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FIG. 1

(57) Abstract: A system and method for object detection in 3-dimensional space uses a ground up model that makes detecting objects
faster and more accurate by combining the error correction and object detection, while also using flat planes as a basis for the math-
ematics. Two or more 3D scanning devices, such as scanning LIDARs, collect a 3D dataset for a field of view (FOV). The FOV is
divided into boxes with a small degree of overlap, then each box is processed iteratively to identify features of an object contained
within the box. Box size is chosen so that the portion of the object contained within the box can be assumed to be planar. Adjoining
boxes are evaluated for shared data points then merged it the form part of the same object.
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MOBILE 3D IMAGING SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Patent Applications
62/806,620 filed February 15, 2019 titled DRONE BASED LIDAR SCANNER the contents

of which are incorporated herein by reference in their entirety.

GOVERNMENT GRANT STATEMENT

[0002] This invention was made with Government support under Grant Nos.
NNXO08ATO5A and NNX11AG56G, awarded by NASA. The Government has certain rights

in the invention.

BACKGROUND

[0003] Many fields are incorporating an ability to develop useful insights from a 3D
scan of an area of interest. For example, self-driving cars need to identify and respond to
other vehicles and objects along the path they are traveling. Likewise, the fields of agriculture
and surveying are incorporating 3D scanning devices to collect data about a field of view
(FOV) and develop useful insights, for example, regarding vegetation health or location.
Often, mobile platforms such as drones are used to collect 3D data, referred to as a point
cloud.

[0004] Point clouds may include millions of data points that must be processed to
detect objects and develop other meaningful data, often in real time. Prior art object detection
typically includes mapping mathematical functions to surfaces that appear in the FOV. Once
a function is determined, individual points in the point cloud may be excluded by clustering
and calculating exceedances. However, this method is problematic for several reasons. First,
error correction on these types of surfaces is difficult since error points are including in the
mapping function. Second, it is very computationally intensive to do error correction so many
good points may be excluded in addition to the bad points. This tends to reduce accuracy and
make object detection very time intensive.

[0005] Further, resolution requirements make it quite challenging for drones to
maintain the flight duration needed to create a high-resolution map. Other challenges in the

current use of LIDAR for object detection include the condition that the edge of the LIDAR
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path has less dense point data (less resolution) than at the center, LIDAR is incapable of
acquiring points between defined steps on a 360-degree sweep, and existing LIDAR
technologies are expensive.

[0006] Thus, there is a need for object detection in a 3D scanning system that has less

computational intensity and provides a more accurate object detection list.

SUMMARY

[0007] In embodiments, an apparatus and method for object detection in 3-
dimensional space uses a ground up model that makes detecting objects faster and more
accurate by combining the error correction and object detection, while also using flat planes
as a basis for the mathematics. This approach is built upon the concept that real life objects
all reduce to flat 2-dimensional planes existing at some orientation in a 3-dimensional space
when we take a small enough delta area of a large object’s surface. Accordingly, instead of
mapping functions to surfaces, the apparatus and method finds statistically relevant flat
planes in very small delta area sections. Points are thrown out until variance is small enough,
ensuring statistical relevance while also reducing error correction workload. This solves the
two previously mentioned problems, reduces computational intensity, and creates a much
more accurate object detection list in the process.

[0008] In embodiments, detecting objects in 3-dimensional space in real-time
includes dividing a 3D point dataset, or point cloud, into boxes, then processing each box
iteratively to features of an object. Box size is chosen so that the portion of the object
contained within the box can be assumed to be planar. Individual boxes are processed to
detect planes, then adjoining boxes are evaluated for shared data points then merged if they
form part of the same object. This “bottom-up” processing incorporates error correction into
the object detection process. In certain embodiments, the algorithm may also include neural
networking, with or without pre-defined classes, for certain applications. Object detection
may be performed in real time, or post collection by using real time kinematics (RTK) for
precise tracking of location (e.g., GPS). Two or more 3D scanning devices, such as scanning
LIDARs, are used to achieve the needed resolution. The scanning devices may be stationary
or mounted on a mobile platform as needed to collect data from the desired field of view
(FOV).

BRIEF DESCRIPTION OF THE FIGURES

[0009] FIG. 1 depicts a drone based LIDAR scanning apparatus, in an embodiment.
2
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[0010] FIG. 2 is a schematic showing an exemplary flightpath of the drone over a
field of view and illustrating overlapping scans of the two rear-facing LIDAR, in an
embodiment.

[0011] FIG. 3 is a flowchart of method 300 for object detection, in an embodiment.

[0012] FIG. 4 is a more detailed flowchart of block 302 of FIG. 3.

[0013] FIG. 5 is a more detailed flowchart of block 304 of FIG. 3.

[0014] FIG. 6 is a more detailed flowchart of block 306 of FIG. 3.

[0015] FIG. 7 is a more detailed flowchart of block 308 of FIG. 3.

[0016] FIG. 8 is a diagram of a field of view (FOV) divided into boxes, in an
embodiment.

[0017] FIG. 9 is a flowchart showing one example method for processing collected
LIDAR data, in an embodiment.

[0018] FIG. 10 is a flowchart illustrating one example method for volume estimation

using the corrected data from the method of FIG. 9, in an embodiment.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0019] Three-dimensional (3D) point datasets, or point clouds, may be acquired by
many different types of 3D scanning devices. LIDAR (Light Detection and Ranging) is a
technology for determining distance based on the active emission of light pulses (usually in
the 600-1500 nm range) and accurate measurement of the return signal. The technology
serves multiple disciplines from navigation, obstacle detection and avoidance, terrain
mapping, and situational awareness. A more recent derivative application of LIDAR in
ecosystem science is the estimation of plant shape and volume. The distance measured by the
LIDAR sensor may be converted to above-ground height, which is related to the shape and
volume of the object. While expensive LIDAR systems serve most research and application
requirements, the cost is extremely high and often prohibitive for more general applications.
As such, current technology remains expensive, data intensive, not easily deployable, and
inaccessible to many application-oriented disciplines, such as precision agriculture and plant
phenotyping.

[0020] LIDAR devices may be mounted on a stationary or mobile platform. A mobile
platform may encompass, for example, a ground vehicle, an air-borne vehicle such as a drone
or aircraft, or a space-based vehicle such as a satellite. Embodiments below are discussed

with reference to a drone-mounted LIDAR system, however, any type of 3D scanner that is
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stationary or mounted on any type of vehicle may be used, as long as the combined platform
is capable of generating a 3D point cloud with the FOV required for a preferred application.

[0021] In embodiments, a drone based LIDAR scanner system is deployed on a drone
and is capable of scanning a 100x100m field, from 10-40m above the canopy, enabling
collection of a very dense point cloud (~10x10cm resolution) of 1,000,000 points, for
example. This is a sufficiently dense point cloud to support phenotyping (shape) and biomass
(volume) estimation.

[0022] FIG. 1 depicts drone based LIDAR scanner system 100. A LIDAR mount
attachment 104 attaches to drone 102 and includes a gimbal 110, mounting assembly 112, an
on board computer 114 and at least two scanning LIDARs 116(1) and 116(2). In
embodiments, mounting assembly 112 secures LIDARs 116(1) and 116(2) and couples
through the gimbal 110 to the drone 102. Gimbal 110 acts as a mechanical connection
between the LIDARs 116 and the drone 102, and serves to data correct by reducing effects of
wind flow during the flight. In alternative embodiments, mounting assembly 112 and gimbal
110 may be any component that securely attaches LIDAR 116(1) and 116(2) to drone 102 so
that they may be controlled to scan a FOV.

[0023] On-board computer 114 may include a real-time clock (RTC), a global
positioning system (GPS), a processor and software operable to control LIDARs 116(1) and
116(2) to collect a 3D point cloud as drone 102 passes over field 120. In embodiments,
LIDAR data is processed in real time. In alternative embodiments, RTC and GPS data is
collected with LIDAR data and stored onto a removable memory medium, such as an SD
card, which may be read by a ground computer 106 for processing later.

[0024] The ground computer 106 includes software 130 (e.g., machine readable
instructions stored on computer readable media and executable by a processor) necessary to
operate the drone 102 and the on-board computer 114, and may include operational code,
data-correction code, and data analysis software (e.g., one or more algorithms) and
accompanying GUI. However, in certain embodiments, at least part of software 130 may be
implemented on the drone 102. For example, software running on on-board computer 114
may implement data correction and/or data formatting. The operational code collects data
and may allow the use of real time kinematics (RTK) to improve the accuracy of the collected
data.

[0025] In embodiments, LIDARs 116(1) and 116(2) are mounted to face a direction

that is opposite of the forward motion of the drone with a scanning plane of each LIDAR

4



WO 2020/168313 PCT/US2020/018461

perpendicular to the path of the drone. The scanning directions of LIDARs 116(1) and
116(2) may be opposite one another and overlapping, as shown in FIG. 2. A schematic of an
exemplary flightpath 202 of the drone 102 over the field 120, is depicted in FIG. 2,
illustrating overlapping scans 204, 206 of the two rearwards-facing LIDARs 116(1) and
116(2). To obtain a desired resolution of data points, the drone 102 may fly over the field
120 at least two times with the second flightpath perpendicular to the first flightpath
(crosshatching). With this method, a minimum of 8 million data points may be obtained from
the two scanning LIDAR 116 over a 33-minute interval, including roughly 2 minutes of
initializing, landing, and looping around all while not collecting data. The drone based
LIDAR scanner system 100 is thus capable of resolving points within 4cm in every direction.
Although a representative scanning pattern and orientation has been described, any scanning
pattern and attachment of 3D scanning devices that is capable of acquiring sufficient data for
object detection may be used.

[0026] FIG. 3 depicts a flowchart of a method 300 for object detection using a 3D
point cloud, in an embodiment. A 3D point cloud acquired by LIDARs 116(1) and 116(2)
may be method 300 may be used with a data set processed as an XYZ or DEM (digital
elevation model) value map. In alternative embodiments, any data set that includes depth and
cartesian coordinates may be used as long as it specifies objects in 3D space with a large
number of points, for example, thousands of data points. Further, data points may be
expressed in (x, y, z) format, or in polar coordinates.

[0027] FIG. 3 is a flowchart illustrating one example a method 300 for object
detection. In block 302, the scanned FOV is divided into a set of boxes, which an overlap
between adjacent boxes. As will be described in more detail with reference to FIG. 4, box
dimensions are determined based on the overall dimensions of the scanned FOV and a
granularity required for accurate object detection. In embodiments, a machine learning
process may be used to determine box dimensions. After a set of boxes is determined, data
points from the 3D point cloud are assigned to boxes, or binned.

[0028] In blocks 304 — 308, each box is processed separately. In embodiments, boxes
may be processed iteratively or in parallel depending on available computer processing
equipment.

[0029] In block 304, each box is transformed vertically by finding the lowest z in the
box and subtracting that value from all z's in the box. This step removes ground plane data

points to improve the speed and accuracy of subsequent processing. As will be described in
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more detail in connection with FIG. 5, to ensure the ground is not included, where the Z-
offset is zero, plus or minus a very small delta within the bounds of 3D point cloud, all points
that are within the delta of zero are removed. The Z-offset is recalculated and if its absolute
value is within the delta of zero, then this step is repeated. When the Z-offset is not within
the delta of zero, then the ground is not included and no points are removed.

[0030] In block 306, the correct orientation of the X-Y plane of each box is found. In
an example of block 306, a rotation matrix R; is used to rotate the data points in a box around
the z axis to find a set of at least 10 or more z points that form a slope and angle with the x-
axis. As will be described in more detail in connection with FIG. 6, block 306 will result in a
box containing data points that have been aligned on the correct axis.

[0031] In block 308, the p angle of the plane in each box is identified. When box
dimensions are small enough, then a small enough area slice of an object is taken so that the
object is reduced to planar delta areas. Using this assumption, the planes in each of the boxes
are determined. In an example of block 308, each box is processed to determine every point
in the box that is in the plane, as well as the angle and orientation of the plane. Further details
of block 308 will be described in connection with FIG. 7.

[0032] In block 310, after object detection has been performed on all boxes in the 3D
point cloud, the boxes are merged to produces a final list of detected objects in FOV 800.
FOV 800 includes an x-axis, a y-axis and a z-axis as shown. Where two boxes have objects
that share points (e.g., based on the location of the object previously determined and stored),
the boxes are merged. Where there are no shared points, the boxes are not merged. Note that
the boxes overlap to allow an object detected in two different boxes to share points. For
example, starting at the top left corner of the field of view, where boxes to the bottom or to
the right have objects that share points, the boxes are merged, and the object list updated. By
scanning the field of view in this manner, computational workload is reduced since only these
novel edges of adjacent boxes can include overlap.

[0033] A more detailed description of block 302 in FIG. 3 is depicted in the flowchart
of FIG. 4. A representation of a Field of View (FOV) is shown in FIG. 8. FIGS. 4 and 8
should be considered together in the following description. A 3D point cloud acquired by
LIDARS 116(1) and 116(2) is provided as an XYZ or LAS file. Based on the dimensions X
and Y of a FOV 800 as shown in FIG. 8, scanning parameters of the LIDARs and a general
knowledge of objects in FOV 800, a length and width for boxes to use in subsequent

processing is chosen. In embodiments, this length and width is approximately 10 cm. In
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block 402, points along or outside the edges of FOV 800 are cleaned up. In an example of
block 402, an origin (Xo, Yo) of FOV 800 is identified, the least extreme x point, Xo, and the
least extreme y point, Yo, are found. These extreme points are subtracted from all points in
the point cloud. As shown in FIG. 8, FOV 800 extends from Xo to Xm and Yo to Yn. The z
dimension of data points in the FOV is variable. An object 804 includes a planar area 806 in
box(n, m) 808. In embodiments, block 402 is optional and eliminates negative space on the
leading edges of the FOV in the case where, for example, the point cloud has negative x and
y data points acquired by a sweeping type of LIDAR. In embodiments, data corresponding to
the cleaned up FOV is stored in a database, for example, MySQL; however, other languages
and databases may be used). For example, the data may be stored on a server for future
neural network applications, and use of a database makes the data a lot faster to access as
compared to using a text file.

[0034] In block 404, the data points are sorted by X values, in ascending order, and
sorted by Y in ascending order. In an example of block 404, this sorting is a dataset
transformation to make it easier to sort through the data points. In block 406, FOV 800 is
divided into boxes of a chosen dimension, called do. FIG. 8 depicts a partial set of boxes 8§02,
808 for ease of illustration but in embodiments, FOV 800 is divided into boxes. An
important step is to overlap the boxes very slightly (e.g., 10% of leading edges overlap), and
this region may be called the oVig where K and L are indices in the 2-dimensional box array.
For ease of illustration, overlap areas are not shown in FIG. 8. Each box may be defined as
having an x-axis, a y-axis and a z-axis aligned with the axes of FOV 800.

[0035] In block 408, X and Y indices corresponding to box edges are determined. In
an example of block 408, the boxes are saved in a 2-dimensional array that is of dimension
(bCx * bCy) For example, a two-dimensional matrix may be used, where

[0036] Xmax = max x dimension in field,

[0037] Ymax = max y dimension in field,

[0038] Xpox =num x boxes with s% overlap, giving:

[0039] X, = 0;

[0040] X; =(1-s) * do:

[0041] X> =2* do - s* do*2 = 2*(1-s) do:

[0042] X5 =3* do - s* do*3 = 3*(1-s) do; and

[0043] X, =n* do - s* do*n =n* do (1-5).
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[0044] In block 410, points are sorted into boxes according to the indices determined
in block 408. In an example of block 410, for each box, find the starting point, the first point
that falls in that range. Then from that index in the x list, move to finding the first y in the
list, this is possible because of earlier sorting. When reached add that point to the boxes list,
move forward by index until x and y are not both in the boxes bound, add all these points to
the box. Repeat this step for each box, filling each with the points that belong within that
area of space in the point cloud, resulting in a filled two-dimensional matrix of boxes that
each contain their correctly bounded points in space. An individual point may be sorted into
more than one box, due to overlap s.

[0045] A more detailed description of block 304 in FIG. 3 is depicted in the flowchart
of FIG. 5. A representation of a Field of View (FOV) is shown in FIG. 8. FIGS. 5 and 8
should be considered together in the following description. The flowchart of FIG. 5 is iterated
for each box(n, m) in the FOV, starting with n = 0, m = 0, for example, box 802, although
any box in FOV 800 may be selected as a starting point. As shown in FIG. 8§, FOV 800 may
include an object 804. Although only a single object is shown for clarity of illustration, many
objects may be present within FOV 800. Processing speed may be increased by removing
points within boxes that correspond to the ground, or background plane of the FOV.

[0046] In block 502, determine lowest z value of all points in box(n,m). In an
example of block 502, this minimum height value is saved as Z-Offset. In block 504, it is
determined if Z-Offset = 0 = &1, where 8 is a very small value, within the error bounds of the
LIDAR or 3D scanning device used to acquire the point cloud. If so, then in block 506,
remove all points in box(n, m) with z = Z-Offset + 5; followed by block 508 where the Z-
Offset is recalculated, then 510, where it is determined if the absolute value of Z-Offset is
within 1. If so, the method returns to block 504.

[0047] In block 504, if Z-Offset # 0 + 61, the method proceeds to block 512 and no
points are removed from box (n, m).

[0048] A more detailed description of block 306 of FIG. 3 is depicted in the flowchart
of FIG. 6. A representation of a Field of View (FOV) is shown in FIG. 8. FIGS. 6 and 8
should be considered together in the following description. The flowchart of FIG. 6 is iterated
for each box(n,m) in the FOV, starting with n = 0, m = 0, for example, box 802.

[0049] In embodiments, the flowchart of FIG. 6 depicts a method for determining an
orientation and minimum slope of the data points in a box relative to the x-axis. In block 602,

start a processing loop using 6 = 0 to 359 as a counter. In block 604, all points in box(n, m)
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are rotated. In an example of block 604, points are rotated around the z axis by multiplying

each point as represented by a vector (x, y, z) with a rotation matrix having the form

cos(0), -—sin(0), O
R, = [sin(0), cos(6), O
0 0 1

[0050] In block 606, it is determined if 10 or more rotated points are within a &> of the
x-axis. In an example of block 606, all rotated points put into a list and examined to see how
many are within &2 of the x-axis. In embodiments, &2 is related to the angular resolution of
LIDARs or pixel resolution of imagery.

[0051] If there are less than 10 points within & of the x-axis, the method writes a
dummy value of (1000, 0, 0) to a list of vectors and returns to block 602, incrementing 6. If
there are more than 10 points within &2 of the x-axis, the method proceeds to block 608, to
identify a slope and average z value (z-Ave) of the determined points. In an example of block
608, a method of linear regression shown below may be used but other methods of
determining a slope may be used.

[0052] 1. Take the slope to determine an error value, which should be zero if the
points all line up perfectly as x=0, is the line along the x-axis.

[0053] 2. Take the average z value, z-Ave, of the points along the x-axis.

[0054] 3. Save this value to the vector list, along with the current value of 6 having
the form (slope, theta, z-Ave).

[0055] In block 610, if 6 is less than 359, 6 is incremented by 1 and the method
returns to block 602, otherwise it continues to block 612.

[0056] In block 612, the vector list, which has an entry for each value of 0, 1.e. 360
entries, is sorted in ascending order. In an example of block 612, the vector list is sorted by
slope, then by z-Ave. The first entry in the list is then identified as the minimum slope (Real-
Slope) and correct orientation (Real-0) with respect to the x-axis. In embodiments, sorting the
vector list in ascending order ensures that, if the object in box(n, m) is very planar, the
method identifies the lower of multiple leading edges that will inevitably be found in such a
case, i.e. a very normal flat object where we are taking a section of the surface.

[0057] In block 614, rotate the points in the box using a new rotation matrix. In an
example of block 614, a new rotation matrix Rreal is created using the value of Real-0

determined in block 612 and data in box (n, m) is rotated by the new rotation matrix:

cos(Real — 0), —sin(Real —8), 0O
Rpear = |sin(Real — 0), cos(Real —6), 0
0 0 1
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[0058] Upon completion go block 614, the data points in box(n, m) are aligned on the
X-axis.

[0059] A more detailed description of block 308 of FIG. 3 is depicted in the flowchart
of FIG. 7. A representation of a Field of View (FOV) is shown in FIG. 8. FIGS. 7 and 8
should be considered together in the following description. The flowchart of FIG. 7 is iterated
for each box(n,m) in the FOV, starting with n = 0, m = 0, for example, box 802.

[0060] In embodiments, the flowchart of FIG. 7 depicts a method for identifying a p
angle in a box(n, m). In block 702, start a processing loop using i = 0 to the total number of
points in box(n, m) as a counter.

[0061] In block 704, determine an elevation from the x-axis for each point i in box(n,
m). In an example of block 704, the elevation is calculated as an angle p using the formula:

p= tan_lg.

[0062] The calculated angle p is saved to a list AngleLis. In block 706, is 1 is less than
the number of points in box(n, m), i is incremented and the method returns to block 702.

[0063] In block 708, a standard deviation and average angle is calculated using
AngleLis. In an example of block 708, points with an error greater than 2 degrees are
iteratively removed. In embodiments, a number of methods may be used with block 708: not
aligning to a normal (0, 1), aligning to a normal (0, 1), and using a Gamma Distribution with
machine learning.

[0064] An embodiment of a method that does not align to a normal (0, 1) includes the
following steps:

[0065] 1. Subtract the average angle from every point in the list and take the absolute
value to get the error away from the average.

[0066] 2. Tterate through the list and remove any points from box(n, m) having an
error of greater than two degrees. The selection of an error amount is related to characteristics
of the LIDARSs or measurement instrument being used. In embodiments, two degrees is used
because, if the angle p is larger than that it makes sense it wouldn’t be in the plane. In further
embodiments, machine learning may also be used to determine the error amount.

[0067] In evaluating this embodiment, several factors should be considered. Benefits
of this embodiment include the fact that a very fine filter on the points in the plane is
achievable without losing any of the points in the data set if the instrumentation captures a

very good data set. This embodiment also has very low standard deviation and error. In
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contrast, this embodiment does not include much machine learning or statistically relevant
results, it is more of a blunt force approach.

[0068] An embodiment of aligning to a normal(0, 1) includes the following steps:

[0069] 1. Subtract the average from each point in the list.

[0070] 2. Divide each point by the standard deviation. This may be assumed to result
in anormal distribution with average 0 and standard deviation 1.

[0071] 3. Remove all points 2 standard deviations away from O from box (n, m) ,
should be anything greater than 2 or less than -2.

[0072] 4. Multiply all points by previous standard deviation then add the previous
average.

[0073] 5. Recalculate average and standard deviation and overwrite the previous
results. If the standard deviation is less than 1 degree, all the bad data points have been
removed from the list, ie: the ones not in the plane. If the standard deviation is greater than
one degree, the list still contains erroneous data and needs to be reduced further, so the
method returns to step 1 with the new average and standard deviation.

[0074] In evaluating this embodiment, several factors should be considered. Benefits
of this embodiment are a more rigorous statistical approach that can address high error
samples in a rigorous manner. Detractions are that it will remove good data points if the set
has a very low standard deviation however, this can be compensated for as obj detection will
take place regardless in this high accuracy case.

[0075] An embodiment of using a Gamma Distribution with machine leaming
includes machine learning and creating profiles that can be used to map objects that are not
totally planar. In an example of this embodiment, a gamma function may be created for
known certain types of objects when the user enters them into the algorithm. This allows the
creation of an adaptive CFAR (constant false alarm rate) for different pre-defined conditions.
Creating a gamma function in real time during operation creates confidence that it matches to
each of the gamma functions previously created.

[0076] In box 710, an object in box(n, m) is identified as a plane having an angle and
orientation. In an example of box 710, the average angle and standard deviation are saved in
box(n, m), which now includes every point in box(n, m) that is in the plane, the angle of the
plane, and its orientation. With this information, the method has determined an object for
box(n, m), this object is added to a list of objects in all boxes, ObjsDet, and the method
returns block 304 of FIG. 3 for the next box in FOV 800.
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[0077] After object detection has been performed on all boxes in the 3D point cloud,
resulting in the list of objects ObjsDet, the objects are merged to produces a final list of
detected objects in FOV 800, as described above in connection with block 310. In an example
of block 310, the method iterates through the list ObjsDet, to evaluate if any objects share
points. The order of moving through ObjsDet may be chosen to reduce computation flow.
Where two boxes have objects that share points, the boxes are merged. Where there are no
shared points, the boxes are not merged. Note that the boxes overlap to allow an object
detected in two different boxes to share points. For example, starting at the top left corner of
the field of view, where boxes to the bottom or to the right have objects that share points, the
boxes are merged, and the object list updated. By scanning the field of view in this manner,
computational workload is reduced since only these novel edges of adjacent boxes can

include overlap.

QOutput

[0078] During the object detection method of FIG. 3 or at a subsequent time, the 3D
point cloud and/or detected objects may be plotted and displayed. In embodiments, data
points from the merged boxes are translated into LAS (LASer format used with LIDAR point
cloud data) format. An LAS format allows the data to be plotted, controlled, scaled and
colored based on relevant parameters. When method 300 is used to scan a FOV
encompassing vegetation, volume and biomass estimations may be displayed with colored 3D
models of the field vegetation. Individual plants may be emphasized with a unique value of K
to distinguish different plant species. An LAS file may be plotted by a game engine such as
the Unity™ Engine from Unity Technologies™, although any 3D plotting software may be

used.

Post Flisht Processing

[0079] In further embodiments, LIDAR data may be scanned and stored on drone
based LIDAR scanner system 100 or an equivalent platform for later processing, instead of
processing the data in real time. FIG. 9 is a flowchart showing one example a method 900 for
processing the collected LIDAR data (specifically how data from each board,
LIDAR/RTC/GPS, is taken and matched up based upon time taken from millisecond crystal,
e.g., the RTC). The collected data points are categorized together into an easy to access and

standard data format. A primary objective of the method 900 of FIG. 9 is the computational
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identification of objects in the collected LIDAR data. The objective was originally to
identify plants in a field, since these are the most difficult objects to successfully phenotype.

[0080] Specifically, in blocks 902 and 904, data is captured, as RTC, GPS,
DISTANCE, ANGLE, and OFFSET, to a common file location that may be accessed for
further processing. In block 906, the data is reordered by first pulling in the data from the
different external storage files (e.g., as uploaded to a folder on the processing computer). In
block 908, the files are then parsed into separate lists, each containing data points in the
format specified in operational code. A list of lists is then created and each list is run through
an algorithm to reorder data by RTC coordinate. The RTC coordinates are then compared
across lists and the LIDAR data points are saved with a corresponding GPS coordinate (the
GPS at the same RTC). In block 910, the lists are combined into one universal list with
proper geometric offsets written. The lists are then rescanned to find any data points absent
of a corresponding GPS. If there exists an RTC within an acceptable time frame, currently 5
microseconds, the data is paired, otherwise it is discarded. In block 912, anew list of all data
points matched to RTC coordinates is then saved to a common location and provided directly
to the user as their data for processing according to the flowchart of FIG. 10.

[0081] FIG. 10 is a flowchart illustrating one example method 1000 for volume
estimation using the corrected data from method 900 of FIG. 9. The corrected data (e.g., a
list of data points) may be treated as vectors in C#: they have distance, angle, and GPS (a
two-dimensional value). After geometrically converting these four values into three
dimensional vectors they are fed into the Unity Engine. The Unity Engine allows for the
creation of meshes out of these vectors by using them as vertices for triangles. These two-
dimensional triangles, in 3D space, are then saved to a common list in Unity and called a
mesh, a three-dimensional object constructed by using the triangles as face estimations of the
object. Unity then contains volume functions that are used to evaluate the volume of objects
formed from triangles, i.e., meshes. This may also be exported to blender via a python script,
an option for keeping the program entirely in one language.

[0082] In embodiments, a third-party geographic information system, for example,
ArcGis, may assist by exporting the LAS data and allowing the server-side calculations to
identify objects in field. ArcGis plots the LAS data and then use object and height detection

methods to split the data and heat map or interpolate volume.

13



WO 2020/168313 PCT/US2020/018461

Summary of Results:

[0083] The method described herein detects objects in each box of a 3D point cloud
describing a FOV. This delivers a list of all the objects detected in the FOV with a high
degree of accuracy. Such objects could be output to a controller on a car, space ship, plane,
and any system that benefits from high accuracy object detection. Any acquired data points
that have depth and cartesian coordinates may be used with the method of FIG. 3 elicit a
super high accuracy object list from the data. Further, the method self-data corrects in the
detection step, severely reducing computational workload as compared to conventional data
analysis techniques.

[0084] Benefits of the disclosed apparatus and method include more cost efficient in
real time systems, lower steps in algorithm yields faster results; more accurate results, much
higher accuracy in tests and real-world scenarios and limitless applications. The method may
be applied to any 3-D point dataset including LIDAR. Further, the method may be applied to
self-driving vehicles, automation, surveying, agriculture, aerospace, etc. as it provides for the
detection any object desired at near perfect accuracy.

Combinations of Features

[0085] Features described above as well as those claimed below may be combined in
various ways without departing from the scope hereof. The following enumerated examples
illustrate some possible, non-limiting combinations:

[0086] (A1) A mobile 3D imaging system of identifying objects in a field of view
(FOV) includes mobile platform; a plurality of 3D scanning devices attached to the mobile
platform; and a processor and a memory storing machine readable instructions that, when
executed by the processor, control the mobile platform and the plurality of 3D scanning
devices to acquire a 3D point cloud describing the FOV as the mobile platform moves
through the FOV; wherein the processor further executes machine readable instructions to
analyze the 3D point cloud and identify objects in the field of view; and wherein the 3D
scanning devices have overlapping fields of view and opposite scan directions.

[0087] (A2) In mobile 3D imaging system (A1), the plurality of 3D scanning devices
further comprises scanning LIDARs.

[0088] (A3) In mobile 3D imaging system (A1) or (A2), the 3D scanning devices are
attached to the mobile platform facing rearwards relative to a direction of travel of the mobile

platform.
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[0089] (B1) A method of analyzing a 3D point cloud acquired over a field of view
(FOV) having dimensions Xmax and Ywmax, said method performed by comprising
instructions stored on computer-readable media, wherein the instructions, when executed by a
computer, perform the method of dividing the 3D point cloud into a plurality of boxes having
a length and width, with adjacent boxes overlapping; processing each box of the plurality of
boxes to identify an object in said each box by: removing data points from said each box
having a height approximately equal to a minimum height of points in the FOV; aligning the
data points in said each box to an x-axis; and determining a p angle of a plane defined by the
data points of said each box and identifying an object as a plane having an angle and
orientation; and merging boxes having overlapping points to define an object list.

[0090] (C1) A system for identifying objects in a field of view (FOV) includes a
mobile platform; a plurality of 3D scanning devices attached to the mobile platform wherein
the plurality of 3D scanning devices has overlapping fields of view and opposite scan
directions; and a processor and a memory storing machine readable instructions that, when
executed by the processor, control the mobile platform and the plurality of 3D scanning
devices to acquire a 3D point cloud describing the FOV as the mobile platform moves
through the FOV; wherein the processor further executes machine readable instructions to
analyze the 3D point cloud and detect objects in the FOV by: dividing the 3D point cloud into
a plurality of overlapping boxes having a length and width; processing each box of the
plurality of boxes to identify an object in said each box by: removing data points from said
each box having a height approximately equal to a minimum height of points in the FOV;
aligning the data points in said each box to an x-axis; and determining a p angle of a plane
defined by the data points of said each box and identifying an object as a plane having an
angle and orientation; and merging boxes having overlapping points to define an object list.

[0091] (C2) In either of (B1) or (C1), the 3D point cloud further comprises a set of (x,
y, z) points and dividing the 3D point cloud into a plurality of boxes further comprises:
sorting the points by x values in ascending order, followed by v values in ascending order;
dividing the FOV into the plurality of boxes according to a dimension do such that adjacent
boxes overlap with a dimension s; determining a set of indices xy = N * d¢(1 — s) where N
= a total number of the plurality of boxes; and sorting each point from the 3D point cloud into
the plurality of boxes according to the x and y values of said each point.

[0092] (C3) In any of (B1) or (C1) — (C2), the plurality of 3D scanning devices
further include scanning LIDARs.
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[0093] (C4) In any of (B1) or (C1) — (C3), the detected objects in the FOV may be
displayed so that the display may be plotted, controlled, scaled and colored based on relevant
parameters.

[0094] (C5) In any of (B1) or (C1) — (C4), the processor analyzes the 3D point cloud
in real time.

[0095] (C6) In any of (B1) or (C1) — (C5), the 3D point cloud is stored on the mobile
platform and analyzed at a time after acquiring the 3D point cloud.

[0096] (C7) In any of (B1) or (C1) — (C6), removing data points further includes for
box(n, m) of the plurality of boxes: determining a lowest z value (Z-Offset) of the data points
in said each box; if the Z-Offset = 0 + &1, then removing each data point in said each box with
7 = Z-Offset £ ;1 and returning to said determining the lowest z value; and if the Z-Offset # 0
+ 81, not removing any data point from said each box.

[0097] (C8) In any of (B1) or (C1) — (C7), aligning the data points in said each box
includes determining an orientation and minimum slope of the data points in said each box,
each box having an x-axis, y-axis and z-axis.

[0098] (C9) In any of (B1) or (C1) — (C8), determining an orientation and minimum
slope of the data points includes for each box of the plurality of boxes: rotating the data
points of said each box around its z axis through angles 6 = 0 to 359 degrees; determining, for
each 6, if ten or more data points are within a &, of an x-axis, if so identifying a slope and
average z value (z-Ave) of the data points within a &> of an x-axis and saving in a list with
said each 0, otherwise saving a dummy value in the list; sorting the list in ascending order by
slope, then by z-Ave to find the minimum slope (Real-Slope) and correct orientation (Real-

0); and rotating the data points in said each box using a rotation matrix

cos(Real — 0), —sin(Real —8), 0
Rrear = |sin(Real — 0), cos(Real —6), 0].
0 0 1

[0099] (C10) In any of (B1) or (C1) — (C9), identifying a p angle includes, for said
each box of the plurality of boxes: determining, for each data point of the data points in said

1

each box, an elevation angle from the x-axis as p = tan~ g; saving each elevation angle to a

list; calculating a standard deviation and average angle from the list; performing error
correction on the data points by removing extraneous points; saving the standard deviation
and average angle with the box; and designating the set of data points in the box as an object

formed by a plane having an angle and orientation.
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[0100] (C11) In any of (B1) or (C1) — (C10), merging boxes includes iterating
through identified objects to detect shared points in adjacent objects; and if shared points are
detected, merging the identified objects.

[0101] Changes may be made in the above methods and systems without departing
from the scope hereof. It should thus be noted that the matter contained in the above
description or shown in the accompanying drawings should be interpreted as illustrative and
not in a limiting sense. The following claims are intended to cover all generic and specific
features described herein, as well as all statements of the scope of the present method and

system, which, as a matter of language, might be said to fall therebetween.
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CLAIMS
What is claimed is:
1. A mobile 3D imaging system of identifying objects in a field of view (FOV),
comprising:
a mobile platform;
a plurality of 3D scanning devices attached to the mobile platform; and

a processor and a memory storing machine readable instructions that, when executed
by the processor, control the mobile platform and the plurality of 3D scanning
devices to acquire a 3D point cloud describing the FOV as the mobile platform

moves through the FOV;

wherein the processor further executes machine readable instructions to analyze the

3D point cloud and identify objects in the field of view; and
wherein the 3D scanning devices have overlapping fields of view and opposite scan

directions.

2. The mobile 3D imaging system of claim 1, wherein the plurality of 3D scanning

devices further comprises scanning LIDARsS.

3. The mobile 3D imaging system of claim 1, wherein the 3D scanning devices are
attached to the mobile platform facing rearwards relative to a direction of travel of the

mobile platform.
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4, A method of analyzing a 3D point cloud acquired over a field of view (FOV) having
dimensions Xnyax and Ywmax, said method performed by comprising instructions stored on
computer-readable media, wherein the instructions, when executed by a computer, perform

the method comprising:

dividing the 3D point cloud into a plurality of boxes having a length and width, with

adjacent boxes overlapping;
processing each box of the plurality of boxes to identify an object in said each box by:

removing data points from said each box having a height approximately equal

to a minimum height of points in the FOV;
aligning the data points in said each box to an x-axis; and

determining a p angle of a plane defined by the data points of said each box
and identifying an object as a plane having an angle and orientation;

and
merging boxes having overlapping points to define an object list.
5. The method of claim 4, wherein the 3D point cloud further comprises a set of (X, y, 7)
points and dividing the 3D point cloud into a plurality of boxes further comprises:

sorting the points by x values in ascending order, followed by vy values in ascending

order;

dividing the FOV into the plurality of boxes according to a dimension do such that

adjacent boxes overlap with a dimension s;

determining a set of indices xy = N * dy(1 — s) where N = a total number of the

plurality of boxes; and
sorting each point from the 3D point cloud into the plurality of boxes according to the
x and y values of said each point.
6. The method of claim 4, wherein removing data points further comprises:
for each box of the plurality of boxes:

determining a lowest z value (Z-Offset) of the data points in said each box;
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if the Z-Offset = 0 = &1, then removing each data point in said each box with z
= Z-Offset + &1 and returning to said determining the lowest z value;

and

if the Z-Offset # 0 £ &1, not removing any data point from said each box.

7. The method of claim 6, wherein aligning the data points in said each box further
comprises determining an orientation and minimum slope of the data points in said

each box, each box having an x-axis, y-axis and z-axis.

8. The method of claim 7, wherein determining an orientation and minimum slope of the

data points further comprises for each box of the plurality of boxes:

rotating the data points of said each box around its z-axis through angles 6 = 0 to 359

degrees;

determining, for each 0, if ten or more data points are within a &, of an x-axis, if so
identifying a slope and average z value (z-Ave) of the data points within a &
of an x-axis and saving in a list with said each 6, otherwise saving a dummy

value in the list;

sorting the list in ascending order by slope, then by z-Ave to find the minimum slope

(Real-Slope) and correct orientation (Real-6); and

rotating the data points in said each box using a rotation matrix
cos(Real — 0), —sin(Real —8), 0

Rrear = |sin(Real — 0), cos(Real —6), 0].
0 0 1

9. The method of claim 8, wherein identifying a p angle further comprises, for said each

box of the plurality of boxes:

determining, for each data point of the data points in said each box, an elevation angle

from the x-axis as p = tan™! %;

saving each elevation angle to a list;
calculating a standard deviation and average angle from the list;
performing error correction on the data points by removing extraneous points;

saving the standard deviation and average angle with the box; and
20
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designating the set of data points in the box as an object formed by a plane having an
angle and orientation.
10. The method of claim 9, wherein merging boxes further comprises:
iterating through identified objects to detect shared points in adjacent objects; and

if shared points are detected, merging the identified objects.

11. A system for identifying objects in a field of view (FOV), comprising;
a mobile platform;

a plurality of 3D scanning devices attached to the mobile platform wherein the
plurality of 3D scanning devices has overlapping fields of view and opposite

scan directions; and

a processor and a memory storing machine readable instructions that, when executed
by the processor, control the mobile platform and the plurality of 3D scanning
devices to acquire a 3D point cloud describing the FOV as the mobile platform
moves through the FOV;

wherein the processor further executes machine readable instructions to analyze the

3D point cloud and detect objects in the FOV by:

dividing the 3D point cloud into a plurality of overlapping boxes having a
length and width;

processing each box of the plurality of boxes to identify an object in said each

box by:

removing data points from said each box having a height

approximately equal to a minimum height of points in the FOV;
aligning the data points in said each box to an x-axis; and

determining a p angle of a plane defined by the data points of said each
box and identifying an object as a plane having an angle and

orientation; and

merging boxes having overlapping points to define an object list.
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12.

13.

14.

15.

16.

17.

18.

The system of claim 11, wherein the plurality of 3D scanning devices further

comprise scanning LIDARs.

The system of claim 11 further comprising a display for displaying the detected
objects in the FOV so that the display may be plotted, controlled, scaled and colored

based on relevant parameters.

The system of claim 11, wherein the processor analyzes the 3D point cloud in real

time.

The system of claim 11, wherein the 3D point cloud is stored on the mobile platform
and analyzed at a time after acquiring the 3D point cloud.
The system of claim 11, wherein removing data points further comprises:
for box(n, m) of the plurality of boxes:
determining a lowest z value (Z-Offset) of the data points in said each box;

if the Z-Offset = 0 = &1, then removing each data point in said each box with z
= Z-Offset + &1 and returning to said determining the lowest z value;

and

if the Z-Offset # 0 £ &1, not removing any data point from said each box.

The system of claim 16, wherein aligning the data points in said each box further
comprises determining an orientation and minimum slope of the data points in said

each box, each box having an x-axis, y-axis and z-axis.

The system of claim 17, wherein determining an orientation and minimum slope of

the data points further comprises for each box of the plurality of boxes:

rotating the data points of said each box around its z axis through angles 6 = 0 to 359

degrees;

determining, for each 0, if ten or more data points are within a &, of an x-axis, if so
identifying a slope and average z value (z-Ave) of the data points within a &
of an x-axis and saving in a list with said each 0, otherwise saving a dummy

value in the list;
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19.

20.

sorting the list in ascending order by slope, then by z-Ave to find the minimum slope

(Real-Slope) and correct orientation (Real-6); and

rotating the data points in said each box using a rotation matrix

cos(Real — 0), —sin(Real —8), 0
Rrear = |sin(Real — 0), cos(Real —6), 0].
0 0 1

The system of claim 18, wherein identifying a p angle further comprises, for said each
box of the plurality of boxes:

determining, for each data point of the data points in said each box, an elevation angle

from the x-axis as p = tan™?! g;

saving each elevation angle to a list;

calculating a standard deviation and average angle from the list;

performing error correction on the data points by removing extraneous points;

saving the standard deviation and average angle with the box; and

designating the set of data points in the box as an object formed by a plane having an
angle and orientation.

The system of claim 19, wherein merging boxes further comprises:

iterating through identified objects to detect shared points in adjacent objects; and

if shared points are detected, merging the identified objects.
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earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which
is cited to establish t gﬁpubllcatlon date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed
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later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the cfaimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

| Date of the actual completion of the intermational search

27 May 2020

Date of mailing of the international search report

12 JUN 2020

Name and mailing address of the ISA/US
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents

P.O.

Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Blaine R. Copenheaver

Telephone No. PCT Helpdesk: 571-272-4300
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INTERNATIONAL SEARCH REPORT International application No.
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3, 11-20

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continued from Box No. |ll Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-3 and 11-20, are drawn to a mobile 3D imaging system of identifying objects in a field of view (FOV), comprising: a
mobile platform.

Group Il, claims 4-10 and 11-20, are drawn to a method of analyzing a 3D point cloud acquired over a field of view (FOV) having
dimensions XmAx and YmAXx.

The inventions listed as Groups I-Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: a mobile platform; a plurality of 3D scanning devices attached to the mobile platform; and a processor and a memory storing
machine readable instructions that, when executed by the processor, control the mobile platform and the plurality of 3D scanning devices
to acquire a 3D point cloud describing the FOV as the mobile platform moves through the FOV; wherein the processor further executes
machine readable instructions to analyze the 3D point cloud and identify objects in the field of view; and wherein the 3D scanning
devices have overlapping fields of view and opposite scan directions as claimed therein is not present in the invention of Group II. The
special technical feature of the Group |l invention: analyzing a 3D point cloud acquired over a field of view (FOV) having dimensions
XmAx and YmAX, said method performed by comprising instructions stored on computer-readable media, wherein the instructions, when
executed by a computer, perform the method comprising: dividing the 3D point cloud into a plurality of boxes having a length and width,
with adjacent boxes overlapping; processing each box of the plurality of boxes to identify an object in said each box by: removing data
points from said each box having a height approximately equal to a minimum height of points in the FOV; aligning the data points in said
each box to an x-axis; and determining a p angle of a plane defined by the data points of said each box and identifying an object as a
plane having an angle and orientation; and merging boxes having overlapping points to define an object list as claimed therein is not
present in the invention of Group 1.

Unity exists between claims 1-3 and 11-20 (Group ) or between claims 4-10 and 11-20 (Group [I). However unity does not exist between
claims 1-3 and 4-10 since there exists no common special technical feature between independent claims 1 and 4 (see PCT Examination
Guidelines Chapter 10 at 10.30, Example 10).

Groups | and i lack unity of invention because even though the inventions of these groups require the technical feature of identifying an
object in a field of view (FOV), wherein a 3D point cloud describing the FOV, this technical feature is not a special technical feature as it
does not make a contribution over the prior art.

Specifically, US 2017/0227645 to SYMBOL TECHNOLOGIES, LLC teaches identifying an object in a field of view (FOV), wherein a 3D
point cloud describing the FOV (Paras. [0015], (0029], [0052-0055)).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking. .
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