothesizing the
correlation in which the error of measuring the movement increases linearly with a re-
ciprocal of a square of the binocular disparity.

In some embodiments of the method, the collecting the experimental measurement
value includes:

identifying a plurality of matching feature point pairs each including a respective
selected first feature point and a corresponding second feature point; and

measuring the movement of the mobile platform between the first time and the
second time based upon a relationship between the respective selected first feature
point and the corresponding second feature point within a selected inlier feature point
pairs selected from the plurality of matching feature point pairs,

and the obtaining includes obtaining the error contribution value including a number
of the one or more inlier feature point pairs.

In some embodiments of the method, the hypothesizing includes hypothesizing the
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correlation in which the error of measuring the movement increases linearly with a re-
ciprocal of the number of the inlier feature point pairs.

In some embodiments of the method, the collecting the experimental measurement
value includes:

obtaining a sample movement value based on each of the respective matching feature
point pairs; and

measuring the movement of the mobile platform based on the sample movement
value provided by the most matching feature point pairs of the plurality of matching
feature point pairs,

and the most matching feature point pairs are the inlier feature point pairs.

In some embodiments of the method, the collecting the experimental measurement
value includes measuring a displacement of the mobile platform between the first time
and the second time.

In accordance with another aspect disclosed herein, there is set forth a computer
program product including instructions for estimating an error of measuring a
movement of a mobile platform.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a top-level diagram illustrating an embodiment of a system for determining
a movement of a mobile platform.

FIG. 2 is an exemplary diagram illustrating an alternative embodiment of the system
of FIG. 1, wherein the system includes a first sensor and a second sensor for measuring
the movement of the mobile platform.

FIG. 3 is an exemplary top level flow chart illustrating an embodiment of a method
for determining a movement of the mobile platform of FIG.(1.

FIG. 4 is an exemplary flow chart illustrating an alternative embodiment of the
method of FIG. 3, wherein the movement is measured via a vision sensor.

FIG. 5 is an exemplary flow chart illustrating another alternative embodiment of the
method of FIG. 3, wherein the method includes identifying a plurality of matching
feature point pairs.

FIG. 6 is an exemplary flow chart illustrating an alternative embodiment of the
method of FIG. 5, wherein the method includes identifying one or more inlier feature
point pairs.

FIG. 7 is an exemplary diagram illustrating an embodiment of a system for obtaining
a coordinate of a feature point by using a first sensor of the mobile platform of FIG. 2.

FIG. 8 is an exemplary diagram illustrating another alternative embodiment of the
method of FIG. 3, wherein a correlation between an error contribution value and an
error is identified.

FIGS. 9-11 are exemplary scatter plots illustrating a set of data points for which a
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correlation is obtained via the method of FIG. 8.

FIG. 12 is an exemplary diagram illustrating another alternative embodiment of the
method of FIG. 3, wherein a simulation correlation between an error contribution value
and an error is identified.

FIGS. 13-15 are exemplary scatter plots illustrating a set of data points for which a
simulation correlation is obtained by using the method of FIG. 12.

FIG. 16 is an exemplary diagram illustrating an alternative embodiment of the system
of FIG. 2, wherein the first sensor and the mobile platform communicate remotely.

It should be noted that the figures are not drawn to scale and that elements of similar
structures or functions are generally represented by like reference numerals for il-
lustrative purposes throughout the figures. It also should be noted that the figures are
only intended to facilitate the description of the preferred embodiments. The figures do
not illustrate every aspect of the described embodiments and do not limit the scope of
the present disclosure.

DETAILED DESCRIPTION

The present disclosure sets forth method, apparatus, and system for determining a
movement of a mobile platform, overcoming disadvantages of prior systems and
methods. The disclosed method apparatus and system can accurately and efficiently
calculate error of measuring a movement (and/or motion) of a mobile platform by one
type of sensor. The accurately-calculated error can be fed into a sensor fusion process
that combines measurement by multiple types of sensors, in order to determine the
movement accurately. Thus, the disclosure set forth herein provides solutions to the
technical problems of efficiently and accurately measuring a movement of a mobile
platform, and further contributes advancement of mobile platform technology as well
as autonomous control technology.

Since currently-available techniques for determining a movement of a mobile
platform are incapable of providing accurate and fast measurement of the movement of
the mobile platform, a method, apparatus, and system for determining a movement of a
mobile platform that increases measurement accuracy and speed can prove desirable
and provide a basis for a wide range of mobile platform applications. Exemplary ap-
plications can include, but are not limited to, aerial photography, agricultural substance
delivering, ocean oil spill removal, and fire extinguishing. This result can be achieved,
according to one embodiment disclosed herein, by a system 100 as illustrated in FIG.
1.

Turning to FIG. 1, the system 100 can include a mobile platform 200. The mobile
platform 200 may refer to any apparatus that is capable of movement. Exemplary
mobile platforms can include, but are not limited to, automobiles, buses, trains,

aircrafts, ships, and other types of motor vehicles. For illustrative purposes, the mobile
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platform can include a passenger vehicle and/or an unmanned aerial vehicle (UAV),
and an operation of the mobile platform may include flight. However, wherever a
UAV is described herein, the UAV may be replaced by another conventional type of
mobile platform, and a flight may be replaced by another operation associated with a
mobile platform without deviating from the concept covered in the scope of the present
disclosure.

As shown in FIG. 1, the mobile platform 200 can perform a movement 300. The
movement 300 can include a translational movement and/or a rotational movement of
the mobile platform 200. The translational movement can comprise translational
movement along any of one or more axes. In the translational movement, the mobile
platform 200 can retain the same orientation relative to an axis. The rotational
movement can comprise rotational movement about any of the one or more axes. For
example, when including the translational movement, the movement 300 can include
moving toward the sky or the ground, to the east or the west, to the south or the north,
or a combination thereof.

A measurement of the movement 300 can include a measurement of a parameter that
at least partially characterizes the movement 300. For example, the measurement of the
movement 300 can include a measurement of a distance that the mobile platform 200
moves within (and/or during) a time interval, a speed and/or an acceleration of the
mobile platform 200 at a predetermined time, an average speed and/or an average ac-
celeration of the mobile platform 200 during a time interval, or a combination thereof.
The parameter characterizing the movement 300 can include a vector. The mea-
surement of the distance, speed, and/or acceleration can respectively include the mea-
surement of magnitude and/or direction of the distance, speed and/or acceleration.

Although described as measuring a translational movement in some embodiments for
purposes of illustration only, the disclosed methods, apparatuses and systems can be
used for measuring any conventional type of movement, including rotational
movement, without limitation.

The mobile platform 200 is shown as including a processor 400. The processor 400
can include processing hardware for performing data acquisition, data processing, and
any other functions and operations described herein for controlling an operation of the
mobile platform 200. Without limitation, the processor 400 can include one or more
general purpose microprocessors (for example, single or multi-core processors), ap-
plication-specific integrated circuits, application-specific instruction-set processors,
graphics processing units, physics processing units, digital signal processing units, co-
processors, network processing units, audio processing units, encryption processing
units, and the like. In various embodiments, the processor 400 can include one

processor for performing a portion of, or all of, the disclosed functions of the processor

10
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400. Although described as including a single processor for purposes of illustration
only, the processor 400 can include any suitable number of uniform and/or different
processors, each of which can perform one or more uniform and/or different functions,
respectively.

The processor 400 can be configured to obtain an error contribution value 410 for a
first measurement of the movement 300 of the mobile platform 200. The first mea-
surement can refer to a measurement of the movement 300 using, for example, sensors
500, 600 (shown in FIG. 2) coupled to the mobile platform 200. The first measurement
can generate sensing data obtained by the sensors 500, 600, calculations for processing
the sensing data, and/or results produced by the calculation.

The error contribution value 410 can include a parameter that can be generated in the
first measurement. The value of the parameter can be related to accuracy and/or in-
accuracy of the first measurement. The processor 400 can be configured to obtain the
error contribution value 410 from the first measurement.

Further, the processor 400 can be configured to estimate an error 420 of the first
measurement based upon the error contribution value 410. The error 420 can include
one or more numerical values and/or a data array.

An exemplary error 420 can include a covariance matrix (and/or dispersion matrix
and/or variance—covariance matrix). The covariance matrix can comprise a matrix
whose element in the i, j position is the covariance between the ith and jth elements of
a random vector. A covariance can be an indicator of how much two random variables
change together. For example, when the first measurement of the movement 300
measures a displacement of the mobile platform 200 in a preset coordinate system, the

displacement T can include a three-dimensional vector expressed as a 3x1 vector:

Txy
T=i{Ty
ATz,

Equation (1)

where Tx, Ty, and Tz are displacement components of the displacement T of the
mobile platform 200 on x-axis, y-axis, and z-axis of a preset coordinate system, re-
spectively. The preset coordinate system can include an absolute and/or relative co-
ordinate system. An exemplary coordinate system can include a coordinate system
defined with reference to a sensor that performs the first measurement.
The speed V can include a three-dimensional vector expressed as a 3x1 vector:
Ve
V={Vy|
Vz s

11
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Equation (2)

where Vx, Vy and Vz are speed components of the speed V of the mobile platform
200 on x-axis, y-axis, and z-axis of the preset coordinate system, respectively.

The error 420 of the displacement T obtained by the first measurement can include a
covariance matrix Xcam:

[ Var(Vx) Var(Vx,Vy) Var(Vx, Vz)
Zeam =1 Var{Vy, Vx) Var(Vyy  Var(Vy,Vz)
\Var{Vz,Vx) Var(Vz,Vy) Var(Vz)

Equation (3)

where diagonal elements Var(Vx), Var(Vy), and Var(Vz) are variances of the re-
spective speed components Vx, Vy and Vz of the speed V. An off-diagonal element in
the 1, j position can be the covariance between the i th and j th elements of the speed V.
For example, an element in the (1, 2) position, i.e., Var(Vx, Vy), can be the covariance
between the first and second elements, such as the speed component Vx and the speed
component Vy, of the speed V.

The error contribution value 410 can be related to the error 420 via a correlation. The
processor 400 can be configured to use the correlation to calculate the error 420 based
upon the error contribution value 410. When the error 420 includes the covariance
matrix ~cam, the error contribution value 410 can have a correlation with one or more
of the elements of the covariance matrix 2cam. In certain embodiments, the error con-
tribution value 410 can have a correlation with variances Var(Vx), Var(Vy), and
Var(Vz), respectively.

An exemplary correlation can include a functional relationship in which the error 420
is a function of the error contribution value 410. The functional relationship can be
expressed using one or more equations. In one embodiment, variances Var(Vx),
Var(Vy), and/or Var(Vz) can be a function of the error contribution value 410, re-
spectively, and at least one of the respective functions can be in a form of one math-
ematical formula. Exemplary functional relationships can include linear, logarithmic,
polynomial, power, exponential functions, or a combination thereof.

FIG. 2 is an exemplary diagram illustrating an alternative embodiment of the system
100 of FIG. 1. As shown in FIG. 2, the system 100 can include a first sensor 500 and a
second sensor 600 for measuring the movement 300 of the mobile platform 200.

The first sensor 500 and/or the second sensor 600 can be coupled with the processor
400. The first sensor 500 and/or the second sensor 600 can collect data characterizing
the mobile platform 200. The exemplary data can include travel speed, acceleration
and/or orientation of the mobile platform 200. Exemplary sensors 500, 600 can include

a location data unit, an odometer, an inertial measurement unit (IMU), an ac-
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celerometer, a vision sensor and the like. The first sensor 500 and/or the second sensor
600 can send the collected data to the processor 400. The processor 400 can control the
first sensor 500 and/or the second sensor 600 respectively, to instruct the first sensor
500 and/or the second sensor 600 to collect required data at a time specified by the
processor 400.

For example, the processor 400 can instruct the first sensor 500 and/or the second
sensor 600 to collect data when the mobile platform 200 enters a selected operating
mode. Exemplary operating modes can include modes of hovering, taking off, landing,
changing speed, changing direction, ascending, and/or descending. Further, the
processor 400 may instruct the first sensor 500 and/or the second sensor 600 to collect
data when the mobile platform 200 arrives at pre-selected location and/or assumes a
predetermined position.

The processor 400 can control the mobile platform 200 based on the data collected
from the first sensor 500 and/or the second sensor 600. Additionally and/or alter-
natively, the processor 400 can process the collected data and send results of the
processing to a controller (not shown) for controlling the mobile platform 200. The
controller can be proximal to and/or distal from the mobile platform 200.

Although described as including the first sensor 500 and/or the second sensor 600 for
purposes of illustration only, the mobile platform 200 can include any suitable number
of uniform and/or different sensors. Although described as being separate from the first
sensor 500 and/or the second sensor 600 for purposes of illustration only, the processor
400 can be at least partially integrated with the first sensor 500 and/or the second
sensor 600. Although not shown in FIG. 2, the controller of the mobile platform 200
can be separate from, or at least partially integrated with, the processor 400.

The first sensor 500 can be of a type that is the same as, or different from, a type of
the second sensor 600. In other words, a sensing technique of the first sensor 500 can
be the same as, or different from, a sensing technique of the second sensor 600. In one
embodiment, the first sensor 500 can include a vision sensor, and the second sensor
600 can include a sensor other than a vision sensor.

An exemplary vision sensor can include a camera for capturing still and/or video
images, for example, of an object 150 (shown in Fig. 2). The processor 400 and/or the
first sensor 500 can analyze the captured images to provide data of relative movement
of the mobile platform 200 and the object 150.

In one embodiment, the second sensor 600 can include an IMU. The IMU can
include an electronic device for measuring and reporting a velocity, speed and/or ori-
entation of the mobile platform 200 and/or any forces, such as gravitational forces,
acting on the mobile platform 200 by using a combination of one or more ac-

celerometers, gyroscopes and/or magnetometers. In some embodiments, the IMU can
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include microscopic structures manufactured using MicroElectroMechanical Systems
(MEMS) technology integrated on a fingernail-sized chip.

The first sensor 500 can collect and/or generate a first measurement of the movement
300 of the mobile platform 200. Any data pertaining to the movement 300 that are
obtained using the first sensor 500 can be referred to as first measurement data 430.

The second sensor 600 can collect and/or generate a second measurement of the
movement 300 of the mobile platform 200. Any data pertaining to the movement 300
that are obtained using the second sensor 600 can be referred to as second mea-
surement data 440.

The first measurement data collected by the first sensor 500 can be combined with
the second measurement data collected by the second sensor 600 to form composite
sensing results. In general, sensing results can be generated by combining sensor data
obtained by multiple sensors, also known as “sensor fusion.” For instance, sensor
fusion can be used to combine sensing data obtained by different sensor types,
including as GPS sensors, inertial sensors, vision sensors, lidar, ultrasonic sensors, and
so on. As another example, sensor fusion can be used to combine different types of
sensing data, such as absolute measurement data (e.g., data provided relative to a
global coordinate system such as GPS data) and relative measurement data (e.g., data
provided relative to a local coordinate system such as vision sensing data, lidar data, or
ultrasonic sensing data). Sensor fusion can be used to compensate for limitations or in-
accuracies associated with individual sensor types, thereby improving the accuracy and
reliability of the final sensing result.

The processor 400 can be configured to combine results obtained using the first
sensor 500 with results obtained using the second sensor 600 to determine the
movement 300. In other words, the processor 400 can combine the first measurement
and the second measurement to determine the movement 300. Combining the first
measurement and the second measurement can include combining the first mea-
surement data 430 and the second measurement data 440 to generate a calculation
result 450 of the movement 300 (as shown in FIG. 2).

Sensor fusion may include estimating an error of at least one type of sensing data to
be estimated. For example, when a sensor fusion uses a method involving a Kalman
filter, the method can calculate a Kalman gain for a type of sensing data. The Kalman
gain can indicate the extent to which the corresponding type of sensing data can
influence the result of sensor fusion. A greater Kalman gain can mean that the corre-
sponding type of sensing data can less influence the result of sensor fusion. The cal-
culation of Kalman gain requires an estimated error of the corresponding type of
sensing data.

Accordingly, in various embodiments, the processor 400 may need to estimate the
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error 420 of the first measurement and feed the error 420 into the process for sensor
fusion. As a result, the processor 400 can determine the movement 300 of the mobile
platform 200 by combining the first measurement data 430 with the second mea-
surement data 440 based on the estimated error 420. The error 420 can be estimated
using a method 3000 as illustrated in FIG. 3.

FIG. 3 is an exemplary top level flow chart illustrating an embodiment of a method
for determining the movement 300 of the mobile platform 200 (collectively shown in
FIG. 1). The error contribution value 410 (shown in FIG. 2) for the first measurement
of the movement 300 of the mobile platform can be obtained, at 3001. The error 420
(shown in FIG. 2) of the first measurement can be estimated, at 3002, based upon the
obtaining the error contribution value 410.

The error 420, for example, can be estimated according to the correlation between the
error 420 and the error contribution value 410. In an exemplary correlation, the error
420 can be a function of the error contribution value 410, the function being rep-
resented as a mathematical formula. The error contribution value 410 and the error 420
can be an input and an output, respectively, of the function.

Exemplary embodiments are now provided to further illustrate the error contribution
value 410, the error 420 and the correlation therebetween. FIG. 4 is an exemplary flow
chart illustrating an alternative embodiment of the method of FIG. 3, wherein the
movement 300 is measured via a vision sensor. The method 4000 of FIG. 4 can be
used for determining the movement 300 of the mobile platform 200 (collectively
shown in FIG. 1). Here, the movement 300 can be determined based at least in part on
the first sensor 500 (shown in FIG. 2) being a vision sensor. The method 4000 il-
lustrates one exemplary manner by which the first measurement for measuring the
movement 300 can be collected and/or generated via the first sensor 500.

In FIG. 4, a matching feature point pair can be identified, at 4001. The matching
feature point pair can include a first feature point of an object 150 (shown in Fig. 2)
based upon a first image of the object 150 captured at a first time t1 and a second
feature point of the object 150 based upon a second image of the object 150 captured at
a second time (2.

The first image captured at the first time t1 can include the object 150 therein. The
first feature point can include one pixel or multiple adjacent pixels within the first
image. At least a portion of the object 150 can be captured in the first feature point.
The processor 400 can use any conventional method to identify the first feature point
within the first image.

The second image captured at the second time t2 can include the object 150 therein.
The second feature point can include one pixel or multiple adjacent pixels within the

second image. The processor 400 can use any conventional method to identify the
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second feature point within the second image. The second feature point can be as-
sociated with the first feature point to form the matching feature point pair. In other
words, when the second feature point matches the first feature point, the first feature
point and the second feature point capture the same content at first time t1 and the
second time t2, respectively.

The object 150 can include any object of interest in the field of view of the vision
sensor. The object 150 and/or the matching feature point pair can be identified based
on machine vision and/or artificial intelligence methods, and the like. Suitable methods
include feature detection, extraction and/or matching techniques such as
Kanade-Lucas—Tomasi (KLT) feature tracker, Harris affine region detector, Features
from accelerated segment test (FAST), Binary Robust Independent Elementary
Features (BRIEF), RANSAC (RANdom SAmple Consensus), Shi & Tomasi corner
detection, SURF blob (Speeded Up Robust Features) detection, MSER blob
(Maximally Stable Extremal Regions) detection, SURF (Speeded Up Robust Features)
descriptors, SIFT (Scale-Invariant Feature Transform) descriptors, FREAK (Fast
REtinA Keypoint) descriptors, BRISK (Binary Robust Invariant Scalable Keypoints)
descriptors, HOG (Histogram of Oriented Gradients) descriptors, and the like.
Similarly, these methods can be used to identify one or more feature points within the
image of the object 150 of interest.

In certain embodiments, the first time t1 can be different from the second time (2. For
example, the second time (2 can be later than first time t1. Thus, the second image can
be captured after the first image is captured. For example, each of the second image
and the first image can be an image frame of a video image, and a time interval (t2-t1)
can represent time that elapses between the capture of the second image and the
capture of the first image.

A difference between a position of the first feature point in the first image and a
position of the second feature point in the second image can be related to a movement
of the vision sensor with reference to the object 150. When the object 150 includes a
stationary item such a building, a tree and/or the like, the difference between a position
of the first feature point in the first image and a position of the second feature point in
the second image can be related to the movement of the vision sensor. As shown in
FIG 2, the first sensor 500 can be located on the mobile platform 200. Thus, the
difference between the position of the first feature point in the first image and the
position of the second feature point in the second image can be related to the
movement 300 of the mobile platform 200.

The position of the first feature point can be described as a coordinate of the first
feature point in the preset coordinate system. The position of the second feature point

can be described as a coordinate of the second feature point in the preset coordinate
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system. The coordinate of the first feature point and/or the coordinate of the second
feature point can include a coordinate of any dimension. An exemplary coordinate can
include a three-dimensional coordinate, a two-dimensional coordinate, or a com-
bination thereof.

In one embodiment, the coordinate P1 of the first feature point can include a three-

dimensional coordinate:

1y
Pl={wvy1

z1.
Equation (4)

where x1, yl and z1 are the coordinate value of the first feature point on x-axis, y-

axis, and z-axis of the preset coordinate system, respectively.

The coordinate P2 of the second feature point can include a three-dimensional co-
ordinate:
x2 Fx2 x2"\
P2={y2)=1{y2 =§ yz'
\z2 1. Wil
Equation (5)
where x2, y2 and z2 are the coordinate value of the first feature point on x-axis, y-

axis, and z-axis of the preset coordinate system, respectively. x2°, y2’ are the co-
ordinate value of the first feature point, respectively, on a focal plane of the vision
sensor, and can be obtained from the position of the second feature point in the second
image. { is the focal length of the vision sensor.

In one example, the z-axis coordinate z2 of Equation (5) can be a preset constant.
The z-axis coordinate z2 can be a preset constant for a specific projection plane of the
second image. For example, the present constant of z2 can be set to be one. In that
case, the coordinate of the second feature point can be effectively two-dimensional and
represent a projection of the second feature point on a plane in the preset coordinate
system. The measurement of the movement 300 can use a three-dimensional co-
ordinate and/or a two-dimensional coordinate of the second feature point, without
limitation.

As shown in FIG. 4, the movement 300 of the mobile platform 200 between the first
time t1 and the second time t2 can be measured, at 4002, based on a relationship
between the first feature point and the second feature point within the matching feature
point pair.

The relationship between the first feature point and the second feature point can

include a relationship between the coordinate P1 of the first feature point and the co-
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ordinate P2 of the second feature point. An exemplary relationship can include:

P2 = AK(RP1+T)
Equation (6)

where A is a scaling parameter, K is an internal reference matrix, and the rotation
matrix R is a rotation matrix that characterizes a rotational movement of the mobile
platform 200.

In some embodiments, A can be a preset numerical value for a specific projection
plane of the second image. In other embodiments, A can be an unknown variable and
can be solved together with the displacement T by using Equation (6).

The internal reference matrix K can be specific to the vision sensor. For example, the
vision sensor can include an imaging device such as a camera. The internal reference
matrix K can describe a mapping of the camera from three-dimensional points of a
target object to two dimensional points in an image. The camera can have a specific
internal reference matrix K. The internal reference matrix K can comprise a matrix of
any suitable dimension and, in one embodiment, can comprise a 3x3 matrix.

Alternatively and/or additionally, the mobile platform 200 can include a sensor for
detecting rotational movement of the mobile platform 200. For example, such a sensor
can include an IMU. The IMU can measure the movement 300 and provide the rotation
matrix R to the processor 400. The rotation matrix R can comprise a matrix of any
suitable dimension and, in some embodiments, can comprise a 3x3 matrix.

Equation (6) can provide three equations to solve the three unknown displacement
components Tx, Ty and Tz of the displacement T as shown in Equation (1). When A is
unknown and needs to be solved, Equation (6) can provide three equations containing
more than three unknown displacement components Tx, Ty, and Tz, as well as A. In
that case, two or more matching feature point pairs can be obtained as described, at
4001, in FIG. 4. Each matching feature point pair can provide three additional
equations derived from Equation (6). Accordingly, a suitable fitting technique can be
used to solve the Equation (6) to provide the displacement components Tx, Ty, and Tz
of the displacement T. For example, a least-squares method can be used for solving the
Equation (6) and obtain the displacement T.

The speed V of the mobile platform 200 can be calculated using Equation (7).

V=T/t2 - t1) Equation (7)

The speed V calculated using Equation (7) can include the average speed between the
first time t1 and the second time t2.

The first measurement using the vision sensor is not necessarily accurate and can be
subject to an error. In general, sources of errors can include, but are not limited to,

radial and tangential lens distortions of imaging device of the vision sensor, variances
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in pixel values during extraction of a feature point in an image, errors in mounting the
vision sensor, changes in illumination for capturing the images, inaccurate matching of
the first feature point with the second feature point. In addition, when the vision sensor
includes multiple imaging devices for simultaneously capturing the object in respective
images, a coordinate of a feature point can be generated by combining pixel values of
the feature point in the multiple respective images, such as using triangulation and/or
the like. In that case, the feature point may be extracted from the multiple imaging
devices with inaccuracy.

For example, in the method 4000 as shown in FIG. 4, the error of the first mea-
surement can include an error in extracting pixel points and matching the first feature
point with the second feature point. The error in extracting pixel points and matching
the first feature point with the second feature point can lead to an error of respective
coordinates of the first feature point and the second feature point. Further, respective
values of the internal reference matrix K and the rotation matrix R (as shown in
Equation (6)) can also introduce an error of the first measurement.

When the first measurement uses multiple matching feature point pairs, the processor
400 can be more likely to identify one or more matching feature point pairs that
provide a correct measurement result of the movement 300 and can thus measure the
movement 300 with a greater accuracy. FIG. 5 is an exemplary flow chart illustrating
another alternative embodiment of the method of FIG. 3. The method 5000 of FIG. 5
can be used for determining the movement 300 of the mobile platform 200
(collectively shown in FIG. 1). The method 5000 can include identifying a plurality of
one matching feature point pairs. Here, the movement 300 can be determined based at
least in part on the first sensor 500 (shown in FIG. 2) being a vision sensor.

In FIG. 5, a plurality of matching feature point pairs is identified, at 5001. Each
matching feature point pair can include a respective selected first feature point and a
corresponding second feature point. Within each matching feature point pair, the first
feature point can be selected from the first image of the object 150 (shown in FIG. 2)
captured at the first time t1, and the corresponding second feature point can be selected
from the second image of the object 150 captured at the second time (2.

Although described as including an object for purposes of illustration only, the first
image and/or the second image can include any suitable number of uniform and/or
different objects, each of which can be used for identifying some or all of the matching
feature point pairs during the first measurement. In other words, the first feature points
are not necessarily selected from the same object in the first image and, accordingly,
the corresponding second feature points are not necessarily selected from the same
object in the second image.

In FIG. 5, the movement 300 of the mobile platform 200 between the first time t1
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and the second time t2 can be measured, at 5002, based upon a relationship between
the respective selected first feature point and the corresponding second feature point
within any of one or more inlier feature point pairs selected from the plurality of
matching feature point pairs.

Generally, an inlier includes data whose distribution can be explained by some set of
model parameters, though may be subject to noise, and an outlier includes data that do
not fit the model. Thus, an inlier feature point pair can be a matching feature point pair
that can produce a calculated result of the movement 300 that is assumed to be
accurate. An outlier feature point pair can be a matching feature point pair that can
produce a calculated result of the movement 300 that is assumed to be inaccurate.
Further, the most correct result among the plurality of matching feature point pairs can
be combined with the second measurement data 440 to generate the calculation result
450 of the movement 300.

The inlier feature point pair(s) can include a subset of the plurality of matching
feature point pairs. In some embodiments, each matching feature point pair can provide
a sample movement value. A sample movement value can include a sample value for
characterizing the movement. An exemplary sample movement value can include a
sample displacement T value. The sample displacement T value can be a value of the
displacement T measured by a matching feature point pair. For example, by using
Equation (6), each matching feature point pair can provide a sample displacement T
value, respectively. Thus, a plurality of sample displacement T values can be
generated. However, some sample displacement T values may be accurate; whereas,
other sample displacement T values may be inaccurate. The processor 400 can be
configured to determine which sample displacement T value is accurate based on a
suitable method and/or selection criterion. An exemplary method for determining
which sample displacement T value is accurate is shown in FIG. 6. After the processor
400 determines which sample displacement T value is accurate, the processor 400 can
thus identify each matching feature point pair that provides the accurate sample dis-
placement T value as an inlier feature point pair.

The method and/or selection criterion that the processor 400 uses for determining
which sample displacement T value is accurate, and accordingly determining which
matching feature point pair is an inlier feature point pair, are not limited in the present
disclosure. For illustrative purposes, FIG. 6 is an exemplary flow chart illustrating an
alternative embodiment of the method of FIG. 5, wherein the method includes
identifying one or more inlier feature point pairs, wherein the method includes
identifying one or more inlier feature point pairs.

In FIG. 6, a sample movement value can be obtained, at 6001, based on each

matching feature point pair of the plurality of matching feature point pairs, re-
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spectively. As previously mentioned, each matching feature point pair can provide a
sample displacement T value. The movement 300 of the mobile platform 200 can be
measured, at 6002, based on the sample movement value provided by the most
matching feature point pairs of the plurality of matching feature point pairs. The most
matching feature point pairs are thus the one or more inlier feature point pairs.

To implement the exemplary method 6000, the processor 400 (shown in Fig. 1) can
be configured to count the number of matching feature point pairs that generate the
same sample displacement T value. Thus, each sample displacement T value can
correspond to a number of matching feature point pairs, respectively. The sample dis-
placement T value generated by the greatest number of matching feature point pairs,
i.e., the sample displacement T value provided by the most matching feature point
pairs, can be selected by the processor 400 as the accurate value of the movement 300.
The number of matching feature point pairs corresponding to such a sample dis-
placement T value can thus be a number ‘n’ of inlier feature point pairs.

The selection criterion that the processor 400 uses for determining which sample dis-
placement T value is correct is not limited to method 6000. In one example, an average
value of the sample displacement T values can be selected as the correct displacement
T value, and the number of matching feature point pairs corresponding to such a
sample displacement T value can thus be the number n of inlier feature point pairs. In
another example, a median value of the sample displacement T values can be selected
as the correct displacement T value, and the number of matching feature point pairs
corresponding to such a sample displacement T value can thus be the number n of
inlier feature point pairs.

Generally, a greater number n of inlier feature point pairs can indicate that currently-
measured feature point(s) are obvious and/or stable. Thus, the measured displacement
T value of the movement 300 can have greater accuracy and less error. The error con-
tribution value 410 (shown in FIGS. 1-2) can include the number n of inlier feature
point pairs. The processor 400 can be configured to estimate the error 420 using a cor-
relation between the error contribution value 410 and the error 420. When the error
420 includes the covariance matrix 2cam, the error contribution value 410 can have a
correlation with at Var(Vx), Var(Vy), and Var(Vz), respectively.

An exemplary correlation can include a functional correlation in which the error 420
increases with the number n. For example, in the functional correlation, each of
Var(Vx), Var(Vy), and Var(Vz) can be given as follows:

Var(Vx) = gl(n), Equation (8)

Var(Vy) = g2(n), Equation (9)

Var(Vz) = g3(n) Equation (10)

where gl(n), g2(n) and g3(n) each is a function of the number n, respectively.
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Exemplary values of gl(n), g2(n) and g3(n) can increase as the number n decreases.
Mathematical forms of gl(n), g2(n) and g3(n) can include, but not limited to linear,
logarithmic, polynomial, power, exponential functions, or a combination thereof.

For example, each of Var(Vx), Var(Vy), and Var(Vz) of the error 420 can increase
linearly with a reciprocal of an exponential of the number n, given as follows:

Var(Vx) =kl/n*+ bl, Equation (11)

Var(Vy) = k2/n*+ b2, Equation (12)

Var(Vz) =k3/n* + b3 Equation (13)

where each of parameters a, k1, bl, k2, b2, k3, and/or b3 can include a mathematical
expression containing a constant numerical value, an error contribution value 410 other
than the number n, or a combination thereof. Further, the parameters a, k1, b1, k2, b2,
k3, and/or b3 can be different or uniform, without limitation.

In some embodiments, the parameter a can be equal to one. In that case, each of
Var(Vx), Var(Vy), and Var(Vz) of the error 420 can increase linearly with a reciprocal
of the number n. Further, k1, b1, k2, b2, k3, and/or b3 can be different or uniform
constants. Exemplary methods for providing values of k1, b1, k2, b2, k3, and/or b3 are
set forth in methods discussed herein with reference to FIGS. § and 12.

Additionally and/or alternatively, the error contribution value 410 can include
parameter(s) other than the number n. For example, in general, an object far from the
vision sensor may be measured with a greater error than a nearby object. Therefore, the
error contribution value 410 can include an object distance Z between the object 150
and the first sensor 500. As the first sensor 500 can be located on the mobile platform
200 as shown in FIG. 2, the object distance Z between the object 150 and the first
sensor 500 can be equal to a distance between the object 150 and the mobile platform
200. For example, in the functional correlation, each of Var(Vx), Var(Vy), and
Var(Vz) of the error 420 can increase with Z. That is:

Var(Vx) = gd(Z), Equation (14)

Var(Vy) = g5(2), Equation (15)

Var(Vz) = g6(Z) Equation (16)

where g4(Z), g5(Z), and g6(Z) each is a function of the object distance Z, re-
spectively. Exemplary values of g4(Z), g5(Z), and g6(Z) can increase as the object
distance Z increases. Mathematical forms of g4(Z), g5(Z), and gb6(Z) can include, but
not limited to linear, logarithmic, polynomial, power, exponential functions, or a com-
bination thereof.

However, the object distance Z does not necessarily need to be directly expressed in
the functional relationship. A parameter that has a correlation with the object distance
Z can substitute the object distance Z in the Equations (14)-(16).

To illustrate parameters that can reflect the distance, an exemplary process for
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obtaining the coordinate of the first feature point (as discussed herein with reference to
FIGS. 4-5) is described below. In the exemplary process, the coordinate of the first
feature point can include a three-dimensional coordinate as shown in Equation (3). The
vision sensor can include two imaging devices for capturing the object in respective
images. Each imaging device can capture a two-dimensional image, respectively. The
processor 400 can be configured to obtain the three-dimensional coordinate from the
two two-dimensional images by calculating the object distance Z using triangulation.
FIG. 7 is an exemplary diagram illustrating an embodiment of a system for obtaining a
coordinate of a feature point by using the first sensor 500 of the mobile platform 200 of
FIG. 3. The three-dimensional coordinate of the first feature point can be determined
using a method of triangulation.

In FIG. 7, the first sensor 500 can include a vision sensor 110 that includes two
imaging devices 110a, 110b. Each of the imaging devices 110a, 110b can perceive the
same object 150 of interest but in different spatial coordinates. For example, the
imaging devices 110a, 110b can have respective x-axes 130a, 130b as illustrated in
FIG. 7. The imaging devices 110a, 110b can perceive the object 150 of interest along
their respective optical axes 130a, 130b and thereby arrive at two different two-
dimensional sub-images 120a, 120b of the object 150 of interest. The first image as
described in FIGS. 4 and/or 5 can include the sub-images 120a, 120b. The two-
dimensional sub-images 120a, 120b are typically different, being taken from different
positions (or perspectives), unless the imaging devices 110a, 110b are positioned such
that their optical axes 130a, 130b coincide. Accordingly, under most circumstances, a
binocular disparity d (represented, for example, in Equation (20)) can be found
between the sub-images 120a, 120b, as shown in Equation (20).

The method of triangulation can be used to ascertain the object distance Z using the
binocular disparity d between the sub-images 120a, 120b. The two-dimensional sub-
images 120a, 120b can be compared to obtain the binocular disparity d associated with
a feature point 155 of the object 150 of interest. For illustrative purposes, the two
imaging devices 110a, 110b can be referred to as a first imaging device 110a and a
second imaging device 110b. The two-dimensional sub-images 120a, 120b can be
referred to as a first sub-image 120a and a second sub-image 120b. The position of the
feature point 155, represented by its three-dimensional coordinates (X1, Y1, Z1), in a
preset coordinate system with reference to the first imaging device 110a, can be given

as follows:
b i
X [ S & (”C CE’.‘)

Equation (17)
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Equation (19)

where cxl and cyl represent respective center coordinates of the first imaging device
110a, x1 and yl represent the coordinates of the feature point 155 in the first sub-image
120a, b is the baseline (in other words, the distance between the center coordinates of
the imaging devices 110a, 110b), f is the focal length of each imaging devices 110a,
110b, d is the binocular disparity between the sub-images 120a, 120b. For illustrative
purposes, FIG. 7 shows the imaging devices as having the same focal length f.
However, even if the imaging devices 110a, 110b have different focal lengths, the sub-
images 120a, 120b can be scaled to a projection plane having a same distance from the
imaging devices 110a, 110b, to implement the triangulation in FIG. 7. For example, the
imaging devices 110a, 110b can have a respective focal length 2 f and f. In that case,
the coordinates x1 and yl of the first sub-image 120a can each be scaled by being
multiplied with 0.5. The scaled coordinates x1 and yl can thus belong to a projection
plane having the distance f from the first imaging device 110a, and can thus be used
for triangulation with the second sub-image 120b via Equations (17)-(20).

When xr and yr represent the coordinates of the feature point 155 in the first sub-

image 120b, the binocular disparity d can be represented here as:

d=xt—x"

Equation (20)

Based on the above principles, the three-dimensional coordinate of a feature point
can be obtained using the first imaging device 110a and the second imaging device
110b based on stereopsis. The first and second sub-images 120a, 120b can be acquired
either simultaneously or successively, as desired. The binocular disparity d can be
obtained from the first and second sub-images 120a, 120b. In one embodiment, the
first and second sub-images 120a, 120b can be advantageously acquired simul-
taneously at the first time t1 to reduce error attributable to shifts of the object 150 and/
or the first sensor 500 over time.

In certain other embodiments, one imaging device can capture the first and second
sub-images 120a, 120b. The imaging device, for example, can capture the first and
second sub-images 120a, 120b at two different times. At the two different times, a
position of the imaging device relative to the object 150 can be different. The binocular
disparity d can be obtained from the first and second sub-images 120a, 120b, and be

used as approximately the binocular disparity d at the first time t1.
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In general, and as shown in Equation (19), a difference between the first sub-image
120a and the second sub-image 120b can be reduced as the object distance Z increases.
Further, the object distance Z of the feature point 155 from the first sensor 500 can be
inversely proportional to the binocular disparity d. The binocular disparity d can be
obtained during the first measurement. Therefore, the error contribution value 410 can
include the binocular disparity d. For example, in the functional correlation, each of
Var(Vx), Var(Vy), and Var(Vz) can be given as follows:

Var(Vx) = g7(d) Equation (21)

Var(Vy) = g8(d) Equation (22)

Var(Vz) = g9(d) Equation (23)

where g7(d), g8(d) and g9(d) each is a function of the binocular disparity d, re-
spectively. Exemplary values of g7(d), g8(d) and g9(d) can increase as the binocular
disparity d decreases. Mathematical forms of g7(d), g8(d) and g9(d) can include, but
not limited to linear, logarithmic, polynomial, power, exponential functions, or a com-
bination thereof.

For example, each of Var(Vx), Var(Vy), and Var(Vz) of the error 420 can increase
linearly with a reciprocal of an exponential of the binocular disparity d, given as
follows:

Var(Vx) = k4/d° + b4 Equation (24)

Var(Vy) = k5/d° + b5 Equation (25)

Var(Vz) =k6/d° + b6 Equation (26)

where each of parameters c, k4, b4, kS, bS5, k6, and/or b6 can include a mathematical
expression containing a constant numerical value, an error contribution value 410 other
than the binocular disparity d, or a combination thereof. In one embodiment, c=2,
therefore, each of Var(Vx), Var(Vy), and Var(Vz) of the error 420 can increase
linearly with a reciprocal of a square of d. Further, k4, b4, k5, b5, k6, and/or b6 can be
different or uniform constants. Exemplary methods for providing values of k4, b4, k5,
b5, k6, and/or b6 are set forth in methods discussed herein with reference to FIGS. 8
and 12.

Each feature point can be associated with a respective binocular disparity d. The
relevant binocular disparity d for calculating the error 420 can be identified using any
suitable methods, without limitation. In one example, the binocular disparity d for cal-
culating the error 420 can be an average of each binocular disparity d of the first
feature points and/or the matching second feature points. In another example, the
relevant binocular disparity d for calculating the error 420 can be an average of each
binocular disparity d of the first feature points and/or the matching second feature
points within some or all of the inlier feature point pairs. In yet another example, the

binocular disparity d for calculating the error 420 can be an average of all the binocular
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disparities d of the first feature points. In another example, the binocular disparity d for
calculating the error 420 can be an average of all the binocular disparities d of the first
feature points within some or all of the inlier feature point pairs.

In certain embodiments, the error contribution value 410 can include the number n of
inlier feature point pairs and binocular disparity d. For example, by combining
Equations (11)-(13) and (24)-(26), the error 420 can be estimated to increase linearly
with a reciprocal of the number n and to increase linearly with a reciprocal of a square
of the binocular disparity d, as follows:

Var(Vx) = k7/nd*> + b7 Equation (27)

Var(Vy) = k8/nd> + b8 Equation (28)

Var(Vz) =k9/nd?> + b9 Equation (29)

where k7, b7, k8, b8, k9, and/or b9 can include a mathematical expression containing
a constant numerical value, an error contribution value 410 that is other than the
number n and/or d, or a combination thereof. Further, k7, b7, k8, b8, k9, and/or b9 can
be different or uniform, without limitation. In some embodiments, each of k7, b7, k8,
b8, k9, and/or b9 can include a different and/or uniform numerical constant.
Exemplary methods for providing values of k7, b7, k8, b8, k9, and/or b9 are set forth
in methods discussed herein with reference to FIGS. 8 and 12.

When the error 420 includes the covariance matrix Zcam as shown in Equation (3),
the processor 400 can be configured to estimate the diagonal elements Var(Vx),
Var(Vy), and Var(Vz) using mathematical formula of Equations (27)-(29). In some
embodiments, the off-diagonal elements can set to be zero, present constant values(s)
and/or a function of the error contribution values 410, without limitation.

Although Var(Vx), Var(Vy), and Var(Vz) are calculated in the disclosed methods for
purposes of illustration only, any element of the error 420 such as off-diagonal
elements of the covariance matrix Zcam can have a correlation with the error con-
tribution values 410 using the methods in accordance with the disclosed methods.

The method disclosed herein can estimate the error faster and more accurately. In a
conventional method for estimating the error of measurement by a vision sensor, a co-
variance matrix Zpixel of a feature point extraction error need to be hypothesized first.
The feature point extraction error, assumed to have a normal distribution with an

average value of zero, can be represented as follows:

e T 2
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Equation (30)

[0239] where 0%x1, 0?y1, 6°x2, and 0?y2 can refer to the variance of the extraction error of
the first feature point in an x direction, the first feature point in a y direction, the
matching second feature point in the x direction, and the matching second feature point
in the y direction. The Y pixel is then applied to the linear algebraic calculation of the
displacement T using Q matching feature point pairs.

[0240] The covariance matrix of the jth measurement of M measurements of the dis-

placement T needs to use the matrix equation:

[0241] o
.‘.n\ R
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[0242] Equation (31)

[0243]  The covariance matrix of the speed V can then be calculated by transforming the )t
to IMU coordinate system and divided by a square of a time interval (t2-t1).

[0244]  Equation (31) has significant complexity. For example, each of A+, Bi, R, and Jis a

multi-dimensional matrix as described as following.

[0245] C e e
S P URY-§ B ¢
Equation (32)

[0246]  wherej=1to M, and:

02471 pia

\ ;‘ ‘%i} c“;
Equation (33)

[0248]  where N indicates the total number of matching feature points of each measurement.
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Equation (34)
[0250] where a central coordinate of the image is
{ug, '%}T
a focal distance of the camera is f, a baseline is b, and ui* and vi* are the two-

dimensional projection coordinate of the second feature point at t2. The first feature

point and the second feature point are
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, and 1 indicates the ith matching feature point pair of the N matching feature point

pairs.
[0251]  Further,
[0252]

. Equation (35)
[0253] R is the rotation matrix. J is a transformation matrix used for obtaining a Taylor
expansion approximation of a covariance matrix of the three-dimensional coordinate of

the first feature point. J can be given as following:
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Equation (36)

[0255] Therefore, as can be seen in Equations (30)-(36), to calculate j)_t, a significant
amount of matrix calculation are performed on an NxN matrix (such as Equation (31)).
Each element of the NxN matrix may include an embedded matrix greater than a
dimension of 2x2. Coordinate of each feature point is used, and an error distribution
parameter such as o? for feature point extraction is used. Such calculation is time-
consuming.

[0256] Moreover, to calculate j)_t, the variances 02x1, 0%y1, 02x2, and 02y2 in Equation (30)
need to be obtained in a predetermined manner. For example, in one or more test mea-
surements, j_t is obtained based on comparing a displacement respectively measured
using the vision sensor and using a reference instrument such as a Vicon motion
capture system manufactured by Vicon Motion Systems Ltd., UK. The variances ¢°x1,
o%yl, 02x2, and 0?y2 are back calculated based on the obtained j)_t. Zpixel in Equation
(30) is thus solved. Zpixel is then used for calculating j}_t in future measurements via
Equations (30)-(36).

[0257]  However, the variances 0°x1, 0?y1, 6°x2, and 0%y2 obtained in such a way is subject
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to influence of any random error of an outlier feature point pair, and thus may unnec-
essarily introduce noise that cause inaccuracy in estimating the error of the first mea-
surement.

In contrast, by using the disclosed methods and apparatus, the error of the first mea-
surement can be estimated according to the correlation between the error contribution
values 410 and error 420. The correlation can be independent of an error distribution
parameter of a coordinate of the first feature point and/or the second feature point, such
as the variances 0x1, 0y1, 6x2, and 6%y2 in Equation (30). Further, the correlation
can be independent of a coordinate of the first feature point and/or the second feature
point.

In some embodiments, an element of the covariance matrix 2cam of the first mea-
surement can be individually calculated using a simple formula. The formula can
include one or more error contribution values 410. Each error contribution value 410
can be obtained from the first measurement. The coordinate of a feature point and pa-
rameters of the error distribution of coordinates of the feature points are not necessary
for the calculation. The calculation can thus be significantly simplified.

The selection of error contribution value 410 can be based on an empirical and/or
intuitive understanding of source of errors for the first measurement and can be
directly related to physical and/or statistical nature of the measurement.

For example, in the methods 4000-6000 discussed above with reference to FIGS. 4-6,
pixel extraction and/or matching can be a source of error. Such pixel errors can affect
accuracy of the binocular disparity d. The error in binocular disparity d can cause the
pixel error be transferred into error of speed measurement via the triangulation process.
The selection of error contribution value 410 can thus include parameters related to
pixel errors.

As previously described, a distal object 150 (shown in FIGS. 2 and 7) far from the
vision sensor may be measured with a greater error than a nearby object, and distance
between the vision sensor and the object 150 is correlated with the binocular disparity
d. In addition, when the number n of inlier feature point pairs is small, the small
number n can indicate currently-measured feature point(s) are not obvious and/or
stable. Thus, the small number n also can indicate a greater pixel error. Thus, the error
contribution value 410 can include the number n and/or d.

Further, although not shown in some embodiments, the error contribution value 410
can further include error of the internal reference matrix K and/or the rotation matrix
R. A greater error of the internal reference matrix K and/or the rotation matrix R can
result in a greater error 420. The error in the internal reference matrix K can be
correlated with a reprojection error. Therefore, the reprojection error can be addi-
tionally and/or alternatively included in the k7, b7, k8, b8, k9, and/or b9 in Equations
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(27)-(29), in such a way that the error 420 can be estimated to increase with the re-
projection error.

Therefore, process of estimating the error 420 can be faster and consume less compu-
tational resource of the processor 400. In addition, as shown in various embodiments in
FIGS. 8-15 that are to be described next, the error 420 can be estimated with great
accuracy. Thus, after subsequent sensor fusion based on the error 420, the movement
300 of the mobile platform 200 can be accurately calculated. Result of calculating the
movement 300 can be stable. As a result, the mobile platform 200 can be controlled by
the controller in such a way as to compensate for the movement 300 in order to remain
in the hovering state with great stability.

In various embodiments to be described next, a method for identifying the correlation
between the error contribution value 410 and the error 420 are illustrated, and the
errors 420 estimated using the disclosed methods can be shown to have a great
accuracy. FIG. 8 is an exemplary diagram illustrating another alternative embodiment
of the method of FIG. 3, wherein a correlation between the error contribution value
410 and the error 420 are identified.

As shown in FIG. 8, the correlation between the error contribution value 410 and the
error 420 are hypothesized at 8001. Hypothesizing the correlation can include hy-
pothesizing a type of the functional relationship, a value of a parameter in the rela-
tionship, and/or the error contribution value(s) 410 to be included. For example, a hy-
pothesized form of the correlation can include an assumption including Equations
(27)-(29). An exemplary hypothesized correlation can include a parameter having an
unknown value. In Equations (27)-(29), k7, b7, k8, b8, k9, and/or b9 can each be a
parameter having an unknown constant numerical value.

A ground truth, an experimental measurement value, and an error contribution value
410 each corresponding to a test movement can be collected, at 8002. To implement
8002, the test movement of the mobile platform 200 can be measured. The ground
truth can refer to an absolute truth of the test movement. In the method 8000, the
ground truth can include a value of the test movement measured using equipment that
can have a high accuracy, e.g., an accuracy greater than an accuracy of the first sensor
500. For example, the ground truth can be provided by measuring the test movement
using a Vicon motion capture system. The ground truth can include the speed V

measured by Vicon, referred to as

v
At 8002, the vision sensor can measure the test movement and obtain an ex-

perimental measurement value v, and can obtain the error contribution value 410. The

experimental measurement value can refer to an experimentally-obtained value of the
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speed V. For example, using the method in FIGS. 4-6, the vision sensor can obtain the
number n and the corresponding d.

At 8003, an error 420 of measuring the test movement is calculated based on the
ground truth
v

and the experimental measurement value v. A test error of measuring the speed V can
be

Verror =V —V

. In certain cases, an error 420 of the first measurement may include a covariance
matrix Zcam (as shown in Equation (3)). As the test error verror is not necessarily the
same as variance shown in Equation (3), the variance can be calculated using the
follow exemplary process.

In the exemplary process, a plurality of test movements is measured according to
8002. For each measurement, the verror and the corresponding error contribution value
410 such as the number n and/or the binocular disparity d can be obtained. The 1/(nd2)
can be sorted according to magnitude. The sorted plurality of 1/(nd2) values can be
evenly and/or unevenly divided into m sectors. Within each of the sectors, an average
of the 1/(nd2) can be calculated to be the 1/(nd2) of the sector, and an average of the
corresponding v2error can be calculated to be the approximated variance of the sector.

In one example, 3107 test movements can be tested, and the sorted plurality of
1/(nd2) values can be evenly divided into 10 sectors. However, the number of test
movements, number of sectors, and methods for obtaining the variance are not limited
in the present disclosure.

At 8004, the hypothesized correlation can be fitted to the error of the test movement
and the error contribution value of the test movement. The unknown value of the
parameter can thus be solved. The correlation can thus be determined. In addition, the
extent to which the correlation fits the error of the test movement and the error con-
tribution value of the test movement can indicate validity of the hypothesized cor-
relation.

In some embodiments, 8001 can be optional because the 8004 can identify the cor-
relation by fitting to the error of the test movement and the error contribution value of
the test movement, without prior knowledge of the hypothesized correlation.

For example, FIGS. 9-11 are exemplary scatter plots illustrating a set of data points
for which a correlation is obtained via the method of FIG. 8. The data points in the
FIGS. 9-11 are obtained based on the exemplary process as described at §001-8003. In
each of FIGS. 9-11, variance is plotted as a function of 1/(nd2). Any conventional re-

gression method can be used for fitting the hypothesized correlation to identify the
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functional relationship between variance and 1/(nd2). Respectively in each of FIGS.
9-11, lines 801, 802, and 803 can fit the data points well. The lines 801, 802, and 803
can thus solve the values of k7, b7, k8, b8, k9, and b9, and give the correlation as

follows:

516.3 5.2
Var{Vx} = — = 0.0025 m*/s?
Var(Vy) = =2 + 0.0003 m?/s?
Var{Vz) = 133(;5 — 0.0125 m*/s?

%
The covariance matrix Xcam (in Equation (3)) can thus be obtained. The covariance
matrix Zcam can be transformed into another coordinate system. An exemplary co-
ordinate system can be based on the rotation matrix R, where the transformation can be

performed using

T = RZ;qmR"

As the lines 801, 802, and 803 can fit the data points well, the lines 801, 802, and
803 can be used for predicting the correlation between the error 420 and the error con-
tribution value 410 for the system 100 that is similar to the system used for producing
the lines 801, 802, and 803 in the method 8000. As illustrated in the example shown in
FIGS. 9-11, the correlation between the error contribution value 410 and the error 420
can be a mathematical formula able to be graphically represented as a line and/or
curve. The correlation can be enabled to estimate the error 420 of measuring a
movement of the mobile platform based on the error contribution value 410 of
measuring the movement.

For example, the correlation can be obtained using the system 100 and/or the mobile
platform 200 according to method 8000. The processor 400 can then be configured to
use the obtained correlation for a measurement that requires estimating the error 420.

Additionally and/or alternatively, a correlation can be respectively obtained from a
plurality of the systems 100 and/or the mobile platforms 200. In one example, the
processor 400 can be configured to use an average of the correlations obtained. In
another example, when difference between the correlations is small, the processor 400
can be configured to use one of the obtained correlations. Criterion of selecting the
correlation for the processor 400 from more than one obtained correlations can include
any methods, without limitation.

Any entity can perform the method 8000 and configure the processor 400, without

limitation. An exemplary entity can include a manufacturer, a tester, a user of the
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system 100 and/or the mobile platform 200, or the like.

In certain cases, hypothesizing the correlation such as in method 8000 may not be a
straightforward process and may require iterative trials. For example, a great number
of variables may be candidates of the error contribution value 410. To reduce con-
sumption of experimental resources, a simulation can be performed. The simulation
may reveal whether selected variable(s) as the error contribution value 410 correlates
with error 420, and/or whether the hypothesized type of mathematical functional rela-
tionship is valid.

FIG. 12 is an exemplary diagram illustrating another alternative embodiment of the
method of FIG. 3, wherein a simulation correlation between the error contribution
value 410 and the error 420 is identified. The method 1200 in FIG. 12 can be
performed by simulation using a computer and does not necessarily need experimental
hardware.

At 1201, a simulation correlation between the error contribution value 410 and the
error 420 is hypothesized. In one example, the simulation correlation can be hy-
pothesized to be the same as Equations (27)-(29).

At 1202, a simulation measurement is performed on a simulation movement, based
on a simulation value of the error contribution value 410 and a simulation ground truth,
to obtain a simulation measurement value of the simulation movement. A simulation
error source can be introduced into the simulation measurement.

For example, the simulation ground truth Ttruth can include a true value of the dis-
placement T of the simulation movement. An exemplary simulation ground truth
Ttruth can include an arbitrarily-selected rotation matrix R and/or an arbitrarily-
selected displacement T between (2 and t1.

To perform the simulation measurement, the simulation value of the error con-
tribution value 410 can be used. An exemplary simulation value of the error con-
tribution value 410 can include an arbitrarily-selected numerical value of the error con-
tribution value 410. In an exemplary simulation measurement, the number n = 16, 32,
64, 128, 256, 512. For each value of n, the binocular disparity d is an integer ranging
from 2 to 47. Thus, the simulation value can include a plurality of (n, d) pairs.

Thus, for each (n, d) pair, matching feature point pairs can be randomly generated.
Each matching feature point pair can include a first feature point in a simulated first
sub-image of the first image captured at t1. Based on the d, the first feature point can
be generated in a simulated second sub-image of the first image captured at t1. The
simulated first sub-image and the simulated second sub-image can be produced by a
computer program that simulates a first imaging device and/or a second imaging
device.

By triangulation (as shown in FIG. 7), a three-dimensional coordinate P1 of the first
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feature point can be produced. The simulation movement can be applied to the
simulated first imaging device. The first feature point can correspond to the second
feature point at t2 after the simulation movement. The second feature point can thus be
projected to the first imaging device to produce a coordinate P2 of the second feature
point. The simulation measurement value Tsim of the simulation movement can be
obtained by using the Equation (6).

For each (n, d) pair, the simulation measurement can obtain a plurality of matching
feature point pairs. The number of the plurality of matching feature point pairs can be
equal to or greater than n. Among the plurality of matching feature point pairs, n
matching feature point pairs can be randomly selected as inlier feature point pairs to
obtain the Tsim.

The simulation measurement value of the simulation movement can be close to the
simulated ground truth because of the lack of experimental errors. Therefore, the
simulation error source can be introduced to cause result of the simulation mea-
surement to deviate from the simulation ground truth, in order to increase the amount
of error.

The simulation error source can be introduced in a variety of ways, without
limitation. In the exemplary measurement, in each (n, d) pair, each first feature point
can have the binocular disparity d value selected from a random number ranging
between (d - 0.5) and (d + 0.5). Thus, a random error of binocular disparity d can be
generated and advantageously, average of binocular disparity d can be easily
controlled.

Additionally and/or alternatively, after the second feature point is projected to the
first imaging device to produce the coordinate P2, the P2 can be rounded to a shorter
representation. An exemplary rounding process can reduce the number of significant
digits of P2. For example, at least one coordinate number of P2 can be rounded to an
integer pixel value by removing digit(s) of the P2 that follows a decimal point of P2.
Thus, the rounding process can introduce the simulation error source.

At 1203, a simulation value of the error 420 is calculated based on the simulation
ground truth Ttruth and the simulation measurement value Tsim of the simulation
movement. An error of measuring the speed V can thus be Terror=Ttruth-Tsim. An
error of measure the speed V can thus be Verror =Terror/(t2-t1).

Thus, for each (n, d) pair, a variance of measuring the speed V can be calculated. The
variance can be used as the simulation value of the error 420.

At 1204, the hypothesized simulation correlation can be fitted to the simulation value
of the error 420 and the simulation value of the error contribution value 410. The
extent to which the correlation fits the simulation value of the error 420 and the

simulation value of the error contribution value 410 can indicate validity of the hy-
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pothesized correlation.

In some embodiments, 1201 can be optional because the 1204 can identify the
simulation correlation by fitting to the simulation value of the error 420 and the
simulation value of the error contribution value 410, without prior knowledge of a hy-
pothesized simulate on correlation.

FIGS. 13-15 are exemplary scatter plots illustrating a set of data points for which a
simulation correlation is obtained by using the method of FIG. 12. Data points are
obtained from the exemplary simulation measurement as described in at 1201-1203.
The variance is plotted as a function of 1/(nd2). Any conventional regression method
can be used for fitting the hypothesized correlation to identify the functional rela-
tionship between variance and 1/(nd2). Respectively in each of FIGS. 13-15, lines 121,
122, and 123 can fit the data points well, corresponding to fitted equations 1210, 1220,
1230, respectively. Therefore, the hypothesized correlation of Equations (27)-(29) may
be valid.

Therefore, the method 1200 can be performed to ascertain validity of a hypothesized
correlation. Additionally and/or alternatively, the experimental method 8000 can be
used to determine the correlation. The methods in FIGS. 8 and 12 can each be im-
plemented on a computer system. The computer system can include a memory and a
processor. The memory can have coded instructions thereon. The coded instructions,
when executed by the processor, can cause the computer system to implement the
processes as illustrated in FIGS. 8 and 12.

The fitting in FIGS. 13-15 may be greater than the fitting in FIGS. 9-11 for various
reasons. For example, the variance in FIGS. 9-11 may be an approximated value (as
shown at 8003) and is not statistically calculated for each (n, d) pair. Further, the
variance in FIGS. 9-11 may be subject to error of the internal reference matrix K and
the rotation matrix R that is not necessarily included in the hypothesized correlation in
the exemplary example of FIG. 8. The error of the internal reference matrix K may be
affected by calibration accuracy of the vision sensor. The error of the rotation matrix R
may be affected by measurement accuracy of the IMU.

Further, variance in FIGS. 13-15 may be less than the fitting in FIGS. 9-11, because
FIGS. 13-15 has limited source of error in pixel extraction, such as the rounding
process. In contrast, FIGS. 9-11 can be subject to random experimental noise in pixel
extraction.

In FIGS. 13-15 and FIGS. 9-11, Var(Vx) are similar to Var(Vy). Var(Vz) is sig-
nificantly greater than Var(Vx) and/or Var(Vy). Such observation is consistent with
theoretical basis that measurement error may be greater in the direction of optical axis
(i.e., z-axis) of the vision sensor.

Various embodiments further disclose an apparatus for determining the movement
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[0305]

[0306]

[0307]

[0308]

[0309]

[0310]

300 of the mobile platform 200. The apparatus can include the processor 400 as shown
in FIGS. 1-2.

Various embodiments further disclose an apparatus assembly for determining the
movement 300 of the mobile platform 200. The apparatus assembly can include a
vision sensor for performing a first measurement of the movement 300 of the mobile
platform 200, and the apparatus for determining the movement 300 of the mobile
platform 200. The apparatus can be configured to estimate the error 420 of the first
measurement.

Various embodiments further disclose an apparatus assembly for determining the
movement 300 of the mobile platform 200. The apparatus assembly can include a
vision sensor for performing a first measurement of the movement 300 of the mobile
platform 200, and the apparatus for determining the movement 300 of the mobile
platform 200. The apparatus can be configured to estimate an error 420 of the first
measurement. The apparatus assembly can further include an IMU for collecting and/
or generating a second measurement of the movement of a mobile platform. The
apparatus assembly can be configured to combine the second measurement with the
first measurement based upon the error 420 of the first measurement, to determine the
movement 300 of the mobile platform 200.

Various embodiments further disclose the mobile platform 200, as shown in FIGS.
1-2. The mobile platform 200 can include the apparatus for determining the movement
300 of the mobile platform 200. The mobile platform 200 can be a UAV.

Various embodiments further disclose the mobile platform 200, as shown in FIGS.
1-2. The mobile platform 200 can include the apparatus assembly for determining the
movement 300 of the mobile platform 200. The mobile platform 200 can be a UAV.

Various embodiments further disclose a kit for assembly the mobile platform 200, as
shown in FIGS. 1-2. The kit can include the apparatus for determining the movement
300 of the mobile platform 200. In certain embodiments, an instruction manual can be
included in the kit. The instruction manual may have instructions thereon. When the
instructions are followed, the apparatus for determining the movement 300 of the
mobile platform 200 can be assembled into the mobile platform 200 as shown in the
present disclosure.

Various embodiments further disclose a kit for assembly the mobile platform 200, as
shown in FIGS. 1-2. The kit can include the apparatus assembly for determining the
movement 300 of the mobile platform 200. In certain embodiments, an instruction
manual can be included in the kit. The instruction manual may have instructions
thereon. When the instructions are followed, the apparatus for determining the
movement 300 of the mobile platform 200 can be assembled into the mobile platform

200 as shown in the present disclosure.
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[0311]

[0312]

[0313]

[0314]

[0315]

Although in certain embodiments, the apparatus assembly and/or the mobile platform
200, such as the UAYV, can include the first sensor 500 and/or the second sensor 600,
the first sensor 500 and/or the second sensor 600 is not necessarily integrated with the
apparatus assembly and/or the mobile platform 200. For example, FIG. 16 is an
exemplary diagram illustrating an alternative embodiment of the system 100 of FIG. 2,
wherein the first sensor 500 and the mobile platform 200 communicate remotely. As
shown in FIG. 16, the first sensor 500 can include the vision sensor. The first sensor
500 can be stationery and located remotely from the mobile platform 200. The first
sensor 500 can perform the first measurement by capturing images of the mobile
platform 200 as the object 150 of interest. The exemplary methods of FIGS. 3-6, 8 and
12 can be used for calculated the movement 300 of the mobile platform 200. The
mobile platform 200 can include a communication module 700. The first sensor 500
can be coupled with a communication module 800. The communication modules 700
and/or 800 can include a transceiver and/or a receiver. The communication modules
700 can be configured to receive the first measurement data 430 from the first sensor
500 via the communication module 800.

In various embodiments, the methods as disclosed can be implemented by software
executable via a selected hardware platform, such as a universal hardware platform.
Alternatively and/or additionally, the disclosed methods can be implemented by
hardware. Part or all of the steps in the methods in accordance with various em-
bodiments can be accomplished using a program (or software) to instruct related
hardware.

Therefore, various embodiments further disclose computer program product
comprising instructions for determining the movement 300 of the mobile platform in
accordance with the methods disclosed herein, e.g., as shown in FIGS. 3-6, § and 12.
The program/software can be stored in a (non-transitory) computer-readable storage
medium including, e.g., Read-Only Memory (ROM), Random Access Memory
(RAM), internal memory, register, computer hard disk, removable disk, CD-ROM,
optical disk, floppy disk, magnetic disk, or the like. The program/software can include
coded instructions to instruct one or more processors on a computer device to execute
the methods in accordance with various embodiments.

The disclosed embodiments are susceptible to various modifications and alternative
forms, and specific examples thereof have been shown by way of example in the
drawings and are herein described in detail. It should be understood, however, that the
disclosed embodiments are not to be limited to the particular forms or methods
disclosed, but to the contrary, the disclosed embodiments are to cover all modi-
fications, equivalents, and alternatives.

While preferred embodiments of the present invention have been shown and
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described herein, it will be obvious to those skilled in the art that such embodiments
are provided by way of example only. Numerous variations, changes, and substitutions
will now occur to those skilled in the art without departing from the invention. It
should be understood that various alternatives to the embodiments of the invention
described herein may be employed in practicing the invention. It is intended that the
following claims define the scope of the invention and that methods and structures

within the scope of these claims and their equivalents be covered thereby.
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[Claim 1]

[Claim 2]

[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]

[Claim 7]

[Claim 8]

[Claim 9]

PCT/CN2015/083971

Claims

A method for determining a movement of a mobile platform,
comprising:

obtaining an error contribution value for a first measurement of the
movement; and

estimating an error of the first measurement based upon said obtaining.
The method of claim 1, wherein said estimating comprises estimating
the error of the first measurement according to a correlation between
the error and the error contribution value.

The method of claim 1 or claim 2, further comprising determining the
movement of the mobile platform by combining the first measurement
with a second measurement of the movement of the mobile platform
based on the error of the first measurement.

The method of any one of claims 1-3, further comprising generating the
first measurement by identifying a matching feature point pair
comprising a first feature point of an object based upon a first image of
the object captured at a first time and a second feature point of the
object based upon a second image of the object captured at a second
time.

The method of claim 4, wherein the first time is different from the
second time, said generating the first measurement comprising
measuring the movement of the mobile platform between the first time
and the second time based on a relationship between the first feature
point and the second feature point within the matching feature point
pair.

The method of claim 4 or claim 5, wherein said estimating comprises
estimating the error of the first measurement according to the cor-
relation, the correlation being independent of an error distribution
parameter of a coordinate of the first feature point.

The method of any one of claims 4-6, wherein said estimating
comprises estimating the error of the first measurement according to
the correlation, wherein the correlation is independent of a coordinate
of the first feature point.

The method of any one of claims 4-7, wherein said obtaining comprises
obtaining the error contribution value correlated with a distance
between the object and the mobile platform.

The method of any one of claims 4-8, wherein said obtaining comprises
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[Claim 10]

[Claim 11]

[Claim 12]

[Claim 13]

[Claim 14]

[Claim 15]

[Claim 16]

[Claim 17]

PCT/CN2015/083971

obtaining the error contribution value comprising a binocular disparity
associated with the first feature point.

The method of claim 9, wherein said obtaining comprises obtaining the
error contribution value comprising the binocular disparity generated
based upon two sub-images associated with the first feature point.

The method of claim 10, wherein said obtaining comprises obtaining
the error contribution value comprising the binocular disparity
generated based upon the two sub-images captured simultaneously by
respective two imaging devices.

The method of any one of claims 9-11, wherein said estimating
comprises estimating the error of the first measurement as increasing
linearly with a reciprocal of a square of the binocular disparity.

The method of any one of claims 4-12, wherein said generating the first
measurement comprises:

identifying a plurality of matching feature point pairs each comprising
a respective selected first feature point and a corresponding second
feature point; and

measuring the movement of the mobile platform between the first time
and the second time based upon a relationship between the respective
selected first feature point and the corresponding second feature point
within a selected inlier feature point pair selected from the plurality of
matching feature point pairs.

The method of claim 13, wherein said generating the first measurement
comprises selecting one or more inlier feature point pairs from the
plurality of matching feature point pairs.

The method of claim 14, wherein said obtaining comprises obtaining
the error contribution value comprising a number of the one or more
inlier feature point pairs.

The method of claim 15, wherein said estimating comprises estimating
the error of the first measurement as increasing linearly with a re-
ciprocal of the number of the one or more inlier feature point pairs.
The method of any one of claims 13-17, wherein said generating the
first measurement comprises:

obtaining a sample movement value based on each of the respective
matching feature point pairs; and

measuring the movement of the mobile platform based on the sample
movement value provided by the most matching feature point pairs of

the plurality of matching feature point pairs,
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[Claim 19]

[Claim 20]

[Claim 21]

[Claim 22]

[Claim 23]

[Claim 24]

[Claim 25]

[Claim 26]

[Claim 27]
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wherein the most matching feature point pairs are the one or more inlier
feature point pairs.

The method of any one of claims 4-17, wherein said generating the first
measurement comprises measuring a displacement of the mobile
platform between the first time and the second time.

The method of any one of claims 4-18, wherein said generating the first
measurement comprises measuring a speed of the mobile platform
between the first time and the second time.

The method of any one of claims 1-19, wherein said estimating
comprises estimating a covariance matrix associated with the first mea-
surement.

The method of any one of claims 3-20, further including generating the
second measurement using an inertial measurement unit.

The method of any one of claims 1-21, wherein said estimating
comprises estimating the error of the first measurement for determining
the movement of an Unmanned Aerial Vehicle (UAV).

An apparatus for determining a movement of a mobile platform,
comprising a processor configured to:

obtain an error contribution value for a first measurement of the
movement; and

estimate an error of the first measurement based upon said obtaining.
The apparatus of claim 19, wherein the processor is configured to
estimate the error of the first measurement according to a correlation
between the error and the error contribution value.

The apparatus of claim 23 or claim 24, wherein the processor is
configured to provide the error for determining the movement of the
mobile platform by combining the first measurement with a second
measurement of the movement of the mobile platform based on the
error of the first measurement.

The apparatus of any one of claims 19-25, wherein the first mea-
surement comprises identifying a matching feature point pair
comprising a first feature point of an object based upon a first image of
the object captured at a first time and a second feature point of the
object based upon a second image of the object captured at a second
time.

The apparatus of claim 26, wherein the first time being different from
the second time, a relationship between the first feature point and the

second feature point within the matching feature point pair providing
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[Claim 29]

[Claim 30]

[Claim 31]

[Claim 32]

[Claim 33]

[Claim 34]

[Claim 35]

[Claim 36]

[Claim 37]
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the movement of the mobile platform between the first time and the
second time.

The apparatus of claim 26 or claim 27, wherein the correlation between
the error and the error contribution value is independent of an error dis-
tribution parameter of a coordinate of the first feature point.

The apparatus of any one of claims 26-28, wherein the correlation
between the error and the error contribution value is independent of a
coordinate of the first feature point.

The apparatus of any one of claims 26-29, wherein the processor is
configured to obtain the error contribution value correlated with a
distance between the object and the mobile platform.

The apparatus of any one of claims 26-30, wherein the error con-
tribution value comprises a binocular disparity associated with the first
feature point.

The apparatus of claim 29, wherein the binocular disparity is generated
based upon two sub-images associated with the first feature point.

The apparatus of claim 30, wherein the two sub-images are captured si-
multaneously by respective two imaging devices.

The apparatus of any one of claims 29-31, wherein the processor is
configured to estimate the error of the first measurement as increasing
linearly with a reciprocal of a square of the binocular disparity.

The apparatus of any one of claims 26-34, wherein:

the first measurement comprises:

identifying a plurality of matching feature point pairs, wherein each
matching feature point pair comprises a respective selected first feature
point and a corresponding second feature point; and

measuring the movement of the mobile platform between the first time
and the second time based upon a relationship between the respective
selected first feature point and the corresponding second feature point
within any of one or more inlier feature point pairs selected from the
plurality of matching feature point pairs; and

the error contribution value comprises a number of the one or more
inlier feature point pairs.

The apparatus of claim 35, wherein the processor is configured to
estimate the error of the first measurement as increasing linearly with a
reciprocal of the number of the one or more inlier feature point pairs.
The apparatus of claim 36 or claim 37, wherein the first measurement

comprises:
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[Claim 38]

[Claim 39]

[Claim 40]

[Claim 41]

[Claim 42]

[Claim 43]

[Claim 44]

[Claim 45]

[Claim 46]
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obtaining a sample movement value based on each matching feature
point pair of the plurality of matching feature point pairs, respectively;
and

measuring the movement of the mobile platform based on the sample
movement value provided by the most matching feature point pairs of
the plurality of matching feature point pairs, wherein the most matching
feature point pairs are the one or more inlier feature point pairs.

The apparatus of any one of claims 26-37, wherein the first mea-
surement comprises measuring a displacement of the mobile platform
between the first time and the second time.

The apparatus of any one of claims 26-38, wherein the first mea-
surement comprises measuring a speed of the mobile platform between
the first time and the second time.

The apparatus of any one of claims 23-39, wherein the error of the first
measurement comprises a covariance matrix associated with the first
measurement.

The apparatus of any one of claims 25-40, wherein the first mea-
surement is generated by a first sensor, and the second measurement is
generated by a second sensor being different from the first sensor.

The apparatus of claim 41, wherein the first sensor comprises a vision
Sensor.

The apparatus of claim 41 or claim 42, wherein the second sensor
comprises an inertial measurement unit.

The apparatus of any one of claims 23-43, wherein the mobile platform
comprises an Unmanned Aerial Vehicle (UAV).

An apparatus assembly for determining a movement of a mobile
platform, comprising:

a vision sensor for generating a first measurement of the movement of a
mobile platform; and

the apparatus of any one of claims 23-44, for estimating an error of the
first measurement.

An apparatus assembly for determining a movement of a mobile
platform, comprising:

a vision sensor for generating a first measurement of the movement of a
mobile platform;

the apparatus of any one of claims 23-44, for estimating an error of the
first measurement; and

an inertial measurement unit for generating a second measurement of
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[Claim 49]

[Claim 50]

[Claim 51]

[Claim 52]

[Claim 53]

[Claim 54]

[Claim 55]
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the movement of a mobile platform, the second measurement being
combined with the first measurement based upon the error of the first
measurement, to determine the movement of a mobile platform.

An unmanned aerial vehicle (UAV), comprising the apparatus of any
one of claims 23-38.

An unmanned aerial vehicle (UAV), comprising the apparatus
assembly of claim 45 or claim 46.

A kit for assembling an unmanned aerial vehicle (UAV), comprising
the apparatus of any one of claims 23-38.

A kit for assembling an unmanned aerial vehicle (UAV), comprising
the apparatus assembly of claim 45 or claim 46.

A computer program product comprising instructions for determining
the movement of the mobile platform in accordance with any one of
claims 1-22.

A method for estimating an error of measuring a movement of a mobile
platform, comprising:

hypothesizing a correlation between an error contribution value and the
error of measuring the movement, the correlation containing an
unknown parameter;

collecting an experimental measurement value, a ground truth, and an
error contribution value each corresponding to a test movement;
calculating an error of measuring the test movement based on the
ground truth and the experimental measurement value; and

fitting the hypothesized correlation to the error contribution value of
the test movement and the error of measuring the test movement, to
solve the unknown parameter.

The method of claim 52, further comprising enabling the correlation to
estimate the error of measuring the movement of the mobile platform
based on the error contribution value of measuring the movement.

The method of any one of claims 52-53, further comprising collecting
the experimental measurement value by identifying a matching feature
point pair comprising a first feature point of an object based upon a first
image of the object captured at a first time and a second feature point of
the object based upon a second image of the object captured at a second
time.

The method of claim 54, wherein the first time is different from the
second time, said collecting an experimental measurement value

comprising measuring the test movement of the mobile platform
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[Claim 58]

[Claim 59]

[Claim 60]

[Claim 61]

[Claim 62]

[Claim 63]
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between the first time and the second time based on a relationship
between the first feature point and the second feature point within the
matching feature point pair.

The method of claim 54 or claim 55, wherein said hypothesizing
comprises hypothesizing the correlation independent of an error dis-
tribution parameter of a coordinate of the first feature point.

The method of any one of claims 54-56, wherein said hypothesizing
comprises hypothesizing the correlation independent of a coordinate of
the first feature point.

The method of any one of claims 54-57, wherein said collecting
comprises collecting the error contribution value correlated with a
distance between the object and the mobile platform.

The method of any one of claims 54-58, wherein said collecting
comprises collecting the error contribution value comprising a
binocular disparity associated with the first feature point.

The method of claim 59, wherein said hypothesizing comprises hy-
pothesizing the correlation in which the error of measuring the
movement increases linearly with a reciprocal of a square of the
binocular disparity.

The method of any one of claims 54-60, wherein said collecting the ex-
perimental measurement value comprises:

identifying a plurality of matching feature point pairs each comprising
a respective selected first feature point and a corresponding second
feature point; and

measuring the movement of the mobile platform between the first time
and the second time based upon a relationship between the respective
selected first feature point and the corresponding second feature point
within a selected inlier feature point pairs selected from the plurality of
matching feature point pairs,

wherein said obtaining comprises obtaining the error contribution value
comprising a number of the one or more inlier feature point pairs.

The method of claim 61, wherein said hypothesizing comprises hy-
pothesizing the correlation in which the error of measuring the
movement increases linearly with a reciprocal of the number of the
inlier feature point pairs.

The method of claim 61 or claim 62, wherein said collecting the ex-
perimental measurement value comprises:

obtaining a sample movement value based on each of the respective
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matching feature point pairs; and

measuring the movement of the mobile platform based on the sample
movement value provided by the most matching feature point pairs of
the plurality of matching feature point pairs,

wherein the most matching feature point pairs are the inlier feature
point pairs.

The method of any one of claims 54-63, wherein said collecting the ex-
perimental measurement value comprises measuring a displacement of
the mobile platform between the first time and the second time.

A computer program product comprising instructions for estimating an
error of measuring a movement of a mobile platform, in accordance

with any one of claims 52-64.
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[Fig. 3]
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[Fig. 4]
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[Fig. 5]
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[Fig. 6]
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[Fig. 8]
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[Fig. 12]
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