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includes: obtaining a base image captured at a first position; extracting an original
patch from the base image that includes a feature point; obtaining a current image
captured a second position, the current image including an updated patch that in-
cludes the feature point at an updated location; determining a scale factor between
the first original patch and the updated patch; and based on the first scale factor,
obtaining an estimate of an object depth for the feature point. A method and system
of obstacle avoidance includes: in response to detecting an obstacle: if long-range
obstacle avoidance criteria are met, executing a long-range obstacle avoidance ma-
neuver, including moving along an initial trajectory to a point of clearance, wherein
an initial velocity of the moveable object along the initial trajectory has a component
that is perpendicular to the original movement path.
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METHOD AND SYSTEM FOR IMAGE-BASED OBJECT DETECTION AND
CORRESPONDING MOVEMENT ADJUSTMENT MANEUVERS
TECHNICAL FIELD
[0001] The disclosed embodiments relate generally to systems and methods for detecting

objects (e.g., targets and/or obstacles), and adjusting movement of a moveable object in
accordance with the detection results, and more particularly, but not exclusively, to obstacle
detection and avoidance based on images captured by a single camera onboard a moveable
object (e.g., an unmanned aerial vehicle (UAV)).

BACKGROUND
[0002] Movable objects such as unmanned aerial vehicles (UAVs) frequently use
imaging devices to capture image data during movement of the moveable objects. The captured
image data may be transmitted to a remote device, such as a remote control unit, so that a user
can view the image data in real-time and control the movement of the UAV remotely.
Micro-Aerial Vehicle (MAV) is a type of remotely controlled UAVs that have a size as small as
a few centimeters to tens of centimeters. These small crafts allow remote observation of
hazardous environments inaccessible to ground vehicles, personnel, and/or larger aerial vehicles.
Autonomous control of UAVs is enabled by sensors and computation logic that are implemented
to detect obstacles in the UAV’s flightpath and execute obstacle avoidance maneuvers
accordingly with minimal human intervention. Typically, obstacle detection on a UAV relies on
signals from sensors, such as sonars, radars, stereo cameras, etc., that are carried as payload on
the UAV. Data from these sensors are analyzed in real-time (e.g., based on time of flight,
triangulation, etc.) to obtain size and position information of obstacles in the UAV’s flight path.
Based on the result of the analysis, obstacle avoidance logic implemented on the UAV modifies
the flight path of the UAV to avoid the detected obstacles.

SUMMARY

[0003] Conventional systems and methods for obstacle detection and avoidance that are
implemented on UAVs require a significant amount of equipment (e.g., multiple sensors, stereo
camera, etc.) to be carried on the UAVs, which reduces the maneuverability of the UAVs,
increases power consumption and reduces the total flight time of the UAVs, lowers the

maximum height and speed of the UAVs, and increases the complexity and cost of the UAVs.
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The different existing obstacle detection techniques also have various other issues, such as short
detection ranges (e.g., as with ultrasound-based sensors), high cost (e.g. as with laser-based
sensors), and constraints on operating environment (e.g., as with stereo cameras), that prohibit
wide applicability of these detection techniques. In many cases, the small size and weight of the
moveable object (e.g., as in MAVs) further limit the usefulness of these existing obstacle
detection techniques, as the required equipment for obstacle detection would often take up too
much of the payload permitted onboard the moveable objects.

[0004] In addition, many conventional obstacle detection techniques only work well in
detecting obstacles that are relatively close to the moveable object. In such cases, by the time
that the obstacles are detected, the moveable object is already very close to the detected obstacles.
Due to the short distance that is still available between the moveable object and the detected
obstacle, conventional obstacle avoidance techniques often require a sudden stop of the
moveable object and an immediate straight pulling up of the moveable object to avoid impact
with the obstacle. This type of obstacle avoidance maneuvers is often unsuccessful and places
undesirable strains on the actuators of the moveable object. In addition, during obstacle
avoidance, suspension of other functions (e.g., surveillance) of the moveable object may be
required.

[0005] Therefore, there is a need for systems and methods of obstacle detection and
handling that are effective and efficient, that do not significantly increase the cost and weight of
the moveable objects, and that are capable of detecting obstacles at a relatively large distance
away {rom the moveable object. In addition, there is a need for systems and methods of adjusting
movement of the moveable object (e.g., to avoid obstacles and/or to move toward objects of
interest) in accordance with results of object detection, without requiring sudden change of
directions and over straining the movement mechanisms of the moveable object.

[0006] The system and method disclosed herein rely on images captured by a single
onboard camera of a moveable object (e.g., a UAV or other moveable object) to detect objects
(e.g., targets and/or obstacles) in the field of view of the camera and to estimate the distances of
the objects from the moveable object. As most moveable objects (e.g., UAVs) already have a
high-quality camera onboard (e.g., either as payload or as an integrated component), minimal
additional weight and equipment need to be added to the moveable objects in order to
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accomplish the object detection (e.g., obstacle detection and/or target detection) goals.
Accordingly, the techniques disclosed herein save costs and conserve payload allowance for
other useful functions that need to be implemented on the moveable objects. In addition, most
movable objects are already capturing images during movement of the moveable object for an
intended purpose (e.g., surveillance), therefor, the techniques disclosed herein are unlikely to
interfere with the existing functions of the moveable objects.

[0007] Furthermore, the object detection techniques disclosed herein are capable of
detecting an object that is relatively far away from the moveable object (e.g., 100 to 200 meters
away), thus, smooth obstacle avoidance maneuvers can be executed successfully. In some
embodiments, the moveable object, upon detection of an obstacle in its path, starts a gradual
climb or a gradual sideways movement to avoid the obstacle, rather than executing a sudden stop
followed by a straight up or straight side movement at high speeds. These more gradual and
smooth maneuvers enabled by the object detection techniques place less strain on the movement
mechanisms of the moveable objects, thereby extending the lifetime of the moveable objects.
[0008] As disclosed herein, the image processing and computations for object detection
are performed in real-time onboard the moveable object in accordance with some embodiments.
In some embodiments, the image processing and computations for object detection are
performed in real-time or at a later time at a remote control unit in accordance with some
embodiments. In some embodiments, the movement adjustment instructions (e.g., to avoid a
detected obstacle) are generated onboard the moveable object in real-time (e.g., as in an
autonomous flight control mode) during an autonomous flight. In some embodiments, the
movement adjustment instructions (e.g., to avoid a detected obstacle) are generated at the remote
control unit and transmitted to the moveable object during a controlled or semi-controlled flight.
In some embodiments, both the object detection and the movement adjustments are implemented
onboard the moveable object (e.g., an MAV), such that autonomous flight control of the MAV is
accomplished.

[0009] In accordance with some embodiments, a method of obstacle detection is
performed at a device having one or more processors and memory. The method includes:
obtaining a base image that is captured by an onboard camera of a moveable object while the
moveable object is at a first position; extracting a first original patch from the base image,
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wherein the first original patch corresponds to a portion of the base image that includes a first
feature point of the base image; obtaining a current image that is captured by the onboard camera
while the moveable object is at a second position, wherein a portion of the current image
includes the first feature point with an updated location; determining a first scale factor between
the first original patch in the base image and a first updated patch in the current image, wherein
the first updated patch corresponds to the portion of the current image that includes the first
feature point with the updated location; and based on the first scale factor and a distance between
the first position and the second position of the moveable object, obtaining an estimate of a
corresponding object depth for the first feature point in the current image.

[0010] In some embodiments, an Unmanned Aerial Vehicle (UAV) includes: a
propulsion system; an onboard camera; a storage device; and one or more processors coupled to
the propulsion system, the onboard camera, and the storage device; the one or more processors
configured for: obtaining a base image that is captured by the onboard camera while the UAV is
at a first position; extracting a first original patch from the base image, wherein the first original
patch corresponds to a portion of the base image that includes a first feature point of the base
image; obtaining a current image that is captured by the onboard camera while the UAV is at a
second position along the original movement path of the UAV, and wherein a portion of the
current image includes the first feature point with an updated location; determining a first scale
factor between the first original patch in the base image and a first updated patch in the current
image, wherein the first updated patch corresponds to the portion of the current image that
includes the first feature point with the updated location; and based on the first scale factor and a
distance between the first position and the second position of the UAV, obtaining an estimate of
a corresponding object depth for the first feature point in the current image.

[0011] In some embodiments, a system includes: a storage device; and one or more
processors coupled to the propulsion system and the storage device; the one or more processors
configured for: obtaining a base image that is captured by an onboard camera of a moveable
object while the moveable object is at a first position; extracting a first original patch from the
base image, wherein the first original patch corresponds to a portion of the base image that
includes a first feature point of the base image; obtaining a current image that is captured by the
onboard camera while the moveable object is at a second position (e.g., a second position along
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the original movement path of the moveable object), and wherein a portion of the current image
includes the first feature point with an updated location; determining a first scale factor between
the first original patch in the base image and a first updated patch in the current image, wherein
the first updated patch corresponds to the portion of the current image that includes the first
feature point with the updated location; and based on the first scale factor and a distance between
the first position and the second position of the moveable object, obtaining an estimate of a
corresponding object depth for the first feature point in the current image.

[0012] In some embodiments, a computer readable storage medium stores one or more
programs, the one or more programs comprising instructions, which when executed, cause a
device to: obtain a base image that is captured by an onboard camera of a moveable object while
the moveable object is at a first position (e.g., a first position along an original movement path of
the moveable object); extract a first original patch from the base image, wherein the first original
patch corresponds to a portion of the base image that includes a first feature point of the base
image; obtain a current image that is captured by the onboard camera while the moveable object
is at a second position (e.g., a second position along the original movement path of the moveable
object), and wherein a portion of the current image includes the first feature point with an
updated location; determine a first scale factor between the first original patch in the base image
and a first updated patch in the current image, wherein the first updated patch corresponds to the
portion of the current image that includes the first feature point with the updated location; and
based on the first scale factor and a distance between the first position and the second position of
the moveable object, obtain an estimate of a corresponding object depth for the first feature point
in the current image.

[0013] In some embodiments, a method of obstacle avoidance is performed at a
moveable object having an onboard camera, one or more processors, and memory. The method
includes: detecting an obstacle in an original movement path of the moveable object; in response
to detecting the obstacle: in accordance with a determination that long-range obstacle avoidance
criteria are met, wherein the long-range obstacle criteria require that a distance between the
moveable object and the obstacle along the original movement path exceeds a first threshold
distance, executing a long-range obstacle avoidance maneuver, including moving along an initial
trajectory from a current position of the moveable object to a point of clearance beyond an outer

5



WO 2018/090205 PCT/CN2016/105960

edge of the obstacle, wherein an initial velocity of the moveable object along the initial trajectory
has a first component that is parallel to the original movement path and a second component that
is perpendicular to the original movement path.

[0014] In some embodiments, a Micro aerial vehicle (MAV) includes a propulsion
system; an onboard camera; a storage device; and one or more processors coupled to the
propulsion system, the onboard camera, and the storage device; the one or more processors
configured for: detecting an obstacle in an original movement path of the moveable object; in
response to detecting the obstacle: in accordance with a determination that long-range obstacle
avoidance criteria are met, wherein the long-range obstacle criteria require that a distance
between the moveable object and the obstacle along the original movement path exceeds a first
threshold distance, executing a long-range obstacle avoidance maneuver, including moving
along an initial trajectory from a current position of the moveable object to a point of clearance
beyond an outer edge of the obstacle, wherein an initial velocity of the moveable object along the
initial trajectory has a first component that is parallel to the original movement path and a second
component that is perpendicular to the original movement path.

[0015] In some embodiments, a system includes: an onboard camera; a storage device;
and one or more processors coupled to the propulsion system, the onboard camera, and the
storage device; the one or more processors configured for: detecting an obstacle in an original
movement path of the moveable object; in response to detecting the obstacle: in accordance with
a determination that long-range obstacle avoidance criteria are met, wherein the long-range
obstacle criteria require that a distance between the moveable object and the obstacle along the
original movement path exceeds a first threshold distance, executing a long-range obstacle
avoidance maneuver, including moving along an initial trajectory from a current position of the
moveable object to a point of clearance beyond an outer edge of the obstacle, wherein an initial
velocity of the moveable object along the initial trajectory has a first component that is parallel
to the original movement path and a second component that is perpendicular to the original
movement path.

[0016] In some embodiments, a computer readable storage medium stores one or more
programs, the one or more programs comprising instructions, which when executed, cause a
device to: detect an obstacle in an original movement path of the moveable object; in response to

6



WO 2018/090205 PCT/CN2016/105960

detecting the obstacle: in accordance with a determination that long-range obstacle avoidance
criteria are met, wherein the long-range obstacle criteria require that a distance between the
moveable object and the obstacle along the original movement path exceeds a first threshold
distance, execute a long-range obstacle avoidance maneuver, including moving along an initial
trajectory from a current position of the moveable object to a point of clearance beyond an outer
edge of the obstacle, wherein an initial velocity of the moveable object along the initial trajectory
has a first component that is parallel to the original movement path and a second component that
is perpendicular to the original movement path.
[0017] In accordance with some embodiments, an electronic device includes a propulsion
system; an onboard camera; a storage device; and one or more processors coupled to the
propulsion system, the onboard camera, and the storage device; the one or more processors
configured for performing any of the methods described herein. In accordance with some
embodiments, a computer readable storage medium has stored therein instructions which when
executed by an electronic device, cause the device to perform or cause performance of the
operations of any of the methods described herein. In accordance with some embodiments, an
electronic device includes: means for performing or causing performance of the operations of
any of the methods described herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] Figure 1 is a schematic diagram of a movable object environment, in accordance
with some embodiments.
[0019] Figure 2 is a system diagram of an exemplary movable object, in accordance with
some embodiments.
[0020] Figure 3 is a system diagram of an exemplary control unit, in accordance with
some embodiments.
[0021] Figure 4 is a schematic diagram that illustrates image capturing, obstacle
detection, and obstacle avoidance, during flight of an MAV, in accordance with some
embodiments.
[0022] Figure 5 illustrates detection and tracking of feature points and matching

corresponding image patches across two images that are captured by a single onboard camera at
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different positions along the movement path of the moveable object, in accordance with some
embodiments.
[0023] Figure 6 illustrates feature points and corresponding patches in an image, in
accordance with some embodiments.
[0024] Figure 7 illustrates the selection of an initial value for a scale factor s for an image
patch corresponding to a detected feature point, in accordance with some embodiments.
[0025] Figure 8 illustrates the calculation of an object depth of a feature point based on a
scale factor between corresponding sizes of a real-world object shown in two images that are
captured at different positions F1 and F2, in accordance with some embodiments.
[0026] Figure 9 illustrates detection of open sky and characterization of detected
obstacles based on estimated object depths of feature points in an image, in accordance with
some embodiments.
[0027] Figure 10 illustrates projection of feature points from a base image and a previous
base image onto a current image, in accordance with some embodiments.
[0028] Figure 11 illustrate a process for searching for a window of clearance to avoid an
obstacle, in accordance with some embodiments.
[0029] Figure 12 illustrates paths of long-range obstacle avoidance maneuvers, in
accordance with some embodiments.
[0030] Figures 13A-13E are a flow diagram of a method for estimating object depth
based on images captured at different locations (e.g., by a single camera), in accordance with
some embodiments.
[0031] Figures 14A-14G are a flow diagram of a method for avoiding an obstacle, in
accordance with some embodiments.
[0032] Figure 15 is a block diagram of a moveable object (e.g., an MAV) that
implements the object detection and/or avoidance techniques disclosed herein.

DETAILED DESCRIPTION
[0033] Reference will now be made in detail to embodiments, examples of which are
illustrated in the accompanying drawings. In the following detailed description, numerous
specific details are set forth in order to provide a thorough understanding of the various
described embodiments. However, it will be apparent to one of ordinary skill in the art that the
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various described embodiments may be practiced without these specific details. In other
instances, well-known methods, procedures, components, circuits, and networks have not been
described in detail so as not to unnecessarily obscure aspects of the embodiments.

[0034] Techniques for detecting objects, specifically, estimating locations, sizes, and
distances of objects (e.g., targets and/or obstacles) based on images captured by a single camera
are described herein. In addition, techniques for adjusting movements of a moveable object (e.g.,
executing long-range and short-range obstacle avoidance maneuvers) in accordance with object
detection results are also described herein.

[0035] In some embodiments, the images are captured using a camera that is a payload or
an integrated component of a UAV or other remote controlled and/or autonomous vehicle. When
image data is captured by a device (such as a UAV or other movable object) that is remote from
a user operated device (such as a remote control device for a UAV), the image data can be
transmitted to the user operated device, so that the user is able to, e.g., view the image data that
is being captured, direct image capture properties, and direct movement of the movable object
based on the imaged subject. However, sometimes, distance determination for objects in the
captured images is difficult based on the use’s naked eye. In addition, sometimes, direct user
control is not available or desirable, and the moveable object must rely on preconfigured and/or
automatically generated computer instructions to determine how to navigate around objects in its
flight path. In these scenarios, automatic object detection and distance estimation are required to
provide a basis for the automatic generation of computer instructions to adjust the movement of
the unmanned moveable object, and/or for aiding a human user to manually navigate the
moveable dject accordingly.

[0036] In some embodiments, the captured image data can also be processed at the user
operated device or using the onboard processing units of the UAV in accordance with the
techniques described herein to determine whether targets and/or obstacles exist in the UAV’s
field of view and characterize the locations and sizes of the targets and/or obstacles. In the case
where an obstacle is detected in the original movement path of the UAV, or where an object of
interest is detected in the field of view of the UAV, instructions can be generated at the control
device or onboard the UAV for the UAV to execute appropriate obstacle avoidance maneuvers
or to head toward the object of interest that has been detected.
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[0037] In some embodiments, based on the characterization of the obstacles (e.g.,
approximation of the sizes, shapes, and locations of the obstacles) detected in the moveable
object’s field of view, given that a sufficient distance between the detected obstacle and the
moveable object exists, instructions are generated to adjust the original movement path of the
moveable object in a gradual and smooth manner, without requiring a sudden stop followed by a
straight pull-up or a straight side movement, to avoid the obstacle.

[0038] Figure 1 illustrates a movable object environment 100, in accordance with some
embodiments. The movable object environment 100 includes a movable object 102. In some
embodiments, the movable object 102 includes a carrier 104, a payload 106, and/or one or more
movement mechanisms 114.

[0039] In some embodiments, the carrier 104 is used to couple a payload 106 to movable
object 102. In some embodiments, the carrier 104 includes an element (e.g., a gimbal and/or
damping element) to isolate the payload 106 from movement of the movable object 102 and/or
the one or more movement mechanisms 114. In some embodiments, the carrier 104 includes an
element for controlling movement of the payload 106 relative to the movable object 102.

[0040] In some embodiments, the payload 106 is coupled (e.g., rigidly coupled) to the
movable object 102 (e.g., coupled via the carrier 104) such that the payload 106 remains
substantially stationary relative to the movable object 102. For example, the carrier 104 is
coupled to the payload 106 such that the payload is not movable relative to the movable object
102. In some embodiments, the payload 106 is mounted directly to the movable object 102
without requiring the carrier 104. In some embodiments, the payload 106 is located partially or
fully within the movable object 102.

[0041] In some embodiments, the movable object environment 100 includes a control
unit 108 that communicates with the movable object 102, e.g., to provide control instructions to
the movable object 102 and/or to display information received from the movable object 102.
[0042] In some embodiments, the movable object environment 100 includes a computing
device 110. The computing device 110 is, e.g., a server computer, desktop computer, a laptop
computer, a tablet, or another portable electronic device (e.g., a mobile telephone). In some
embodiments, the computing device 110 is a base station that communicates (e.g., wirelessly)
with the movable object 102 and/or the control unit 108. In some embodiments, the computing
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device 110 provides data storage, data retrieval, and/or data processing operations, €.g., to reduce
the processing power and/or data storage requirements of the movable object 102 and/or the
control unit 108. For example, the computing device 110 is communicatively connected to a
database and/or the computing device 110 includes a database. In some embodiments, the
computing device 110 is used in lieu of or in addition to the control unit 108 to perform any of
the operations described with regard to the control unit 108.

[0043] In some embodiments, the movable object 102 communicates with a control unit
108 and/or a computing device 110, e.g., via wireless communications 112. In some
embodiments, the movable object 102 receives information from the control unit 108 and/or the
computing device 110. For example, information received by the movable object 102 includes,
e.g., control instructions for controlling parameters of the movable object 102. In some
embodiments, the movable object 102 transmits information to the control unit 108 and/or the
computing device 110. For example, information transmitted by the movable object 102 includes,
e.g., images and/or video captured by the movable object 102.

[0044] In some embodiments, communications between the computing device 110, the
control unit 108 and/or the movable object 102 are transmitted via a network (e.g., Internet 116)
and/or a wireless signal transmitter (e.g., a long range wireless signal transmitter) such as a
cellular tower 118. In some embodiments, a satellite (not shown) is a component of Internet 116
and/or is used in addition to or in lieu of the cellular tower 118.

[0045] In some embodiments, information communicated between the computing device
110, the control unit 108 and/or the movable object 102 include control instructions. Control
instructions include, e.g., navigation instructions for controlling navigational parameters of the
movable object 102 such as position, orientation, attitude, and/or one or more movement
characteristics (e.g., velocity and/or acceleration for linear and/or angular movement) of the
movable object 102, the carrier 104, and/or the payload 106. In some embodiments, control
instructions include instructions for directing movement of one or more of the movement
mechanisms 114. For example, control instructions are used to control flight of a UAV (e.g., to
execute obstacle avoidance maneuvers, and/or follow an object of interest).

[0046] In some embodiments, control instructions include information for controlling
operations (e.g., movement) of the carrier 104. For example, control instructions are used to
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control an actuation mechanism of the carrier 104 so as to cause angular and/or linear movement
of the payload 106 relative to the movable object 102. In some embodiments, control instructions
adjust movement of the movable object 102 with up to six degrees of freedom.

[0047] In some embodiments, control instructions are used to adjust one or more
operational parameters for the payload 106. For example, control instructions include
instructions for adjusting a focus parameter and/or an orientation of the payload 106 (e.g., to
track a target). In some embodiments, control instructions include instructions for: adjusting
imaging properties and/or image device functions, such as adjusting a metering mode (e.g., a
number, arrangement, size, and/or location of light metering areas); adjusting one or more
exposure parameters (e.g., an aperture setting, a shutter speed, and/or an exposure index);
capturing an image; initiating/ceasing video capture; powering an imaging device 218 (Figure 2)
on or off; adjusting an imaging mode (e.g., capturing still images or capturing video); adjusting a
distance between left and right components of a stereographic imaging system; and/or adjusting
a position, orientation, and/or movement (e.g., pan rate and/or pan distance) of a carrier 104, a
payload 106 and/or an imaging device 302.

[0048] In some embodiments, when control instructions are received by the movable
object 102, the control instructions change parameters of and/or are stored by the memory 204
(Figure 2) of movable object 102.

[0049] The above identified elements need not be implemented as separate software
programs, procedures, or modules, and thus various subsets of these elements may be combined
or otherwise re-arranged in various embodiments, and stored in the memory 204 and/or the
processor(s) 202. In some embodiments, the controlling system includes a subset of the elements
identified above. Furthermore, the memory 204 and/or the processors 202 may store additional
elements not described above. In some embodiments, the elements stored in the memory 204, the
processor(s) 202, and/or a non-transitory computer readable storage medium of memory 204
and/or processors(s) 202, provide instructions for implementing respective operations in the
methods described below. In some embodiments, some or all of these elements may be
implemented with specialized hardware circuits that subsume part or all of the element
functionality. One or more of the above identified elements may be executed by one or more
processor(s) 202 of the movable object 102. In some embodiments, one or more of the above
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identified elements are stored on one or more storage devices of a device remote from the
movable object (such as memory of the control unit 108 and/or the computing device 110) and/or
executed by one or more processors of a device remote from the movable object 102 (such as
processor(s) of the control unit 108 and/or the computing device 110).

[0050] Figure 2 illustrates an exemplary movable object 102, in accordance with some
embodiments. The movable object 102 typically includes one or more processor(s) 202, a
memory 204, a communication system 206, a movable object sensing system 208, and one or
more communication buses 212 for interconnecting these components.

[0051] In some embodiments, the one or more processor(s) include at least one Field
Programmable Gate Array (FPGA) and/or at least one Application Specific Integrated Circuit
(ASIC). In some embodiments, the one or more processor(s) 202 include one or more image
signal processors (ISPs) 216 (e.g., implemented in the at least one FPGA and/or the at least one
ASIC).

[0052] In some embodiments, memory 204 includes a solid state drive (SSD). In some
embodiments, part or all of memory 204 is connected to a communication bus 212 via a
Peripheral Component Interconnect Express (PCle) interface or Serial AT Attachment (SATA)
interface connects bus.

[0053] In some embodiments, the movable object 102 is a UAV and includes
components to enable flight and/or flight control. In some embodiments, the movable object 102
includes communication system 206 with one or more network or other communications
interfaces (e.g., via which flight control instructions are received), one or more movement
mechanisms 114 (e.g., 114a, 114b), and/or one or more movable object actuators 210 (e.g., 210a,
210b). Movable object actuators (e.g., 210a, 210b) cause movement of movement mechanisms
(e.g., 114a, 114b), e.g., in response to received control instructions. Although the movable object
102 is depicted as an aircraft, this depiction is not intended to be limiting, and any suitable type
of movable object can be used (e.g., a micro-rover).

[0054] In some embodiments, the movable object 102 includes movement mechanisms
114 (e.g., propulsion mechanisms). Although the plural term “movement mechanisms” is used
herein for convenience of reference, “movement mechanisms 114" refers to a single movement
mechanism (e.g., a single propeller) or multiple movement mechanisms (e.g., multiple rotors).
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The movement mechanisms 114 include one or more movement mechanism types such as rotors,
propellers, blades, engines, motors, wheels, axles, magnets, nozzles, and so on. The movement
mechanisms 114 are coupled to the movable object 102 at, e.g., the top, bottom, front, back,
and/or sides. In some embodiments, the movement mechanisms 114 of a single movable object
102 include multiple movement mechanisms of the same type. In some embodiments, the
movement mechanisms 114 of a single movable object 102 include multiple movement
mechanisms with different movement mechanism types. The movement mechanisms 114 are
coupled to the movable object 102 using any suitable means, such as support elements (e.g.,
drive shafts) and/or other actuating elements (e.g., the movable object actuators 210). For
example, a movable object actuator 210 receives control signals from the processor(s) 202 (e.g.,
via the control bus 212) that activate the movable object actuator 210 to cause movement of a
movement mechanism 114. For example, the processor(s) 202 include an electronic speed
controller that provides control signals to a movable object actuator 210.

[0055] In some embodiments, the movement mechanisms 114 enable the movable object
102 to take off vertically from a surface or land vertically on a surface without requiring any
horizontal movement of the movable object 102 (e.g., without traveling down a runway). In
some embodiments, the movement mechanisms 114 are operable to permit the movable object
102 to hover in the air at a specified position and/or orientation. In some embodiments, one or
more of the movement mechanisms 114 (e.g., 114a) are controllable independently of one or
more of the other movement mechanisms 114 (e.g., 114b). For example, when the movable
object 302 is a quadcopter, each rotor of the quadcopter is controllable independently of the
other rotors of the quadcopter. In some embodiments, multiple movement mechanisms 114 are
configured for simultaneous movement.

[0056] In some embodiments, the movement mechanisms 114 include multiple rotors
that provide lift and/or thrust to the movable object 102. The multiple rotors are actuated to
provide, e.g., vertical takeoff, vertical landing, and hovering capabilities to the movable object
102. In some embodiments, one or more of the rotors spin in a clockwise direction, while one or
more of the rotors spin in a counterclockwise direction. For example, the number of clockwise
rotors is equal to the number of counterclockwise rotors. In some embodiments, the rotation rate
of each of the rotors is independently variable, e.g., for controlling the lift and/or thrust produced
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by each rotor, and thereby adjusting the spatial disposition, velocity, and/or acceleration of the
movable object 102 (e.g., with respect to up to three degrees of translation and/or up to three
degrees of rotation).

[0057] The communication system 206 enables communication with the control unit 108
and/or the computing device 110, e.g., via an antenna 214. The communication system 206
includes, e.g., transmitters, receivers, and/or transceivers for wireless communication. In some
embodiments, the communication is one-way communication, such that data is only received by
the movable object 102 from the control unit 108 and/or the computing device 110, or vice-versa.
In some embodiments, communication is two-way communication, such that data is transmitted
in both directions between the movable object 102 and the control unit 108 and/or the computing
device 110. In some embodiments, the movable object 102, the control unit 108, and/or the
computing device 110 are connected to the Internet 116 or other telecommunications network,
e.g., such that data generated by the movable object 102, the control unit 108, and/or the
computing device 110 is transmitted to a server for data storage and/or data retrieval (e.g., for
display by a website).

[0058] In some embodiments, the sensing system 208 of the movable object 102 includes
one or more sensors. In some embodiments, the one or more sensors of movable object sensing
system 208 includes image sensor 220 (e.g., an imaging sensor of an imaging device 218, such
as a digital camera). In some embodiments, one or more sensors of the movable object sensing
system 208 are mounted to the exterior, located within, or otherwise coupled to the movable
object 102. In some embodiments, one or more sensors of the movable object sensing system
208 are components of and/or coupled to the carrier 104 and/or the payload 106. For example,
part or all of imaging device 218 is a payload 106, a component of payload 106, and/or a
component of movable object 102. In some embodiments, one or more processors(s) 202,
memory 204, and/or ISP(s) 216 are components of imaging device 218. The image sensor 220 is,
e.g., a sensor that detects light, such as visible light, infrared light, and/or ultraviolet light. In
some embodiments, the image sensor 220 includes, e.g., semiconductor charge-coupled devices
(CCD), active pixel sensors using complementary metal-oxide—semiconductor (CMOS) and/or
N-type metal-oxide-semiconductors (NMOS, Live MOS). In some embodiments, the image
sensor 220 includes one or more arrays of photo sensors.
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[0059] In some embodiments, the memory 204 stores one or more instructions, programs
(e.g., sets of instructions), modules, controlling systems, controlling system configurations,
and/or data structures, collectively referred to as “elements” herein. One or more elements
described with regard to the memory 204 are optionally stored by the control unit 108, the
computing device 110, the imaging device 218, and/or another device.

[0060] In some embodiments, the memory 204 stores a controlling system configuration
that includes one or more system settings (e.g., as configured by a manufacturer, administrator,
and/or user). For example, identifying information for the movable object 102 is stored as a
system setting of the system configuration. In some embodiments, the controlling system
configuration includes a configuration for the movable object sensing system 208. The
configuration for the movable object sensing system 208 stores parameters such as position (e.g.,
of an optical device relative to the image sensor 220), zoom level and/or focus parameters (e.g.,
amount of focus, selecting autofocus or manual focus, and/or adjusting an autofocus target in an
image). Imaging property parameters stored by memory 204 include, e.g., frame rate, image
resolution, image size (e.g., image width and/or height), aspect ratio, pixel count, quality, focus
distance, depth of field, exposure time, shutter speed, and/or white balance. In some
embodiments, parameters stored by memory 204 are updated in response to control instructions
(e.g., generated by processor(s) 202 and/or received by the movable object 102 from control unit
108 and/or the computing device 110).

[0061] In some embodiments, the controlling system includes instructions and/or
functional units for initiating and/or ceasing storage of the image data output of the image sensor
220. In some embodiments, the controlling system includes image processing instructions and/or
functional units for processing high quality image data to generate raw format image data and/or
to generate reduced-size image data. In some embodiments, the image processing instructions
include one or more compression algorithms, such as are well-known in the art. In some
embodiments, the controlling system includes instructions and/or functional units for
preprocessing the high-quality image data or the reduced-size image data in preparation of the
image-based object detection procedures. In some embodiments, the controlling system includes
instructions and/or functional units for processing the image data to extract feature points and
track the feature points across multiple images that have been taken at different locations along
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the moveable objects’ movement path. In some embodiments, the controlling system includes
instructions and/or functional units for detecting objects and estimating depths of the objects
represented in the captured images (or in the field of view of the moveable object). In some
embodiments, the controlling system includes instructions and/or functional units for
characterizing (e.g., estimating the sizes, shapes, and locations of) the objects detected in the
captured image (or in the field of view of the moveable object). In some embodiments, the
controlling system includes instructions and/or functional units for generating specific
instructions for adjusting the movement of the moveable object in accordance with the
characterization of the objects that have been detected. In some embodiments, the controlling
system includes instructions and/or functional units for executing the specific instructions for
adjusting the movement of the moveable object that have been generated. Figure 15 illustrates a
functional block diagram illustrating a system that includes functional units for performing the
various functions described herein.

[0062] Figure 3 illustrates an exemplary control unit 108, in accordance with some
embodiments. Although the control unit 108 is typically a portable (e.g., handheld) device, the
control unit 108 need not be portable. In some embodiments, the control unit 108 is a dedicated
control device (e.g., for the movable object 102), a laptop computer, a desktop computer, a tablet
computer, a gaming system, a wearable device (e.g., glasses, a glove, and/or a helmet), a
microphone, a portable communication device (e.g., a mobile telephone) and/or a combination
thereof. The control unit 108 typically includes one or more processor(s) 302, a memory 304, an
I/0 interface 306, a communication system 314, and one or more communication buses 312 for
interconnecting these components.

[0063] In some embodiments, I/O interface 306 includes an input device 310. In some
embodiments, the input device 310 receives user input to control aspects of the movable object
102, the carrier 104, the payload 106, and/or a component thereof. Such aspects include, e.g.,
altitude, position, orientation, velocity, acceleration, navigation, and/or tracking. For example, a
position of an input device of the control unit 108 (e.g., a position of a component of input
device) is manually set by a user to a position corresponding to an input (e.g., a predetermined
input) for controlling the movable object 102. In some embodiments, the input device is
manipulated by a user to input control instructions for controlling the navigation of the movable
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object 102. In some embodiments, the input device 310 of the control unit 108 is used to input a
flight mode for the movable object 102, such as auto pilot or navigation according to a
predetermined navigation path.

[0064] In some embodiments, I/O interface 306 includes a display 308 of the control unit
108. In some embodiments, the display 308 displays information generated by the movable
object sensing system 208 (e.g., imaging device 218 and/or image sensor 220), the memory 204,
and/or another system of the movable object 102. For example, information displayed by a
display 308 of the control unit 108 includes a processed version of image data captured by the
imaging device 218 and/or image sensor 220. In some embodiments, information displayed by
the display 308 is displayed in substantially real-time as information is received {rom the
movable object 102 and/or as image data is acquired. In some embodiments, the display 308
displays tracking data (e.g., a graphical tracking indicator applied to a representation of a target),
and/or indications of control data transmitted to the movable object 102. In some embodiments,
the display 308 displays information about the movable object 102, the carrier 104, and/or the
payload 106, such as position, attitude, orientation, movement characteristics of the movable
object 102, and/or distance between the movable object 102 and another object (e.g., a target
and/or an obstacle).

[0065] In some embodiments, the control unit 108 includes instructions and/or
functional units receiving and storing the image data output from the moveable object 102. In
some embodiments, the control unit 108 includes instructions and/or functional units for
preprocessing the image data received from the moveable object 102 in preparation of the
image-based object detection procedures. In some embodiments, the control unit 108 includes
instructions and/or functional units for processing the image data to extract feature points and
track the feature points across multiple images that have been taken at different locations along
the moveable objects’ movement path. In some embodiments, the control unit 108 includes
instructions and/or functional units for detecting objects and estimating depths of the objects in
the captured images (or in the field of view of the moveable object). In some embodiments, the
control unit 108 includes instructions and/or functional units for characterizing (e.g., estimating
the sizes, shapes, and locations of) the objects detected in the captured image (or in the field of
view of the moveable object). In some embodiments, the control unit 108 includes instructions
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and/or functional units for generating specific instructions for adjusting the movement of the
moveable object in accordance with the characterization of the objects that have been detected.
In some embodiments, the control unit 108 includes instructions and/or functional units for
sending the specific instructions for adjusting the movement of the moveable object that have
been generated. In some embodiments, the control unit 108 includes instructions for displaying
the suggested movement adjustment maneuvers and/or obstacle distance data overlaid on a
currently displayed/captured image on display 308, to aid the user’s direct control of the
moveable object.

[0066] Figure 4 is a schematic diagram that illustrates image capturing, obstacle
detection, and obstacle avoidance, during flight of an MAV, in accordance with some
embodiments.

[0067] As shown in Figure 4, a series of images (e.g., images 404a through 404c) are
captured by an onboard camera of a moveable object 102 (e.g., a MAV) along a movement path
406 of the moveable object 102. The captured images 404 show a building 402 (e.g., an obstacle)
in the moveable object’s movement path 406 (e.g., in the field of view of the onboard camera of
the moveable object 102). As the moveable object 102 continues to move toward the building
402, the building (e.g., as represented by the pixels in the images 404) occupies an increasing
portion of the images.

[0068] As will be discussed in more details later in this disclosure, the change in scale of
an image feature (e.g., as represented by a pixel patch (P1 or P2) corresponding to a feature point
(e.g., the point shown at the center of the pixel patch P1 or P2) extracted from a base image (e.g.,
image 404a)) across multiple images (e.g., images 404b and 404c), in conjunction with the
change in the z-position of the moveable object 102 when the images were captured at different
time (e.g., at t1, t2, and t3) during the movement of the moveable object, provides clues as to the
z-position of the object (e.g., the facade 408 of the front portion of the building 402, the chimney
stack 412 on top of the building 402, or the facade 410 of the back portion of the building 402,
etc.) that is represented by an image feature in the images.

[0069] In the discussion below, the base image or base frame (e.g., image 404a) is a
reference image that is associated with a real-world reference z-position (e.g., z1) from which the
z-position of an object represented in the base image is measured. As the moveable object 102
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moves closer to the building 402, the distance (e.g., D1, D2, or D3) between the moveable object
and the object (e.g., object 408, 410, or 412) represented in the image (e.g., image 404c) that
corresponds to the current z-position (e.g., z3) of the moveable object is estimated to be the
object depth of the object in the image.

[0070] As shown in Figure 4, two feature points with corresponding pixel patches P1 and
P2 are identified in the base image 404a. The two feature points and their corresponding pixel
patches P1 and P2 are tracked across multiple images (e.g., intermediate image 404b and current
image 404c). The object depth of the feature points are estimated based on the scale change of
the pixel patches P1 and P2 across the images 404a and 404c, and the corresponding distance
(z3-z1) traveled by the moveable object. Once the object depth of the feature points are
estimated. The current image 404c is divided into a grid of sub-regions (e.g., sub-region 414).
The size and shape of the moveable object are projected onto the current image (e.g., as
represented by shadow 416). The object depths of all sub-regions that are touched by the
projection of the moveable object (e.g., as indicated by the rectangle 418 that includes multiple
sub-regions) are estimated. Since the object depth of the sub-regions that are in the movement
path 406 of the moveable object (e.g., the object depth of the facade of the back portion of
building 402) is between the current position of the moveable object and the destination of the
moveable object, these sub-regions are determined to represent an obstacle that needs to be
avoided.

[0071] When an object (e.g., facade 410) detected in the field of view of the onboard
camera, and the objected is determined to be an obstacle in the current flight path 406 from a
current position O to a destination P of the moveable object 102, the moveable object executes
obstacle avoidance maneuvers. As shown in Figure 4, the moveable object 102 starts a gradual
climb along a trajectory 420 (e.g., path with initial trajectory O-Q) toward a point of clearance Q
above the obstacle (e.g., facade 410) as soon as the distance of the obstacle is determined (e.g.,
when the moveable object is at point O), avoiding a sudden maneuver that is required when the
moveable object gets too close to the obstacle. After the gradual climb, the moveable object 102
continues forward movement toward its destination at the same altitude above the obstacle (e.g.,
following path QR), provided that no other obstacles are detected to warrant another obstacle
avoidance maneuver to be executed, until the moveable object passes the obstacle (e.g., until
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point R is reached). After the moveable object has moved past the obstacle, the moveable object
drops down quickly to its original altitude before the gradual climb (e.g., follows path RS) and
continues to move toward the destination (e.g., following path SP).

[0072] Figure 4 is merely illustrative of a simple example scenario, and more details of
the process to determine object depth, detect obstacle, and select and execute appropriate
obstacle avoidance maneuvers are provided later with respect to Figures 5-12, for example.
[0073] Figures 5-12 illustrates processing of image data to detect objects in the field of
view of the onboard camera, estimating the distances of the objects from the moveable object,
and determining whether the objects are obstacles that need to be avoided. If an obstacle needs to
be avoided, various obstacle avoidance maneuvers are implemented to adjust the movement path
of the moveable object.

[0074] In some embodiments, a moveable object (e.g., a UAV or MAV) continuously
captures images (e.g., captures image frames at 70 fps) using its onboard camera during
movement of the movement of the moveable object. Each image frame is associated with a three
dimensional position (x;, y;, z;) of the moveable object at a time t; when the image frame is
captured. The series of images that are captured by the onboard camera are thus associated with
different positions (e.g., z-positions) of the moveable object (e.g., a UAV) on the moveable
object’s movement path (e.g., flight path). In some embodiments, the processing of the images
that are captured occurs onboard the moveable object in real-time, such that the results are
immediately available for a suitable obstacle avoidance maneuver to be determined and executed
by the moveable object. In some embodiments, the images are transmitted from the moveable
object to a remote control unit (e.g., control unit 108) in real-time and are processed at the
control unit.

[0075] The process for determining object distances based on images captured by a
single camera at different positions along a z-direction (e.g., direction toward a predetermined
destination of the moveable object) requires tracking of a feature point that corresponds to a
real-world object across two or more images that have been captured at different locations (e.g.,
while the moveable object is at different z-positions) and determination of a change in scale

between predefined pixel patches that corresponds to the feature point in the different images.
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[0076] In some embodiments, the images captured by the onboard camera are grayscale
images (e.g., images captured by an infrared camera). In some embodiments, the images
captured by the onboard camera are color images, and the color images are converted to
grayscale images before feature extraction is performed on the images. In some embodiments,
the images are normalized, e.g. by reducing the image resolution, sharpened, blurred, cropped to
a predetermined size, etc., before the extraction of image features is started.
[0077] In some embodiments, each image that is captured by the onboard camera is
processed. In some embodiments, every x number of images (e.g., one in every ten images) is
processed during the movement of the moveable object. In some embodiments, an image is
processed only if the moveable object has moved by more than a threshold distance (e.g., 0.2
meters) since a previous image was processed. In some embodiments, an image is processed
only if there has been a threshold amount of change in the image (e.g., an image is skipped if
there is no change between the image and the last processed image, e.g., when the moveable
object is sitting still).
[0078] When a first image is selected to be processed, and the first image is to serve as a
base image to which subsequent images are compared, feature extraction processing is
performed on the first image. The feature extraction processing produces one or more feature
points at respective positions (e.g., x-y positions) in the first image. Extraction of feature points
can be accomplished using one or more of existing feature extraction algorithms, such as Harris,
SIFT, SURF, FAST, etc. In general, the feature points that are extracted from the image
correspond to real-world objects (e.g., boundaries of real-world objects such as edges of a
building, a person, a flag pole, etc.) that are captured in the image.
[0079] When a second image is selected to be processed, the same feature extraction
process is performed on the second image, and one or more feature points are produced at
various positions (e.g., X-y positions) in the second image as well.
[0080] In order to identify and track the same feature point across the first and the second
images, a respective pixel patch is defined in the first image for each feature point. For example,
in some embodiments, a square pixel patch with a size of 64x64 pixels is identified for each

feature point with the feature point at the center of the pixel patch. For example, if the x-y
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coordinates of the feature point in the image is (Xo, yo), the corresponding patch is defined as
Patch={(x,+i,y,+ j)i,je N,-31<i,j <32}

Other dimensions of the patches are also permitted. In some embodiments, the dimensions of the
patches are selected based on the resolution and size of the image, and optionally, the average
density of the feature points in the images. For example, when the resolution is high, a larger
patch size is selected, and when the average density of pixels is high, smaller patch sizes are
preferred.
[0081] The pixel patch corresponding to a respective feature point in the first image
changes its size and possibly its x-y position relative to the pixel patch corresponding to the same
respective feature point in the second image (e.g., as illustrated in Figure 4). In order to track the
same feature point and corresponding pixel patch across two images, an estimate based on
minimization of an absolute difference between pixel values of the corresponding patches in the
two images is performed. Specifically,

min f(4x, Ay, s) = min z N1(x,y,1) — I'(x + Ax, y + Ay, s)||%,

(x,y)ep

where s is the scale factor between the corresponding patches in the second image and the first
image. The scale factor for the original patch in the first image is default to 1, and the scale
factor for the updated patch in the second image is s. By minimizing the absolute difference
between the pixel values of the original patch in the first image and the updated patch in the
second image, when convergence of the calculation is achieved, the x-y shift (e.g., represented
by Ax, and Ay) and the scale factor s are obtained.
[0082] Figure 5 illustrates detection and tracking of feature points and matching
corresponding image patches across two images that are captured by a single onboard camera at
different positions along the movement path of the moveable object, in accordance with some
embodiments.
[0083] The top portion of Figure 5 shows two example frames (e.g., a base image 502a
and a current image 502b) that have been processed for object depth determination. The image
502a is a base image that is captured by the onboard camera of the moveable object when the

moveable object is at a first position (e.g., at (X0, YO0, Z0)) (e.g., at a time t0 during its
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movement toward its destination). The image 502b is a current image that is captured by the
onboard camera of the moveable object when the moveable object is at a second position
(XO0+AX, YO+AY, Z0+AZ) (e.g., at a time t+At during its movement toward its destination).
[0084] Squares shown on the base image 502a outline the image patches that have been
defined based on feature points that are extracted from the base image. In accordance with the
calculation for minimizing the absolute difference in pixel values between the original patch (e.g.,
patch 504a) and the updated patch (e.g., patch 504b) associated with the same feature point in
both images, the position shift of each feature point and the scale of each patch are determined,
provided that convergence of the solutions is achieved based on the initial values that is used to
start the calculation. In some embodiments, when there is not sufficient distance between the
positions at which the two images were captured, the change in scale may be too small, and
convergence of the solution is not achievable or not achievable within a predetermined time limit
(e.g., before the next image becomes available). If no solution is obtained, the feature point is
marked, and the object depth of the feature point will be determined at a later time when more
image {rames are obtained. Squares shown on the current image 402b outline the updated image
patches that correspond to the same feature points as those in the base image. A straight line
links each pair of pixel patches that correspond to the same feature point in the two images. The
lower portion of Figure 5 is the same as the upper portion of Figure 5, except that the underlying
images are removed to show the feature points, their corresponding pixel patches, and the
correspondence between the pixel patches for the same image feature between the two images.
As illustrated by patch 504a and 504b, the feature point corresponding to these two patches
moved in x-y position, the patches 504a and 504b are different by a scale factor s. Each feature
point corresponds to a respective scale factor and position change.

[0085] Figure 6 shows the feature points (e.g., feature points 604) and corresponding
pixel patches (e.g., 606) in another image 602.

[0086] In general, a greater distance between the positions at which the base image and
the current image are captured produces an estimate of the scale factor s with more accuracy
because of a larger value of the scale factor. However, convergence is harder to achieve when

the difference between the base image and the current image is too large.
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[0087] In some embodiments, in order to achieve convergence or achieve convergence
more quickly in the calculation of the scale factor s between the corresponding pixel patches in
the current image and the base image, a suitable initial value for the scaling factor is provided to
the minimization calculation. Figure 7 illustrates the selection of an initial value for a scale factor
s for an image patch corresponding to a detected feature point, in accordance with some
embodiments.

[0088] As shown in Figure 7, to obtain a suitable initial value for the scaling factor s, a
series of intermediate frames between the base frame and the current frame are used. For each
pair of adjacent frames (e.g., base frame Fy and first intermediate frame F;, first intermediate
frame F; and second intermediate frame F», second intermediate frame F, and third intermediate
frame F;, ... . and the last frame Fy.; before the current frame and the current frame Fy), the same
feature point tracking and minimization of the absolute difference between the patches of the
same feature point across the two adjacent images are performed (e.g., in the manner as

discussed with respect to Figure 5). Since the two frames are adjacent frames, the scale change
si—j between the corresponding patches and the position change of the feature point in the two

adjacent frames F; and F; are minimal, and can be solved with an initial value of 1. After the
scale factor for each pair of adjacent frames have been obtained, the initial value for the scale
factor for the original patch in the base frame and the corresponding updated patch in the current
frame is a product of all the scale factors that have been obtained for each pair of adjacent pair of
frames from the base frame to the current frame, as shown in Figure 7. In other word, the initial
value of the scale factor is

Sook = 1150 Simint >
where s;_,;+1 1s the scale factor for the corresponding patches of the same feature point in two
adjacent images F; and Fi.;, and sg_ is the initial value for the scale factor for the
corresponding patches of the same feature point in the base image Fyand the current image Fy.
[0089] In some embodiments, when the distance between the positions at which the base
image and the current image were captured is sufficiently large, a new base frame is selected,
and the calculation for object depth of a feature point as described above is performed relative to

the feature points in the new base frame. In some embodiments, the current frame is the new
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base frame, and the original base frame is the historical base frame for images that are captured
after the current image.

[0090] Figure 8 illustrates the calculation of an object depth of a feature point based on a
scale factor between corresponding sizes of a real-world object shown in two images that are
captured at different positions F1 and F2, in accordance with some embodiments.

[0091] The object depth of a feature point is a z-distance between a real-world object
represented by the feature point in an image and the optical center of the camera that captured
the image. In general, the object depth is relative to the real-world position of the camera at the
time that the image was captured. In the present disclosure, unless otherwise specified, object
depth of a feature point is calculated to be relative to the current position of the moveable object.
[0092] In Figure 8, the respective x-z locations of F1 and F2 represent the respective x-z
locations of the moveable object (or more specifically, the x-z locations of the optical center of
the onboard camera) when the images (e.g., the base image and the current image) are captured.
The focal length of the camera is represented by f. The actual lateral dimension (e.g., the
x-dimension) of an imaged object is represented by /. The images of the object show the lateral
dimensions to be 1; and 1,, respectively, in the base image and in the current image. The actual
distance from the optical center of the camera to the object is h1 when the base image was
captured, and is h2 when the current image is captured. The object depth of the image feature

that corresponds to the object is h1 relative to the camera at F1, and is h2 relative to the camera

at F2.

[0093] As shown in Figure 8, in accordance with the principle of similarity,
h_Lb_1 b_m
fom'f R > i hy

Since the scale factor between the corresponding patches for the feature point is

ha
S1-2 =

hy’
the change in position of the moveable object between the capture of the base image and the
capture of the current image is Ah=h;=h,, which can be obtained from the moveable object’s
navigation system log or calculated based on the speed of the moveable object and the time

between the capture of the base image and the capture of the current image. Based on the

correlated equations:
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ﬁ—j = Z—; and Ah=h1=h2,
the values of h; and h, can be calculated. The value of h; is the object depth of the image feature
representing the object in the base image, and the value of h, is the object depth of the image
feature representing the object in the current image. Correspondingly, the z-distance between the
object and the camera is h; when the base image was taken, and is h, when the current image
was taken.
[0094] In some scenarios, particularly when a feature point that is being tracked across
the images corresponds to an edge of a real-world object, the depth estimation is not very
accurate because the assumption that the whole pixel patch surrounding the feature point has the
same depth is incorrect. In some embodiments, in order to improve the accuracy of the object
depth estimation for a respective feature point in a current image, the object depth estimation is
performed for multiple images between the base image and the current image for the respective
feature point that exists in these multiple images. The object depth values obtained for these
multiple images are filtered (e.g., by a Kalman filter, or running average) to obtain an optimized,
more accurate estimate.
[0095] After the object depth of a feature point is obtained based on the process
described above, three dimensional coordinates of the feature point are determined in a
coordinate system centered at the onboard camera. Suppose that a feature point has an x-y
position of (u,v) in the current image, and an object depth of h in the current image, the
three-dimensional coordinates of an object that corresponds to the feature point are (x,y, z) in a
real-world coordinate system centered at the onboard camera (or more generally, at the moveable
object) are calculated as follows: z=h; x=(u-ugp)*z/f ; y=(v-v0)*z/f, where (u0, v0) are the x-y
coordinates of the optical center of the camera when the image was captured, e.g., based on an
external reference frame.
[0096] Figure 9 illustrates detection of open sky and characterization of detected
obstacles based on estimated object depths of feature points in an image, in accordance with
some embodiments.
[0097] In some embodiments, to prepare for obstacle detection and avoidance (and

removal of false feature points), the images are segmented to identify regions that correspond to
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open sky (or open region or space that does not contain obstacles to block the movement of the
moveable object), and other regions that correspond to occupied space (or that do not correspond
to open sky). The regions that are identified as open sky typically do not contain a feature point.
In some embodiments, any image feature in the regions that are identified as open sky is ignored
or deleted from the object depth estimation process.

[0098] In some embodiments, before the feature extraction is started, a respective image
(e.g., image 906) that is to be processed is first divided into a plurality of sub-regions, such as by
a linear grid, e.g., as shown in Figure 9. Each sub-region (e.g., sub-regions 902) of the image
corresponds to a grid cell in the grid. The image feature information and brightness of each
sub-region is analyzed to determine whether the sub-region of the image corresponds to open sky.
For example, in some embodiments, when the feature information in a respective sub-region is
less than a threshold amount (e.g., when there is minimal pixel variations), and the overall
brightness of the sub-region is greater than a predetermined threshold brightness level, it is
determined that the respective sub-region corresponds to open sky. If a respective sub-region
does not meet the standards to quality as corresponding to open sky, the respective sub-region is
considered not to be corresponding to open sky. As shown in Figure 9, regions 904a (e.g.,
including 15 contiguously located sub-regions) and 904b (e.g., including 26 contiguously located
sub-regions) are determined to be corresponding to open sky, and the rest of the regions in the
image 906 are determined to be corresponding to occupied space.

[0099] In some embodiments, once a region of the image is determined to be
corresponding to open sky, the object depth determination for feature points in these regions do
not require averaging over results obtained from tracking the feature point across more than the
base image and the current image. In some embodiments, the detection of open sky in the images
also facilitates subsequent selection obstacle avoidance strategies that are to be executed.
[00100] In some embodiments, the estimated object depths of feature points are utilized
immediately in obstacle detection and subsequent selection of obstacle avoidance strategies.
Specifically, the current image that has been processed is divided into a plurality of sub-regions,
if it has not already been divided into sub-regions (e.g., by a rectangular grid) during the process
for detecting open sky regions in the image. It is then determined whether each of the sub-region
is occupied by an object or a portion of an object, and if so, what the depth of the object or the
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portion of the object is. If it is determined that a sub-region is not occupied by any object, then
the depth of sub-region is denoted as “-1”. If some sub-regions are already determined to be
corresponding to open sky, the depths of those regions are also denoted as “-1” and the depth
calculation for those sub-regions is skipped.

[00101] Figure 10 illustrates projection of feature points from a base image and a previous
base image onto a current image, in accordance with some embodiments.

[00102] In some embodiments, the basic process for determining the object depth
associated with a sub-region in a current image is as follows. First, all of the feature points in the
base frame for which the depth calculation have successfully returned a valid result (e.g.,
convergence of the value for the scale factor s has been achieved) are identified. Then, those
feature points are projected onto the current frame to obtain the x-y position of projection in the
current image. If a base frame and a current frame were captured at two positions that are fairly
close to each other, it is possible that the depth calculation for some of the feature points will not
converge to produce a valid result. In such a case, a historical base frame is identified (for
example, a base frame that was used before the current base frame is selected). The historical
base frame that includes some of the same feature points as the base frame, and these feature
points are projected onto the current frame as well. Figure 10 illustrates the locations of the
feature points that have been projected on the current frame 1002. The unfilled squares 1004
represent the locations of feature points that are projected from the base frame, and the solid
squares 1006 represent the locations of feature points that are projected from the previous base
image. The object depth of the feature points are marked next to the squares associated with the

projections of the feature points. The projection is calculated based on the following formula:

u f 0 u Xk
(o) =(0 7 w)aln)+e
1 0 0 1 Z

[00103] For each sub-region, if the sub-region has previously been determined to
correspond to open sky, the depth of the sub-region is designated as “-17’; otherwise, the object
depth of the sub-region relative to the moveable object (e.g., the optical center of the camera lens)
is estimated based on the estimated object depths of the feature points that are projected onto the
sub-region. As shown in Figure 10, sub-region 1008 includes projections of two feature points,
one from the base frame and one from the previous base frame.
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[00104] In some embodiments, a weighted sum of the object depths of all the feature
points that have been projected onto the sub-region is calculated. For example, suppose that the
feature points that have been projected onto a sub-region are {(uj, v;)}i=1..x, where k is the total
number of feature points that have been projected onto the sub-region; and the estimated object
depths of the feature points are {z;}i=1.kx. The estimated object depth of the sub-region from the

location of the moveable object is calculated using the following equations:

o wiz; gi
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where D is the object depth of the center of sub-region, (u., v.) is the coordinates of the center of
the sub-region, g; is a weight given to the object depth of a respective feature point 1, based on
whether the feature point is from the base frame or from the previous base frame. In general,
smaller weights are given to the feature points from the current base frame as compared to the
weights given to the feature points from the previous base frame. In addition, in some
embodiments, as the number of intermediate frames between the base frame and the current
frame increases (e.g., the z-distance between the positions at which the base frame and the
current frame were captured by the camera), the weights given to the feature points from the
previous base frame are decreased.

[00105] In some embodiments, another method for estimating the object depth of the
center of the sub-region is used. For example, if three or more feature points are projected onto a
sub-region, three feature points (e.g., feature points qi, q2, and q3) that are projected closest to the
center of the sub-region and that are not co-linear to one another are identified. Based on these
three feature points that have been identified (e.g., feature points qi, q2, and q3), a plane is
defined. Then, the center p of the sub-region is projected onto the plane as p’, and the object
depth of p’, the projection of the center of the sub-region on the plane, is calculated. The object
depth of p’ is treated as the object depth of the sub-region as a whole.

[00106] In some embodiments, if a sub-region does not have any feature points being
projected onto it (e.g., the object depths of the feature points cannot be determined at this time)
and the sub-region does not correspond to open sky, the object depth of the sub-region is
estimated using the following approximation. Based on the assumption that an obstacle that is

represented in a respective sub-region is not suspended in the air or supported by structures that
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are hollow below the respective sub-region, the object depth of the respective sub-region takes
on the object depth of another sub-region that is directly above the respective sub-region. For
example, if the object depth of the feature point that corresponds to a building’s top edge has
been determined, the object depth of the sub-region that includes that feature point can be
determined. If other sub-regions that lie below the sub-region that corresponds to the building’s
top edge do not include feature points for which object depths have been determined, these other
sub-regions are considered to be located at the same object depth as the sub-region that
represents the top of the building. As shown in Figure 9, multiple sub-regions in the 7th column
from the left take on the same object depth of 176 meters as the top sub-region (e.g., the
sub-region at row 2 and column 7 of the grid) that represents the top of the main body of the
building.

[00107] In some embodiments, the sub-regions that are located below a representation of
the moveable object (e.g., a projection of the moveable object onto the current frame, or
combination of the sub-regions that overlap with the projection) are ignored in the object depth
calculation, because usually the moveable object does not lower its altitude in order to avoid an
obstacle. As shown in Figure 9, the estimated object depths of the sub-regions in the current
image are shown. Sub-regions (e.g., sub-regions 904) that correspond to open sky have object
depths designated as -1. The bottom portion of the current image that is below the representation
of the moveable object (e.g., the 3 rows in the lower half of the image) is not considered in the
obstacle detection process.

[00108] While the moveable object is moving and continues to capture new images, the
obstacle detection is performed substantially in real-time (e.g., either using the onboard obstacle
detection logic or at a remote control station). Sub-regions in a current image that overlap with a
representation of the moveable object are identified. If the object depth of a respective
sub-region among the identified sub-regions is greater than the z-distance from the moveable
object to the destination of the moveable object, the respective sub-region will not be
encountered by the moveable object on its way to its destination. Thus, such a sub-region is not
an obstacle. If the object depth of a respective sub-region among the identified sub-regions is

less than the z-distance from the moveable object to the destination of the moveable object, the

31



WO 2018/090205 PCT/CN2016/105960

respective sub-region will be encountered by the moveable object on its way to its destination.
Thus, the respective sub-region corresponds to an obstacle that needs to be avoided.

[00109] The object-depth of a sub-region is represented by the minimum object depth of
all pixels in the sub-region. A representation of the moveable object in the current image is a
projection of the moveable object in the image or a combination of the sub-regions that overlaps
with the projection (e.g., a rectangular region that includes 2x2 sub-regions at the center of the
current image (e.g., region 418 in Figure 4)).

[00110] In some embodiments, as soon as an obstacle (e.g., one or more obstacles) is
detected in the current image, suitable obstacle avoidance strategies are selected and executed. If
no obstacle is detected in the current movement path, the movement of the moveable object
continues and image capturing also continues. The process for detecting obstacle is repeated
based on the next image and the new location of the moveable object (e.g., extracting feature
points, determining object depths of feature points, determining object depths of sub-regions in
the current image, determining whether an obstacle exists in the current movement path of the
moveable object, etc.). If an obstacle is detected based on the analysis of the next image, obstacle
avoidance strategy is selected based on the new determination, and the adjusted movement path
may be further adjusted accordingly.

[00111] In some embodiments, after it is determined that an obstacle exists in the current
movement path of the moveable object, and that obstacle avoidance is needed, a direction of
movement for obstacle avoidance is selected. In some embodiments, the moveable object has
three general directions to move to avoid an obstacle, namely, up, left, and right directions. In
some embodiments, if the current altitude of the moveable object is more than a threshold
altitude (e.g., 200 meters above ground), sideway movements are preferred over upward
movements in avoiding the obstacle; and, if the current altitude of the moveable object is less
than the threshold altitude, then upward movements are preferred over sideway movements in
avoiding the obstacle. However, in a situation where upward movement is prohibited by another
obstacle, then sideway movement is selected as the way to avoid the obstacles.

[00112] In some embodiments, when the moveable object is too close to the obstacle (e.g.,
the z-distance between the moveable object and the obstacle is smaller than a threshold distance);
then emergency obstacle avoidance maneuvers are executed. In some embodiments, emergency
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obstacle avoidance maneuvers include a sharp stop, followed by a straight pull up to a
predetermined altitude (e.g., an altitude that is above the upper edge of the obstacle). After the
moveable object has reached the predetermined altitude above the upper edge of the obstacle, the
moveable object maintains the predetermined altitude until the moveable object has moved past
the obstacle. After the moveable object has moved past the obstacle, the moveable object drops
to the previous altitude it had right before the emergency obstacle avoidance maneuver was
executed, and continues to move forward toward its destination.

[00113] In some embodiments, the emergency avoidance maneuver that involves upward
movement is not available, and side movement is used in obstacle avoidance. For example, when
the moveable object is closer to the obstacle than a predetermined distance threshold, the
moveable object tries to stop immediately, and then move to the left or right until the moveable
object moves past the obstacle, and then the moveable object moves forward in the original
movement direction until the movement object moves past the obstacle in the forward direction.
After that, the moveable object moves right or left until the moveable object returns to its
original movement path. Once the moveable object has returned to its original path past the
obstacle, the moveable object continues to move forward in the original movement direction.
[00114] As disclosed herein, obstacle detection based on the images captured by a single
onboard camera has a detection range of several hundred meters, much longer than the detection
range of other conventional techniques that are commonly implemented on a moveable object,
such as a UAV. For this reason, a more graceful and gradual obstacle avoidance maneuver can
be executed after an obstacle is detected during the movement of the moveable object.

[00115] In some embodiments, if an obstacle is detected before the moveable object has
gotten too close to the obstacle (e.g., the z-distance between the obstacle and the moveable
object is greater than the predetermined distance threshold for emergency obstacle avoidance
maneuvers), moveable object prioritizes sideway maneuvers over upward maneuvers to avoid
the obstacle. This is different from the usual preference in the case where emergency obstacle
avoidance maneuvers are needed.

[00116] In some embodiments, the moveable object or the control unit searches for a
window of clearance to the left or right of the obstacle in the current image to determine if it is
possible for the moveable object to avoid the obstacle by moving sideways. Figure 11 illustrate a
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process for searching for a window of clearance to avoid an obstacle, in accordance with some
embodiments.

[00117] As shown in Figure 11, a search window 1104 is defined in the current image, and
the search window has a width that is greater than the width of the representation of the
moveable object in the current image. The search window has a lower boundary that is at the
lower edge of the representation of the moveable object in the current image. The search window
is moved left or right sub-region-by-sub-region (e.g., cell-by-cell) to determine if the search
window corresponds to a space that is free of obstacles. The respective object depths of feature
points that are projected onto the image are indicated by the numbers next to the squares that
represent the projected location of the feature point(s). If any sub-region in the search window
have an object depth that is smaller than the z-distance between the moveable object and its
destination plus a buffer distance that corresponds to an estimated thickness of the obstacle in the
z-direction (e.g., 60 meters), then it is determined that the search window at the current position
would not be clear and would cause a collision. If all sub-regions in the search window have
object depths that are greater than the z-distance between the moveable object and its destination
plus the buffer distance, or otherwise correspond to open sky, then it is determined that the
search window at the current position would be clear (e.g., the search window at the present
location is also referred to as a window of clearance) and obstacle avoidance can be
accomplished if the moveable object moves toward the current position of the search window
(e.g., aiming the moveable object at the x-center of the search window). If all sub-regions on the
left and right of the obstacle are exhausted and a window of clearance cannot be found, side
movement cannot be used to avoidance the obstacle, and upward movement is used to avoid the
obstacle instead.

[00118] Figure 12 illustrates paths of long-range obstacle avoidance maneuvers (as
opposed to emergency obstacle avoidance maneuvers) that are implemented upon detection of an
obstacle, in accordance with some embodiments.

[00119] Figure 12A illustrates the trajectory 1204 of the moveable object when the
moveable object tries to use side movement to avoid an obstacle 1202, in accordance with some
embodiments. As shown in Figure 12A, a straight line OE linking the current position O of the
moveable object and a point of clearance E (e.g., a point within the window of clearance) that is
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slightly beyond the right edge of the obstacle (e.g., 5 meters outside of the right edge) is at an
angle 0 to the straight line OP linking the current position P of the moveable object and the
destination P of the moveable object. In some embodiments, in order to adjust the movement
direction of the moveable object to realize such a trajectory, the moveable object increases a
rightward component of its velocity from zero or a suitable positive value, such that the velocity
of the moveable object is in the same direction as the line OE. After the moveable object starts to
move in a direction toward the point E, the moveable object continues to modify its heading (e.g.,
by continuously adjusting the direction of its velocity) to maintain the angle 6 between its
heading direction and the line OP linking the moveable object and the destination of the
moveable object.

[00120] Figure 12B illustrates the trajectory 1210 of the moveable object when the
moveable object tries to use an upward movement to avoid an obstacle 1208, in accordance with
some embodiments. As shown in Figure 12B, when the obstacle 1208 is detected, the moveable
object gradually moves toward a point Q above the upper edge of the obstacle, without making a
sudden stop. For example, the moveable object moves upward and at the same time continues to
move forward with the original speed. The speed of the upward movement and the speed of the
forward movement are adjusted such that the trajectory of the moveable object follows the
straight line that links the current position O of the moveable object and a point of clearance Q
that is a predetermined distance above the upper edge of the obstacle. In some embodiments, in
order to adjust the movement direction of the moveable object to realize such a trajectory, the
moveable object increases an upward component of its velocity from zero or a suitable positive
value, such that the velocity of the moveable object is in the same direction as the line OQ. After
the moveable object has reached the altitude that is the predetermined distance above the upper
edge of the obstacle (e.g., the altitude of the point of clearance Q), the moveable object stops the
upward movement and continues to move forward at the same altitude. Once the moveable
object has moved past the obstacle in the z-direction (e.g., to a point R), the moveable object
drops to the original altitude and continues to move forward towards the destination P.

[00121] Figures 13A-13E are a flow diagram illustrating a method 1300 of obstacle
detection based on images captured by a single camera, in accordance with some embodiments.
The method 1300 is performed at a device, such as the movable object 102 or the control unit
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108. The device includes an optional imaging device (e.g., imaging device 218), a storage device
(e.g., the memory 204), and one or more processors 202 coupled to the optional imaging device
and the storage device. The method is illustrated in Figures 4-12 and accompanying descriptions.
[00122] The device obtains (1302) a base image that is captured by an onboard camera of
a moveable object (e.g., a UAV, such as an MAV) while the moveable object is at a first position
(e.g., a first position along an original movement path of the moveable object). The device
extracts (1304) a first original patch from the base image, wherein the first original patch
corresponds to a portion of the base image that includes a first feature point of the base image
(e.g., a pixel patch of 64-64 pixels centered at the first feature point). This is illustrated in image
502a in Figure 5. The device obtains (1306) a current image that is captured by the onboard
camera while the moveable object is at a second position (e.g., a second position along the
original movement path of the moveable object), wherein a portion of the current image includes
the first feature point with an updated location. The device determines (1308) a first scale factor
between the first original patch (e.g., 504a) in the base image (e.g., 502a) and a first updated
patch (e.g., 504b) in the current image (e.g., 504b), wherein the first updated patch corresponds
to the portion of the current image that includes the first feature point with the updated location.
Based on the first scale factor and a distance between the first position and the second position of
the moveable object, the device obtains (1310) an estimate of a corresponding object depth for
the first feature point in the current image, in accordance with the principle shown in Figure 8.
[00123] In some embodiments, the base image and the current image are (1312) captured
while the moveable object are moving along an original movement path of the moveable object,
and the estimate of the corresponding object depth for the first feature point is obtained in
real-time after the capture of the current image.

[00124] In some embodiments, the device is the moveable object or a component thereof.
In some embodiments, the device is a remote control unit that is in communication with the
moveable object. In some embodiments, the method is (1314) performed during autonomous
movement of the moveable object.

[00125] In some embodiments, determining the first scale factor between the first
original patch in the base image and the first updated patch in the current image includes (1316):
minimizing a sum of absolute differences in pixel values between the first original patch in the
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base image and the first updated patch in the current image to obtain the updated location of the
first feature point in the current image and the first scale factor between the first original patch in
the base image and the first updated patch in the current image.

[00126] In some embodiments, the device tracks (1318) the first original patch in a
sequence of intermediate frames that are consecutively captured by the onboard camera between
the base image and the current image; the device determines a sequence of intermediate scale
factors for respective patches in the sequence of intermediate frames that correspond to the first
original patch; and the device uses a product of the sequence of intermediate scale factors as an
initial value for the first scale factor when minimizing the sum of absolute differences in pixel
values between the first original patch in the base image and the first updated patch in the current
image. This illustrated in Figure 7 and accompanying descriptions, for example.

[00127] In some embodiments, the device initiates (1320) determination of the new scale
factor based on a new base image and a subsequent image of the new base image in accordance
with a determination that a distance between the first position and the second position exceeds a
threshold distance. For example, after the moveable object has traveled for a threshold amount of
distance, a new base image is selected, and the previous base image is now considered a
historical base image, and image features in subsequently captured images are tracked relative to
the new base image.

[00128] In some embodiments, after obtaining the current image, the device obtains (1322)
one or more additional images that are captured by the onboard camera while the moveable
object continues to move along an original movement path of the moveable object, and each of
the one or more additional images includes the first feature point and an additional updated patch
that corresponds to the first feature point; the device calculates one or more additional scale
factors, including a respective additional scale factor between the first original patch in the base
image and the additional updated patch in each of the one or more additional images; based on
the one or more additional scale factors and respective positions of the moveable object that
correspond to the one or more additional images, the device obtains one or more additional
estimates for the corresponding object depth of the first feature point; and the device revises
the estimate of the corresponding object depth of the first feature point based on the one or more
additional estimates for the corresponding object depth of the first feature point. (Note, in some
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embodiments, this optimization is not performed for feature point that fall within portions of the
image that are identified as open sky).

[00129] In some embodiments, based on a two-dimensional position of the first feature
point in a respective image (e.g., the current image captured at the second position), a focal
length of the onboard camera, and the estimate of the corresponding object depth of the first
feature point (e.g., relative to the second position), the device determines (1324) a
three-dimensional object position for the first feature point relative to the moveable object (e.g.,
at the second position).

[00130] In some embodiments, for each image of the base image and the current image
(and all intermediate images between the base image and the current image, and any additional
images captured after the current image), the device segments (1326) said each image to identify
a first set of sub-regions that correspond to open sky, and a second set of sub-regions that do not
correspond to open sky. This is illustrated in Figure 9 and accompanying descriptions, for
example.

[00131] In some embodiments, segmenting said each image to identify the first set of
sub-regions that correspond to open sky, and the second set of sub-regions that do not
correspond to open sky includes (1328): dividing said each image into a plurality of sub-regions
(e.g., a grid of square cells); determining variation and brightness of each of the plurality of
sub-regions, and in accordance with a determination that a respective sub-region of the plurality
of sub-regions has less than a threshold amount of variations and has a brightness greater than a
threshold brightness, including the respective sub-region in the first set of sub-regions that
correspond to open sky; and in accordance with a determination that the respective sub-region of
the plurality of sub-regions does not belong in the first set of sub-regions that correspond to open
sky, including the respective sub-region in the second set of sub-regions that do not correspond
to open sky. This is illustrated in Figure 9 and accompanying descriptions, for example.

[00132] In some embodiments, the first original patch does not (1330) overlap with the
first set of sub-regions that correspond to open sky in the base image, and the first updated patch
does not overlap with the first set of sub-regions that correspond to open sky in the current image.
For example, if a sub-region corresponds to open sky, it does not correspond to an obstacle, and
therefore, there is no need to estimate the object depth of the sub-region.
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[00133] In some embodiments, based on the estimate of the corresponding object depth
for the first feature point in the current image, the device determines (1332) whether an obstacle
exists between the moveable object and a destination of the moveable object.

[00134] In some embodiments, in accordance with a determination that an obstacle exists
between the moveable object and the destination of the moveable object, the device executes
(1334) an obstacle avoidance maneuver to avoid the obstacle. More details of the selection and
execution of the obstacle avoidance maneuver are described in more detail with respect to
Figures 14A-14G.

[00135] Figures 14A-14G are a flow diagram illustrating a method 1400 of obstacle
avoidance, in accordance with some embodiments. The method 1400 is performed at a device,
such as the movable object 102. The device includes an imaging device (e.g., imaging device
218), a storage device (e.g., the memory 204), and one or more processors 202 coupled to the
optional imaging device and the storage device. The method is illustrated in Figures 4-12 and
accompanying descriptions.

[00136] The devicedetects (1402) an obstacle in an original movement path of the
moveable object (e.g., during movement of the moveable object, an object is detected on the
movement path between the moveable object and a destination of the movement object). In
response to detecting the obstacle (1404): in accordance with a determination that long-range
obstacle avoidance criteria are met, wherein the long-range obstacle criteria require that a
distance between the moveable object and the obstacle along the original movement path
exceeds a first threshold distance (e.g., 20 meters, etc.), the device executes (1406) a long-range
obstacle avoidance maneuver, including moving along an initial trajectory (e.g., along line OE in
Figure 12A, or along line OQ in Figure 12B) from a current position of the moveable object to a
point of clearance beyond an outer edge of the obstacle, wherein an initial velocity of the
moveable object along the initial trajectory has a first component that is parallel to the original
movement path (e.g., a z-component) and a second component that is perpendicular to the
original movement path (e.g., an x-component in sideway obstacle avoidance maneuvers, or a
y-component in upward obstacle avoidance maneuvers) (e.g., the initial trajectory is at an acute

angle relative to the original movement path of the moveable object, e.g., as shown in Figure 12).
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[00137] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1408): in accordance with a determination that first avoidance direction
selection criteria are met (e.g., when the original altitude of the moveable object is less than a
threshold altitude (e.g., less than 200 meters above ground)), the device increases an upward
speed while maintaining at least a portion of an original forward speed of the moveable object.
For example, in some embodiments, when the current altitude of the moveable object is
relatively low, upward movements are preferred over sideway movements in achieving obstacle
avoidance.

[00138] In some embodiments, the initial trajectory is (1410) at an acute angle relative to
the original movement path of the moveable object, and the point of clearance has an altitude
that is greater than a height of the obstacle (e.g., as shown in Figure 12B).

[00139] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1412): after moving along the initial trajectory to the point of clearance (e.g., a
point that has an altitude of 5 meters above the height of the obstacle), the device moving
straight forward while maintaining a current altitude of the moveable object (e.g., moving along
line QR in Figure 12B).

[00140] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1414): while moving straight forward at the current altitude, determining that
moveable object has moved past the obstacle; and in response to detecting that the moveable
object has moved past the obstacle: the device dropping to a previous altitude that the moveable
object had before the execution of the long-range obstacle avoidance maneuver; and moving
forward along the original movement path toward the destination after dropping to the previous
altitude. For example, in some embodiments, the moveable object drops straight downward to its
original altitude once the moveable object has moved past the obstacle (e.g., movement along the
line RS in Figure 12B). In some embodiments, the moveable object optionally maintains a
non-zero forward speed after passing the obstacle, and the moveable object follows a trajectory
that has both a downward component and a forward component toward the original movement
path.

[00141] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1416): in accordance with a determination that second avoidance direction
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selection criteria are met (e.g., when the original altitude of the moveable object is less than a
threshold altitude (e.g., less than 200 meters above ground)), increasing a sideway speed of the
moveable object (e.g., speed to the left or right of the moveable object) while maintaining at least
a portion of the original forward speed of the moveable object. For example, in some
embodiments, sideway movements are preferred over upward movement in accomplishing
obstacle avoidance when the moveable object is at a relatively high altitude.

[00142] In some embodiments, the initial trajectory has (1418) the same altitude as the
original movement path and the point of clearance (e.g., point E in Figure 12A) has a horizontal
position that is beyond the width of the obstacle.

[00143] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1420): maintaining a tangential angle of the initial trajectory at a constant value
while the moveable object moves along the initial trajectory, e.g., as shown in Figure 12A.
[00144] In some embodiments, executing the long-range obstacle avoidance maneuver
further includes (1422): after the moveable object has traversed an entirety of the initial
trajectory, continuing to maintain a tangential angle of a current trajectory of the moveable
object at the constant value (e.g., until reaching the destination point), €.g., as shown in Figure
12A.

[00145] In some embodiments, in response to detecting the obstacle: in accordance with a
determination that short-range obstacle avoidance criteria are met, wherein the short-range
obstacle criteria require that the distance between the moveable object and the obstacle along the
original movement path does not exceed the first threshold distance (e.g., 20 meters, etc.), the
device executes (1424) the short-range obstacle avoidance maneuver (e.g., an emergency
obstacle avoidance maneuver), including: stopping forward movement along the original
movement path; and after stopping the forward movement along the original movement path,
moving straight toward a point of clearance that is beyond the obstacle (e.g., a point above the
top edge or outside a left or right edge of the obstacle). For example, after coming to a complete
stop, the moveable object moves straight up at a 90 degree relative to the original movement path
of the moveable object.

[00146] In some embodiments, detecting the obstacle in the original movement path of the
moveable object includes (1426) estimating a corresponding distance between the obstacle and
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the moveable object based on a sequence of two or more images that are captured by the onboard
camera (e.g., while the moveable object is moving along the original movement path) at different
positions along the original movement path of the moveable object. More details are provided in
Figure 13A-13E and accompanying descriptions, for example.

[00147] In some embodiments, the sequence of two or more images includes (1428) a
base image, a current image, and one or more intermediate images that are captured between the
base image and the current image while the movement object moves along the original
movement path.

[00148] In some embodiments, detecting the obstacle in the original movement path of the
moveable object includes (1430): dividing the current image into a plurality of sub-regions (e.g.,
grid cells), wherein a projection of the moveable object in the current image occupies at least a
first sub-region of the plurality of sub-regions in the current image; projecting a plurality of
feature points of the base image onto the current image in accordance with estimated
corresponding three-dimensional object positions of the plurality of feature points; determining a
characteristic object depth of the first sub-region based on estimated object depths of one or
more feature points that are projected onto the first sub-region; and based at least in part on the
characteristic object depth of the first sub-region, determining whether an obstacle exists
between a current position of the moveable object and a destination of the moveable object. This
is illustrated in Figures 9-11, for example.

[00149] In some embodiments, the device identifies a plurality of feature points from the
base image; and for a respective feature point of the plurality of feature points of the base image,
the device estimates the corresponding three-dimensional object position of the respective
feature point relative to the moveable object, based on tracking of the respective feature point in
the one or more intermediate images and the current image.

[00150] In some embodiments, estimating the corresponding three-dimensional object
position of the respective feature point relative to the moveable object includes: calculating the
corresponding three-dimensional object position of the respective feature point based on an
estimated object depth of the respective feature point, a position of the respective feature point in
the current image relative to a center of the current image, and a focal length of the onboard
camera.
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[00151] In some embodiments, calculating the estimated object depth of the respective
feature point includes: determining a scale factor between an original patch around the respective
feature point in the base image and an updated patch around the respective feature point in the
current image; and estimating the object depth of the respective feature point based on the scale
factor and a distance between positions of the moveable object when the base image and the
current image are captured. More details of this are provided in Figure 13A-13E and
accompanying descriptions, for example.

[00152] In some embodiments, the device obtains (1432) a previous base image that had
been captured by the onboard camera before the base image, wherein the previous base image
includes at least a second feature point for which an estimated depth has not been obtained based
on the tracking of feature points in the base image and the current image; and the device projects
the second feature point in the previous base image onto the current image in accordance with a
three dimensional object position of the second feature point relative to the moveable object; and
in accordance with a determination that the second feature point is projected onto the first
sub-region, the device determines the characteristic object depth for the first sub-region in the
current image based on estimated object depths of one or more feature points in the base image
that are projected onto the first sub-region in the current image and based on the estimated object
depth of the second feature point in the previous base image (e.g., after the estimated depths have
been adjusted by the change in the inflight position of the moveable object at the current time).
This is illustrated in Figure 10 and accompanying descriptions, for example.

[00153] In some embodiments, determining the characteristic object depth for the first
sub-region in the current image based on estimated object depths of the one or more feature
points in the base image that are projected onto the first sub-region in the current image and
based on the estimated object depth of the second feature point in the previous base image
includes: calculating a weighted sum of the estimated object depths of the feature points of the
base image and the previous base image that are projected onto the first sub-region, wherein a
respective weight of each said feature point is determined based on a distance between the
projection of said feature point in the current image and a center of the current image (e.g., the

weight w is inversely proportional to the distance).
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[00154] In some embodiments, the respective weight of the second feature point of the
previous base image that is projected onto the first sub-region is adjusted by a multiplier that is
decreased with increasing number of intermediate images between the base image and the
current image.

[00155] In some embodiments, determining the characteristic object depth for the first
sub-region of the plurality of sub-regions in the current image based on the estimated object
depths of one or more feature points that are projected onto the first sub-region includes (1434):
in accordance with a determination that three or more feature points are projected onto the first
sub-region: identifying, from the three or more feature points, three feature points that are closest
to a center of the first sub-region; projecting the center of the first sub-region onto a plane that is
defined by the three feature points that are closest to the center of the first sub-region; and using
a corresponding object depth of the projection of the center of the first sub-region on the plane as
the characteristic object depth of the first sub-region.

[00156] In some embodiments, the device identifies (1436), from the plurality of
sub-regions of the current image, one or more sub-regions that correspond to open sky; and the
device forgoes characteristic depth determination and obstacle detection and avoidance for the
one or more sub-regions that are identified as corresponding to open sky.

[00157] In some embodiments, in accordance with a determination that a second
sub-region of the plurality of sub-regions in the current image does not correspond to open sky
and that there is insufficient information to determine a characteristic object depth of the second
sub-region, the device uses (1438) a characteristic object depth of another sub-region that is
directly above the second sub-region as the characteristic object depth of the second sub-region.
[00158] In some embodiments, the device identifies (1440), from the plurality of
sub-regions of the current image, one or more third sub-regions that correspond to a real-world
height that is below a current altitude of the moveable object; and the device forgoes
characteristic depth determination and obstacle detection and avoidance for the one or more third
sub-regions that are identified as corresponding to a real-world height that is below the current
flying altitude of the moveable object.

[00159] In some embodiments, determining whether an obstacle exists between the
current position of the moveable and the destination of the moveable includes (1442): identifying,
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from the plurality of sub-regions in the current image, one or more fourth sub-regions that are in
the center of the current image and that overlap with at least a portion of a representation of the
moveable object in the current image (e.g., a rectangle with dimensions corresponding to the size
and shape of the MAV projected onto the current image); in accordance with a determination
that a characteristic object depth of a respective sub-region of said one or more fourth
sub-regions is between the current position of the moveable object and the destination of the
moveable object, concluding that an obstacle exists between the current position of the moveable
object and the destination of the moveable object; and in accordance with a determination that
characteristic object depths of all of the one or more fourth sub-regions are farther from the
current position of the moveable object than the destination of the moveable object, concluding
that an obstacle does not exist between the current position of the moveable object and the
destination of the moveable object.

[00160] In some embodiments, executing the long-range obstacle avoidance maneuver to
avoid the obstacle includes (1444): in accordance with a determination that a sideway maneuver
is to be performed to avoid the obstacle: scanning a window of clearance sideways outside of a
set of sub-regions that correspond to the obstacle in the current image, wherein the window of
clearance has a width that corresponds to a representation of the moveable in the current image;
for each position of the window of clearance during the scanning, determining whether the
window of clearance is blocked by any obstacle represented in the current image; in accordance
with a determination that the window of clearance is not blocked by any obstacle in the current
image, executing the sideway maneuver in accordance with a current position of the window of
clearance (e.g., a point of clearance is selected within the window of clearance (e.g., at the center
of the window of clearance)); in accordance with a determination that the window of clearance is
blocked by at least one obstacle in the current image: moving the window of clearance to a new
position in the current image; and repeating the determination of whether the window of
clearance is blocked by any obstacle in the current image; and in accordance with a
determination that the window of clearance is blocked by at least one obstacle and that all
positions of the window of clearance have been checked, choosing a pulling up maneuver instead
of the sideway maneuver to avoid the obstacle. This is illustrated in Figure 11 and accompanying
descriptions, for example.
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[00161] Figure 15 shows a functional block diagram of an electronic device 1500
configured in accordance with the principles of the various described embodiments. The
functional blocks of the device are, optionally, implemented by hardware, software, or a
combination of hardware and software to carry out the principles of the various described
embodiments. It is understood by persons of skill in the art that the functional blocks described
in Figure 15 are, optionally, combined or separated into sub-blocks to implement the principles
of the various described embodiments. Therefore, the description herein optionally supports any
possible combination or separation or further definition of the functional blocks described herein.
[00162] As shown in Figure 15, an electronic device 1500 includes an imaging unit 1502
configured to capture images; a movement unit 1504 configured to actuate and cause movement
of the electronic device; communication unit 1506 configured to send and receive data and
instruction to and from a remote control device (e.g., control unit 108); a storage unit 1508 (e.g.,
memory, or SSD) configured to store instructions and images, and a processing unit 1510
coupled to the imaging unit 1502, the movement unit 1504, the communication unit 1506, and
the storage unit 1508. In some embodiments, the processing unit includes feature extraction unit
1512, feature tracking unit 1514, depth estimation unit 1516, obstacle detection unit 1318, and
obstacle avoidance unit 1520.

[00163] In some embodiments, the processing unit is configured to: obtain a base image
that is captured by an onboard camera of a moveable object while the moveable object is at a
first position; extract a first original patch from the base image, wherein the first original patch
corresponds to a portion of the base image that includes a first feature point of the base image;
obtain a current image that is captured by the onboard camera while the moveable object is at a
second position, and wherein a portion of the current image includes the first feature point with
an updated location; determine a first scale factor between the first original patch in the base
image and a first updated patch in the current image, wherein the first updated patch corresponds
to the portion of the current image that includes the first feature point with the updated location;
and based on the first scale factor and a distance between the first position and the second
position of the moveable object, obtain an estimate of a corresponding object depth for the first

feature point in the current image. The processing unit is further configured to perform other
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operations described in Figures 13A-13E and Figures 14A-14G, and accompanying descriptions,
using the various functional units of the device 1500.

[00164] In some embodiments, the processing unit is configured to: detect an obstacle in
an original movement path of the moveable object; in response to detecting the obstacle: in
accordance with a determination that long-range obstacle avoidance criteria are met, wherein the
long-range obstacle criteria require that a distance between the moveable object and the obstacle
along the original movement path exceeds a first threshold distance, execute a long-range
obstacle avoidance maneuver, including moving along an initial trajectory from a current
position of the moveable object to a point of clearance beyond an outer edge of the obstacle,
wherein an initial velocity of the moveable object along the initial trajectory has a first
component that is parallel to the original movement path and a second component that is
perpendicular to the original movement path. The processing unit is further configured to
perform other operations described in Figures 13A-13E and Figures 14A-14G, and
accompanying descriptions, using the various functional units of the device 1500.

[00165] Many features of the technology disclosed herein can be performed in, using, or
with the assistance of hardware, software, firmware, or combinations thereof. Consequently,
features of the present technology may be implemented using a processing system. Exemplary
processing systems (e.g., processor(s) 202, 302) include, without limitation, one or more general
purpose microprocessors (for example, single or multi-core processors), application-specific
integrated circuits, application-specific instruction-set processors, field-programmable gate
arrays, graphics processors, physics processors, digital signal processors, coprocessors, network
processors, audio processors, encryption processors, and the like.

[00166] Features of the present technology can be implemented in, using, or with the
assistance of a computer program product, such as a storage medium (media) or computer
readable storage medium (media) having instructions stored thereon/in which can be used to
program a processing system to perform any of the features presented herein. The storage
medium (e.g., the memory 204, 304) can include, but is not limited to, any type of disk including
floppy disks, optical discs, DVD, CD-ROMs, microdrive, and magneto-optical disks, ROMs,
RAMs, EPROMs, EEPROMs, DRAMs, VRAMs, DDR RAMs, flash memory devices, magnetic
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or optical cards, nanosystems (including molecular memory ICs), or any type of media or device
suitable for storing instructions and/or data.

[00167] Stored on any one of the machine readable medium (media), features of the
present technology can be incorporated in software and/or firmware for controlling the hardware
of a processing system, and for enabling a processing system to interact with other mechanism
utilizing the results of the present technology. Such software or firmware may include, but is not
limited to, application code, device drivers, operating systems, and execution
environments/containers.

[00168] Communication systems as referred to herein (e.g., the communication system
206, 314) optionally communicate via wired and/or wireless communication connections. For
example, communication systems optionally receive and send RF signals, also called
electromagnetic signals. RF circuitry of the communication systems convert electrical signals
to/from electromagnetic signals and communicate with communications networks and other
communications devices via the electromagnetic signals. RF circuitry optionally includes
well-known circuitry for performing these functions, including but not limited to an antenna
system, an RF transceiver, one or more amplifiers, a tuner, one or more oscillators, a digital
signal processor, a CODEC chipset, a subscriber identity module (SIM) card, memory, and so
forth. Communication systems optionally communicate with networks, such as the Internet, also
referred to as the World Wide Web (WWW), an intranet and/or a wireless network, such as a
cellular telephone network, a wireless local area network (LAN) and/or a metropolitan area
network (MAN), and other devices by wireless communication. Wireless communication
connections optionally use any of a plurality of communications standards, protocols and
technologies, including but not limited to Global System for Mobile Communications (GSM),
Enhanced Data GSM Environment (EDGE), high-speed downlink packet access (HSDPA),
high-speed uplink packet access (HSUPA), Evolution, Data-Only (EV-DO), HSPA, HSPA+,
Dual-Cell HSPA (DC-HSPDA), long term evolution (LTE), near field communication (NFC),
wideband code division multiple access (W-CDMA), code division multiple access (CDMA),
time division multiple access (TDMA), Bluetooth, Wireless Fidelity (Wi-Fi) (e.g., IEEE 302.11a,
IEEE 302.11ac, IEEE 302.11ax, IEEE 302.11b, IEEE 302.11g and/or IEEE 302.11n), voice over
Internet Protocol (VoIP), Wi-MAX, a protocol for e-mail (e.g., Internet message access protocol

48



WO 2018/090205 PCT/CN2016/105960

(IMAP) and/or post office protocol (POP)), instant messaging (e.g., extensible messaging and
presence protocol (XMPP), Session Initiation Protocol for Instant Messaging and Presence
Leveraging Extensions (SIMPLE), Instant Messaging and Presence Service (IMPS)), and/or
Short Message Service (SMS), spread spectrum technology such as FASST or DESST, or any
other suitable communication protocol, including communication protocols not yet developed as
of the filing date of this document.

[00169] While various embodiments of the present technology have been described above,
it should be understood that they have been presented by way of example, and not limitation. It
will be apparent to persons skilled in the relevant art that various changes in form and detail can
be made therein without departing from the spirit and scope of the invention.

[00170] The present technology has been described above with the aid of functional
building blocks illustrating the performance of specified functions and relationships thereof. The
boundaries of these functional building blocks have often been arbitrarily defined herein for the
convenience of the description. Alternate boundaries can be defined so long as the specified
functions and relationships thereof are appropriately performed. Any such alternate boundaries
are thus within the scope and spirit of the invention.

[00171] The terminology used in the description of the various described embodiments
herein is for the purpose of describing particular embodiments only and is not intended to be
limiting. As used in the description of the various described embodiments and the appended
claims, the singular forms “a,” “an,” and “the” are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will also be understood that the term “and/or” as
used herein refers to and encompasses any and all possible combinations of one or more of the
associated listed items. It will be further understood that the terms “includes,” “including,”
“comprises,” and/or “comprising,” when used in this specification, specify the presence of stated
features, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

[00172] As used herein, the term “if”” may be construed to mean “when” or “upon” or “in
response to determining” or “in accordance with a determination” or “in response to detecting,”

that a stated condition precedent is true, depending on the context. Similarly, the phrase “if it is
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determined [that a stated condition precedent is true]” or “if [a stated condition precedent is true]”
or “when [a stated condition precedent is true]” may be construed to mean “upon determining”
or “in response to determining” or “in accordance with a determination” or “upon detecting” or
“in response to detecting” that the stated condition precedent is true, depending on the context.
[00173] The foregoing description of the present technology has been provided for the
purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. The breadth and scope of the present technology should
not be limited by any of the above-described exemplary embodiments. Many modifications and
variations will be apparent to the practitioner skilled in the art. The modifications and variations
include any relevant combination of the disclosed features. The embodiments were chosen and
described in order to best explain the principles of the invention and its practical application,
thereby enabling others skilled in the art to understand the invention for various embodiments
and with various modifications that are suited to the particular use contemplated. It is intended

that the scope of the invention be defined by the following claims and their equivalence.
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What is claimed is:

1. A method of obstacle detection, comprising:
at a device having one or more processors and memory:

obtaining a base image that is captured by an onboard camera of a moveable object while
the moveable object is at a first position;

extracting a first original patch from the base image, wherein the first original patch
corresponds to a portion of the base image that includes a first feature point of the base image;

obtaining a current image that is captured by the onboard camera while the moveable
object is at a second position, wherein a portion of the current image includes the first feature
point with an updated location;

determining a first scale factor between the first original patch in the base image and a
first updated patch in the current image, wherein the first updated patch corresponds to the
portion of the current image that includes the first feature point with the updated location; and

based on the first scale factor and a distance between the first position and the second
position of the moveable object, obtaining an estimate of a corresponding object depth for the

first feature point in the current image.

2. The method of claim 1, wherein the base image and the current image are captured while the
moveable object are moving along an original movement path of the movement object, and the
estimate of the corresponding object depth for the first feature point is obtained in real-time after
the capture of the current image.

3. The method of any of claims 1-2, wherein the device is the moveable object or a component
thereof.

4. The method of any of claims 1-2, wherein the device is a remote control unit that is in
communication with the moveable object.

5. The method of any of claims 1-4, wherein the method is performed during autonomous
movement of the moveable object.

6. The method of any of claims 1-5, wherein determining the first scale factor between the first

original patch in the base image and the first updated patch in the current image includes:
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minimizing a sum of absolute differences in pixel values between the first original patch
in the base image and the first updated patch in the current image to obtain the updated location
of the first feature point in the current image and the first scale factor between the first original

patch in the base image and the first updated patch in the current image.

7. The method of claim 6, including:

tracking the first original patch in a sequence of intermediate frames that are
consecutively captured by the onboard camera between the base image and the current image;

determining a sequence of intermediate scale factors for respective patches in the
sequence of intermediate frames that correspond to the first original patch; and

using a product of the sequence of intermediate scale factors as an initial value for the
first scale factor when minimizing the sum of absolute differences in pixel values between the

first original patch in the base image and the first updated patch in the current image.

8. The method of claim 7, including:
initiating determination of the new scale factor based on a new base image and a
subsequent image of the new base image in accordance with a determination that a distance

between the first position and the second position exceeds a threshold distance.

9. The method of any of claims 1-8, including:

after obtaining the current image, obtaining one or more additional images that are
captured by the onboard camera while the moveable object continues to move along an original
movement path of the moveable object, and each of the one or more additional images includes
the first feature point and an additional updated patch that corresponds to the first feature point;

calculating one or more additional scale factors, including a respective additional scale
factor between the first original patch in the base image and the additional updated patch in each
of the one or more additional images;

based on the one or more additional scale factors and respective positions of the
moveable object that correspond to the one or more additional images, obtaining one or more

additional estimates for the corresponding object depth of the first feature point; and
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revising the estimate of the corresponding object depth of the first feature point based on

the one or more additional estimates for the corresponding object depth of the first feature point.

10. The method of any of claims 1-9, including:

based on a two-dimensional position of the first feature point in a respective image, a
focal length of the onboard camera, and the estimate of the corresponding object depth of the
first feature point, determining a three-dimensional object position for the first feature point

relative to the moveable object.

11. The method of any of claims 1-10, including:
for each image of the base image and the current image, segmenting said each image to
identify a first set of sub-regions that correspond to open sky, and a second set of sub-regions

that do not correspond to open sky.

12. The method of claim 11, wherein segmenting said each image to identify the first set of
sub-regions that correspond to open sky, and the second set of sub-regions that do not
correspond to open sky includes:

dividing said each image into a plurality of sub-regions;

determining variation and brightness of each of the plurality of sub-regions, and

in accordance with a determination that a respective sub-region of the plurality of
sub-regions has less than a threshold amount of variations and has a brightness greater than a
threshold brightness, including the respective sub-region in the first set of sub-regions that
correspond to open sky; and

in accordance with a determination that the respective sub-region of the plurality of
sub-regions does not belong in the first set of sub-regions that correspond to open sky, including

the respective sub-region in the second set of sub-regions that do not correspond to open sky.

13. The method of any of claims 11-12, wherein the first original patch does not overlap with
the first set of sub-regions that correspond to open sky in the base image, and the first updated
patch does not overlap with the first set of sub-regions that correspond to open sky in the current

image.
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14. The method of any of claims 1-13, including:
based on the estimate of the corresponding object depth for the first feature point in the
current image, determining whether an obstacle exists between the moveable object and a

destination of the moveable object.

15. The method of claim 14, including:
in accordance with a determination that an obstacle exists between the moveable object
and the destination of the moveable object, executing an obstacle avoidance maneuver to avoid

the obstacle.

16. A system, comprising:
a storage device; and
one or more processors coupled to the storage device; the one or more processors configured
for:
obtaining a base image that is captured by an onboard camera of a moveable object
while the moveable object is at a first position;
extracting a first original patch from the base image, wherein the first original patch
corresponds to a portion of the base image that includes a first feature point of the base
image;
obtaining a current image that is captured by the onboard camera while the moveable
object is at a second position, and wherein a portion of the current image includes the
first feature point with an updated location;
determining a first scale factor between the first original patch in the base image and
a first updated patch in the current image, wherein the first updated patch corresponds to
the portion of the current image that includes the first feature point with the updated
location; and
based on the first scale factor and a distance between the first position and the
second position of the moveable object, obtaining an estimate of a corresponding object

depth for the first feature point in the current image.
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17. The system of claim 16, wherein the base image and the current image are captured while
the moveable object are moving along an original movement path of the movement object, and
the estimate of the corresponding object depth for the first feature point is obtained in real-time
after the capture of the current image.
18. The system of any of claims 16-17, wherein determining the first scale factor between the
first original patch in the base image and the first updated patch in the current image includes:
minimizing a sum of absolute differences in pixel values between the first original patch
in the base image and the first updated patch in the current image to obtain the updated location
of the first feature point in the current image and the first scale factor between the first original

patch in the base image and the first updated patch in the current image.

19. The system of claim 18, including:

tracking the first original patch in a sequence of intermediate frames that are
consecutively captured by the onboard camera between the base image and the current image;

determining a sequence of intermediate scale factors for respective patches in the
sequence of intermediate frames that correspond to the first original patch; and

using a product of the sequence of intermediate scale factors as an initial value for the
first scale factor when minimizing the sum of absolute differences in pixel values between the

first original patch in the base image and the first updated patch in the current image.

20. The system of claim 19, including:
initiating determination of the new scale factor based on a new base image and a
subsequent image of the new base image in accordance with a determination that a distance

between the first position and the second position exceeds a threshold distance.

21. The system of any of claims 16-20, including:

after obtaining the current image, obtaining one or more additional images that are
captured by the onboard camera while the moveable object continues to move along an original
movement path of the moveable object, and each of the one or more additional images includes

the first feature point and an additional updated patch that corresponds to the first feature point;
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calculating one or more additional scale factors, including a respective additional scale
factor between the first original patch in the base image and the additional updated patch in each
of the one or more additional images;

based on the one or more additional scale factors and respective positions of the
moveable object that correspond to the one or more additional images, obtaining one or more
additional estimates for the corresponding object depth of the first feature point; and

revising the estimate of the corresponding object depth of the first feature point based on

the one or more additional estimates for the corresponding object depth of the first feature point.

22. The system of any of claims 16-21, including:

based on a two-dimensional position of the first feature point in a respective image, a
focal length of the onboard camera, and the estimate of the corresponding object depth of the
first feature point, determining a three-dimensional object position for the first feature point

relative to the moveable object.

23. The system of any of claims 16-22, including:
for each image of the base image and the current image, segmenting said each image to
identify a first set of sub-regions that correspond to open sky, and a second set of sub-regions

that do not correspond to open sky.

24. The system of claim 23, wherein segmenting said each image to identify the first set of
sub-regions that correspond to open sky, and the second set of sub-regions that do not
correspond to open sky includes:

dividing said each image into a plurality of sub-regions;

determining variation and brightness of each of the plurality of sub-regions, and

in accordance with a determination that a respective sub-region of the plurality of
sub-regions has less than a threshold amount of variations and has a brightness greater than a
threshold brightness, including the respective sub-region in the first set of sub-regions that

correspond to open sky; and
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in accordance with a determination that the respective sub-region of the plurality of
sub-regions does not belong in the first set of sub-regions that correspond to open sky, including

the respective sub-region in the second set of sub-regions that do not correspond to open sky.

25. The system of any of claims 23-24, wherein the first original patch does not overlap with the
first set of sub-regions that correspond to open sky in the base image, and the first updated patch
does not overlap with the first set of sub-regions that correspond to open sky in the current
image.
26. The system of any of claims 16-25, including:

based on the estimate of the corresponding object depth for the first feature point in the
current image, determining whether an obstacle exists between the moveable object and a

destination of the moveable object.

27. The system of claim 26, including:
in accordance with a determination that an obstacle exists between the moveable object
and the destination of the moveable object, executing an obstacle avoidance maneuver to avoid

the obstacle.

28. An Unmanned Aerial Vehicle (UAV), comprising:
a propulsion system;
an onboard camera;
a storage device; and
one or more processors coupled to the propulsion system, the onboard camera, and the
storage device; the one or more processors configured for:
obtaining a base image that is captured by the onboard camera while the UAV is
at a first position;
extracting a first original patch from the base image, wherein the first original
patch corresponds to a portion of the base image that includes a first feature point of the

base image;
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obtaining a current image that is captured by the onboard camera while the UAV
is at a second position along the original movement path of the UAV, and wherein a
portion of the current image includes the first feature point with an updated location;

determining a first scale factor between the first original patch in the base image
and a first updated patch in the current image, wherein the first updated patch
corresponds to the portion of the current image that includes the first feature point with
the updated location; and

based on the first scale factor and a distance between the first position and the
second position of the UAV, obtaining an estimate of a corresponding object depth for

the first feature point in the current image.

29. The UAV of claim 28, wherein the base image and the current image are captured while the
moveable object are moving along an original movement path of the movement object, and the
estimate of the corresponding object depth for the first feature point is obtained in real-time after
the capture of the current image.
30. A computer readable storage medium storing one or more programs, the one or more
programs comprising instructions, which when executed, cause a device to:

obtain a base image that is captured by an onboard camera of a moveable object while the
moveable object is at a first position;

extract a first original patch from the base image, wherein the first original patch
corresponds to a portion of the base image that includes a first feature point of the base image;

obtain a current image that is captured by the onboard camera while the moveable object
is at a second position, and wherein a portion of the current image includes the first feature point
with an updated location;

determine a first scale factor between the first original patch in the base image and a first
updated patch in the current image, wherein the first updated patch corresponds to the portion of
the current image that includes the first feature point with the updated location; and

based on the first scale factor and a distance between the first position and the second
position of the moveable object, obtain an estimate of a corresponding object depth for the first

feature point in the current image.
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31. A method of obstacle avoidance, comprising:
at a moveable object having an onboard camera, one or more processors, and memory:
detecting an obstacle in an original movement path of the moveable object;
in response to detecting the obstacle:
in accordance with a determination that long-range obstacle avoidance criteria are
met, wherein the long-range obstacle criteria require that a distance between the moveable object
and the obstacle along the original movement path exceeds a first threshold distance,
executing a long-range obstacle avoidance maneuver, including moving along

an initial trajectory from a current position of the moveable object to a point of clearance beyond
an outer edge of the obstacle, wherein an initial velocity of the moveable object along the initial
trajectory has a first component that is parallel to the original movement path and a second

component that is perpendicular to the original movement path.

32. The method of claim 31, wherein executing the long-range obstacle avoidance maneuver
further includes:

in accordance with a determination that first avoidance direction selection criteria are met,
increasing an upward speed while maintaining at least a portion of an original forward speed of

the moveable object.

33. The method of claim 32, wherein the initial trajectory is at an acute angle relative to the
original movement path of the moveable object, and the point of clearance has an altitude that is

greater than a height of the obstacle.

34. The method of any of claims 32-33, wherein executing the long-range obstacle avoidance
maneuver further includes:
after moving along the initial trajectory to the point of clearance, moving straight forward

while maintaining a current altitude of the moveable object.

35. The method of claim 34, wherein executing the long-range obstacle avoidance maneuver

further includes:
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while moving straight forward at the current altitude, determining that moveable object
has moved past the obstacle; and
in response to detecting that the moveable object has moved past the obstacle:
dropping to a previous altitude that the moveable object had before the execution of the
long-range obstacle avoidance maneuver; and
moving forward along the original movement path toward the destination after dropping

to the previous altitude.

36. The method of any of claims 31-35, wherein executing the long-range obstacle avoidance
maneuver further includes:

in accordance with a determination that second avoidance direction selection criteria are
met, increasing a sideway speed of the moveable object while maintaining at least a portion of

the original forward speed of the moveable object.

37. The method of claim 36, wherein the initial trajectory has the same altitude as the original
movement path and the point of clearance has a horizontal position that is beyond the width of
the obstacle.
38. The method of any of claims 36-37, wherein executing the long-range obstacle avoidance
maneuver further includes:

maintaining a tangential angle of the initial trajectory at a constant value while the moveable
object moves along the initial trajectory.
39. The method of claim 38, wherein executing the long-range obstacle avoidance maneuver
further includes:

after the moveable object has traversed an entirety of the initial trajectory, continuing to

maintain a tangential angle of a current trajectory of the moveable object at the constant value.

40. The method of any of claims 31-39, including:

in response to detecting the obstacle:
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in accordance with a determination that short-range obstacle avoidance criteria are met,
wherein the short-range obstacle criteria require that the distance between the moveable object
and the obstacle along the original movement path does not exceed the first threshold distance,
executing the short-range obstacle avoidance maneuver, including:
stopping forward movement along the original movement path; and
after stopping the forward movement along the original movement path,

moving straight toward a point of clearance that is beyond the obstacle.

41. The method of any of claims 31-40, wherein detecting the obstacle in the original movement
path of the moveable object includes estimating a corresponding distance between the obstacle
and the moveable object based on a sequence of two or more images that are captured by the

onboard camera at different positions along the original movement path of the moveable object.

42. The method of claim 41, wherein the sequence of two or more images includes a base image,
a current image, and one or more intermediate images that are captured between the base image

and the current image while the movement object moves along the original movement path.

43. The method of claim 42, wherein detecting the obstacle in the original movement path of the
moveable object includes:

dividing the current image into a plurality of sub-regions, wherein a projection of the
moveable object in the current image occupies at least a first sub-region of the plurality of
sub-regions in the current image;

projecting a plurality of feature points of the base image onto the current image in
accordance with estimated corresponding three-dimensional object positions of the plurality of
feature points;

determining a characteristic object depth of the first sub-region based on estimated object
depths of one or more feature points that are projected onto the first sub-region; and

based at least in part on the characteristic object depth of the first sub-region, determining
whether an obstacle exists between a current position of the moveable object and a destination of

the moveable object.
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44. The method of claim 43, including:

identifying a plurality of feature points from the base image; and

for a respective feature point of the plurality of feature points of the base image,
estimating the corresponding three-dimensional object position of the respective feature point
relative to the moveable object, based on tracking of the respective feature point in the one or

more intermediate images and the current image.

45. The method of claim 44, wherein estimating the corresponding three-dimensional object
position of the respective feature point relative to the moveable object includes:

calculating the corresponding three-dimensional object position of the respective feature
point based on an estimated object depth of the respective feature point, a position of the
respective feature point in the current image relative to a center of the current image, and a focal

length of the onboard camera.

46. The method of claim 45, wherein calculating the estimated object depth of the respective
feature point includes:

determining a scale factor between an original patch around the respective feature point
in the base image and an updated patch around the respective feature point in the current image;
and

estimating the object depth of the respective feature point based on the scale factor and a
distance between positions of the moveable object when the base image and the current image

are captured.

47. The method of any of claims 43-46, including:

obtaining a previous base image that had been captured by the onboard camera before the
base image, wherein the previous base image includes at least a second feature point for which
an estimated depth has not been obtained based on the tracking of feature points in the base
image and the current image; and

projecting the second feature point in the previous base image onto the current image in
accordance with a three dimensional object position of the second feature point relative to the

moveable object; and
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in accordance with a determination that the second feature point is projected onto the first
sub-region, determining the characteristic object depth for the first sub-region in the current
image based on estimated object depths of one or more feature points in the base image that are
projected onto the first sub-region in the current image and based on the estimated object depth

of the second feature point in the previous base image.

48. The method of claim 47, wherein determining the characteristic object depth for the first
sub-region in the current image based on estimated object depths of the one or more feature
points in the base image that are projected onto the first sub-region in the current image and
based on the estimated object depth of the second feature point in the previous base image
includes:

calculating a weighted sum of the estimated object depths of the feature points of the base
image and the previous base image that are projected onto the first sub-region, wherein a
respective weight of each said feature point is determined based on a distance between the

projection of said feature point in the current image and a center of the current image.

49. The method of any of claims 47-48, wherein the respective weight of the second feature
point of the previous base image that is projected onto the first sub-region is adjusted by a
multiplier that is decreased with increasing number of intermediate images between the base

image and the current image.

50. The method of any of claims 43-46, wherein determining the characteristic object depth for
the first sub-region of the plurality of sub-regions in the current image based on the estimated
object depths of one or more feature points that are projected onto the first sub-region includes:
in accordance with a determination that three or more feature points are projected onto

the first sub-region:

identifying, from the three or more feature points, three feature points that are closest to
a center of the first sub-region;

projecting the center of the first sub-region onto a plane that is defined by the three

feature points that are closest to the center of the first sub-region; and

63



WO 2018/090205 PCT/CN2016/105960

using a corresponding object depth of the projection of the center of the first sub-region

on the plane as the characteristic object depth of the first sub-region.

51. The method of any of claims 43-50, including:

identifying, from the plurality of sub-regions of the current image, one or more
sub-regions that correspond to open sky; and

forgoing characteristic depth determination and obstacle detection and avoidance for the

one or more sub-regions that are identified as corresponding to open sky.

52. The method of any of claims 43-51, including:

in accordance with a determination that a second sub-region of the plurality of
sub-regions in the current image does not correspond to open sky and that there is insufficient
information to determine a characteristic object depth of the second sub-region, using a
characteristic object depth of another sub-region that is directly above the second sub-region as

the characteristic object depth of the second sub-region.

53. The method of any of claims 43-52, including:

identifying, from the plurality of sub-regions of the current image, one or more third
sub-regions that correspond to a real-world height that is below a current altitude of the
moveable object; and

forgoing characteristic depth determination and obstacle detection and avoidance for the
one or more third sub-regions that are identified as corresponding to a real-world height that is

below the current flying altitude of the moveable object.

54. The method of any of claims 43-53, wherein determining whether an obstacle exists between
the current position of the moveable and the destination of the moveable includes:

identifying, from the plurality of sub-regions in the current image, one or more fourth
sub-regions that are in the center of the current image and that overlap with at least a portion of a
representation of the moveable object in the current image;

in accordance with a determination that a characteristic object depth of a respective

sub-region of said one or more fourth sub-regions is between the current position of the
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moveable object and the destination of the moveable object, concluding that an obstacle exists
between the current position of the moveable object and the destination of the moveable object;
and

in accordance with a determination that characteristic object depths of all of the one or
more fourth sub-regions are farther from the current position of the moveable object than the
destination of the moveable object, concluding that an obstacle does not exist between the

current position of the moveable object and the destination of the moveable object.

55. The method of any of claims 43-54, wherein executing the long-range obstacle avoidance
maneuver to avoid the obstacle includes:
in accordance with a determination that a sideway maneuver is to be performed to avoid
the obstacle:
scanning a window of clearance sideways outside of a set of sub-regions that correspond
to the obstacle in the current image, wherein the window of clearance has a width that
corresponds to a representation of the moveable in the current image;
for each position of the window of clearance during the scanning, determining whether
the window of clearance is blocked by any obstacle represented in the current image;
in accordance with a determination that the window of clearance is not blocked by any
obstacle in the current image, executing the sideway maneuver in accordance with a current
position of the window of clearance;
in accordance with a determination that the window of clearance is blocked by at least
one obstacle in the current image:
moving the window of clearance to a new position in the current image; and
repeating the determination of whether the window of clearance is blocked by any
obstacle in the current image; and
in accordance with a determination that the window of clearance is blocked by at least
one obstacle and that all positions of the window of clearance have been checked, choosing a

pulling up maneuver instead of the sideway maneuver to avoid the obstacle.

56. A system, comprising:
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an onboard camera;
a storage device; and
one or more processors coupled to the onboard camera, and the storage device; the one or
more processors configured for:
detecting an obstacle in an original movement path of the moveable object;
in response to detecting the obstacle:
in accordance with a determination that long-range obstacle avoidance criteria are
met, wherein the long-range obstacle criteria require that a distance between the moveable object
and the obstacle along the original movement path exceeds a first threshold distance,
executing a long-range obstacle avoidance maneuver, including moving along
an initial trajectory from a current position of the moveable object to a point of clearance beyond
an outer edge of the obstacle, wherein an initial velocity of the moveable object along the initial
trajectory has a first component that is parallel to the original movement path and a second

component that is perpendicular to the original movement path.

57. The system of claim 56, wherein executing the long-range obstacle avoidance maneuver
further includes:

in accordance with a determination that first avoidance direction selection criteria are met,
increasing an upward speed while maintaining at least a portion of an original forward speed of

the moveable object.

58. The system of claim 57, wherein the initial trajectory is at an acute angle relative to the
original movement path of the moveable object, and the point of clearance has an altitude that is

greater than a height of the obstacle.

59. The system of any of claims 57-58, wherein executing the long-range obstacle avoidance
maneuver further includes:
after moving along the initial trajectory to the point of clearance, moving straight forward

while maintaining a current altitude of the moveable object.
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60. The system of claim 59, wherein executing the long-range obstacle avoidance maneuver
further includes:
while moving straight forward at the current altitude, determining that moveable object
has moved past the obstacle; and
in response to detecting that the moveable object has moved past the obstacle:
dropping to a previous altitude that the moveable object had before the execution of the
long-range obstacle avoidance maneuver; and
moving forward along the original movement path toward the destination after dropping

to the previous altitude.

61. The system of any of claims 56-60, wherein executing the long-range obstacle avoidance
maneuver further includes:

in accordance with a determination that second avoidance direction selection criteria are
met, increasing a sideway speed of the moveable object while maintaining at least a portion of

the original forward speed of the moveable object.

62. The system of claim 61, wherein the initial trajectory has the same altitude as the original
movement path and the point of clearance has a horizontal position that is beyond the width of
the obstacle.
63. The system of any of claims 61-62, wherein executing the long-range obstacle avoidance
maneuver further includes:

maintaining a tangential angle of the initial trajectory at a constant value while the moveable
object moves along the initial trajectory.
64. The system of claim 63, wherein executing the long-range obstacle avoidance maneuver
further includes:

after the moveable object has traversed an entirety of the initial trajectory, continuing to
maintain a tangential angle of a current trajectory of the moveable object at the constant value.
65. The system of any of claims 56-64, including:

in response to detecting the obstacle:
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in accordance with a determination that short-range obstacle avoidance criteria are met,
wherein the short-range obstacle criteria require that the distance between the moveable object
and the obstacle along the original movement path does not exceed the first threshold distance,
executing the short-range obstacle avoidance maneuver, including:
stopping forward movement along the original movement path; and
after stopping the forward movement along the original movement path,

moving straight toward a point of clearance that is beyond the obstacle.

66. The system of any of claims 56-65, wherein detecting the obstacle in the original movement
path of the moveable object includes estimating a corresponding distance between the obstacle
and the moveable object based on a sequence of two or more images that are captured by the
onboard camera at different positions along the original movement path of the moveable object.
67. A Unmanned Aerial Vehicle (UAV), comprising:
a propulsion system;
an onboard camera;
a storage device; and
one or more processors coupled to the propulsion system, the onboard camera, and the
storage device; the one or more processors configured for:
detecting an obstacle in an original movement path of the moveable object;
in response to detecting the obstacle:
in accordance with a determination that long-range obstacle avoidance criteria are
met, wherein the long-range obstacle criteria require that a distance between the moveable object
and the obstacle along the original movement path exceeds a first threshold distance,
executing a long-range obstacle avoidance maneuver, including moving along
an initial trajectory from a current position of the moveable object to a point of clearance beyond
an outer edge of the obstacle, wherein an initial velocity of the moveable object along the initial
trajectory has a first component that is parallel to the original movement path and a second

component that is perpendicular to the original movement path.
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68. A computer readable storage medium storing one or more programs, the one or more
programs comprising instructions, which when executed, cause a device to:

detect an obstacle in an original movement path of the moveable object;

in response to detecting the obstacle:

in accordance with a determination that long-range obstacle avoidance criteria are met,
wherein the long-range obstacle criteria require that a distance between the moveable object and
the obstacle along the original movement path exceeds a first threshold distance,
execute a long-range obstacle avoidance maneuver, including moving along an

initial trajectory from a current position of the moveable object to a point of clearance beyond an
outer edge of the obstacle, wherein an initial velocity of the moveable object along the initial
trajectory has a first component that is parallel to the original movement path and a second

component that is perpendicular to the original movement path.

69



PCT/CN2016/105960

WO 2018/090205

1/24

801
| 2anbiy U JoRuo0

B0+

wwwwwwwwwwwwwww ] X (@

Ji
vOL Wi
flll\\
Z01 108lao sueaoy
- DLt
aonar] Buinduwion
it
‘ I 004
~ uswuoKAug 18lg0 8iqRAGH]



WO 2018/090205

2/24

- o
<N_..-ov—*’d 1

PCT/CN2016/105960

’/"N 114b

YT

Actuator Actuator

2108 210b

| |

Processor(s)

202 Memary

ISP

Communication / Movable Object

System Sensing System

208 208
,/ AN\ ¥ 104

214
Payload
106

imaging Device
218

frmage Sensor
240

Figure 2



WO 2018/090205 PCT/CN2016/105960
3/24

4

Control Unit 108
Communication
System
314
O Interface
308 N Processor(s)
302
Display
input Device Memaory
310 304

Figure 3



PCT/CN2016/105960

WO 2018/090205

4/24

6 M.... - £ ~
.v &hw\w mm ““““ i e} ‘.Pl bz §
, M . Lq »! g >
i £ % T 157
’ w U f2'4 274 Tz
i W S N ’ !
1 i
A W - Www w ! ;
w L \\@Q# w “ ;
. : 1 | m
e TR e o ;
w
i

oy

g7 ‘%) @

SLUBY JUBLING

Zz7 % @ bz @
sl sigIpsuiEiul e oseq




PCT/CN2016/105960
5/24

WO 2018/090205

g aunbi4

8%05 BH{)E
el LNy ii//,,/ susely aseg dmm

LR x\\\\\\\\\
G, V\\\\\w \\n\\\\\\\

\\\\\\\\\

L O WM
g %M& \\\“W S Z

“\\\m“. ««««\ s 596 2 : ¢ Z I
i) L7 3

7 il :
¢ 4 a4 |

% ;
5 s.“\w\\\\\\ﬂ ; RN L AR -

Z G o
7 Yo, 7. & 7
e Y\WW\W&\\\\\%\

i

7

_.\wﬂ 2 % it B ..
o iy 7 , e

L
iy

e

7
e S

"\\\\\\\.....

N
Ak

b
o

AR
§ R

S

ot

 rionnneei

o] i oerore et e ot

§
Ry
N

%
R
3
X
R
\&\\\§\
R
X
L3
TR
\\\\\\\\\\\\\\\\
H

G

e i

i

\\\
3
I
N

N

R o 5 T,
G % e s

G

2z T S 7 \\\

e S 77
7

7 \\\\\\\\\\\ . Z 3 5 \ \\\\\M\\\\\\ 7 \\ .

AL

s,




WO 2018/090205 PCT/CN2016/105960
6/24

=
R NN R H RN
TR A S AE £ S AN A ST A S
Q&\\\%QQ«\&\Q;‘%QS\\Qs a
\ §§ N N WY
N \

-
\\\ LI




WO 2018/090205 PCT/CN2016/105960

7/24
th‘: F:} Fg Fk
Soy1] SR 8 K1k
S ok
Figure 7

Objact corresponding to feature point l




WO 2018/090205 PCT/CN2016/105960
8/24

8020

Figure 9

802¢c

902a




WO 2018/090205 PCT/CN2016/105960
9/24

1006h

1006¢

Figure 10

1004b

10044




WO 2018/090205 PCT/CN2016/105960
10/24

Figure 11




PCT/CN2016/105960

WO 2018/090205

11/24
(A)
R

N (PR

S

\\‘
}
}
]
§
}

1210

-~

A""“‘*‘\>
-~
I
B

N, O

h
T o

Figure 12



WO 2018/090205 PCT/CN2016/105960
12/24

1300

PRS-

1302
Obvtain a base image that i3 captured by an onboard camera of a moveable object while the
moveable object 1 8t 8 first position

g

Extract a first original patch from the base image, wherein the first original paich
corresponds to a portion of the base image that includes a first fosture point of the base
mage

Y

1306

Obtain a current image that is captured by the onboeard camera while the moveable object is |

at a second position, wherein & portion of the current image includes the first festure point
with an updaied location

v

1308

Determine a first scale factor between the fivst original patch in the base image and a first
updated patch i the current image, wherein the first updated pateh corresponds to the
portion of the current image that includes the first feature point with the updated location

Based on the first scale factor and a distance between the fivst position and the second
posttion of the moveable object. obtain an estimate of a cormresponding object depth for the
first feature point in the current image

: i
| The base image and the current image are captured while the moveable obyect are moving |
; along an oniginal movement path of the movament obiect, and the cstimaie of the [
; corresponding object depth for the first feature point is obtained in real-time afier the |
* capture of the current image E
: 1314 1
* The method is performed during autonomeoeus movement of the moveable ebject E

Figure 13A
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Deterinining the first scale factor between the first origingl patch in the base image and the %

first updated patch i the current image includes: minimizing a sum of absolute differences i

1 pixel values between the Brst original pateb in the base image and the fivst updated patch |

in the current image to obiain the updated location of the first feature point in the current

image and the first scale factor between the first original paich in the base image and the
first updated pateh in the current image

Track the first original patch in a sequence of intermediate frames that are
consecutively captured by the onboard camera between the base image and the current
image;

BDeterming a sequence of infermediate scale factors for respective pafches in
the sequence of infermediate frames that correspond to the first original pateh; and
Use & product of the sequence of infermediate scale factors as an initial value

for the first scale factor when nunimizing the sum of absclute differences in pixel

the current image

Initiate determination of the new scale factor based on a new base image

and a subsequent image of the new hase mage in accordance with a

i
i
i
i
i
i
i
i
i
values between the first original patch in the base image and the fivst updated patch i ;
§
i
i
i
i
i
T i
exceeds a threshold distance §

!
!
determination that a distance between the first posttion and the second position i
!

Figure 13B
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i Afier obtaining the current hmage, obtain one or more additional images that ave |
j  captured by the onboard camera while the moveable object continues to move along an E
I original movement path of the moveable object, and each of the one or more additional l
b iima ges inclhudes the frst feature point and an additional updated patch that corresponds to :
§ the first feature point; {
i Caleulate one oy more additional scale factors, including a respective additional scale f
I factor between the fivst original pateh in the base image and the additional updated patch in :
! each of the one or more additional images; f
§ Based on the one or more additional scale factors and respective positions of the |
i moveable object that correspond o the one or more additional images, obtain one or more f
i additional estomates for the corresponding object depth of the first featurs point; and :
§ Revise the estimaie of the corresponding object depth of the first feature poinl based I
§ on the one or more additional estimates for the corresponding object depth of the first |
i feature point !
z 5‘
* !
fo s e s oo oo o oo s s o o o o o o . oo o o s s o, oo o oo s v,
} 1324 |
! Based on a two-dimensional position of the fiest feature point fu 8 respective image, E
i a focal length of the onboard camera, and the estimate of the corresponding object depth of i
| the first feature point, determine a three-dimensional object position for the first feature ;
i point relative to the moveable object |
i !

Figure 13C
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2

For each image of the base image and the current image, segment said exch image to
identify a first set of sub-regions that correspond to open sky, and a second set of sub-

regions that donot correspond to open sky

: |
i i
| |
* |
| |
T B e b !

E 1328 l i
* 5 Segmenting said eacl image 1O identify the first set of sub-regions that correspond to | |
* | open sky, and the second set of sub-regions that do not correspond to open sky I |
; | nctudes: l |
- dividing said each image into a plurality of sub-regions; : |

| determining variation and brightness of each of the plurality of sub-regions, }
¥ E and | |
: | in accordance with a determination that 8 respective sub-region of the plurality I |
P of sub-regions has Joss than a threshold smount of variations and has a brightness : |

| e cater than a threshold brightness, including the respective sub-region in the first set | |
* E of sub-regions that carrespond 1o apen sky; and [ i
§ | in accordance with 3 determination that the respective sub-region of the : |

E plurality of sub-regions does not belony in the first set of sub-regions that correspond | |
§ | to open sky, including the respective sub-region in the second set of sub-regions that I |
- do not correspond to open sky : |
P .
z ‘
e fag T 1!
P e .
- The first original patch does not overlap with the first set of subsregions that |}
| | comespond to open sky in the base image, and the first updated pateh does not overlap I
{1 with the first set of sub-regions that correspond to open sky in the current image | I
Pl -
| L e e e e e e e e e e e e e |
R B

Figure 13D



WO 2018/090205 PCT/CN2016/105960

16/24
1300

|
; 1332 E
i Baged on the estimate of the corresponding object depth for the first feature point in 1[
i the corrent image, determine whether an obstacle exists between the moveable object and a i
§ destination of the moveable object f

i
{ 1 ! 1 |
fy 1334 [
P In accordance with a determination that an obstacle exists between the } {
i | moveable object and the destination of the moveable object, execute an obstacle 5 l
by avoidance maneuver to avoid the obstacle | |
L i i
e e e e e e e e e e e o e e —

Figure 13E
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140

Detect an obstacle i an original movement path of the moveable object

B

Y

1404
In response to detecting the obstacle:
1406

In accordance with a determination that long-range obstacle svoidance enteria
are met, wherein the long-range obstacle eriferia require that a distance between the
maveable object and the obstacle along the original movement path exceeds a first
thrashold distance,

executing a long-range obstacle avoidance maneuver, inchuding
moving along an mitial ajectory from a current position of the moveable object o a
point of clearance beyond an outer edge of the obstacle, wheren an wnitial velovity of
the moveable object along the initial trajectory has a first component that is parallel to
the original movement path and a second component that is porpendicular o the
origial movement path

3
Exccnting the long~range obstacle avoidance maneuver further includes: |

in accordance with a determination that first avoidance direction selection 3
criteria are met, increasing an upward speed while maintaining at least a portion |
of an original forward speed of the moveable object ;

Figure 14A
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1410 |

The initial trajectory is at an acute angle relative to the original movement l

E path of the moveable object, and the point of clearance hay an altitude that i
| is greater than a height of the obstacle E

| 1442 !
| Executing the long-range obstacle avoidance mancuver farther includes: |
| after moving along the initial trajectory to the point of clearance, moving |
| straight forward while maintaining & current altitude of the moveable |
! object |
5 i X
Ol Executing the long-range obstacle avoidance manenver further ; |
o nclndes: Pl
ol while moving st‘rmghg t‘.':'m'sfard at the Gurrg}tzt altitnde, determining P
.y that n'msahit? object bas moved gastvvtbe obstacle; ai}f} P
ol i response to detecting that the moveable object has moved past the P
Ll obstacle: P
bl dropping toa prevliwg altitude that the moveable 3 |
Ll objuct bad before the execution of the long-range obstacle avoidance o
Ll maneuver; and | |
Ll moving forward along the original movement path P
E | toward the destinghion aller dropping to the previeus altitude P
y T T T T T oo T e e e e {

Exconting the long~range obstacle avoidance maneuver further includes:
in accordance with a determination that second aveidance direction selection
criteria are met, focreasing a sideway speed of the moveable object while
mamntaining at least a portion of the original forward speed of the wmoveable
object

Figure 14B
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| 3
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| !
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z 1418 L
{ , The initial trajectory has the same altitade as the original movement path |
} and the point of clearance has a horizontal position that 1s beyond the |
{ width of the obstacle i |

!

e

42
Exccuting the long-range obstacle avoidance mancuver further includes:
maintaining a tangential angle of the initial trajectory at a constant value
while the moveable object moves along the initial trajectory

[

wmmmmmmmmmmmmmmmmmmmmmmmmmwﬁ

i
|
i
|
|
1422 | i
|
{
|
!
i

Executing the long-range obstacke avoidance mancuver farther includes;
after the moveable object has traversed an entivety of the initial trajectory, |
continning {¢ maintain a fangential angle of 8 current trajectory of the |
moveable object at the constant value i

AN AR WS AR R G WA WA R WA WRARR AR WA AR MW AR WA AR R G WA R W R e

- —

Annnn  wmn smna  man  AARAR WA ARARA  WSARA  AARAR  MAAAW  ARAAS  WAAS  AAASA  WMAAA  AAAAR  WAAAS  ARASA  WMARA  AASAR  MASAW  ASARA  WSAA  AARAR  WAAAA  ARAAN  MAAAR  AAaen  Saaea

1424 i

In accordance with a determination that short-range obstacle avoidance criteria |

are met, wherein the short-range obstacle criteria require that the distance between the ;
the first threshold distagee, executing the short-range obstacle avoidance maneuver,

!

|

|

]

| moveable object and the obstacle along the origingl movement path does not excesd
]

|

| Stopping the forward movement along the original movement path, moving straight
!

i
i
i
incliding: stopping forward movement along the original movement path; and after |
i
. . i

toward a point of clearance that is bevond the obstacle i

memmmmmmmmmmmmmmmmmmmmmmmmmmmn-n-.

®

Figure 14C
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; Detecting the obstacle in the original movement path of the moveable object ‘3{
| estimating a coresponding distance beiwém th ﬁhn; 3 : 1& ;snm e s s 3‘
S s e A ¢ obstacle and the moveable objoct based on |
a sequence of two or more images that are captured by the ont able object based on |
| ositions siong & ges that are captured by the onboard camern at different
ROSTHONS $iong g ai o TSN n y ‘ |
| — positian ng the original movernent path of the moveable object i
* AR Ry R SRR R SRRy R DRy R | S SRRy W | R SRy . i | Sy - |
: 1428 T
* bfh ] y e =l ’
The sequence of two or o MG Ees T :
, | luﬁ;{iu;}& of two o more Images nclodes @ base image, a current image, and one b
* j or nm'ru intermediate unages that are captured between the base image {{135{-{-@ e »VL b
| image while the moverment ahject moves along the « ioinal 1 aee and fe aurrent .
| T : ves along the ongins! movement path Ll
t —— “; ““““““““““““““
i i § Detecting the obstagl 1430 8
ctecting the obstacle in the origing ement path of :
* | | 2 £ the ori ,L._‘xfm.ig'nm ement path of the moveable object !
i | | i mcludes: ) o
* | | orofootion ; ;}ng the current image into a plurality of sub-regions, wherein a i
‘)".V{N ot the m .y o s . ) ““ u.-' =y 3
i | | pro] m{; e m(}; cable object in the current Image occupies at least a first | Pl
subsresic s mhiraiity of e . N o
g | ; e :,.g?um 0,] the plurality of sub-regtons in the current image; 1
sroicotine a plurslity of feature points of : RS ;
: | A f mji maﬁa plu &.}ii} of feature points of the base simage ente the current boLod
ge in accordance with estimated corresponding 1 T o ‘
* | ; 8 b mt.vf ith t.»:»gzmdtt,d corresponding three-dimensional object o
* | | —— msrimm of the plurality of feature poims; bbb
stermining a characteristic object depth of the first s ; ‘
* | | cstimated otuot d o *1}(, m?za teristic object depth of the first sub-region based on P
o el H_ii‘C e‘l!&(} S AT hore S P y 5 i $i}
§ | ; ‘ P 0?3§?a 1 .mm @ tu%ium points that are projected onte the bbb
t | ; ko ’ first sub~region; and I
yased at least i part o the characteristic object depth of 5 i ‘
§ | | ogion, stengising arhe fi 1 mﬁf ahamgfumm object depth of the first sub- b
* | g gion, de vgﬁ..} . 'ﬁ xv;;t 1o an obstacle exists between a current position of the { b
; | | able object and a destination of the moveable olsject P
B ® i
: | | Pobo
gLﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ 777777777777777 .
{ e e e - {1
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a2
3

{Obtain @ previous base image that had been captared by the
| mbmz d camers before the base fmage, wherein the previous base image

{ includes at least a second feature point for which an estimated depth has

! and the current image: and

|
|
!
!
I not been obtained based on the tracking of feature points i the base fimage |
!
| Project the second featore poiat in the previous base image onto the |

!

| second feature point relative to the moveshie object; and

In sccordance with a determination that the second featwre point is

| projected onto the first sub-region, deferming the characteristic ohject

{ depth for the first sub-region in the current image based on estimated

1 projected onto the first sub-region in the corrent image and based on the

f

!

f

i

f

§

f

i

j | current image in accordance with a three dimensional object position of the |
f

!

f

!

f

!

i

: i -estimated object depth of the second feature point in the previous base
!

|
!
i
i
i
| olyject depths of one or more featare points in the base image that are |
|
|
!
|

- —— - — - A - A - S-S S - - - —— - — - oy

* 1434 |
! Determining the characteristic object depth for the first sub-region of the plurality of sab-
! regions i the current image based on the estimated object depths of one ormore feature i
! points that are projected onto the Birst subwregion includes: {
* i accordance with a determination that three or more feature points are projected 4
Fomto the first sub- STEEION: f
i identifying, from the three or more feature points, three feature points that are ;
Fclosest to & center of the first sub-region;

; projecting the center of the fivst sub-region outo a plane that is defined by the f
Fihree featare points that are closest o the center of the first sub-region; and 1
| using a corresponding object depth of the projection of the center of the first
by sub~region on the plane as the charvacteristic object depth of the first sub-region

Figure 14E
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i 1436 !
i Identity, from the plurality of sub-regions of the current tmage, one or more sub- |
. . , {
: regions that correspond 1o open sky: and |
; Forge charscteristic depth determination and obstacle detection and avoidance for the one or |
: more sub-regions that are identified as corresponding 10 open sky I

»m»m»m»m»m»m»mmmmmmmmmmm»m»m»m»—l

* 1438 i
; In accordance with a determination that & second sub-region of the plurality of sub-regions
* m the current image does not correspond o open sky and that there is insufficient |
i mformation to detenmine a charactevistic object depth of the second sub-region, usea
characteristic object depth of another sub-region thai ts divectly above the second sub-region i

§ as the characieristic object depth of the second sub-region |
s o s o oo o o oo oo o son o oo o o oo oo montona v 2o s v v oo o 2o o 2ot s o 3
; 1440 3[
i fdentily, from the plarality of sub-regions of the current image, one ot more third }
§ sub-regions that correspend to & reab-world height that is below a current altitude of the |
Fmoveable object: and il
) i

% forge characteristic depth determination and obstacle detection and avoidance for the ;l

j One or more third sub-regions that are identified as corvesponding to a real-world height that |
{15 below the current Oying alittude of the moveable object }

i B I I R I

A Annnn AN AAASA AN ANASA NS AANA NSNS ANANA NSNS AASNN AN Annnn nannl  nennn \nenns . aannn”\aannt nannn,\annns (. oonon\annnt anan, \aan.| annnn Aenon anann Sennn onann nons  ong

* 1442 |
P Determining whether an obstacle exists between the current position of the moveable and |
! the destination of the moveable includes: }
{ identitying, from the plarality of sub-regions in the current image, one or more fourth sub- |
fregions that are in the center of the current image and that overlap with at least a portion of a |
i representation of the moveable object in the current image: i
' in accordance with a determination that a characteristic object depth of a respective sub- |
] region of said one or more fowrth sub~regions is between the current position of the |
I moveable object and the destination of the moveable object, concluding that an obstacle |
i exists between the current position of the movesble objeat and the destination of the i
i moveable object: and }
| in accordance with a determination that characteristic object depths of all of the one ar more |
P fourth sub-regions are farther from the current position of the moveable objest than the }
I destination of the moveable object, concluding that an obstacle does not exist between the |
! current position of the moveable obyect and the destination of the moveable object I

Figure 14F
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} 1444 !
i Exccuting the long-range obstacle avoidance maneuver to avoid the obstacle includes: |
{ in sccordance with a determination that a sideway maneaver is to be performed to avoid the |
i obstacle: f
i scanning & window of clearance sideways oulside of a sef of sub-regions that |
{ correspond to the obsiacle in the current image, wherein the window of clearance hasa |
i width that corresponds o a representation of the moveable 1w the corrent image; |
i for each position of the window of cleavance during the scanning, detenmining |
i whether the window of clearance is hlocked by any obstacle represented in the current |
i image; E
i in accordance with a determination that the window of clearance is not blocked by |
§  any obstacle in the current image, exccniing the sideway mansuver in accordance witha |
i carrent postiion of the window of clearance; |
i in accordance with a determination that the window of clearsnce is blocked by at |
i least one obstacle in the current image: !
} moving the window of clearance to a new position in the current image; and |
i repeating the determination of whether the window of clearance is blocked |
i by any obstacle in the cwrent fimage; and {
i in accordance with a determination that the window of clearance is blocked by at |
§  least one obstacle and that all positions of the window of clearance have boen checked, |
{  choosing & pulling up maneuver instead of the sideway maneuver to avoid the obstacle |
i ff

Figure 14G
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| 1514 |
Movement unit § i
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1504
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| |

i Depth Estimation unit |

| 1516 i

o !
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i unit s I }
1506 ; Obstacle Detection unit t
| 1518 i
I L" wwwwwwwww i
.
| |
B Obstacle Avoidance unit |

Storage unit 4| ‘ ; '
™ 1508 | 1520 :
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