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METHOD AND SYSTEM FOR CONTROLLING AUTONOMOUS VEHICLE USING
COHERENT RANGE DOPPLER OPTICAL SENSORS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit of Provisional Appln. 62/661,327, filed April 23,

2018, the entire contents of which are hereby incorporated by reference as if fully set forth

herein, under 35 U.S.C. §119(e).

BACKGROUND
[0002] Optical detection of range using lasers, often referenced by a mnemonic, LIDAR, for
light detection and ranging, also sometimes called laser RADAR, is used for a variety of
applications, from altimetry, to imaging, to collision avoidance. LIDAR provides finer scale
range resolution with smaller beam sizes than conventional microwave ranging systems, such
as radio-wave detection and ranging (RADAR). Optical detection of range can be
accomplished with several different techniques, including direct ranging based on round trip
travel time of an optical pulse to an object, and chirped detection based on a frequency
difference between a transmitted chirped optical signal and a returned signal scattered from
an object, and phase-encoded detection based on a sequence of single frequency phase
changes that are distinguishable from natural signals.
[0003] To achieve acceptable range accuracy and detection sensitivity, direct long range
LIDAR systems use short pulse lasers with low pulse repetition rate and extremely high pulse
peak power. The high pulse power can lead to rapid degradation of optical components.
Chirped and phase-encoded LIDAR systems use long optical pulses with relatively low peak
optical power. In this configuration, the range accuracy increases with the chirp bandwidth or
length and bandwidth of the phase codes rather than the pulse duration, and therefore
excellent range accuracy can still be obtained.
[0004] Useful optical bandwidths have been achieved using wideband radio frequency (RF)

electrical signals to modulate an optical carrier. Recent advances in LIDAR include using the
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same modulated optical carrier as a reference signal that is combined with the returned signal
at an optical detector to produce in the resulting electrical signal a relatively low beat
frequency in the RF band that is proportional to the difference in frequencies or phases
between the references and returned optical signals. This kind of beat frequency detection of
frequency differences at a detector is called heterodyne detection. It has several advantages
known in the art, such as the advantage of using RF components of ready and inexpensive
availability.

[0005] Recent work by current inventors, show a novel arrangement of optical components
and coherent processing to detect Doppler shifts in returned signals that provide not only
improved range but also relative signed speed on a vector between the LIDAR system and
each external object. These systems are called hi-res range-Doppler LIDAR herein. See for
example World Intellectual Property Organization (WIPO) publications W0O2018/160240
and WO/2018/144853 based on Patent Cooperation Treaty (PCT) patent applications
PCT/US2017/062703 and PCT/US2018/016632, respectively.

[0006] Autonomous navigation solutions require the cooperation of a multitude of sensors to
reliably achieve desired results. For example, modern autonomous vehicles often combine
cameras, radars, and LIDAR systems for spatial awareness. These systems further employ
Global Positioning System (GPS) solutions, inertial measurement units, and odometer to
generate location, velocity and heading within a global coordinate system. This is sometimes
referred to as an inertial navigation system (INS) “solution.” The navigation task represents
an intricate interplay between the proposed motion plan (as directed by the INS and mapping
software) and the avoidance of dynamic obstacles (as informed by the cameras, radar, and
LIDAR systems). The dependence of these two subsystems becomes complicated when sub-
components of either system behaves unreliably. The INS solution is notoriously unreliable,

for example.

SUMMARY
[0007] The current inventors have recognized that hi-res range-Doppler LIDAR can be

utilized to improve the control of an autonomous vehicle. For example, when a component of
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prior INS solution fails, data feeds from the hi-res range-Doppler LIDAR may be called upon
to help localize the vehicle. An example would be searching for objects with known relative
positions (e.g., lane markings) or known geospatial positions (e.g., a building or roadside
sign or orbiting markers) in an attempt to improve solutions for a vehicle’s position and
velocity.

[0008] In a first set of embodiments, a method implemented on a processor configured for
operating a Doppler LIDAR system includes operating a Doppler LIDAR system to collect
point cloud data that indicates for each point at least four dimensions including an inclination
angle, an azimuthal angle, a range, and relative speed between the point and the LIDAR
system. The method also includes determining a value of a property of an object in the point
cloud based on only three or fewer of the at least four dimensions.

[0009] In some of embodiments of the first set, determining the value of the property of the
object includes isolating multiple points in the point cloud data which have high value
Doppler components; and determining a moving object within the plurality of points based
on a cluster by azimuth and Doppler component values.

[0010] In some embodiments of the first set, determining the value of the property of the
object in the point cloud includes identifying a plurality of stationary points in the point
cloud based at least in part on an inclination angle for each point in the plurality of stationary
points. This method further includes determining a ground speed of the LIDAR based on a
plurality of relative speeds corresponding to the plurality of stationary points. In some of
these embodiments, identifying the plurality of stationary points includes discarding from the
plurality of stationary points a point with relative speed that deviates more than a threshold
from a statistic based on the plurality of relative speeds corresponding to the plurality of
stationary points. In some embodiments, the method includes determining an azimuthal
direction of a LIDAR velocity based on an azimuthal angle associated with a stationary point
for which the relative speed is a maximum among the plurality of stationary points.

[0011] In some embodiments of the first set, the method includes de-skewing by changing
an azimuth or inclination or range of a point in the point cloud data based on a current

LIDAR velocity and a time difference from a fixed time within a scan period.
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[0012] In a second set of embodiments, a method implemented on a processor configured for
operating a high resolution LIDAR system includes operating a high resolution LIDAR
system to collect point cloud data that indicates for each point at least four dimensions
including an inclination angle, an azimuthal angle, a range, and a reflectivity of the point.
The method also includes determining multiple objects in the point cloud. Each object is
based on multiple adjacent points in the point cloud with high values of reflectivity.
Furthermore, the method includes determining a corresponding number of objects in a
database. Each object in the database has a known position. Still further, the method includes
determining a position of the Doppler LIDAR system based at least in part on the known
position of each object in the database for the corresponding objects in the database.

[0013] In a third set of embodiments, a method implemented on a processor configured for
operating a Doppler LIDAR system includes operating a Doppler LIDAR system to collect
point cloud data that indicates for each point at least four dimensions including an inclination
angle, an azimuthal angle, a range, relative speed between the point and the LIDAR system,
and a reflectivity of the point. The method includes determining multiple objects in the point
cloud. Each object is based on either adjacent points in the point cloud with high values of
reflectivity, or adjacent points in the point cloud with relative speed values approximately
appropriate for globally stationary objects. The method also includes determining a
corresponding number of objects in a database. Each object in the database has a known
position. The method further includes determining a velocity of the Doppler LIDAR system
based at least in part on the known position of each object in the database for the
corresponding objects in the database.

[0014] In a fourth set of embodiments, a method implemented on a processor configured for
operating a Doppler LIDAR system includes operating a Doppler LIDAR system to collect
point cloud data that indicates for each point at least four dimensions including an inclination
angle, an azimuthal angle, a range, relative speed between the point and the LIDAR system,
and a reflectivity of the point. The method also includes determining multiple spots on an
object in the point cloud. The object is based on either adjacent points in the point cloud

with high values of reflectivity, or a cluster of azimuth angle and Doppler component values.
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The method still further includes determining a rotation rate or global velocity of the object

based on a difference in Doppler component values among the spots on the object.

[0015] In other embodiments, a system or apparatus or computer-readable medium is
configured to perform one or more steps of the above methods.

[0016] Still other aspects, features, and advantages are readily apparent from the following
detailed description, simply by illustrating a number of particular embodiments and
implementations, including the best mode contemplated for carrying out the invention. Other
embodiments are also capable of other and different features and advantages, and their
several details can be modified in various obvious respects, all without departing from the
spirit and scope of the invention. Accordingly, the drawings and description are to be

regarded as illustrative in nature, and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] Embodiments are illustrated by way of example, and not by way of limitation, in the
figures of the accompanying drawings in which like reference numerals refer to similar
elements and in which:
[0018] FIG. 1A is a schematic graph that illustrates the example transmitted signal as a
series of binary digits along with returned optical signals for measurement of range,
according to an embodiment;
[0019] FIG. 1B is a schematic graph that illustrates example cross-correlations of a reference
signal with two returned signals, according to an embodiment;
[0020] FIG. 1B is a schematic graph that illustrates an example spectrum of the reference
signal and an example spectrum of a Doppler shifted return signal, according to an
embodiment;
[0021] FIG. 1C is a schematic graph that illustrates an example cross-spectrum of phase
components of a Doppler shifted return signal, according to an embodiment;
[0022] FIG. 1D is a set of graphs that illustrates an example optical chirp measurement of

range, according to an embodiment;
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[0023] FIG. 1E is a graph using a symmetric LO signal, and shows the return signal in this
frequency time plot as a dashed line when there is no Doppler shift, according to an
embodiment;

[0024] FIG. 1F is a graph similar to FIG. 1E, using a symmetric LO signal, and shows the
return signal in this frequency time plot as a dashed line when there is a non zero Doppler
shift, according to an embodiment;

[0025] FIG. 2A is a block diagram that illustrates example components of a high resolution
(hi res) Doppler LIDAR system, according to an embodiment;

[0026] FIG. 2B is a block diagram that illustrates a saw tooth scan pattern for a hi-res
Doppler system, used in some embodiments;

[0027] FIG. 2C is an image that illustrates an example speed point cloud produced by a hi-
res Doppler LIDAR system, according to an embodiment;

[0028] FIG. 3A is a block diagram that illustrates an example system that includes at least
one hi-res Doppler LIDAR system mounted on a vehicle, according to an embodiment;
[0029] FIG. 3B is a block diagram that illustrates an example system that includes multiple
hi-res Doppler LIDAR system mounted on a vehicle, according to an embodiment;

[0030] FIG. 3C is a block diagram that illustrates an example system that includes multiple
hi-res Doppler LIDAR system mounted on a vehicle in relation to objects detected in the
point cloud, according to an embodiment;

[0031] FIG. 4 is a flow chart that illustrates an example method for using data from a hi res
Doppler LIDAR system in an automatic vehicle setting, according to an embodiment;
[0032] FIG. 5A is a block diagram that illustrates example components of a computation to
detect own vehicle movement relative to a stationary road surface, according to an
embodiment;

[0033] FIG. 5B is a plot that illustrates an example raw Doppler LIDAR point cloud,
rendered in x/y/z space, not compensated for ego-motion, according to an embodiment;
[0034] FIG. 5C. is a plot that illustrates an example processed Doppler LIDAR point cloud,
rendered in x/y/z space, range-compensated for ego-motion, based on Doppler-computed

velocity solution, according to an embodiment;
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[0035] FIG. 6 is a flow diagram that illustrates an example method to determine own vehicle
speed, according to an embodiment;

[0036] FIG. 7A and FIG. 7B are graphs that illustrate an example comparison between
velocities derived from global positioning system (GPS) data and hi-res 3D Doppler LIDAR
data, according to an embodiment;

[0037] FIG. 7C through and FIG. 7E are graphs that illustrate example dependence of speed
from Doppler LIDAR on azimuth angle relative to direction of movement of vehicle,
according to an embodiment;

[0038] FIG. 7F is a graph that illustrates example measurements of dependence of speed
from Doppler LIDAR on azimuth angle, according to an embodiment.

[0039] FIG. 8 is a flow diagram that illustrates an example method to determine own vehicle
velocity and other moving objects, according to another embodiment;

[0040] FIG. 9A through FIG. 9C are block diagrams that illustrate example components of a
computation to detect movement of another object relative to own vehicle, according to an
embodiment;

[0041] FIG. 10 is a flow diagram that illustrates an example method to determine movement
and track of another moving object, according to another embodiment;

[0042] FIG. 11 is a block diagram that illustrates example components of a computation to
determine own position relative to detected surveyed objects (stationary objects in a mapping
database), according to an embodiment;

[0043] FIG. 12 is a flow diagram that illustrates an example method to determine own
position relative to detected surveyed objects, according to an embodiment;

[0044] FIG. 13 is a block diagram that illustrates example components of a computation to
determine own global velocity, according to an embodiment;

[0045] FIG. 14 is a flow diagram that illustrates an example method to determine own global
velocity, according to an embodiment;

[0046] FIG. 15 is a block diagram that illustrates example components of a computation to
determine rate of turning of a moving object relative to own vehicle, according to an

embodiment;
7-
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[0047] FIG. 16 is a flow diagram that illustrates an example method to determine global
velocity of a moving object, according to an embodiment;
[0048] FIG. 17A is a block diagram that illustrates example locations of illuminated spots
from a hi-res Doppler LIDAR system, according to an embodiment;
[0049] FIG. 17B through FIG. 17D are images that illustrate example returns from
illuminated spots indicating returns from stationary objects and tracks of moving objects,
according to an embodiment;
[0050] FIG. 18A through FIG. 18C are graphs that illustrate example returns from a separate
vehicle as a moving object, according to an embodiment;
[0051] FIG. 18D and FIG. 18E are plots that illustrate example measured point clouds
according to an embodiment;
[0052] FIG. 19 is a block diagram that illustrates a computer system upon which an
embodiment of the invention may be implemented; and
[0053] FIG. 20 illustrates a chip set upon which an embodiment of the invention may be
implemented.

DETAILED DESCRIPTION
[0054] A method and apparatus and system and computer-readable medium are described
for use of Doppler correction of optical range detection to operate a vehicle. In the following
description, for the purposes of explanation, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. It will be apparent, however, to
one skilled in the art that the present invention may be practiced without these specific
details. In other instances, well-known structures and devices are shown in block diagram
form in order to avoid unnecessarily obscuring the present invention.
[0055] Notwithstanding that the numerical ranges and parameters setting forth the broad
scope are approximations, the numerical values set forth in specific non-limiting examples
are reported as precisely as possible. Any numerical value, however, inherently contains
certain errors necessarily resulting from the standard deviation found in their respective
testing measurements at the time of this writing. Furthermore, unless otherwise clear from

the context, a numerical value presented herein has an implied precision given by the least
-8-



WO 2019/209727 PCT/US2019/028532

significant digit. Thus a value 1.1 implies a value from 1.05 to 1.15. The term “about” is
used to indicate a broader range centered on the given value, and unless otherwise clear from
the context implies a broader range around the least significant digit, such as “about 1.1”
implies a range from 1.0 to 1.2. If the least significant digit is unclear, then the term “about”
implies a factor of two, e.g., “about X implies a value in the range from 0.5X to 2X, for
example, about 100 implies a value in a range from 50 to 200. Moreover, all ranges disclosed
herein are to be understood to encompass any and all sub-ranges subsumed therein. For
example, a range of "less than 10" for a positive only parameter can include any and all sub-
ranges between (and including) the minimum value of zero and the maximum value of 10,
that is, any and all sub-ranges having a minimum value of equal to or greater than zero and a
maximum value of equal to or less than 10, e.g., 1 to 4.

[0056] Some embodiments of the invention are described below in the context of a single
front mounted hi-res Doppler LIDAR system on a personal automobile; but, embodiments
are not limited to this context. In other embodiments, multiple systems with overlapping or
non-overlapping fields of view or one or more such systems mounted on smaller or larger
land or sea or air or space vehicles (whether autonomous or semi-autonomous or operator
assisted) are employed. In some embodiments, the high resolution Doppler LIDAR is one, as
described in inventors’ earlier work, that uses a continuous wave (CW) laser with external
modulation. External modulation provides advantages in enabling waveform flexibility
through electronic control, reducing laser requirements (laser is just CW), allowing novel
methods for simultaneous range and Doppler (velocity measurement), and allowing better

performance at low SNR’s when the beam is quickly traversing different speckle realizations.

1. Phase-encoded Detection Overview

[0057] Using an optical phase-encoded signal for measurement of range, the transmitted
signal is in phase with a carrier (phase = 0) for part of the transmitted signal and then changes
by one or more phases changes represented by the symbol A¢ (so phase = A¢) for short time
intervals, switching back and forth between the two or more phase values repeatedly over the

transmitted signal. The shortest interval of constant phase is a parameter of the encoding
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called pulse duration 7 and is typically the duration of several periods of the lowest
frequency in the band. The reciprocal, 1/7, is baud rate, where each baud indicates a symbol.
The number N of such constant phase pulses during the time of the transmitted signal is the
number N of symbols and represents the length of the encoding. In binary encoding, there are
two phase values and the phase of the shortest interval can be considered a O for one value
and a 1 for the other, thus the symbol is one bit, and the baud rate is also called the bit rate. In
multiphase encoding, there are multiple phase values. For example, 4 phase values such as
Ao* {0, 1, 2 and 3}, which, for A = /2 (90 degrees), equals {0, /2, ® and 37/2},
respectively; and, thus 4 phase values can represent 0, 1, 2, 3, respectively. In this example,
each symbol is two bits and the bit rate is twice the baud rate.

[0058] Phase-shift keying (PSK) refers to a digital modulation scheme that conveys data by
changing (modulating) the phase of a reference signal (the carrier wave). The modulation is
impressed by varying the sine and cosine inputs at a precise time. At radio frequencies (RF),
PSK is widely used for wireless local area networks (LANs), RF identification (RFID) and
Bluetooth communication. Alternatively, instead of operating with respect to a constant
reference wave, the transmission can operate with respect to itself. Changes in phase of a
single transmitted waveform can be considered the symbol. In this system, the demodulator
determines the changes in the phase of the received signal rather than the phase (relative to a
reference wave) itself. Since this scheme depends on the difference between successive
phases, it is termed differential phase-shift keying (DPSK). DPSK can be significantly
simpler to implement than ordinary PSK, since there is no need for the demodulator to have a
copy of the reference signal to determine the exact phase of the received signal (thus, it is a
non-coherent scheme).

[0059] For optical ranging applications, the carrier frequency is an optical frequency fc and a
RF fp is modulated onto the optical carrier. The number N and duration 7of symbols are

selected to achieve the desired range accuracy and resolution. The pattern of symbols is
selected to be distinguishable from other sources of coded signals and noise. Thus a strong

correlation between the transmitted and returned signal is a strong indication of a reflected or
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backscattered signal. The transmitted signal is made up of one or more blocks of symbols,
where each block is sufficiently long to provide strong correlation with a reflected or
backscattered return even in the presence of noise. In the following discussion, it is assumed
that the transmitted signal is made up of M blocks of N symbols per block, where M and N
are non-negative integers.

[0060] FIG. 1A is a schematic graph 120 that illustrates the example transmitted signal as a
series of binary digits along with returned optical signals for measurement of range,
according to an embodiment. The horizontal axis 122 indicates time in arbitrary units after a

start time at zero. The vertical axis 124a indicates amplitude of an optical transmitted signal

at frequency fc+fp in arbitrary units relative to zero. The vertical axis 124b indicates

amplitude of an optical returned signal at frequency fc+fy in arbitrary units relative to zero,
and is offset from axis 124a to separate traces. Trace 125 represents a transmitted signal of
M*N binary symbols, with phase changes as shown in FIG. 1A to produce a code starting
with 00011010 and continuing as indicated by ellipsis. Trace 126 represents an idealized
(noiseless) return signal that is scattered from an object that is not moving (and thus the
return is not Doppler shifted). The amplitude is reduced, but the code 00011010 is
recognizable. Trace 127 represents an idealized (noiseless) return signal that is scattered from
an object that is moving and is therefore Doppler shifted. The return is not at the proper
optical frequency fc+fy and is not well detected in the expected frequency band, so the
amplitude is diminished.

[0061] The observed frequency f~ of the return differs from the correct frequency f = fc+fo of

the return by the Doppler effect given by Equation 1.

fl — {c+v5) f (1)

(c+vs)

Where c is the speed of light in the medium, v, is the velocity of the observer and vy is the
velocity of the source along the vector connecting source to receiver. Note that the two
frequencies are the same if the observer and source are moving at the same speed in the same

direction on the vector between the two. The difference between the two frequencies, Af = /-
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f . 1s the Doppler shift, Afp, which causes problems for the range measurement, and is given

by Equation 2.

My = [E22—1]r @

(c+vs)

Note that the magnitude of the error increases with the frequency f of the signal. Note also
that for a stationary LIDAR system (v, = 0), for an object moving at 10 meters a second (vy =
10), and visible light of frequency about 500 THz, then the size of the error is on the order of
16 megahertz (MHz, 1 MHz = 10 hertz, Hz, 1 Hz =1 cycle per second). In various
embodiments described below, the Doppler shift error is detected and used to process the
data for the calculation of range.

[0062] In phase coded ranging, the arrival of the phase coded reflection is detected in the
return by cross correlating the transmitted signal or other reference signal with the returned
signal, implemented practically by cross correlating the code for a RF signal with an
electrical signal from an optical detector using heterodyne detection and thus down-mixing
back to the RF band. Cross correlation for any one lag is computed by convolving the two
traces, i.e., multiplying corresponding values in the two traces and summing over all points in
the trace, and then repeating for each time lag. Alternatively, the cross correlation can be
accomplished by a multiplication of the Fourier transforms of each of the two traces followed
by an inverse Fourier transform. Efficient hardware and software implementations for a Fast
Fourier transform (FFT) are widely available for both forward and inverse Fourier
transforms.

[0063] Note that the cross correlation computation is typically done with analog or digital
electrical signals after the amplitude and phase of the return is detected at an optical detector.
To move the signal at the optical detector to a RF frequency range that can be digitized
easily, the optical return signal is optically mixed with the reference signal before impinging
on the detector. A copy of the phase-encoded transmitted optical signal can be used as the
reference signal, but it is also possible, and often preferable, to use the continuous wave
carrier frequency optical signal output by the laser as the reference signal and capture both

the amplitude and phase of the electrical signal output by the detector.
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[0064] For an idealized (noiseless) return signal that is reflected from an object that is not
moving (and thus the return is not Doppler shifted), a peak occurs at a time At after the start
of the transmitted signal. This indicates that the returned signal includes a version of the
transmitted phase code beginning at the time At. The range R to the reflecting (or
backscattering) object is computed from the two way travel time delay based on the speed of
light ¢ in the medium, as given by Equation 3.

R=cxAt/2 3)
[0065] For an idealized (noiseless) return signal that is scattered from an object that is
moving (and thus the return is Doppler shifted), the return signal does not include the phase
encoding in the proper frequency bin, the correlation stays low for all time lags, and a peak is
not as readily detected, and is often undetectable in the presence of noise. Thus At is not as
readily determined and range R is not as readily produced.
[0066] According to various embodiments of the inventor’s previous work, the Doppler shift
is determined in the electrical processing of the returned signal; and the Doppler shift is used
to correct the cross correlation calculation. Thus a peak is more readily found and range can
be more readily determined. FIG. 1B is a schematic graph 140 that illustrates an example
spectrum of the transmitted signal and an example spectrum of a Doppler shifted complex
return signal, according to an embodiment. The horizontal axis 142 indicates RF frequency
offset from an optical carrier fc in arbitrary units. The vertical axis 144a indicates amplitude
of a particular narrow frequency bin, also called spectral density, in arbitrary units relative to
zero. The vertical axis 144b indicates spectral density in arbitrary units relative to zero, and is
offset from axis 144a to separate traces. Trace 145 represents a transmitted signal; and, a
peak occurs at the proper RF fp. Trace 146 represents an idealized (noiseless) complex return
signal that is backscattered from an object that is moving toward the LIDAR system and is
therefore Doppler shifted to a higher frequency (called blue shifted). The return does not
have a peak at the proper RF fy; but, instead, is blue shifted by Afp to a shifted frequency fs.
In practice, a complex return representing both in-phase and quadrature (I/Q) components of

the return is used to determine the peak at +Afp, thus the direction of the Doppler shift, and
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the direction of motion of the target on the vector between the sensor and the object, is
apparent from a single return.

[0067] In some Doppler compensation embodiments, rather than finding Afp by taking the
spectrum of both transmitted and returned signals and searching for peaks in each, then
subtracting the frequencies of corresponding peaks, as illustrated in FIG. 1B, it is more
efficient to take the cross spectrum of the in-phase and quadrature component of the down-
mixed returned signal in the RF band. FIG. 1C is a schematic graph 150 that illustrates an
example cross-spectrum, according to an embodiment. The horizontal axis 152 indicates
frequency shift in arbitrary units relative to the reference spectrum; and, the vertical axis 154
indicates amplitude of the cross spectrum in arbitrary units relative to zero. Trace 155
represents a cross spectrum with an idealized (noiseless) return signal generated by one
object moving toward the LIDAR system (blue shift of Afp1 = Afp in FIG. 1B) and a second
object moving away from the LIDAR system (red shift of Afp2). A peak occurs when one of
the components is blue shifted Afpi; and, another peak occurs when one of the components is
red shifted Afpz. Thus the Doppler shifts are determined. These shifts can be used to
determine a signed velocity of approach of objects in the vicinity of the LIDAR, as can be
critical for collision avoidance applications. However, if I/Q processing is not done, peaks
appear at both +/- Afp1 and both +/- Afpz, so there is ambiguity on the sign of the Doppler
shift and thus the direction of movement.

[0068] As described in more detail in inventor’s previous work the Doppler shift(s) detected
in the cross spectrum are used to correct the cross correlation so that the peak 135 is apparent
in the Doppler compensated Doppler shifted return at lag At, and range R can be determined.
In some embodiments simultaneous I/Q processing is performed as described in more detail
in international patent application publication entitled “Method and system for Doppler
detection and Doppler correction of optical phase-encoded range detection” by S. Crouch et
al., WO2018/144853. In other embodiments, serial I/Q processing is used to determine the
sign of the Doppler return as described in more detail in patent application publication

entitled “Method and System for Time Separated Quadrature Detection of Doppler Effects in
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Optical Range Measurements” by S. Crouch ez al., WO20019/014177. In other embodiments,
other means are used to determine the Doppler correction; and, in various embodiments, any

method or apparatus or system known in the art to perform Doppler correction is used.

2. Chirped Detection Overview

[0069] FIG. 1D is a set of graphs that illustrates an example optical chirp measurement of
range, according to an embodiment. The horizontal axis 102 is the same for all four graphs
and indicates time in arbitrary units, on the order of milliseconds (ms, 1 ms = 103 seconds).
Graph 100 indicates the power of a beam of light used as a transmitted optical signal. The
vertical axis 104 in graph 100 indicates power of the transmitted signal in arbitrary units.
Trace 106 indicates that the power is on for a limited pulse duration, 7starting at time 0.
Graph 110 indicates the frequency of the transmitted signal. The vertical axis 114 indicates

the frequency transmitted in arbitrary units. The trace 116 indicates that the frequency of the

pulse increases from f] to f> over the duration 7of the pulse, and thus has a bandwidth B = f>

- f1. The frequency rate of change is (> - f1)/7.

[0070] The returned signal is depicted in graph 160 which has a horizontal axis 102 that
indicates time and a vertical axis 114 that indicates frequency as in graph 110. The chirp 116
of graph 110 is also plotted as a dotted line on graph 160. A first returned signal is given by
trace 166a, which is just the transmitted reference signal diminished in intensity (not shown)
and delayed by Ar. When the returned signal is received from an external object after
covering a distance of 2R, where R is the range to the target, the returned signal start at the
delayed time At is given by 2R/c, where c is the speed of light in the medium (approximately

3x10® meters per second, m/s), related according to Equation 3, described above. Over this

time, the frequency has changed by an amount that depends on the range, called fr, and given
by the frequency rate of change multiplied by the delay time. This is given by Equation 4a.
fR=({2-fi)/T*2R/c =2BR/cT (4a)
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The value of fr 1s measured by the frequency difference between the transmitted signal 116
and returned signal 166a in a time domain mixing operation referred to as de-chirping. So
the range R is given by Equation 4b.

R=frc 7/2B (4b)
Of course, if the returned signal arrives after the pulse is completely transmitted, that is, if
2R/c is greater than 7, then Equations 4a and 4b are not valid. In this case, the reference
signal is delayed a known or fixed amount to ensure the returned signal overlaps the
reference signal. The fixed or known delay time of the reference signal is multiplied by the
speed of light, c, to give an additional range that is added to range computed from Equation
4b. While the absolute range may be off due to uncertainty of the speed of light in the
medium, this is a near-constant error and the relative ranges based on the frequency
difference are still very precise.
[0071] In some circumstances, a spot illuminated by the transmitted light beam encounters
two or more different scatterers at different ranges, such as a front and a back of a
semitransparent object, or the closer and farther portions of an object at varying distances
from the LIDAR, or two separate objects within the illuminated spot. In such circumstances,
a second diminished intensity and differently delayed signal will also be received, indicated
on graph 160 by trace 166b. This will have a different measured value of fr that gives a
different range using Equation 4b. In some circumstances, multiple additional returned
signals are received.
[0072] Graph 170 depicts the difference frequency fr between a first returned signal 166a
and the reference chirp 116. The horizontal axis 102 indicates time as in all the other aligned
graphs in FIG. 1D, and the vertical axis 164 indicates frequency difference on a much
expanded scale. Trace 176 depicts the constant frequency fr measured in response to the
transmitted chirp, which indicates a particular range as given by Equation 4b. The second
returned signal 166b, if present, would give rise to a different, larger value of fr (not shown)

during de-chirping; and, as a consequence yield a larger range using Equation 4b.
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[0073] A common method for de-chirping is to direct both the reference optical signal and
the returned optical signal to the same optical detector. The electrical output of the detector is
dominated by a beat frequency that is equal to, or otherwise depends on, the difference in the
frequencies of the two signals converging on the detector. A Fourier transform of this

electrical output signal will yield a peak at the beat frequency. This beat frequency is in the

radio frequency (RF) range of Megahertz (MHz, 1 MHz = 10® Hertz =10° cycles per second)

rather than in the optical frequency range of Terahertz (THz, 1 THz = 10! Hertz). Such
signals are readily processed by common and inexpensive RF components, such as a Fast
Fourier Transform (FFT) algorithm running on a microprocessor or a specially built FFT or
other digital signal processing (DSP) integrated circuit. In other embodiments, the return
signal is mixed with a continuous wave (CW) tone acting as the local oscillator (versus a
chirp as the local oscillator). This leads to the detected signal which itself is a chirp (or
whatever waveform was transmitted). In this case the detected signal would undergo
matched filtering in the digital domain as described in Kachelmyer 1990. The disadvantage is
that the digitizer bandwidth requirement is generally higher. The positive aspects of coherent
detection are otherwise retained.

[0074] In some embodiments, the LIDAR system is changed to produce simultaneous up
and down chirps. This approach eliminates variability introduced by object speed differences,
or LIDAR position changes relative to the object which actually does change the range, or
transient scatterers in the beam, among others, or some combination. The approach then
guarantees that the Doppler shifts and ranges measured on the up and down chirps are indeed
identical and can be most usefully combined. The Doppler scheme guarantees parallel
capture of asymmetrically shifted return pairs in frequency space for a high probability of
correct compensation.

[0075] FIG. 1E is a graph using a symmetric LO signal, and shows the return signal in this

frequency time plot as a dashed line when there is no Doppler shift, according to an
embodiment. The horizontal axis indicates time in example units of 107 seconds (tens of

microseconds). The vertical axis indicates frequency of the optical transmitted signal relative
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to the carrier frequency fc or reference signal in example units of GigaHertz (10° Hertz).
During a pulse duration, a light beam comprising two optical frequencies at any time is
generated. One {requency increases from fi to f2 (e.g., 1 to 2 GHz above the optical carrier)
while the other frequency simultaneous decreases from f1 to f3 (e.g., 1 to 2 GHz below the
optical carrier) The two frequency bands e.g., band 1 from f1 to > , and band 2 from f3 to f)
do not overlap so that both transmitted and return signals can be optically separated by a high
pass or a low pass filter, or some combination, with pass bands starting at pass frequency fp.
For example fi < f2 < fp <f3 < fa. Though, in the illustrated embodiment, the higher
frequencies provide the up chirp and the lower frequencies provide the down chirp, in other
embodiments, the higher frequencies produce the down chirp and the lower frequencies
produce the up chirp.

[0076] In some embodiments, two different laser sources are used to produce the two
different optical frequencies in each beam at each time. However, in some embodiments, a
single optical carrier is modulated by a single RF chirp to produce symmetrical sidebands
that serve as the simultaneous up and down chirps. In some of these embodiments, a double
sideband Mach-Zehnder intensity modulator is used that, in general, does not leave much
energy in the carrier frequency; instead, almost all of the energy goes into the sidebands.
[0077] As aresult of sideband symmetry, the bandwidth of the two optical chirps will be the
same if the same order sideband is used. In other embodiments, other sidebands are used,
e.g., two second order sideband are used, or a first order sideband and a non-overlapping
second sideband is used, or some other combination.

[0078] As described in U.S. patent application publication by Crouch et al., entitled
“Method and System for Doppler Detection and Doppler Correction of Optical Chirped
Range Detection,” W0O2018/160240, when selecting the transmit (TX) and local oscillator
(LO) chirp waveforms, it is advantageous to ensure that the frequency shifted bands of the
system take maximum advantage of available digitizer bandwidth. In general this is
accomplished by shifting either the up chirp or the down chirp to have a range frequency beat

close to zero.
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[0079] FIG. 1F is a graph similar to FIG. 1E, using a symmetric LO signal, and shows the
return signal in this frequency time plot as a dashed line when there is a non zero Doppler
shift. In the case of a chirped waveform, the time separated 1/Q processing (aka time domain
multiplexing) can be used to overcome hardware requirements of other approaches as
described above. In that case, an AOM is used to break the range-Doppler ambiguity for real
valued signals. In some embodiments scoring system is used to pair the up and down chirp
returns as described in more detail in the above cited patent application publication
WO02018/160240. In other embodiments, I/Q processing is used to determine the sign of the
Doppler chirp as described in more detail in patent application publication entitled “Method
and System for Time Separated Quadrature Detection of Doppler Effects in Optical Range
Measurements” by S. Crouch et al., WO20019/014177.

3. Optical Detection Hardware Overview

[0080] In order to depict how to use hi-res range-Doppler detection systems, some generic
hardware approaches are described. FIG. 2A is a block diagram that illustrates example
components of a high resolution Doppler LIDAR system, according to an embodiment.
Optical signals are indicated by arrows. Electronic wired or wireless connections are
indicated by segmented lines without arrowheads. A laser source 212 emits a carrier wave
201 that is phase or frequency modulated in modulator 282a, before or after splitter 216, to
produce a phase coded or chirped optical signal 203 that has a duration D. A splitter 216
splits the modulated (or , as shown, the unmodulated) optical signal for use in a reference
path 220. A target beam 205, also called transmitted signal herein, with most of the energy of
the beam 201 is produced. A modulated or unmodulated reference beam 207a with a much
smaller amount of energy that is nonetheless enough to produce good mixing with the
returned light 291 scattered from an object (not shown) is also produced. In the illustrated
embodiment, the reference beam 207a is separately modulated in modulator 282b. The
reference beam 207a passes through reference path 220 and is directed to one or more
detectors as reference beam 207b. In some embodiments, the reference path 220 introduces a

known delay sufficient for reference beam 207b to arrive at the detector array 230 with the
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scattered light from an object outside the LIDAR within a spread of ranges of interest. In
some embodiments, the reference beam 207b is called the local oscillator (LO) signal
referring to older approaches that produced the reference beam 207b locally from a separate
oscillator. In various embodiments, from less to more flexible approaches, the reference is
caused to arrive with the scattered or reflected field by: 1) putting a mirror in the scene to
reflect a portion of the transmit beam back at the detector array so that path lengths are well
matched; 2) using a fiber delay to closely match the path length and broadcast the reference
beam with optics near the detector array, as suggested in FIG. 2, with or without a path
length adjustment to compensate for the phase or frequency difference observed or expected
for a particular range; or, 3) using a frequency shifting device (acousto-optic modulator) or
time delay of a local oscillator waveform modulation (e.g., in modulator 282b) to produce a
separate modulation to compensate for path length mismatch; or some combination. In some
embodiments, the object is close enough and the transmitted duration long enough that the
returns sufficiently overlap the reference signal without a delay.

[0081] The transmitted signal is then transmitted to illuminate an area of interest, often
through some scanning optics 218. The detector array is a single paired or unpaired detector
or a 1 dimensional (1D) or 2 dimensional (2D) array of paired or unpaired detectors arranged
in a plane roughly perpendicular to returned beams 291 from the object. The reference beam
207b and returned beam 291 are combined in zero or more optical mixers 284 to produce an
optical signal of characteristics to be properly detected. The frequency, phase or amplitude of
the interference pattern, or some combination, is recorded by acquisition system 240 for each
detector at multiple times during the signal duration D.

[0082] The number of temporal samples processed per signal duration affects the down-
range extent. The number is often a practical consideration chosen based on number of
symbols per signal, signal repetition rate and available camera frame rate. The frame rate is
the sampling bandwidth, often called “digitizer frequency.” The only fundamental
limitations of range extent are the coherence length of the laser and the length of the chirp or

unique phase code before it repeats (for unambiguous ranging). This is enabled because any
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digital record of the returned heterodyne signal or bits could be compared or cross correlated
with any portion of transmitted bits from the prior transmission history.

[0083] The acquired data is made available to a processing system 250, such as a computer
system described below with reference to FIG. 19, or a chip set described below with
reference to FIG. 20. A signed Doppler compensation module 270 determines the sign and
size of the Doppler shift and the corrected range based thereon along with any other
corrections described herein. In some embodiments, the processing system 250 also provides
scanning signals to drive the scanning optics 218, and includes a modulation signal module
to send one or more electrical signals that drive modulators 282a, 282b, as illustrated in FIG.
2. In the illustrated embodiment, the processing system also includes a vehicle control
module 272 to provide information on the vehicle position and movement relative to a shared
geospatial coordinate system or relative to one or more detected objects or some
combination. In some embodiments the vehicle control module 272 also controls the vehicle
(not shown) in response to such information.

[0084] Any known apparatus or system may be used to implement the laser source 212,
modulators 282a, 282b, beam splitter 216, reference path 220, optical mixers 284, detector
array 230, scanning optics 218, or acquisition system 240. Optical coupling to flood or focus
on a target or focus past the pupil plane are not depicted. As used herein, an optical coupler is
any component that affects the propagation of light within spatial coordinates to direct light
from one component to another component, such as a vacuum, air, glass, crystal, mirror, lens,
optical circulator, beam splitter, phase plate, polarizer, optical fiber, optical mixer, among
others, alone or in some combination.

[0085] FIG. 2A also illustrates example components for a simultaneous up and down chirp
LIDAR system according to one embodiment. In this embodiment, the modulator 282a is a
frequency shifter added to the optical path of the transmitted beam 205. In other
embodiments, the frequency shifter is added instead to the optical path of the returned beam
291 or to the reference path 220. In general, the frequency shifting element is added as
modulator 282b on the local oscillator (LO, also called the reference path) side or on the

transmit side (before the optical amplifier) as the device used as the modulator (e.g., an
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acousto-optic modulator, AOM) has some loss associated and it is disadvantageous to put
lossy components on the receive side or after the optical amplifier. The purpose of the
optical shifter is to shift the frequency of the transmitted signal (or return signal) relative to
the frequency of the reference signal by a known amount Afs, so that the beat frequencies of
the up and down chirps occur in different frequency bands, which can be picked up, e.g., by

the FFT component in processing system 250, in the analysis of the electrical signal output

by the optical detector 230. For example, if the blue shift causing range effects is fg, then the
beat frequency of the up chirp will be increased by the offset and occur at fg + Afs and the

beat frequency of the down chirp will be decreased by the offset to fg — Afs. Thus, the up
chirps will be in a higher frequency band than the down chirps, thereby separating them. If
Afs 1s greater than any expected Doppler effect, there will be no ambiguity in the ranges
associated with up chirps and down chirps.

[0086] The measured beats can then be corrected with the correctly signed value of the
known Afs to get the proper up-chirp and down-chirp ranges. In some embodiments, the RF
signal coming out of the balanced detector is digitized directly with the bands being
separated via FFT. In some embodiments, the RF signal coming out of the balanced detector
is pre-processed with analog RF electronics to separate a low-band (corresponding to one of
the up chirp or down chip) which can be directly digitized and a high-band (corresponding to
the opposite chirp) which can be electronically down-mixed to baseband and then digitized.
Both embodiments offer pathways that match the bands of the detected signals to available
digitizer resources.

[0087] FIG. 2B is a block diagram that illustrates a saw tooth scan pattern for a hi-res
Doppler LIDAR system, used in some embodiments. The scan sweeps through a range of
azimuth angles (horizontally) and inclination angles (vertically above and below a level
direction at zero inclination). In other embodiments, other scan patters are used. Any scan
pattern known in the art may be used in various embodiments. For example, in some
embodiments, adaptive scanning is performed using methods described in international

patent application publications by Crouch entitled “Method and system for adaptive scanning
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with optical ranging systems,” W0O2018/125438, or entitled “Method and system for
automatic real-time adaptive scanning with optical ranging systems,” W0O2018/102188.
[0088] FIG. 2C is an image that illustrates an example speed point cloud produced by a
scanning hi-res Doppler LIDAR system, according to an embodiment. Although called a
point cloud each element of the cloud represents the return from a spot. The spot size is a
function of the beam width and the range. In some embodiments, the beam is a pencil beam
that has circularly symmetric Gaussian collimated beam and cross section diameter (beam
width) emitted from the LIDAR system, typically between about 1 millimeters (mm, 1
mm=10" meters) and 100 mm. Each pixel of the 2D image indicates a different spot
illuminated by a particular azimuth angle and inclination angle, and each spot has associated
a range (third dimension) and speed (4™ dimension) relative to the LIDAR. In some
embodiments, a reflectivity measure is also indicated by the intensity or amplitude of the
returned signal (a fifth dimension). Thus, each point of the point cloud represents at least a
4D vector and possibly a 5D vector.

[0089] Using the above techniques, a scanning hi-res range-Doppler LIDAR produces a
high-resolution 3D point cloud image with point by point signed relative speed of the scene
in view of the LIDAR system. With current hi-res Doppler LIDARS, described above, a
Doppler relative speed is determined with high granularity (<0.25 m/s) across a very large
speed spread (>+/- 100m/s). The use of coherent measurement techniques translates an
inherent sensitivity to Doppler into a simultaneous range-Doppler measurement for the
LIDAR scanner. Additionally, the coherent measurement techniques allow a very high
dynamic range measurement relative to more traditional LIDAR solutions. The combination

of these data fields allows for powerful vehicle location in the presence of INS dropouts.

4. Vehicle control overview

[0090] In some embodiments a vehicle is controlled at least in part based on data received
from a hi-res Doppler LIDAR system mounted on the vehicle.

[0091] FIG. 3A is a block diagram that illustrates an example system that includes at least
one hi-res Doppler LIDAR system 320 mounted on a vehicle 310, according to an
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embodiment. The vehicle has a center of mass indicted by a star 311 and travels in a forward
direction given by arrow 313. In some embodiments, the vehicle 310 includes a component,
such as a steering or braking system (not shown), operated in response to a signal from a
processor. In some embodiments the vehicle has an on-board processor 314, such as chip set
depicted in FIG. 20. In some embodiments, the on board processor 314 is in wired or
wireless communication with a remote processor, as depicted in FIG. 19. The hi-res Doppler
LIDAR uses a scanning beam 322 that sweeps from one side to another side, represented by
future beam 323, through an azimuthal field of view 324, as well as through vertical angles
(not shown) illuminating spots in the surroundings of vehicle 310. In some embodiments, the
field of view is 360 degrees of azimuth. In some embodiments the inclination angle field of
view is from about +10 degrees to about -10 degrees or a subset thereof.

[0092] In some embodiments, the vehicle includes ancillary sensors (not shown), such as a
GPS sensor, odometer, tachometer, temperature sensor, vacuum sensor, electrical voltage or
current sensors, among others well known in the art. In some embodiments, a gyroscope 330
is included to provide rotation information.

[0093] Also depicted in FIG. 3A is a global coordinate system represented by an arrow
pointing north and an arrow pointing east from a known geographic location represented by a
point at the base of both arrows. Data in a mapping system, as a geographical information
system (GIS) database is positioned relative to the global positioning system. In controlling a
vehicle, it is advantageous to know the location and heading of the vehicle in the global
coordinate system as well as the relative location and motion of the vehicle compared to
other moving and non-moving objects in the vicinity of the vehicle.

[0094] FIG. 3B is a block diagram that illustrates an example system that includes multiple
hi-res Doppler LIDAR systems mounted on a vehicle 310, according to an embodiment.
Items 310, 311, 313 and 314, and the global coordinate system, are as depicted in FIG. 3A.
Here the multiple hi-res Doppler LIDAR systems, 340a, 340b, 340c, 340c (collectively
referenced hereinafter as LIDAR systems 340) are positioned on the vehicle 310 to provide
complete angular coverage, with overlap at some angles, at least for ranges beyond a certain

distance. FIG. 3B also depicts the fields of view 344a, 344b, 344c, 344d, respectively
24-



WO 2019/209727 PCT/US2019/028532

(hereinafter collectively referenced as fields of view 344) between instantaneous leftmost
beams 342a, 342b, 342c, 342d, respectively (hereinafter collectively referenced as leftmost
beams 342) and rightmost beams 343a, 343b, 343c, 343d, respectively (hereinafter
collectively referenced as rightmost beams 343). In other embodiments, more or fewer hi-res
Doppler LIDAR systems 340 are used with smaller or larger fields of view 344.

[0095] FIG. 3C is a block diagram that illustrates an example system that includes multiple
hi-res Doppler LIDAR systems 340 mounted on a vehicle 310 in relation to objects detected
in the point cloud, according to an embodiment. Items 310, 311, 313, 314, 340, 342, 343 and
344, as well as the global coordinate system, are as depicted in FIG. 3B. Items detectable in a
3D point cloud from the systems 340 includes road surface 391, curbs 395, stop sign 392,
light posts 393a, 393b, 393c¢ (collectively referenced hereinafter as light posts 393), lane
markings 394 and moving separate vehicle 396. The separate moving vehicle 396 is turning
and so has a different velocity vector 397a at a front of the vehicle from a velocity vector
397b at the rear of the vehicle. Some of these items, such as stop sign 392 and light posts
393, might have global coordinates in a GIS database.

[0096] FIG. 4 is a flow chart that illustrates an example method 400 for using data from a
high resolution Doppler LIDAR system in an automatic or assisted vehicle setting, according
to an embodiment. Although steps are depicted in FIG. 4, and in subsequent flowcharts in
FIG. 6, FIG. 8, FIG. 10, FIG. 12, FIG. 14 and FIG. 16, as integral steps in a particular order
for purposes of illustration, in other embodiments, one or more steps, or portions thereof, are
performed in a different order, or overlapping in time, in series or in parallel, or are omitted,
or one or more additional steps are added, or the method is changed in some combination of
ways.

[0097] In step 401, a high-resolution Doppler LIDAR system 340 is configured on a vehicle
310 (also called an own vehicle below to distinguish form separate vehicles 396 in the
vicinity). In some embodiments, the configuration includes installing the LIDAR system 340
on the vehicle 310. Configuration data is stored in one or more own vehicle databases, either
locally on vehicle 310 or remotely or some combination. Configuration data includes at least

the position of the system 340 relative to a center of mass 311 of the vehicle and a field of
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view 344 of the system relative to the forward direction 313 of the vehicle. In some
embodiments, step 40 includes storing other constants or parameter values of methods used
in one or more of the following steps, such as a value for a solution tolerance for the own
vehicle’s velocity as described below with reference to FIG. 8.

[0098] In step 403, sensors systems on own vehicle are operated. For example, an inertial
navigation system (INS) is operated to obtain speed information from the odometer, position
information from a Global Positioning System (GPS) receiver, direction information from a
gyroscope, and 3D point cloud data from the hi-res Doppler LIDAR system to calibrate the
position and direction of the field of view of the LIDAR relative to the center of mass and
direction of the vehicle. The calibration data is stored in the one or more databases.

[0099] In step 405, even beyond any calibration measurements, the hi-res Doppler LIDAR is
operated to construct a scene comprising a 3D point cloud with relative speed at each point as
a result of one complete scan at each of one or more such LIDAR systems 340. In step 411,
the scene data is analyzed to determine stationary objects (e.g., roadbed 391 or traffic sign
392 or lamp posts 393 or curb 395 or markings 394 or some combination), own speed
relative to stationary objects (also called ego-motion herein), and speed and direction of one
or more moving objects (e.g., 396), if any. Various embodiments of methods for determining
each or all of these results are described in more detail below with reference to the remaining
flow diagrams.

[0100] It is advantageous if the determination of ego-motion is fast enough to detect motion

changes (accelerations) before large distances (on the order of the size of the vehicle) are
covered. The maximum component-wise change of the vehicle velocity vector (dmax) is
advantageously small compared to the product of the scan period (7scan) and the Doppler
resolution (rp) of the LIDAR, as given by Equation 4.

Amax < Tscan ID 4)
For example, a LIDAR sensor with rp = 0.25m/s and a 10Hz scan rate (7Tscan = 0.1 sec) may
fail to properly segment moving actors if the vehicle’s acceleration exceeds 2.5 m/s?. As this
is not a particularly high value, current implementations solve for velocity on each
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“Framelet” (left-to-right scan of a vertical array of one or more concurrent Doppler LIDAR
beams), rather than a full vertical frame (which consists of one or more framelets conducted
sequentially in time at differing inclination angle offsets). This allows typical operation of the
velocity solution to have an effective 80Hz scan rate, giving a maximum acceleration of 20
m/s? — more than two times the acceleration of gravity, sufficient for many vehicle scenarios,
including most automobile operations. Similar limits exist for velocity estimation of other
objects, because, to first order, the variation in velocity across the extent of the other object
advantageously exceeds the characteristic Doppler noise value for a determination of the
motion of the other object.

[0101] In general, it is useful to have each spot of the point cloud measured in less than a
millisecond so that point clouds of hundreds of spots can be accumulated in less than a tenth
of a second. Faster measurements, on the order of tens of microseconds, allow point cloud a
hundred times larger. For example, the hi-res Doppler phase-encoded LIDAR described
above can achieve a 500 Mbps to 1 Gbps baud rate. As a result, the time duration of these
codes for one measurement is then between about 500 nanoseconds (ns, 1 ns = 10 seconds)
and 8 microseconds. It is noted that the range window can be made to extend to several
kilometers under these conditions and that the Doppler resolution can also be quite high
(depending on the duration of the transmitted signal).

[0102] In step 421, it is determined if the moving objects represent a danger to the own
vehicle, e.g., where own vehicle velocity or moving object velocity or some combination
indicates a collision or near collision. If so, then, in step 423, danger mitigation action is
caused to be initiated, e.g., by sending an alarm to an operator or sending a command signal
that causes one or more systems on the own vehicle, such as brakes or steering or airbags, to
operate. In some embodiments, the danger mitigation action includes determining what
object is predicted to be involved in the collision or near collision. For example, collision
avoidance is allowed to be severe enough to skid or roll the own vehicle if the other object is
a human or large moving object like a train or truck, but a slowed collision is allowed if the

other object is a stop sign or curb. In some of these embodiments, the object is identified
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based on reflectivity variations or shape or some combination using any methods known in
the art. For example, in some embodiments, object identification is performed using methods
described in PCT patent application by Crouch entitled “method and system for classification
of an object in a point cloud data set,” W02018/102190. In some embodiments, the object is
identified based on global position of own vehicle and a GIS indicating a global position for
the other stationary or moving object. Control then passes back to step 405, to collect the
next scene using the hi-res Doppler LIDAR system 340. The loop of steps 405 to 411 to 421
to 423 is repeated until there is no danger determined in step 421. Obviously, the faster a
scan can be measured, the faster the loop can be completed.

[0103] In step 431, it is determined if the speed of the own vehicle is reliable (indicated by
:OK” in FIG. 4). For example, the calibration data indicates the odometer is working
properly and signals are being received from the odometer, or the gyroscope indicates the
own vehicle is not spinning. In some embodiments, speed determined from the 3D point
cloud with relative speed is used to determine speed in the global coordinate system and the
speed is not OK if the odometer disagrees with the speed determined from the point cloud. If
not, then in step 433 speed is determined based on the 3D point cloud with relative speed
data. In some embodiments, such speed relative to the road surface or other ground surface is
determined automatically in step 411. In some embodiments, that previously used speed
relative to the ground surface is used in step 433. In some embodiments, 3D point cloud data
are selected for such speed determination and the speed determination is made instead, or
again, during step 433. Control then passes to step 441.

[0104] In step 441, it is determined if the speed and direction of the own vehicle indicate
danger, such as danger of leaving the roadway or of exceeding a safe range of speeds for the
vehicle or road conditions, if, for example, values for such parameters are in the one or more
own vehicle databases. If so, control passes to step 443 to initiate a danger mitigation action.
For example, in various embodiments, initiation of danger mitigation action includes sending
an alarm to an operator or sending a command signal that causes one or more systems on the

own vehicle, such as brakes or steering, to operate to slow the vehicle to a safe speed and
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direction, or airbags to deploy. Control then passes back to step 405 to collect the hi-res
Doppler LIDAR data to construct the next scene

[0105] In step 451, it is determined if the relative location of the own vehicle is reliable
(indicated by :OK” in FIG. 4). For example, distance to high reflectivity spots, such as a curb
or lane markings, are consistent with being on a road going in the correct direction. If not,
then in step 453 relative location is determined based on the 3D point cloud with relative
speed data based on measured distances to high reflectivity spots, such as road markings and
curbs. In some embodiments, such relative location of own vehicle is determined
automatically in step 411. In some embodiments, that previously used relative location of
own vehicle is used in step 453. In some embodiments, 3D point cloud data of stationary
highly reflective objects are selected to determine relative location of own vehicle during
step 453. Control then passes to step 461.

[0106] In step 461, it is determined if the relative location of the own vehicle indicates
danger, such as danger of leaving the roadway. If so, control passes to step 463 to initiate a
danger mitigation action. For example, in various embodiments, initiation of danger
mitigation action includes sending an alarm to an operator or sending a command signal that
causes one or more systems on the own vehicle, such as brakes or steering, to operate to
direct the own vehicle to remain on the roadway, or airbags to deploy. Control then passes
back to step 405 to collect the hi-res Doppler LIDAR data to construct the next scene.
[0107] If there is no danger detected in steps 421, 441 or 461, then control passes to step
470. In step 470, global location is determined based on the 3D point cloud with relative
speed data. In some embodiments, such global location of own vehicle is determined
automatically in step 411. In some embodiments, that previously used global location of own
vehicle is used again in step 470. In some embodiments, 3D point cloud data of stationary
objects, such as road signs and lamp posts, or moving objects with precisely known global
coordinates and trajectories, such as orbiting objects, are selected and cross referenced with
the GIS to determine global location of own vehicle during step 470. In some embodiments,

step 470 is omitted. Control then passes to step 481.
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[0108] In step 481, it is determined if the global location of the own vehicle indicates
danger, such as danger of being on the wrong roadway to progress to a particular destination.
If so, control passes to step 483 to initiate a danger mitigation action. For example, in various
embodiments, initiation of danger mitigation action includes sending an alarm to an operator
or sending a command signal that causes one or more systems on the own vehicle, such as
brakes or steering, to operate to direct the own vehicle to the correct global location, or
airbags to deploy. Control then passes back to step 405 to collect the hi-res Doppler LIDAR
data to construct the next scene.

[0109] If danger is not detected in any steps 421, 441, 461 or 481, then control passes to step
491 to determine if end conditions are satisfied. Any end conditions can be used in various
embodiments. For example, in some embodiments, end conditions are satisfied if it is
detected that the vehicle has been powered off, or arrived at a particular destination, or a
command is received from an operator to turn off the system. If end conditions are not
satisfied, then control passes back to step 403 and following, described above. Otherwise, the

process ends.

5. Example embodiments

[0110] FIG. 5A is a block diagram that illustrates example components of a computation to
detect own vehicle movement relative to a stationary road surface (ego-motion), according to
an embodiment. Sensor 520 of a hi-res Doppler LIDAR system is mounted on a vehicle
proceeding with velocity V (in the vehicle forward direction). The sensor is at a height above
a road surface; and, during a scan short compared to a time for the vehicle to move an
appreciable distance, receives returns from spots 591 and 592 different distances ahead on

the road surface 590 in response to scanning beams at inclination angles represented by unit
vectors (i.e., having magnitudes =1) 1 and Iz, respectively. The relative speeds V,; and V2,

respectively, of the returns from stationary spots 591 and 592, are measured directly by the
hi-res Doppler LIDAR system as observed in the reference frame of the sensor 520. These
speeds are equal to the dot product of the inverse unit vectors /1’ and I2’, respectively, and the

velocity V of the vehicle, as given in Equation 5a and 5b.
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Vir=l’ -V (5a)

V=01V (5b)
Since I’ and 2’ are known and V,; and V2, are measured, and V is known to be horizontal
(parallel to road surface 590) and assumed to be in the direction of the vehicle heading, each
equation can be solved for V. However, due to systematic errors, each determination can be
in error. To remove systematic errors, a difference is determined as given by equation 5c and
the difference equation is solved for V

Vi - V=’ -1R°)-V (5¢)
Or expressed differently as equation 5d.

AVr=Al’ -V (5d)
Where AVr = V,; - V,p and A’=1It’ - I2°, as shown in FIG. 5. Thus, the LIDAR system is

operated to collect point cloud data that indicates for each point an inclination angle and
relative speed between the point and the LIDAR system. Multiple stationary points are
identified in the point cloud based on an inclination angle for each point. Then the
determining ground speed of the LIDAR (and by inference the ground speed of the vehicle)
is based on multiple relative speeds corresponding to the multiple stationary points.

[0111] It is worth noting that this processing is limited to two dimensions (inclination and
Doppler component) of the 4 or 5 dimensions (inclination, azimuth, range and Doppler
component) available in the data. This is an example of determining a value of a property of
an object in the point cloud based on only three or fewer of the at least four dimensions. An
advantage of this two-dimensional approach is that various computational methods for
solving simultaneous equations with noise are much more efficient than they would be if
those methods had to be executed in three or four dimensions. Common methods for solving
simultaneous linear equations with noise are generically called least squares solutions,
primarily using the identity to minimize the quantity b-Ax which implies x = (AT * A) 1 * AT
* b, which requires finding the inverse of (AT * A). This is commonly accomplished with
SVD (singular value decomposition) or complete orthogonal decomposition (COD). Such are
more computationally intensive the higher the dimensionality of the vectors b, x and matrix
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A. Thus, solutions can be determined in less time, for any processing power available; and,
therefore, this approach provides more time to respond to any dangerous situations.

[0112] FIG. 5B is a plot that illustrates an example raw Doppler LIDAR point cloud,
rendered in x/y/z space, not compensated for ego-motion, according to an embodiment. FIG.
5C. is a plot that illustrates an example processed Doppler LIDAR point cloud, rendered in
x/y/z space, range-compensated for ego-motion, based on Doppler-computed velocity
solution, according to an embodiment.

[0113] FIG. 6 is a flow diagram that illustrates an example method to determine own vehicle
speed, according to an embodiment. This embodiment is based on Equations 5a through 5d.
In step 601 hi-res Doppler LIDAR data is acquired, corresponding to step 405 in FIG. 4. In
step 603, spots in the data are identified that correspond to the stationary ground surface and
in front of the vehicle. In some embodiments, the ground points are identified based on a
manual input, e.g., a graphical user interface (GUI) that allows a user to enclose spots in the
3D data cloud to use as ground surface spots. This can also be done automatically based on
geometric features, e.g., using points along a line in front of the vehicle along a direction 313
of the vehicle heading and at negative inclination angles.

[0114] A moving object among the points will confound the computation; so efforts are
made to discard points with speeds too different from the speed of the majority of points that
satisfy the geometric conditions.

[0115] In step 605, the unit vectors I between the sensor and multiple spots on the ground
surface are determined. In step 607 Al’ is determined for random pairs of spots on the ground
surface. In step 609, AVr is determined based on the measured Doppler speeds for the
random pair of spots. In step 611, Equation 5d is solved for the random pair to obtain V. In
some embodiments, steps 607, 609 and 611 are repeated for multiple random pairs and
averaged to further reduce the effects of noise in the measurements.

[0116] FIG. 7A and FIG. 7B are graphs that illustrate an example comparison between
velocities derived from global positioning system (GPS) data and hi-res Doppler LIDAR
data, according to an embodiment. FIG. 7A depicts graph 710 with a horizontal axis

indicating time in arbitrary units of scan number, and vertical axis indicating speed in
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forward direction 313 in units of meters per second from a low of about 1 to a high of about
15. Trace 716 shows speed derived from GPS and is called the GPS solution. Vehicle slows
to almost a stop at point 716a and reaches a high speed at point 716b. Box 718 indicates a
section replotted at expanded scale in graph 720 of FIG. 7B. Graph 720 has a horizontal axis
indicating time in arbitrary units of scan number, and has a vertical axis indicating speed in
forward direction 313 in units of meters per second from a low of about 11.1 to a high of
about 12. Trace 726 shows the GPS solution and trace 727 shows the speed derived from the
point cloud from the hi-res Doppler LIDAR, called the Doppler solution. There is close
agreement, within about 0.1 meters per second. Both have systematic errors that contribute to
the very small drift noticed in these two traces.

[0117] In practice it was found that Equation 5d is itself subject to random noise in the
measurements V,; and V,; and that it was difficult to determine objectively which spots
represented the stationary ground surface rather than a moving object. It was recognized that
measured speeds in direction other than the direction 313 of the vehicle could be used to
reduce the effects of noise in the determination of own vehicle velocity (speed and direction).
Further, using other azimuthal directions can avoid making the assumption that the vehicle is
moving in the forward direction. FIG. 7C through and FIG. 7E are graphs that illustrate
example dependence of speed from Doppler LIDAR on azimuth angle relative to direction of
movement of vehicle, according to an embodiment. Plot 730 in FIG. 7C depicts measured
Doppler speeds in one experiment scanning across 360 degrees. The horizontal axis indicates
azimuth angle from -180 degrees to 180 degrees. The vertical axis indicates Doppler speed
in meters per second from -2.5 to +2.5. Open circles indicate measurements of the ground
(i.e., the assumed stationary points). At each azimuth several speeds are measured as the
LIDAR scans the 360 degrees several times. The range in speeds during the experiment are
due to noise in the measurement. There were no moving objects in this experiment to
contaminate the measurement of stationary points in the point cloud.

[0118] Azimuths in front show positive speeds as the relative motion is toward the vehicle,
with a maximum in the direction of movement near an azimuth of 0 degrees relative to the

direction of the 313 of the vehicle 310. Difference form zero indicates a velocity different
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from the assumed forward direction of the vehicle. Rearward azimuth angles show a
negative speed as the ground spots relative emotion is away from the vehicle. The data can
be fit with a polynomial given by trace 737 that resembles a cosine function. Thus, azimuthal
direction of the ground speed is determined based on an azimuthal angle associated with a
stationary point of the plurality of stationary points for which the relative velocity is a
maximum among the plurality of stationary points. And the true ground speed is based on the
plurality of stationary points for which the relative velocity is a maximum.
[0119] The same noise averaged maximum is achieved using a subset of the data around the
direction of vehicle movement. Plot 740 in FIG. 7D has a horizontal axis that indicates
azimuth angle from -30 degrees to 30 degrees. The vertical axis indicates Doppler speed in
meters per second from O to +2.5. The dots 746 represent the measurements from about -25
degrees azimuth to about 25 degrees; and the trace 747 the polynomial fit. Similarly, plot 750
in FIG. 7E has a horizontal axis that indicates azimuth angle from -60 degrees to 60 degrees.
The vertical axis indicates Doppler speed in meters per second from O to +2.5. The dots 756
represent the measurements from about -25 degrees azimuth to about 25 degrees; and the
trace 757 the polynomial fit. Essentially the azimuth corrected vehicle velocity is represented
by the polynomial trace in FIG. 7C through FIG. 7D.
[0120] In these experiments all points are directed to stationary ground, so the speed of the
vehicle is given by the maximum Doppler of the polynomial fit. At each point, the Doppler
speed V is the dot product of the unit vector / in the direction of the beam and the velocity V
of the vehicle, given by Equation 6.

V,=0-V (©)
[0121] FIG. 7F is a graph that illustrates example measurements of dependence of speed
from Doppler LIDAR on azimuth angle, according to an embodiment. This projection shows
a Doppler LIDAR point cloud rendered in Azimuth/Range/Doppler space, but then rotated to
show the azimuth and Doppler axes only. Distinct moving objects are obvious when viewed
from this perspective, as is the cosine structure of the stationary spots.
[0122] We generalize the two-dimensional treatment of Equations 5a through 5d, to three

dimensions with x, y and z representing east, north and up, respectively. A computationally
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efficient but potentially numerically unstable approach is to form a system of three equations
with three unknowns from three instances of Equation 6 for a set of points detected by the
scanner within a short time interval. This system of equations takes the form:

AV=D (7N
Where A is a matrix of the inverse unit vectors I’ for each Doppler measurement, each vector
I’ having three components I’ [,” .’ for the x, y and z directions, V is the 3 dimensional

vector of vehicle velocity and D is an array of the scalar measured Doppler relative speeds.

Explicitly:
Vs l,yl Uzt V. Vi
l,xz l,yz llzz VS/ = Vr2 (8)
l,x3 l,y3 l,Z3 l/z VT3

Equation 8 can be solved by conventional methods, such as iterative relaxation to invert A to
give a value for V, the velocity vector.
[0123] This approach is sensitive to the choice of points used to form the system, as
inverting A will fail if the matrix A is approximately singular. This would occur if the points
have very similar beam vectors, e.g., they were collected over a small angular area.
Additionally, due to noise in the measurement of the Doppler value as well as the range, an
exact solution is unlikely, and the solution must be iteratively converged to. This formulation
is highly sensitive to spots on a moving object being included in a solution, so a simple, low-
level method for avoiding inclusion of spots on moving objects is advantageous. In some
embodiments, moving objects may be segmented out by applying a filter based on their
compatibility with the most recent previous velocity solution. For a normalized beam vector
of the nth sample, the detected Doppler of a stationary object should follow the relationship
given by Equation 9.

U,-(V+AV)>V, >, - (V—AV) ©))

Here AV is a small vector describing the amount of error expected in the Doppler velocity

measurement of the scanner multiplied by the maximum expected change in vehicle velocity
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since the previous solution was sampled. This can be estimated by the most recent
acceleration and the sampling time (scan or sub-scan period), among other approaches.
[0124] An alternative approach used in some embodiments is to find an over-determined
least squares solution, e.g., based on a singular value decomposition (SVD). Here A is a
matrix of size nx3, where n is the number of LIDAR spots (e.g., points from the 3D point

cloud) used. In this case Equation 7 takes the form of Equation 10a

Ve Uy UV Vi
=1 .. (10a)
l,xn l,yn l,zn Vz Vr3

A solution is found for the overdetermined expression given by Equation 10a, where the goal
is to find the vector V that minimizes a residual vector R that is a column vector of size (nx1)
given by Equation 10b.

Ut l,yl U Vi

Ve
R=|. L .||%l-
V

! ! !
lxn lyn lzn

(10b)

Vi
Essentially, R represents the differences between the data points and the azimuth corrected
vehicle velocity represented by the polynomial trace in FIG. 7C through FIG. 7D.

[0125] It is clear that the pseudo-inverse based SVD solution would work well on the data
depicted in FIG. 7C, as the character of the Doppler variation across the field of view (FOV)
is well defined. By contrast, FIG. 7D displays this same situation over only +/- 20 degrees
(40° FOV), and the variation is much less obvious. Thus, in practice, this limitation takes the
form of a minimum speed where the velocity vector can be well resolved, strongly driven by
the FOV. It can be seen that this occurs most commonly in the vertical (inclination/elevation)
direction, as LIDAR sensors used on vehicles often have smaller FOVs in the vertical
direction. Additionally, the velocity vector should point within the FOV of the LIDAR sensor
for best performance (that is, the direction of travel be within the angular space scanner by
the LIDAR). Though the formulation will return a value outside of this constraint, it may be
invalid, as this case will be indistinguishable from a sharp linear acceleration during the scan
period for non-counter-scanning patterns. A non-counter-scanning pattern is a scanning

pattern of one or more LIDAR beams in which all beams always travel in the same direction
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at all times in the execution of a single scanning frame. A counter-scanning pattern is a
scanning pattern in which one or more lidar beams travel in more than one opposite direction,
either concurrently or at different points in its execution of a single scanning frame.
[0126] The FOV limit can be approximated for moderate angles (<~80 degrees) as given by
Equation 10c:

r < ||v]||(1 — cos 8) (10c)

Where r is the velocity resolution of the Doppler LIDAR sensor,|Ivll is the magnitude of the
vehicle velocity vector and 6 is the smaller of the two angles between the direction of travel
and one of the edges of the FOV.

[0127] Similar limits exist for target velocity estimation, as to first order the variation in
velocity across the target extent must exceed the characteristic doppler noise value for a
determination of the target’s motion to function. However in practice the extremely high
sample density in the direction of scan provided by the example Doppler LIDARS allows the
least-squares fit to function below this limit.

[0128] FIG. 8 is a flow diagram that illustrates an example method to determine own vehicle
velocity and other moving objects, according to another embodiment. This involves own
motion (ego-motion) compensation. This embodiment is based on the residual column vector
R given in Equation 10b and not only determines own motion (ego-motion), but also
compensates for the detection of moving and stationary objects based on ego-motion. Note
that ego-motion is actually the motion of the LIDAR system; and that motion is imputed to
the motion of the vehicle to which the LIDAR is fixed. Also note that the ego-motions for
multiple LIDAR systems on the same vehicle can be combined to determine the vehicle’s
motion.

[0129] In step 801 a current velocity vector Vcurrent is determined. Any method may be
used to determine the current velocity vector which is essentially a first guess for the solution
to be found using the method 800. For example, for a vehicle starting from rest, the current
velocity vector is zero. For example, in some embodiments in which the solution is sought

when the odometer ceases to function, the current velocity vector may be selected as the last
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speed from the odometer in the direction the vehicle was traveling at the time. For example,
in embodiments to determine a solution at a later time increment, the current velocity vector
is chosen to be equal the solution at the previous time increment. In some embodiments, the
current velocity is determined using the downward inclination pairs and the azimuth with the
maximum speed, as described above.

[0130] Step 801 includes determining a solution tolerance, a first threshold for residuals
associated with stationary spots in the 3D point cloud, an angle bin size for objects expected
to move at the same speed, and a residual bin size for similarly moving objects. The first
threshold is a velocity difference that is greater than a change in vehicle velocity over a scan
time. For example if a scan is completed in 1 millisecond, and a vehicle can accelerate 100
kilometers per hour in ten seconds (about 3 meters per second per second) then a change of
more than .003 meters per second is not expected to be due to a change in own vehicle speed,
and the change is probably due to a moving object being scanned. In such a case the first
threshold is about .01 meters per second per second. If adjacent beams in a scanning pattern
have similar speeds, e.g., similar residual sizes, then they probably belong to the same object.
So, data points for the same moving object are expected to have a range of close angle sizes
and close speed change sizes. These data are groped in some embodiments to determine the
size and speed of moving objects. The values determined for the angle bin size and residual
bin size will affect how data points are grouped for determining the presence and speed of
moving objects in the 3D point cloud.

[0131] Any method may be used to determine the values, including retrieving from local or
remote memory or storage, computing using a standard algorithm, receiving in a message
from a remote process, either unsolicited or in response to a request for information. In some
embodiments, values for all these parameters are determined during step 401 in FIG. 4 and
stored in the one or more databases, such a with configuration data.

[0132] In step 803, the 3D point cloud data collected during a single scan is corrected for
skew due to the current velocity. Skew arises when the vehicle moves during the time the
LIDAR scans a scene. So ranges and Doppler speeds associated with each point in the point

cloud can be corrected to the beginning of the scan time, or a time midway through the scan,
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or to a time at the end of the scan, or any other time, using the current value for the vehicle
velocity. Thus step 803 includes changing an azimuth or inclination or range of a point in the
point cloud data based on a current LIDAR velocity and a time difference from a fixed time
within a scan period. In some embodiments, skew is not important or is ignored, and step 803
is omitted.

[0133] In step 805, a residual vector is determined based on the current vehicle velocity,
e.g., R is computed using Equation 10b with V,, V, and V; based on the current value for the
vehicle velocity Vcurrent. The rows of the residual vector are then a measure of how much a
speed of a point in the point cloud data differs from the current vehicle velocity. If the
difference is too great, the point is probably not on a stationary object, such as the ground
surface, but, instead, is on a moving object. The next steps are an attempt to discover such
spots on moving objects and remove those points from the computation of own vehicle
velocity.

[0134] In step 811, a next row in the residual vector R is selected. In step 813, it is
determined whether the residual value on that row is greater than the first threshold for
stationary spots. If so, then the row is probably not for a Doppler observation of a stationary
object and control passes to step 815. In step 815, the row is removed from the residual
vector R, and corresponding row of the data array D with the Doppler relative velocity Vr,
and the vectors size is decremented (e.g., new n = current n — 1). In step 817, the removed
row is added to a different residual vector for each of one or more moving objects based on
the angle bin size and residual bin size. Each moving object residual vector includes only
residuals in a certain residual range spanning no more than one residual bin size and only
angles in a certain angle range spanning no more than one angle bin size. Control then passes
to step 811 to select the next row for the residual vector R. In some embodiments, the
removed rows are not added to moving object residual vectors and step 817 is omitted; and,
control passes from step 815 to step 811.

[0135] If it is determined in step 813 that the next row does not have a residual greater than

the first threshold, then control passes to step 821. In step 821, it is determined if there are

-39-



WO 2019/209727 PCT/US2019/028532

any more rows of the residual vector R left to select. If so, then control passes back to step
811 to select the next row. If not, then control passes to step 823.

[0136] In step 823, operations, such as SVD operations, are performed to determine values
of Veurrent that minimize R to a new set of values Rnew. In some embodiments, the
solution is obtained by iteratively searching for a pseudo inverse of the nx3 matrix A in
Equation 10a using the singular value decomposition, a factorization of an arbitrary matrix
given by Equation 11a.

A=UXV* (11a)
where U is a unitary matrix of size nxn; X is a diagonal matrix of size nx3, V is a 3x3 unitary
matrix, and V* is the conjugate transpose of V. The pseudo inverse of A, Al is based on the
approximation given by Equation 11b.

Al=vylyus= (11b)
Because X is a diagonal matrix it is easy to invert; and U* is just the conjugate transpose of
U. In this case, the residual R is used only to compute the "quality" of the pseudo inverse solution.
[0137] In step 825 it is determined whether the new residuals have been sufficiently reduced.
This is done by seeing if the size lIRIl of the new residual vector Rnew is less than or equal to
a target velocity tolerance. Any method may be used to determine the size IIRIl, such as the
maximum element of Rnew, the sum of the elements of Rruew, the sum of the absolute values
of the elements of Rnew, the sum of the squares of the elements of Rrnew, among others. The
value of the tolerance depends on how the size of Rnew is determined. For example, the
residual tolerance should scale along with the error of the Doppler measurement (the error in
beam direction also contributes, but is small by comparison). The normalized L2 norm of the
residual of a perfect solution should simply be the variance of the Doppler measurement, or
the standard deviation squared if the error is Gaussian. A good tolerance would be some
small multiple of the variance. If the tolerance is smaller than this, it is unlikely to be met and
the end condition will not be achieved. If Rnew is greater than the tolerance, then control

passes to step 827.
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[0138] In step 827 the first threshold value is decreased, so as to remove more rows from the
new residual vector Rnew. The process is restarted by making Rnew the current residual
vector; and making the first row of the residual vector the next row to be selected. Control
passes to step 811 to select the next row of the residual vector. Thus, a loop is formed to
repeat the process until a velocity vector Vcurrent is determined with residual vector size at
or below the tolerance desired. In some embodiments, that do not converge on a small
enough residual vector, a limit is placed on the number of iterations, e.g., the process stops
after 100 iterations or when the difference in velocity V between successive iterations is less
than a certain percentage, such as 1 %.

[0139] In step 831 a rotation determined based on data form a gyroscope, if any, is added tot
the velocity vector V. Purely rotational motion (spinning about a fixed axis) however cannot
be detected by equations described above, so a sensor capable of directly detecting rotational
velocity, such as a vibrating structure gyroscope, is recommended as an additional input on
any vehicle that is capable of dominantly rotational motion. In some embodiments, a
gyroscope is not included and step 831 is omitted. Control then passes to step 833.

[0140] In step 833, it is determined whether skew is to be corrected. Computing the vehicle
velocity solution based on a set of detected points over a time interval allows a self-
consistent way to correct for “rolling shutter’-like skew effects caused by the finite scan
speed of the LIDAR’s beam within that time interval. For example, a flat upright surface
perpendicular to the velocity vector of a LIDAR system with a horizontally scanning beam
will appear to be skewed diagonally, as points detected later within the interval will possess
shorter ranges due to vehicle translation towards the surface. If the set of points detected over
this interval is to be used to match or compare against a map or point cloud to determine
vehicle location and/or pose, such finite scan speed skew effects can drastically degrade the
precision and stability of matching algorithms. A velocity vector extracted from the set of
detected points can be used to provide an instantaneous, self-consistent measurement of the
translation of the vehicle during the collection time interval, and the set de-skewed by back-
projecting each point along this vector by an amount given by dt*|Ivll. If this is to be done,

then control passes back to step 803 to de-skew the data. If not, control passes to step 841.
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[0141] In step 841, the equations formed by moving rows removed from the stationary data
points are used to solve for the velocity V of the moving objects in the 3D point cloud
relative to the own vehicle using the above method on each moving object residual vector.
The velocity of own vehicle is added to this velocity to get the global coordinate velocity Vg
of these one or more moving objects, if any. If adjacent objects are determined to be moving
similarly, then it is possible to merge the adjacent objects into one object by merging the
rows for the two moving object residual vectors and associated Doppler speeds, and then
solving for V for the merged equations. Control then passes to step 843.

[0142] In step 843, moving objects detected in successive scans are examined to determine if
they can be the same object. In step 845, the positions and speeds of the object related from
scan to scan are combined to form a track of the object; and, the track of that moving object
is added to the one or more databases. In some embodiments, moving objects are not tracked
and steps 843 and 845 are omitted.

[0143] FIG. 9A through FIG. 9C are block diagrams that illustrate example components of a
computation to detect movement of another object relative to own vehicle, according to an
embodiment. In FIG. 9A, sensor 921 of a hi-res Doppler LIDAR system is mounted on a
vehicle proceeding with velocity in the vehicle forward direction y. The sensor is at a height
above a road surface; and, during a scan short compared to a time for the vehicle to move an
appreciable distance, receives returns from spot 991 in response to scanning beams at an
azimuth angle represented by unit vector /. The global coordinate system is indicated by the
vectors N in the north direction and E in the east direction, respectively, from a global origin
represented by the 3D point A. If motionless, the return simply gives the position of the spot
991. In FIG. 9B, the object represented by spot 991 is moving with velocity indicated by

vector V. The relative speeds V. is given by the dot product of the inverse unit vector, I’ and
the velocity V, e.g., given by Equation 12.

Vi=l-V (12)
and is measured directly by the hi-res Doppler LIDAR system as observed in the reference

frame of the sensor 921. In FIG. 9C, both the target object 991 and the sensor 921 are
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moving at velocities Viarget and Vsensor, respectively. The relative speed (Vr_corr) of the
target measured by the hi-res Doppler LIDAR at the sensor is the sum of the two speeds
along the line connecting them given by Equation 13.
Vr_corr =1’ -Viarget + 1 -Vsensor

=0 -Viarget - I’ -Vsensor (13)
[0144] FIG. 10 1is a flow diagram that illustrates an example method 1000 to determine
movement and track of another moving object, according to another embodiment. This
embodiment is based on Equations 12 and 13. In step 1001 a point cloud based on hi-res
Doppler LIDAR data is filtered to isolate points with large values of Doppler speeds. In step
1003, the points are clustered based on similar Doppler speed values. Each cluster of similar
Doppler speeds in similar azimuthal directions, e.g., a small range of azimuthal angles
compared to 360 degrees, is considered an object. In step 1005 a list of objects of high
Doppler clusters for each time step is maintained. In step 1007, object clusters at different
times are associated on the basis of spatial (azimuthal and inclination) proximity and Doppler
similarity. In step 1009 an object track for the associated object clusters are determined and
maintained, e.g., in computer storage.
[0145] It is again worth noting that this processing is limited to three dimensions
(inclination, azimuth and Doppler component) of the 4 or 5 dimensions (inclination,
azimuth, range, Doppler component, and reflectivity) available in the data. This is another
example of determining a value of a property of an object in the point cloud based on only
three or fewer of the at least four dimensions. An advantage of this three-dimensional
approach is that various computational methods for clustering and solving simultaneous
equations with noise are more efficient than they would be if those methods had to be
executed in four dimensions. Thus, solutions can be determined in less time, for any
processing power available, and therefore this approach provides more time to respond to any
dangerous situations.
[0146] In some embodiments, the detection of objects with known locations is used to
position one’s own sensor. FIG. 11 is a block diagram that illustrates example components of

a computation to determine own position relative to detected surveyed objects (e.g.,
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stationary objects in a mapping database or moving objects of known positions with time),
according to an embodiment. Sensor 1121 of a hi-res Doppler LIDAR system is mounted on
a vehicle at position given by 3D vector p; and, during a scan short compared to a time for
the vehicle to move an appreciable distance, receives returns from spots 1191 and 1192 at
different ranges represented by 3D vectors r and r2, respectively, and azimuthal angles in
response to scanning beams at azimuth angles represented by unit vectors /1 and Iz,
respectively. The known locations of the two objects are given by 3D vectors #; and £

respectively. The data satisfy the following set of Equations 14a through 14e.

ri-r=t -t (14a)
r=rRI (14b)
R(rli—nb)=ti -t (14c)
RAI = At (14d)
p=tRl+t (14e)

Thus the 3D vector for the sensor position, p, is determined.

[0147] FIG. 12 is a flow diagram that illustrates an example method 1200 to determine own
position relative to detected surveyed objects, according to an embodiment. In step 1201, hi-
res LIDAR imagery is obtained. It need not be Doppler imagery. In step 1203, high
reflectivity objects in scene are identified. These are likely to include objects of known
positions, such as street signs 392, lampposts 393, etc. In step 1205, cross reference location
of objects with surveyed objects in vicinity, e.g., from a geographic information system
(GIS) database. If own position is not well known, these cross references are approximate.
e.g., a surveyed object in the GIS might be the detected object or might not. In step 1207, a
set of line of sight unit vectors I between sensor and detected objects are determined. In step
1209, Al is calculated for random pairings of such detected objects. In step 1211 solve for R
using Equation14d with measured Al and Af from surveyed position of objects, e.g., from
GIS. In step 1213, R, I and ¢ for multiple pairings are each use to estimate position p of

sensor. In addition, a geometric average of the multiple values for p is determined to get an
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estimated value for p. In some embodiments, a confidence level for the value p is also
determined during step 213.

[0148] FIG. 13 is a block diagram that illustrates example components of a computation to
determine own global velocity, according to an embodiment. In this embodiment, the sensor
is on a moving vehicle at position p with velocity V. Sensor 1321 of a hi-res Doppler
LIDAR system is mounted on a vehicle at position given by 3D vector p; and, during a scan
short compared to a time for the vehicle to move an appreciable distance, receives returns
from non-moving spots 1391 and 1392 at different azimuthal angles in response to scanning
beams at azimuth angles represented by unit vectors /1 and Iz, respectively. The data satisfy

the following set of Equations 14a through 14e.

v=rv (15a)

Vi-WVo=D\V-DV=(I1-I)V (15b)
AI'V=AV (15¢)
Vglobal = RVliocal (15d)

Thus the 3D vector for the sensor velocity, Vglobal, is determined.

[0149] FIG. 14 is a flow diagram that illustrates an example method 1400 to determine own
global velocity, according to an embodiment. In step 1401, hi-res Doppler LIDAR imagery is
obtained. In step 1403, identify points in scene with Doppler values consistent with globally
static surfaces, using one or more of the techniques described above. In step 1405, a set of
line of sight unit vectors I between sensor and detected stationary objects are determined. In
step 1407, Al is calculated for such detected spots. In step 1409 solve for Vlocal using
Equation 15¢ with measured Al” and A[. In step 1411, R is used to estimate Vglobal.
[0150] FIG. 15 is a block diagram that illustrates example components of a computation to
determine rate of turning of a moving object relative to own vehicle, according to an
embodiment. Sensor 1521 of a hi-res Doppler LIDAR system is mounted on a vehicle; and,
during a scan short compared to a time for the vehicle to move an appreciable distance,
receives returns from spots 1591 and 1592 at different locations on a turning object moving

with velocity V. The spots are at azimuthal angles detected in response to scanning beams at
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azimuth angles represented by unit vectors /1 and /2, respectively. The detected Doppler
speeds are V1 and V2, respectively. The data satisfy the following set of Equations 16a
through 16d.

Va=lI1V (16a)
Vo=V (16b)
V= V=P lV-D2V=(P1-I)V (16¢)
AV = AV (16d)

Thus the global velocity of the target is obtained from the relative velocity of the two spots
on the moving target.

[0151] FIG. 16 is a flow diagram that illustrates an example method 1600 to determine
global velocity of a moving object, according to an embodiment. In step 1601, hi-res Doppler
LIDAR imagery is obtained. In step 1603, own vehicle motion is corrected for using
Equation 13 to obtain Vr_corr for each spot detected. In step 1605, several spots on the same
moving object are clustered based on Doppler speed and azimuthal angle proximity. In step
1607, a set of line of sight unit vectors I between sensor and detected spots on moving object
are determined. In step 1609, Al is calculated for random pairings of such detected spots. In
step 1611, AVr_corr is calculated for random pairings of such detected spots. In step 1613,
solve for V using Equation16d with measured Al’ and AV. This V is used as Vglobal for the
detected object. A linear velocity is the subject of the equations in FIG. 15 and the method in
FIG. 16. However, rotating objects may violate that equality\; and some measure of rotation

rate would be advantageous.

5. Example embodiments.

[0152] FIG. 17A is a block diagram that illustrates example locations of illuminated spots
from a hi-res Doppler LIDAR system, according to an embodiment. These scanned spots are
on the road surface and used to determine own global velocity according to method 600 or

method 800.
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[0153] FIG. 17B through FIG. 17D are images that illustrate example returns from
illuminated spots indicating returns from stationary objects and tracks of moving objects,
according to an embodiment. These images are used to track objects using method 800 or
1000.

[0154] FIG. 18A through FIG. 18C are graphs that illustrate example returns from a separate
vehicle as a moving object, according to an embodiment. Doppler points are clustered by
speed and azimuthal and inclination angle proximity. The net movement of the object is
determined using the method 1600.

[0155] FIG. 18D and FIG. 18E are plots that illustrate example measured point clouds
according to an embodiment. Each point is shaded according to the measured velocity. A
pickup truck turning a corner is depicted, so this object is undergoing translational and
rotational motion simultaneously. This is a real-data manifestation of the simulated data

depicted in fFIG. 8A and FIG. 8B.

6. Computational Hardware Overview

[0156] FIG. 19 is a block diagram that illustrates a computer system 1900 upon which an
embodiment of the invention may be implemented. Computer system 1900 includes a
communication mechanism such as a bus 1910 for passing information between other
internal and external components of the computer system 1900. Information is represented
as physical signals of a measurable phenomenon, typically electric voltages, but including, in
other embodiments, such phenomena as magnetic, electromagnetic, pressure, chemical,
molecular atomic and quantum interactions. For example, north and south magnetic fields,
or a zero and non-zero electric voltage, represent two states (0, 1) of a binary digit (bit).
Other phenomena can represent digits of a higher base. A superposition of multiple
simultaneous quantum states before measurement represents a quantum bit (qubit). A
sequence of one or more digits constitutes digital data that is used to represent a number or
code for a character. In some embodiments, information called analog data is represented by

a near continuum of measurable values within a particular range. Computer system 1900, or
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a portion thereof, constitutes a means for performing one or more steps of one or more
methods described herein.

[0157] A sequence of binary digits constitutes digital data that is used to represent a number
or code for a character. A bus 1910 includes many parallel conductors of information so that
information is transferred quickly among devices coupled to the bus 1910. One or more
processors 1902 for processing information are coupled with the bus 1910. A processor 1902
performs a set of operations on information. The set of operations include bringing
information in from the bus 1910 and placing information on the bus 1910. The set of
operations also typically include comparing two or more units of information, shifting
positions of units of information, and combining two or more units of information, such as by
addition or multiplication. A sequence of operations to be executed by the processor 1902
constitutes computer instructions.

[0158] Computer system 1900 also includes a memory 1904 coupled to bus 1910. The
memory 1904, such as a random access memory (RAM) or other dynamic storage device,
stores information including computer instructions. Dynamic memory allows information
stored therein to be changed by the computer system 1900. RAM allows a unit of
information stored at a location called a memory address to be stored and retrieved
independently of information at neighboring addresses. The memory 1904 is also used by
the processor 1902 to store temporary values during execution of computer instructions. The
computer system 1900 also includes a read only memory (ROM) 1906 or other static storage
device coupled to the bus 1910 for storing static information, including instructions, that is
not changed by the computer system 1900. Also coupled to bus 1910 is a non-volatile
(persistent) storage device 1908, such as a magnetic disk or optical disk, for storing
information, including instructions, that persists even when the computer system 1900 is
turned off or otherwise loses power.

[0159] Information, including instructions, is provided to the bus 1910 for use by the
processor from an external input device 1912, such as a keyboard containing alphanumeric
keys operated by a human user, or a sensor. A sensor detects conditions in its vicinity and

transforms those detections into signals compatible with the signals used to represent
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information in computer system 1900. Other external devices coupled to bus 1910, used
primarily for interacting with humans, include a display device 1914, such as a cathode ray
tube (CRT) or a liquid crystal display (LCD), for presenting images, and a pointing device
1916, such as a mouse or a trackball or cursor direction keys, for controlling a position of a
small cursor image presented on the display 1914 and issuing commands associated with
graphical elements presented on the display 1914.

[0160] In the illustrated embodiment, special purpose hardware, such as an application
specific integrated circuit (IC) 1920, is coupled to bus 1910. The special purpose hardware is
configured to perform operations not performed by processor 1902 quickly enough for
special purposes. Examples of application specific ICs include graphics accelerator cards for
generating images for display 1914, cryptographic boards for encrypting and decrypting
messages sent over a network, speech recognition, and interfaces to special external devices,
such as robotic arms and medical scanning equipment that repeatedly perform some complex
sequence of operations that are more efficiently implemented in hardware.

[0161] Computer system 1900 also includes one or more instances of a communications
interface 1970 coupled to bus 1910. Communication interface 1970 provides a two-way
communication coupling to a variety of external devices that operate with their own
processors, such as printers, scanners and external disks. In general the coupling is with a
network link 1978 that is connected to a local network 1980 to which a variety of external
devices with their own processors are connected. For example, communication interface
1970 may be a parallel port or a serial port or a universal serial bus (USB) port on a personal
computer. In some embodiments, communications interface 1970 is an integrated services
digital network (ISDN) card or a digital subscriber line (DSL) card or a telephone modem
that provides an information communication connection to a corresponding type of telephone
line. In some embodiments, a communication interface 1970 is a cable modem that converts
signals on bus 1910 into signals for a communication connection over a coaxial cable or into
optical signals for a communication connection over a fiber optic cable. As another example,
communications interface 1970 may be a local area network (LAN) card to provide a data

communication connection to a compatible LAN, such as Ethernet. Wireless links may also
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be implemented. Carrier waves, such as acoustic waves and electromagnetic waves,
including radio, optical and infrared waves travel through space without wires or cables.
Signals include man-made variations in amplitude, frequency, phase, polarization or other
physical properties of carrier waves. For wireless links, the communications interface 1970
sends and receives electrical, acoustic or electromagnetic signals, including infrared and
optical signals, that carry information streams, such as digital data.

[0162] The term computer-readable medium is used herein to refer to any medium that
participates in providing information to processor 1902, including instructions for execution.
Such a medium may take many forms, including, but not limited to, non-volatile media,
volatile media and transmission media. Non-volatile media include, for example, optical or
magnetic disks, such as storage device 1908. Volatile media include, for example, dynamic
memory 1904. Transmission media include, for example, coaxial cables, copper wire, fiber
optic cables, and waves that travel through space without wires or cables, such as acoustic
waves and electromagnetic waves, including radio, optical and infrared waves. The term
computer-readable storage medium is used herein to refer to any medium that participates in
providing information to processor 1902, except for transmission media.

[0163] Common forms of computer-readable media include, for example, a floppy disk, a
flexible disk, a hard disk, a magnetic tape, or any other magnetic medium, a compact disk
ROM (CD-ROM), a digital video disk (DVD) or any other optical medium, punch cards,
paper tape, or any other physical medium with patterns of holes, a RAM, a programmable
ROM (PROM), an erasable PROM (EPROM), a FLASH-EPROM, or any other memory chip
or cartridge, a carrier wave, or any other medium from which a computer can read. The term
non-transitory computer-readable storage medium is used herein to refer to any medium that
participates in providing information to processor 1902, except for carrier waves and other
signals.

[0164] Logic encoded in one or more tangible media includes one or both of processor
instructions on a computer-readable storage media and special purpose hardware, such as

ASIC 1920.
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[0165] Network link 1978 typically provides information communication through one or
more networks to other devices that use or process the information. For example, network
link 1978 may provide a connection through local network 1980 to a host computer 1982 or
to equipment 1984 operated by an Internet Service Provider (ISP). ISP equipment 1984 in
turn provides data communication services through the public, world-wide packet-switching
communication network of networks now commonly referred to as the Internet 1990. A
computer called a server 1992 connected to the Internet provides a service in response to
information received over the Internet. For example, server 1992 provides information
representing video data for presentation at display 1914.

[0166] The invention is related to the use of computer system 1900 for implementing the
techniques described herein. According to one embodiment of the invention, those
techniques are performed by computer system 1900 in response to processor 1902 executing
one or more sequences of one or more instructions contained in memory 1904. Such
instructions, also called software and program code, may be read into memory 1904 from
another computer-readable medium such as storage device 1908. Execution of the sequences
of instructions contained in memory 1904 causes processor 1902 to perform the method steps
described herein. In alternative embodiments, hardware, such as application specific
integrated circuit 1920, may be used in place of or in combination with software to
implement the invention. Thus, embodiments of the invention are not limited to any specific
combination of hardware and software.

[0167] The signals transmitted over network link 1978 and other networks through
communications interface 1970, carry information to and from computer system 1900.
Computer system 1900 can send and receive information, including program code, through
the networks 1980, 1990 among others, through network link 1978 and communications
interface 1970. In an example using the Internet 1990, a server 1992 transmits program code
for a particular application, requested by a message sent from computer 1900, through
Internet 1990, ISP equipment 1984, local network 1980 and communications interface 1970.
The received code may be executed by processor 1902 as it is received, or may be stored in

storage device 1908 or other non-volatile storage for later execution, or both. In this manner,
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computer system 1900 may obtain application program code in the form of a signal on a
carrier wave.

[0168] Various forms of computer readable media may be involved in carrying one or more
sequence of instructions or data or both to processor 1902 for execution. For example,
instructions and data may initially be carried on a magnetic disk of a remote computer such
as host 1982. The remote computer loads the instructions and data into its dynamic memory
and sends the instructions and data over a telephone line using a modem. A modem local to
the computer system 1900 receives the instructions and data on a telephone line and uses an
infra-red transmitter to convert the instructions and data to a signal on an infra-red a carrier
wave serving as the network link 1978. An infrared detector serving as communications
interface 1970 receives the instructions and data carried in the infrared signal and places
information representing the instructions and data onto bus 1910. Bus 1910 carries the
information to memory 1904 from which processor 1902 retrieves and executes the
instructions using some of the data sent with the instructions. The instructions and data
received in memory 1904 may optionally be stored on storage device 1908, either before or
after execution by the processor 1902.

[0169] FIG. 20 illustrates a chip set 2000 upon which an embodiment of the invention may
be implemented. Chip set 2000 is programmed to perform one or more steps of a method
described herein and includes, for instance, the processor and memory components described
with respect to FIG. 19 incorporated in one or more physical packages (e.g., chips). By way
of example, a physical package includes an arrangement of one or more materials,
components, and/or wires on a structural assembly (e.g., a baseboard) to provide one or more
characteristics such as physical strength, conservation of size, and/or limitation of electrical
interaction. It is contemplated that in certain embodiments the chip set can be implemented
in a single chip. Chip set 2000, or a portion thereof, constitutes a means for performing one
or more steps of a method described herein.

[0170] In one embodiment, the chip set 2000 includes a communication mechanism such as
a bus 2001 for passing information among the components of the chip set 2000. A processor

2003 has connectivity to the bus 2001 to execute instructions and process information stored
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in, for example, a memory 2005. The processor 2003 may include one or more processing
cores with each core configured to perform independently. A multi-core processor enables
multiprocessing within a single physical package. Examples of a multi-core processor
include two, four, eight, or greater numbers of processing cores. Alternatively or in addition,
the processor 2003 may include one or more microprocessors configured in tandem via the
bus 2001 to enable independent execution of instructions, pipelining, and multithreading.
The processor 2003 may also be accompanied with one or more specialized components to
perform certain processing functions and tasks such as one or more digital signal processors
(DSP) 2007, or one or more application-specific integrated circuits (ASIC) 2009. A DSP
2007 typically is configured to process real-world signals (e.g., sound) in real time
independently of the processor 2003. Similarly, an ASIC 2009 can be configured to
performed specialized functions not easily performed by a general purposed processor.

Other specialized components to aid in performing the inventive functions described herein
include one or more field programmable gate arrays (FPGA) (not shown), one or more
controllers (not shown), or one or more other special-purpose computer chips.

[0171] The processor 2003 and accompanying components have connectivity to the memory
2005 via the bus 2001. The memory 2005 includes both dynamic memory (e.g., RAM,
magnetic disk, writable optical disk, etc.) and static memory (e.g., ROM, CD-ROM, etc.) for
storing executable instructions that when executed perform one or more steps of a method
described herein. The memory 2005 also stores the data associated with or generated by the

execution of one or more steps of the methods described herein.

7. Alterations, Extensions and Modifications

[0172] In the foregoing specification, the invention has been described with reference to
specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. The specification and drawings are, accordingly, to be regarded in an illustrative
rather than a restrictive sense. Throughout this specification and the claims, unless the

context requires otherwise, the word “comprise” and its variations, such as “comprises” and
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“comprising,” will be understood to imply the inclusion of a stated item, element or step or
group of items, elements or steps but not the exclusion of any other item, element or step or
group of items, elements or steps. Furthermore, the indefinite article “a” or “an” is meant to
indicate one or more of the item, element or step modified by the article. As used herein,
unless otherwise clear from the context, a value is “about” another value if it is within a
factor of two (twice or half) of the other value. While example ranges are given, unless

otherwise clear from the context, any contained ranges are also intended in various

embodiments. Thus, a range from O to 10 includes the range 1 to 4 in some embodiments.
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CLAIMS

What is claimed is:

1. A method implemented on a processor configured for operating a Doppler LIDAR
system, the method comprising:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, and relative speed between the point and the LIDAR system; and

b) determining a value of a property of an object in the point cloud based on only three or

fewer of the at least four dimensions.

2. The method as recited in claim 1, wherein the point-cloud data for each point indicates at

least a fifth dimension for reflectivity.

3. The method as recited in claim 1, further comprising operating a vehicle carrying the

Doppler LIDAR based at least in part on the value of the property of the object.
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4. The method as recited in claim 1, said determining the value of the property of the object
further comprising:
¢) isolating a plurality of points in the point cloud data which have high value Doppler
components; and
d) determining a moving object within the plurality of points based on a cluster by

azimuth and Doppler component values.

5. The method as recited in claim 4, further comprising:
e) repeating steps ¢ and d for a plurality of different scan periods
1) storing, in a database for each scan period of the plurality of scan periods,
a position of the object based on a range and azimuth of the cluster, and

a timestamp that indicates a time for the scan period.

6. The method as recited in claim 1, wherein:
determining the value of the property of the object in the point cloud further comprises
identifying a plurality of stationary points in the point cloud based at least in part on
an inclination angle for each point in the plurality of stationary points; and
the method further comprises
¢) determining a ground speed of the LIDAR based on a plurality of relative speeds

corresponding to the plurality of stationary points.

7. The method as recited in claim 6, further comprising operating a vehicle carrying the

Doppler LIDAR based at least in part on the ground speed.

8. The method as recited in claim 6, wherein identifying the plurality of stationary points
further comprises discarding from the plurality of stationary points a point with relative
speed that deviates more than a threshold from a statistic based on the plurality of relative

speeds corresponding to the plurality of stationary points.

9. The method as recited in claim 6, further comprising:
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d) determining an azimuthal direction of a LIDAR velocity based on an azimuthal angle
associated with a stationary point of the plurality of stationary points for which the

relative speed is a maximum among the plurality of stationary points.

10. The method as recited in claim 9, wherein the determining the ground speed of the
LIDAR further comprises determining the ground speed of the LIDAR based on an average

of relative speeds of all stationary points in the azimuthal direction of the LIDAR velocity.

11. The method as recited in claim 1, further comprising:

e) storing in a database configuration data that indicates at least a position of a high-
resolution Doppler LIDAR system on a vehicle relative to a center of mass of the

vehicle, and a direction of center of a field of view of the LIDAR system relative to

forward direction of the vehicle.

12. A method as recited in claim 3 further comprising installing the Doppler LIDAR system

on a vehicle.
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13. The method as recited in claim 1, further comprising:

f) storing in a database configuration data that indicates a first velocity residual threshold
for stationary spots.

g) determining a residual vector between a current LIDAR velocity and relative speed
indicated in the point cloud data;

h) removing a row from the residual vector to form a modified residual vector if a
residual for the row exceeds the first velocity residual threshold; and

1) determining a new current velocity based at least in part on minimizing the modified

residual vector.

14. A method as recited in claim 13 wherein:
the configuration data further indicates a target tolerance for the residual vector; and
the method further comprises reducing a value of the first velocity residual threshold and
repeating steps h and 1 when a size of the residual vector exceeds the target tolerance

for the residual vector.
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15. The method as recited in claim 13 wherein:
the configuration data further indicates an angular bin size and a row residual bin size;
and
the method further comprises
j) adding the row removed from the residual vector during step h to a moving object
residual vector when data for the row is within the angular bin size and the row
residual bin size for the moving object residual vector; and
k) determining a current relative velocity associated with the moving object residual

vector based at least in part on minimizing the moving object residual vector.

16. The method as recited in claim 15, further comprising:
1) storing, in the database
the new current velocity,
a current object velocity for the object based on the current relative velocity of the
object, and

a timestamp indicating a current time.

17. The method as recited in claim 16 further comprising:
determining a track for the object based on the database; and

storing in the database data indicating the track for the object.

18. The method as recited in claim 9 further comprising:
receiving rotation data from a gyroscope rigidly connected to the Doppler LIDAR; and

determining a new LIDAR velocity based at least in part on the rotation data.

19. A method as recited in claim 18 further comprising rigidly connecting the gyroscope to

the Doppler LIDAR.
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20. The method as recited in claim 1, further comprising:
changing an azimuth or inclination or range of a point in the point cloud data based on a

current LIDAR velocity and a time difference from a fixed time within a scan period.

21. A method implemented on a processor configured for operating a high resolution LIDAR
system, the method comprising:

a) operating a high resolution LIDAR system to collect point cloud data that indicates for
each point at least four dimensions including an inclination angle, an azimuthal angle,
arange, and a reflectivity of the point;

b) determining a plurality of objects in the point cloud, each object based on a plurality of
adjacent points in the point cloud with high values of reflectivity;

¢) determining a corresponding plurality of objects in a database, each object in the
database having a known position; and

d) determining a position of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

22. A method implemented on a processor configured for operating a Doppler LIDAR
system, the method comprising:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, relative speed between the point and the LIDAR system, and a reflectivity of
the point;

b) determining a plurality of objects in the point cloud, each object based on either

a plurality of adjacent points in the point cloud with high values of reflectivity, or
a plurality of adjacent points in the point cloud with relative speed values
approximately appropriate for globally stationary objects;

¢) determining a corresponding plurality of objects in a database, each object in the

database having a known position; and
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d) determining a velocity of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

23. A method implemented on a processor configured for operating a Doppler LIDAR
system, the method comprising:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, relative speed between the point and the LIDAR system, and a reflectivity of
the point;

b) determining a plurality of spots on an object in the point cloud, the object based on
either

a plurality of adjacent points in the point cloud with high values of reflectivity, or
a cluster of azimuth angle and Doppler component values; and
¢) determining a rotation rate or global velocity of the object based on a difference in

Doppler component values among the plurality of spots on the object.

24. A non-transitory computer-readable medium carrying one or more sequences of
instructions, wherein execution of the one or more sequences of instructions by one or more
processors causes the one or more processors to perform the steps of:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, and relative speed between the point and the LIDAR system; and

b) determining a value of a property of an object in the point cloud based on only three or

fewer of the at least four dimensions.
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25. A non-transitory computer-readable medium carrying one or more sequences of
instructions, wherein execution of the one or more sequences of instructions by one or more
processors causes the one or more processors to perform the steps of:

a) operating a high resolution LIDAR system to collect point cloud data that indicates for
each point at least four dimensions including an inclination angle, an azimuthal angle,
arange, and a reflectivity of the point;

b) determining a plurality of objects in the point cloud, each object based on a plurality of
adjacent points in the point cloud with high values of reflectivity;

¢) determining a corresponding plurality of objects in a database, each object in the
database having a known position; and

d) determining a position of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

26. A non-transitory computer-readable medium carrying one or more sequences of
instructions, wherein execution of the one or more sequences of instructions by one or more
processors causes the one or more processors to perform the steps of:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, relative speed between the point and the LIDAR system, and a reflectivity of
the point;

b) determining a plurality of objects in the point cloud, each object based on either

a plurality of adjacent points in the point cloud with high values of reflectivity, or
a plurality of adjacent points in the point cloud with relative speed values
approximately appropriate for globally stationary objects;

¢) determining a corresponding plurality of objects in a database, each object in the

database having a known position; and
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d) determining a velocity of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

27. A non-transitory computer-readable medium carrying one or more sequences of
instructions, wherein execution of the one or more sequences of instructions by one or more
processors causes the one or more processors to perform the steps of:

a) operating a Doppler LIDAR system to collect point cloud data that indicates for each
point at least four dimensions including an inclination angle, an azimuthal angle, a
range, relative speed between the point and the LIDAR system, and a reflectivity of
the point;

b) determining a plurality of spots on an object in the point cloud, the object based on
either

a plurality of adjacent points in the point cloud with high values of reflectivity, or
a cluster of azimuth angle and Doppler component values; and
¢) determining a rotation rate or global velocity of the object based on a difference in

Doppler component values among the plurality of spots on the object.

28: A system comprising:

a processor;

a vehicle configured to be controlled at least in part by the processor;

a high resolution Doppler LIDAR system attached to the vehicle; and

at least one memory including one or more sequences of instructions,

the at least one memory and the one or more sequences of instructions configured to, with
the processor, cause the system to perform at least the following:
a) operating a Doppler LIDAR system to collect point cloud data that indicates for

each point at least four dimensions including an inclination angle, an azimuthal

angle, a range, and relative speed between the point and the LIDAR system; and
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b) determining a value of a property of an object in the point cloud based on only

three or fewer of the at least four dimensions.

29: A system comprising:

a processor;

a vehicle configured to be controlled at least in part by the processor;

a high resolution Doppler LIDAR system attached to the vehicle; and

at least one memory including one or more sequences of instructions,

the at least one memory and the one or more sequences of instructions configured to, with
the processor, cause the system to perform at least the following:

a) operating a high resolution LIDAR system to collect point cloud data that indicates
for each point at least four dimensions including an inclination angle, an
azimuthal angle, a range, and a reflectivity of the point;

b) determining a plurality of objects in the point cloud, each object based on a
plurality of adjacent points in the point cloud with high values of reflectivity;

¢) determining a corresponding plurality of objects in a database, each object in the
database having a known position; and

d) determining a position of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

30: A system comprising:

a processor;

a vehicle configured to be controlled at least in part by the processor;

a high resolution Doppler LIDAR system attached to the vehicle; and

at least one memory including one or more sequences of instructions,

the at least one memory and the one or more sequences of instructions configured to, with

the processor, cause the system to perform at least the following:
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a) operating a Doppler LIDAR system to collect point cloud data that indicates for
each point at least four dimensions including an inclination angle, an azimuthal
angle, a range, relative speed between the point and the LIDAR system, and a
reflectivity of the point;

b) determining a plurality of objects in the point cloud, each object based on either

a plurality of adjacent points in the point cloud with high values of reflectivity, or

a plurality of adjacent points in the point cloud with relative speed values
approximately appropriate for globally stationary objects;

¢) determining a corresponding plurality of objects in a database, each object in the
database having a known position; and

d) determining a velocity of the Doppler LIDAR system based at least in part on the
known position of each object in the database for the corresponding plurality of

objects in the database.

31: A system comprising:
a processor;
a vehicle configured to be controlled at least in part by the processor;
a high resolution Doppler LIDAR system attached to the vehicle; and
at least one memory including one or more sequences of instructions,
the at least one memory and the one or more sequences of instructions configured to, with
the processor, cause the system to perform at least the following:
a) operating a Doppler LIDAR system to collect point cloud data that indicates for
each point at least four dimensions including an inclination angle, an azimuthal
angle, a range, relative speed between the point and the LIDAR system, and a
reflectivity of the point;
b) determining a plurality of spots on an object in the point cloud, the object based on
either
a plurality of adjacent points in the point cloud with high values of reflectivity, or

a cluster of azimuth angle and Doppler component values; and
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¢) determining a rotation rate or global velocity of the object based on a difference in

Doppler component values among the plurality of spots on the object.
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