WO 2019/005442 PCT/US2018/036275

Light Detection and Ranging (LIDAR) Device Range Aliasing Resilience
by Multiple Hypotheses

CROSS REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority to U.S. Patent Application No.
15/638,607, filed on June 30, 2017 and entitled “Light Detection and Ranging (LIDAR)
Device Range Aliasing Resilience by Multiple Hypotheses,” which is hereby incorporated by

reference in its entirety.

BACKGROUND

[0002] A vehicle can be configured to operate in an autonomous mode in which the
vehicle navigates through an environment with little or no input from a driver. Such an
autonomous vehicle can include one or more sensors that are configured to detect information
about the environment in which the vehicle operates. One such sensor is a light detection and
ranging (LIDAR) device.

[0003] A LIDAR device can estimate distance to environmental features while
scanning through a scene to assemble a “point cloud” indicative of reflective surfaces in the
environment. Individual points in the point cloud can be determined by transmitting a laser
pulse and detecting a returning pulse, if any, reflected from an object in the environment, and
determining the distance to the object according to the time delay between the transmitted
pulse and the reception of the reflected pulse.

[0004] A LIDAR device may thus include a laser, or set of lasers, and may rapidly
and repeatedly scan across a scene to provide continuous real-time information on distances
to reflective objects in the scene. Combining the measured distances and the orientation of
the laser(s) while measuring each distance allows for associating a three-dimensional position
with each returning pulse. In this way, a three-dimensional map of points indicative of
locations of reflective features in the environment can be generated for the entire scanning
zone.

[0005] One challenge in using LIDARSs can be range aliasing. Range aliasing relates
to the appearance of ambiguous echoes, such as when a system cannot disambiguate between
a signal scattered from one particular range and a signal scattered from other ranges based on

the generated data. For example, in the context of LIDARSs, range aliasing can refer a return
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signal from outside a LIDAR’s maximum unambiguous range being interpreted to be within

the LIDAR’s maximum unambiguous range.
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SUMMARY

[0006] This disclosure relates generally to sensors, and in particular to systems and
methods that provide range aliasing resilience for sensors.

[0007] Example implementations may relate to generating multiple range hypotheses
during operation of a LIDAR device. Once generated, the multiple range hypotheses could
be used by a computing system, e.g., onboard or remote, to disambiguate multiple return
signals received during a listening/detection period, associate with each or a subset of the
return signals a range that has a greater likelihood of representing a physical state of the
environment, and/or to detect an object positioned outside of a nominal unambiguous
detection range of the LIDAR device. For example, an alternate range hypothesis (e.g., a
range hypothesis other than a default range hypothesis) could be used by the computing
system to detect an object positioned outside a maximum unambiguous detection range of the
LIDAR device.

[0008] As a further example, consider a scenario in which a LIDAR device emits a
first pulse, listens for return signals during a first detection period, emits a second pulse, and
listens for return signals during a second detection period. Under one hypothesis, any return
signals detected during a detection period is associated with the pulse emitted immediately
preceding the detection period. For example, any return signals detected during the first
detection period is associated with the first pulse, and any return signals detected during the
second detection period is associated with the second pulse. Accordingly, under this
hypothesis, which may be referred to herein as the default range hypothesis, a detected return
signal is associated with the most recently emitted pulse, and the difference between the time
the most recently emitted pulse was emitted and the time the return signal was detected is
used to compute the distance the pulse traveled. This distance is associated with a range and
bearing of the object that reflected the pulse.

[0009] Under an alternate hypothesis, the detected return signal is not from the most
recently emitted pulse. For example, a subset of return signals detected during the second
detection period may be associated with the first pulse rather than the second pulse, and the
distance the pulse traveled is calculated based on the difference between the time the first
pulse was emitted and the time the return signal was detected.

[0010] As a further example, consider a scenario in which, during a detection period
(e.g., the second detection period), a LIDAR device detects return light pulses that actually

correspond to more than one emitted light pulses (e.g., the first pulse and the second pulse).
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This can create ambiguity as to whether a given return light pulse corresponds to the pulse
emission occurring immediately before the detection period (e.g., the second pulse), or
whether the given return light pulse corresponds to a pulse emission that occurred earlier in
time, e.g., before a previous detection period (e.g., the first pulse). This ambiguity can arise,
for example, when a return light pulse is detected after being reflected off an object
positioned outside a nominal detection range of a LIDAR device.

[0011] In accordance with the disclosed implementations, the computing system
could operate the LIDAR device to emit light pulses in accordance with a time sequence that
includes a time-varying dither and, once return light pulses are detected, could generate two
or more range hypotheses.

[0012] For instance, after the LIDAR device detects return light pulses, the
computing system may determine (i) a first set of ranges in accordance with a time delay
relative to corresponding emission times of a plurality of first emitted light pulses and (ii) a
second set of ranges in accordance with a time delay relative to corresponding emission times
of a plurality of second emitted light pulses.

[0013] In some examples, the first set of ranges could correspond to a “close range
hypothesis” and the second set of ranges could correspond to a “far range hypothesis.” In the
“close range hypothesis,” for each detected light pulse, a respective range is determined in
accordance with a time delay relative to an emission time of a light pulse associated with the
detection period during which the light pulse was detected. For example, in the scenario
above, the close range hypothesis may correspond to the default range hypothesis. In the “far
range hypothesis,” for each detected light pulse, a respective range is determined in
accordance with a time delay relative to an emission time of a light pulse associated with a
preceding detection period (e.g., a detection period that precedes in time the detection period
during which the light pulse was detected). For example, in the scenario above, the far range
hypothesis may correspond to the alternate range hypothesis. However, as further discussed
herein, it should be understood that other range hypotheses are possible as well.

[0014] Based on one or more factors, the computing system could then select between
using the first set of ranges as a basis for object detection and using the second set of ranges
as a basis for object detection. By way of example, the computing system may select the set
having ranges that more closely resemble a known object rather than selecting the set having
ranges that do not resemble a known object and/or may select the set that includes ranges that
are substantially similar to one another rather than selecting the set that includes ranges that

are substantially different from one another, among other options.
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[0015] Furthermore, as noted, the present disclosure could apply in the context of
disambiguating between multiple light pulses detected during the same detection period
and/or in the context of detecting an object positioned outside the nominal detection range of
the LIDAR device. In particular, a LIDAR device could sometimes detect multiple light
pulses respectively during each of a plurality of detection periods, and the computing system
could determine how these return light pulses should be used as basis for object detection.
[0016] For instance, each detection period may include detection of a first return light
pulse that corresponds to the emitted light pulse associated with that detection period (e.g.,
the light pulse emitted immediately prior to that detection period) and may also include
detection of a second return light pulse that reflected off an object positioned outside of the
nominal unambiguous detection range and thus corresponds to an emitted light pulse
associated with another detection period (e.g., the light pulse emitted prior to a preceding
detection period).

[0017] In accordance with the disclosed implementations, in order to determine how
such return light pulses should be used as basis for object detection, a system could emit light
pulses in accordance with a time sequence that includes a time-varying dither, and generate
and utilize multiple range hypotheses. For example, the system may determine a first set of
ranges according to a close range hypothesis for the first return light pulses as well as a
second set of ranges according to a close range hypothesis for the second return light pulses.
Additionally, the system may determine a third set of ranges according to an alternate range
hypothesis (e.g., a far range hypothesis) for the second return light pulses. With this
information, the computing system could then detect an object positioned outside the nominal
unambiguous detection range of a LIDAR device and/or could disambiguate between
multiple return light pulses detected during the same detection period(s).

[0018] For instance, the computing system could determine whether or not the set of
third ranges assembles a point cloud indicative of at least one known object. If so, then the
computing system could use that set of third ranges as basis for object detection. This, in
turn, can enable detection of objects positioned outside the nominal unambiguous detection
range of the LIDAR device.

[0019] Moreover, if the set of third ranges assembles a point cloud indicative of at
least one known object, then the computing system could determine that the alternate range
hypothesis for the second return light pulses is likely correct. Namely, that the second return
light pulses likely each respectively correspond to an alternate preceding pulse emission

rather than to a nominal pulse emission. And based on the determination that the alternate
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range hypothesis for the second return light pulses is likely correct, the computing system
may determine that the close range hypothesis for the second return light pulses is likely
incorrect. Thus, the computing system could responsively determine that the computing
system should use, for purposes of object detection, the first set of ranges associated with the
first return light pulses rather than the second set of ranges associated with the second return
light pulses, thereby resolving range ambiguity. Other examples are also possible.

[0020] In one aspect, a method is disclosed. The method involves operating, by a
computing system, a Light Detection and Ranging (LIDAR) device to emit light pulses at
emission times in accordance with an emission time sequence, where the emission time
sequence includes a time-varying dither, and to detect return light pulses in accordance with a
detection time sequence, where the detection time sequence includes, for each emitted light
pulse, a corresponding detection period for detection of a corresponding return light pulse,
and where a detection time of a return light pulse relative to a corresponding emission time of
a corresponding emitted light pulse is indicative of a range to an object that reflected the
corresponding emitted light pulse. The method also involves making a determination, by the
computing system, that the LIDAR device detected return light pulses during corresponding
detection periods for each of two or more emitted light pulses. The method additionally
involves, in response to making the determination, determining, by the computing system,
that (i) the detected return light pulses have detection times relative to corresponding
emission times of a plurality of first emitted light pulses that are indicative of a first set of
ranges and (i1) the detected return light pulses have detection times relative to corresponding
emission times of a plurality of second emitted light pulses that are indicative of a second set
of ranges. The method further involves selecting, by the computing system, between using
the first set of ranges as a basis for object detection and using the second set of ranges as a
basis for object detection. The method yet further involves engaging, by the computing
system, in object detection in accordance with the selecting.

[0021] In another aspect, a computing system is disclosed. The computing system
includes one or more processors, a non-transitory computer readable medium, and program
instructions stored on the non-transitory computer readable medium and executable by the
one or more processors. In particular, the program instructions may be executable to operate
a Light Detection and Ranging (LIDAR) device to emit light pulses at emission times in
accordance with an emission time sequence, where the emission time sequence includes a
time-varying dither, and to detect return light pulses in accordance with a detection time

sequence, where the detection time sequence includes, for each emitted light pulse, a
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corresponding detection period for detection of a corresponding return light pulse, and where
a detection time of a return light pulse relative to a corresponding emission time of a
corresponding emitted light pulse is indicative of a range to an object that reflected the
corresponding emitted light pulse. The program instructions may also be executable to make
a determination that the LIDAR device detected return light pulses during corresponding
detection periods for each of two or more emitted light pulses. The program instructions may
additionally be executable to, in response to making the determination, determine that (i) the
detected return light pulses have detection times relative to corresponding emission times of a
plurality of first emitted light pulses that are indicative of a first set of ranges and (ii) the
detected return light pulses have detection times relative to corresponding emission times of a
plurality of second emitted light pulses that are indicative of a second set of ranges. The
program instructions may further be executable to select between using the first set of ranges
as a basis for object detection and using the second set of ranges as a basis for object
detection. The program instructions may yet further be executable to engage in object
detection in accordance with the selecting.

[0022] In yet another aspect, another method is disclosed. The method involves
operating, by a computing system, a Light Detection and Ranging (LIDAR) device to emit
light pulses at emission times in accordance with an emission time sequence, where the
emission time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, where the detection time sequence includes, for
each emitted light pulse, a corresponding detection period for detection of a corresponding
return light pulse, and where a detection time of a return light pulse relative to a
corresponding emission time of a corresponding emitted light pulse is indicative of a range to
an object that reflected the corresponding emitted light pulse. The method also involves
determining, by the computing system, that the LIDAR device detected a set of multiple
return light pulses during corresponding detection periods for each of a plurality of first
emitted light pulses, where each set of multiple return light pulses includes at least a
respective first return light pulse and a respective second return light pulse. The method
additionally involves making a determination, by the computing system, that the first return
light pulses correspond to the plurality of first emitted light pulses and that the second return
light pulses potentially correspond to a plurality of second emitted light pulses. The method
further involves, in response to making the determination, determining, by the computing
system, that the second return light pulses have detection times relative to corresponding

emission times of the plurality of second emitted light pulses that are indicative of a
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particular set of ranges. The method yet further involves making a further determination, by
the computing system, of whether or not to use the particular set of ranges as a basis for
object detection. The method yet further involves engaging, by the computing system, in
object detection in accordance with the further determination.

[0023] In yet another aspect, another method is disclosed. The method involves
operating, by a computing system, a Light Detection and Ranging (LIDAR) device to emit
light pulses at emission times in accordance with an emission time sequence, where the
emission time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, where the detection time sequence includes, for
each emitted light pulse, a corresponding detection period for detection of a corresponding
return light pulse, and where a detection time of a return light pulse relative to a
corresponding emission time of a corresponding emitted light pulse is indicative of a range to
an object that reflected the corresponding emitted light pulse. The method also involves
determining, by the computing system, that the LIDAR device detected a set of multiple
return light pulses during corresponding detection periods for each of a plurality of first
emitted light pulses, where each set of multiple return light pulses includes at least a
respective first return light pulse and a respective second return light pulse. The method
additionally involves determining, by the computing system, that (i) the first return light
pulses have detection times relative to corresponding emission times of the plurality of first
emitted light pulses that are indicative of a first set of ranges, (ii) the second return light
pulses have detection times relative to corresponding emission times of the plurality of first
emitted light pulses that are indicative of a second set of ranges, and (iii) the second return
light pulses have detection times relative to corresponding emission times of a plurality of
second emitted light pulses that are indicative of a third set of ranges. The method further
involves, based on the third set of ranges, selecting, by the computing system, between using
the first set of ranges as a basis for object detection and using the second set of ranges as a
basis for object detection. The method yet further involves engaging, by the computing
system, in object detection in accordance with the selecting.

[0024] In yet another aspect, a method for operating an autonomous vehicle is
disclosed. The method involves receiving a signal associated with a reflection, by an object,
of a light pulse emitted by a LIDAR device of the autonomous vehicle. The method also
involves calculating a first distance to the object based on a first time, the first time
corresponding to a prior light pulse emitted by the LIDAR device of the autonomous vehicle.

The method additionally involves calculating a second distance to the object based on a
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second time, the second time corresponding to a different prior light pulse emitted by the
LIDAR device of the autonomous vehicle. The method further involves operating the
autonomous vehicle based on a selection between the first distance and second distance.
[0025] In yet another aspect, another system is disclosed. The system may include
means for operating a Light Detection and Ranging (LIDAR) device to emit light pulses at
emission times in accordance with an emission time sequence, where the emission time
sequence includes a time-varying dither, and to detect return light pulses in accordance with a
detection time sequence, where the detection time sequence includes, for each emitted light
pulse, a corresponding detection period for detection of a corresponding return light pulse,
and where a detection time of a return light pulse relative to a corresponding emission time of
a corresponding emitted light pulse is indicative of a range to an object that reflected the
corresponding emitted light pulse. The system may also include means for making a
determination that the LIDAR device detected return light pulses during corresponding
detection periods for each of two or more emitted light pulses. The system may additionally
include means for, in response to making the determination, determining that (i) the detected
return light pulses have detection times relative to corresponding emission times of a plurality
of first emitted light pulses that are indicative of a first set of ranges and (ii) the detected
return light pulses have detection times relative to corresponding emission times of a plurality
of second emitted light pulses that are indicative of a second set of ranges. The system may
further include means for selecting between using the first set of ranges as a basis for object
detection and using the second set of ranges as a basis for object detection. The system may
yet further include means for engaging in object detection in accordance with the selecting.
[0026] In yet another aspect, another system is disclosed. The system may include
means for operating a Light Detection and Ranging (LIDAR) device to emit light pulses at
emission times in accordance with an emission time sequence, where the emission time
sequence includes a time-varying dither, and to detect return light pulses in accordance with a
detection time sequence, where the detection time sequence includes, for each emitted light
pulse, a corresponding detection period for detection of a corresponding return light pulse,
and where a detection time of a return light pulse relative to a corresponding emission time of
a corresponding emitted light pulse is indicative of a range to an object that reflected the
corresponding emitted light pulse. The system may also include means for determining that
the LIDAR device detected a set of multiple return light pulses during corresponding
detection periods for each of a plurality of first emitted light pulses, where each set of

multiple return light pulses includes at least a respective first return light pulse and a
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respective second return light pulse. The system may additionally include means for making
a determination that the first return light pulses correspond to the plurality of first emitted
light pulses and that the second return light pulses potentially correspond to a plurality of
second emitted light pulses. The system may further include means for, in response to
making the determination, determining that the second return light pulses have detection
times relative to corresponding emission times of the plurality of second emitted light pulses
that are indicative of a particular set of ranges. The system may yet further include means for
making a further determination of whether or not to use the particular set of ranges as a basis
for object detection. The system may yet further include means for engaging in object
detection in accordance with the further determination.

[0027] In yet another aspect, another system is disclosed. The system may include
means for operating a Light Detection and Ranging (LIDAR) device to emit light pulses at
emission times in accordance with an emission time sequence, where the emission time
sequence includes a time-varying dither, and to detect return light pulses in accordance with a
detection time sequence, where the detection time sequence includes, for each emitted light
pulse, a corresponding detection period for detection of a corresponding return light pulse,
and where a detection time of a return light pulse relative to a corresponding emission time of
a corresponding emitted light pulse is indicative of a range to an object that reflected the
corresponding emitted light pulse. The system may also include means for determining that
the LIDAR device detected a set of multiple return light pulses during corresponding
detection periods for each of a plurality of first emitted light pulses, where each set of
multiple return light pulses includes at least a respective first return light pulse and a
respective second return light pulse. The system may additionally include means for
determining that (i) the first return light pulses have detection times relative to corresponding
emission times of the plurality of first emitted light pulses that are indicative of a first set of
ranges, (ii) the second return light pulses have detection times relative to corresponding
emission times of the plurality of first emitted light pulses that are indicative of a second set
of ranges, and (iii) the second return light pulses have detection times relative to
corresponding emission times of a plurality of second emitted light pulses that are indicative
of a third set of ranges. The system may further include means for, based on the third set of
ranges, selecting between using the first set of ranges as a basis for object detection and using
the second set of ranges as a basis for object detection. The system may yet further include

means for engaging in object detection in accordance with the selecting.
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[0028] In yet another aspect, another system is disclosed. The system may include
means for receiving a signal associated with a reflection, by an object, of a light pulse emitted
by a LIDAR device of an autonomous vehicle. The system may also include means for
calculating a first distance to the object based on a first time, the first time corresponding to a
prior light pulse emitted by the LIDAR device of the autonomous vehicle. The system may
additionally include means for calculating a second distance to the object based on a second
time, the second time corresponding to a different prior light pulse emitted by the LIDAR
device of the autonomous vehicle. The system may further include means for operating an
autonomous vehicle based on a selection between the first distance and second distance.

[0029] These as well as other aspects, advantages, and alternatives will become
apparent to those of ordinary skill in the art by reading the following detailed description with
reference where appropriate to the accompanying drawings. Further, it should be understood
that the description provided in this summary section and elsewhere in this document is
intended to illustrate the claimed subject matter by way of example and not by way of

limitation.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Figure 1 is a simplified block diagram of a LIDAR device, according to an
example embodiment.

[0031] Figure 2A illustrates a LIDAR device, according to an example embodiment.
[0032] Figure 2B illustrates another LIDAR system, according to an example
embodiment.

[0033] Figure 3A shows several views of a LIDAR device being positioned on top of

a vehicle, according to an example embodiment.

[0034] Figure 3B shows emission of light by a LIDAR device positioned on top of the
vehicle, according to an example embodiment.

[0035] Figure 3C shows detection of reflected light by a LIDAR device positioned on
top of the vehicle, according to an example embodiment.

[0036] Figure 3D shows a scanning range of a LIDAR device positioned on top of the
vehicle, according to an example embodiment.

[0037] Figure 4A shows a nominal unambiguous detection range of a LIDAR device
positioned on top of the vehicle, according to an example embodiment.

[0038] Figure 4B shows a pulse reflected off an object positioned within a nominal
unambiguous detection range of a LIDAR device, according to an example embodiment.
[0039] Figure 4C shows a pulse reflected off an object positioned outside a nominal
unambiguous detection range of a LIDAR device, according to an example embodiment.
[0040] Figure 5A shows a first emission time sequence that does not include
application of dither and also shows multiple possible detection times for each of a plurality
of detected return lights pulses, according to an example embodiment.

[0041] Figure 5B shows range ambiguity with respect to the first emission time
sequence, according to an example embodiment.

[0042] Figure 6 is a flowchart illustrating a method for disambiguating between
ranges associates with detected return light pulses, according to an example embodiment.
[0043] Figure 7A shows a second emission time sequence that includes application of
dither and also shows multiple possible detection times for each of a plurality of detected
return lights pulses, according to an example embodiment.

[0044] Figure 7B shows selection of ranges to use for object detection, according to

an example embodiment.
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[0045] Figure 8A shows a third emission time sequence that does not include
application of dither, according to an example embodiment.

[0046] Figure 8B shows range ambiguity with respect to the third emission time
sequence, according to an example embodiment.

[0047] Figure 9A shows a fourth emission time sequence that includes application of
dither, according to an example embodiment.

[0048] Figure 9B shows mitigation of range ambiguity due to the fourth emission
time sequence, according to an example embodiment.

[0049] Figure 10 is a flowchart illustrating a method for detecting an object
positioned outside a nominal unambiguous detection range of a LIDAR device, according to
an example embodiment.

[0050] Figure 11A shows comparison of detection times relative to preceding
emission times, according to an example embodiment.

[0051] Figure 11B shows detection of a distant object positioned outside a nominal
unambiguous detection range of a LIDAR device, according to an example embodiment.
[0052] Figure 12 is a flowchart illustrating a method for disambiguating between
multiple return light pulses detected during the same detection period, according to an
example embodiment.

[0053] Figure 13A shows another comparison of detection times relative to preceding
emission times, according to an example embodiment.

[0054] Figure 13B shows selection of ranges to use for object detection, according to
an example embodiment.

[0055] Figure 14A shows yet another comparison of detection times relative to
preceding emission times, according to an example embodiment.

[0056] Figure 14B shows another selection ranges to use for object detection,
according to an example embodiment.

[0057] Figure 15 is a flowchart illustrating a method for operating an autonomous
vehicle based on a selected distance, according to an example embodiment.

[0058] Figure 16 illustrates operation of a vehicle based on scans of an environment
received from a LIDAR device, according to an example embodiment.

[0059] Figure 17 is a simplified block diagram of a vehicle, according to an example

embodiment.
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DETAILED DESCRIPTION

[0060] Exemplary methods and systems are described herein. It should be understood
that the word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.”  Any implementation or feature described herein as “exemplary” or
“illustrative” is not necessarily to be construed as preferred or advantageous over other
implementations or features. In the figures, similar symbols typically identify similar
components, unless context dictates otherwise. The example implementations described
herein are not meant to be limiting. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illustrated in the figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different
configurations, all of which are contemplated herein.

L Overview

[0061] There are continued efforts to improve autonomous operation in which a
vehicle navigates through an environment with little or no input from a driver. Such efforts
include development of vehicles equipped with remote sensing capabilities and possibly
accident-avoidance systems. For instance, various sensors, such as a LIDAR device, may be
included in a vehicle to detect objects in an environment of the vehicle and to thereby
facilitate autonomous operation and/or accident avoidance.

[0062] Generally, a LIDAR device can help estimate distance(s) to environmental
features while scanning through a scene to assemble a “point cloud” indicative of reflective
surfaces in the environment. Individual points in the point cloud can be determined by
emitting a light pulse and detecting a returning light pulse, if any, reflected from an object in
the environment, and determining the distance to the object according to the time delay
between the emitted light pulse and the detection of the reflected returning light pulse. A
LIDAR can include laser(s) or other light sources. The laser(s), or the LIDAR as a whole, can
rapidly and repeatedly scan across a scene to provide continuous real-time information on
distances to reflective objects in the scene. With this arrangement, combining the measured
distances and the orientation of the laser(s) while measuring each distance allows for
associating a three-dimensional position with each returning light pulse. In this way, a three-
dimensional map of points indicative of locations of reflective features in the environment
can be generated for the entire scanning zone.

[0063] When a computing system (e.g., in a vehicle) operates a LIDAR device, the
computing system may operate the LIDAR device to emit and detect light pulses in

14



WO 2019/005442 PCT/US2018/036275

accordance with certain timing. For example, the computing system may operate the LIDAR
device to emit light pulses at emission times in accordance with an emission time sequence,
such as a periodic sequence (e.g., emission of a light pulse once every microsecond). In this
example, the computing system may also operate the LIDAR device to detect return light
pulses in accordance with a detection time sequence. The detection time sequence may have
a detection period intended to detect light pulses returned from an object located within a
certain range of the LIDAR. This detection period may be referred to herein as the
corresponding detection period or the nominal detection period or the default detection
period, and this range may be referred to herein as the nominal unambiguous detection range
or nominal detection range. For instance, a corresponding detection period for a given light
pulse may begin immediately following or at some time after emission of that given light
pulse, and may end before or after emission of a subsequent light pulse. This corresponding
detection period could be arranged for detection of a return light pulse that corresponds to the
given emitted light pulse reflecting off an object located within the nominal detection range
of the LIDAR to result in that corresponding return light pulse. The nominal detection range
spans a minimum distance, Xy, to a maximum distance Xy, from the LIDAR. The minimum
distance, X, may be 0 meters and maximum distance x,,, may be 60 meters, for example. In
other instances, the minimum distance, xo, may be a distance > 0 m away from the LIDAR
where object detection is unlikely or would not be an input in the maneuvering of the vehicle,
for example. For example, if the LIDAR is mounted beneath an aircraft, x) may be 2 meters.
Other distances are also contemplated.

[0064] In one embodiment, when the LIDAR device detects return light pulses, the
computing system could generate a range hypothesis for each detected light pulse.
Specifically, the computing system may determine, for each detected light pulse, a range
hypothesis according to a time delay relative to an emission time of a most recently emitted
light pulse. This range hypothesis may be referred to herein as the close range hypothesis or
the default range hypothesis.

[0065] A light pulse that is reflected off an object positioned outside the nominal
detection range would not be detected by the LIDAR device within the nominal detection
period. In some cases, the LIDAR device may not detect such a light pulse if the light pulse’s
intensity is significantly attenuated before arriving at the LIDAR device, among other
possibilities.

[0066] In some situations, however, the LIDAR device may nonetheless detect a light

pulse that is reflected off an object positioned outside the nominal detection range. For
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example, the object at issue may be a retroreflective object (e.g., a large freeway road sign)
positioned beyond the nominal detection range. When a light pulse reflects off a
retroreflective object located beyond the nominal detection range, the return light pulse may
be detected by the LIDAR device during a detection period after than the nominal detection
period, giving rise to range aliasing or range ambiguity. In another example, the object at
issue may be an object positioned closer to the LIDAR device than the nominal detection
range’s minimal distance. Consequently, in some scenarios, when a light pulse reflects off
that closer object, the LIDAR device may detect that light pulse during a detection period
before the nominal detection period, also giving rise to range aliasing.

[0067] To help with this problem, the computing system could apply a pseudo-
random dither to respective emission timing of some, but not all, emitted light pulses, so as to
respectively shift each such respective emission timing away from periodicity by a pseudo-
random duration. With this arrangement, if the LIDAR device detects light pulses that
reflected off object(s) positioned within the nominal detection range and the computing
system generates a close range hypothesis based on these detections, the close range
hypothesis could still resemble a known object and thus the computing system could still end
up using this close range hypothesis for object detection. However, if the LIDAR device
detects light pulses that reflected off object(s) positioned outside the nominal detection range
and the computing system generates a close range hypothesis based on these detections, the
close range hypothesis may not resemble a known object due to the above-mentioned pseudo-
random shifts (e.g., the ranges of the close range hypothesis may be substantially different
from one another). Therefore, the computing system could determine that the close range
hypothesis is incorrect and may not use this close range hypothesis for that set of light pulses
for object detection.

[0068] Although application of pseudo-random dither could allow the computing
system to determine whether or not to use a close range hypothesis for object detection, it
may still be unclear in various situations which range(s) to use as basis for object detection.
For instance, when light pulses reflect off an object positioned outside the nominal detection
range, the computing system could discount the close range hypothesis, but still may not
determine the range(s) associated with that object, and thus may not detect that object even
though detection of that object before it enters LIDAR’s the nominal detection range may be
useful.

[0069] In accordance with one exemplary embodiment of this disclosure, to help

resolve range ambiguity, a computing system could operate a LIDAR device to emit light
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pulses in accordance with a time sequence that includes a time-varying dither, and, once
return light pulses are detected, could generate and evaluate multiple range hypotheses. As
such, disclosed are methods and systems for generating multiple range hypotheses and for
using these range hypotheses for determining the appropriate or higher confidence or higher
likelihood range(s) to use as basis for object detection.

[0070] In some examples, one of the range hypotheses could be a close range
hypotheses, and the computing system could generate one or more alternate range hypotheses
in addition to the close range hypothesis. In other examples, instead of generating a close
range hypothesis, the computing system could generate two or more alternate range
hypotheses.

[0071] Various alternate range hypotheses are possible. By way of example, for each
detected light pulse, the computing system could determine a range based on the difference
between the detection time and a time a light pulse was emitted prior to the last emitted light
pulse. In this example, the alternate range hypothesis could be referred to as a far range
hypothesis, as the determined range correspond to the possibility of an object being
positioned beyond the maximum unambiguous detection range.

[0072] As such, when the computing system determines that the LIDAR device
detected return light pulses during two or more detection periods, the computing system may
determine (i) a first set of ranges in accordance with a time delay relative to corresponding
emission times of a plurality of first emitted light pulses and (ii) a second set of ranges in
accordance with a time delay relative to corresponding emission times of a plurality of
second emitted light pulses.

[0073] Based on one or more factors, the computing system could then select between
using the first set of ranges as a basis for object detection and using the second set of ranges
as a basis for object detection. For example, the computing system may determine that the
first set of ranges closely resembles a known object and that the second set of ranges does not
resemble any known objects, and the system may responsively select the first set of ranges to
be used as basis for object detection. In another example, the system may determine that the
second set includes ranges that are substantially similar to one another and that the first set
include ranges that are substantially different from one another, and the system may
responsively select the second set of ranges to be used as basis for object detection.

[0074] In this way, the computing system may determine the appropriate ranges to

use for basis for object detection, even when detected return light pulse(s) are light pulses that
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reflect off an object positioned outside the nominal detection range, and therefore correspond
to light pulse(s) emitted prior to the most recently emitted light pulse, for example.

II. Example Arrangement of a LIDAR Device

[0075] Referring now to the Figures, Figure 1 is a simplified block diagram of a
LIDAR device 100, according to an example embodiment. As shown, the LIDAR device 100
includes a power supply arrangement 102, electronics 104, light source(s) 106, at least one
transmitter 108, at least one receiver 110, a rotating platform 112, actuator(s) 114, a
stationary platform 116, a connector arrangement 118, a rotary link 120, and a housing 122.
In other embodiments, the LIDAR device 100 may include more, fewer, or different
components. Additionally, the components shown may be combined or divided in any
number of ways.

[0076] Power supply arrangement 102 may be configured to supply power to various
components of the LIDAR device 100. In particular, the power supply arrangement 102 may
include or otherwise take the form of at least one power source disposed within the LIDAR
device 100 and connected to various components of the LIDAR device 100 in any feasible
manner, so as to supply power to those components. Additionally or alternatively, the power
supply arrangement 102 may include or otherwise take the form of a power adapter or the
like that 1s configured to receive power from one or more external power sources (e.g., from a
power source arranged in a vehicle to which the LIDAR device 100 is coupled) and to supply
that received power to various components of the LIDAR device 100 in any feasible manner.
In either case, any type of power source may be used such as, for example, a battery.

[0077] Electronics 104 may include one or more electronic components and/or
systems each arranged to help facilitate certain respective operations of the LIDAR device
100. In practice, these electronics 104 may be disposed within the LIDAR device 100 in any
feasible manner. For instance, at least some of the electronics 104 may be disposed within a
central cavity region of the rotary link 120. Nonetheless, the electronics 104 may include
various types of electronic components and/or systems.

[0078] For example, the electronics 104 may include various wirings used for transfer
of control signals from a computing system to various components of the LIDAR device 100
and/or for transfer of data from various components of the LIDAR device 100 to the
computing system. Generally, the data that the computing system receives may include
sensor data based on detections of light by the receiver 110, among other possibilities.
Moreover, the control signals sent by the computing system may operate various components

of the LIDAR device 100, such as by controlling emission of light by the transmitter 106,
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controlling detection of light by the receiver 110, and/or controlling the actuator(s) 114 to
rotate the rotating platform 112, among other possibilities.

[0079] In some arrangements, the electronics 104 may also include a computing
system. This computing system may have one or more processors, data storage, and program
instructions stored on the data storage and executable by the one or more processor to
facilitate various operations. With this arrangement, the computing system may thus be
configured to carry operations described herein, such as those of methods described below.
Additionally or alternatively, the computing system may communicate with an external
computing system, control system, or the like (e.g., a computing system arranged in a vehicle
to which the LIDAR device 100 is coupled) so as to help facilitate transfer of control signals
and/or data between the external system and various components of the LIDAR device 100.
[0080] In other arrangements, however, the electronics 104 may not include a
computing system. Rather, at least some of the above-mentioned wirings may be used for
connectivity to an external computing system. With this arrangement, the wirings may help
facilitate transfer of control signals and/or data between the external computing system and
the various components of the LIDAR device 100. Other arrangements are possible as well.
[0081] Further, one or more light sources 106 can be configured to emit, respectively,
a plurality of light beams and/or pulses having wavelengths within a wavelength range. The
wavelength range could, for example, be in the ultraviolet, visible, and/or infrared portions of
the electromagnetic spectrum. In some examples, the wavelength range can be a narrow
wavelength range, such as provided by lasers.

[0082] In practice, one of the light sources 106 may be a laser diode configured to
emit pulses of light. In particular, a laser diode may be a semiconductor device including a p-
n junction with an active region in which oppositely polarized, energized charge carriers
(e.g., free electrons and/or holes) recombine while current flows through the device across the
p-n junction. The recombination results in emission of light due to a change in energy state
of the charge carriers. When the active region is heavily populated by such energized pairs
(e.g., the active region may have a population inversion of energized states), stimulated
emission across the active region may produce a substantially coherent wave front of light
that is then emitted from the laser diode. Recombination events, and the resulting light
emission, occur in response to current flowing through the device, and so applying a pulse of
current to the laser diode results in emission of a pulse of light from the laser diode.

[0083] As such, the present disclosure will be generally described herein in the

context of a laser diode being used as the primary light source 106. In some arrangements,
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however, the one or more light sources 106 may additionally or alternatively include fiber
lasers, light emitting diodes (LED), vertical cavity surface emitting lasers (VCSEL), organic
light emitting diodes (OLED), polymer light emitting diodes (PLED), light emitting polymers
(LEP), liquid crystal displays (LCD), microelectromechanical systems (MEMS), and/or any
other device configured to selectively transmit, reflect, and/or emit light to provide the
plurality of emitted light beams and/or pulses.

[0084] Furthermore, transmitter 108 may be configured to emit light into an
environment. In particular, the transmitter 108 may include an optical arrangement that is
arranged to direct light from a light source 106 toward the environment. This optical
arrangement may include any feasible combination of mirror(s) used to guide propagation of
the light throughout physical space and/or lens(es) used to adjust certain characteristics of the
light, among other optical components. For instance, the optical arrangement may include a
transmit lens arranged to collimate the light, thereby resulting in light having rays that are
substantially parallel to one another. Moreover, the lens may be shaped to spread or
otherwise scatter light in a particular manner, such as by causing the vertical light spread of
+7° away from a horizontal axis to -18° away from the horizontal axis (e.g., the horizontal
axis ideally being parallel to a ground surface in the environment) for example.

[0085] As noted, the LIDAR device 100 may include at least one receiver 110. The
receiver 110 may be respectively configured to at least detect light having wavelengths in the
same wavelength range as the one of the light emitted from the transmitter 108. In doing so,
the receiver 110 may detect light with a particular resolution. For example, the receiver 110
may be configured to detect light with a 0.036° (horizontal) x 0.067° (vertical) angular
resolution. Moreover, the receiver 110 may be configured to scan the environment with a
particular FOV. For example, the receiver 110 may be arranged to focus incoming light
within a range of +7° away from the above-mentioned horizontal axis to -18° away from the
horizontal axis. In this way, the receiver 110 allows for detection of light along a range of
+7° to -18°, which matches the above-mentioned exemplary vertical spread of emitted light
that the transmitter 108 provides. It is noted that this resolution and FOV are described for
exemplary purposes only and are not meant to be limiting,.

[0086] In an example implementation, the receiver 110 may have an optical
arrangement that allows the receiver 110 to provide the resolution and FOV as described
above. Generally, such an optical arrangement may be arranged to provide an optical path

between at least one optical lens and a photodetector array.
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[0087] More specifically, the receiver 110 may include an optical lens arranged to
focus light reflected from one or more objects in the environment of the LIDAR device 100
onto detectors of the receiver 110. To do so, the optical lens may have certain dimensions
(e.g., approximately 10cm x Scm) as well as a certain focal length (e.g., approximately 35
cm). Moreover, the optical lens may be shaped so as to focus incoming light along a
particular vertical FOV as described above (e.g., +7° to -18°). Such shaping of the first
receiver’s optical lens may take on one of various forms (e.g., spherical shaping) without
departing from the scope of the present disclosure.

[0088] Furthermore, as noted, the receiver 110 may have a photodetector array, which
may include two or more detectors each configured to convert detected light (e.g., in the
above-mentioned wavelength range) into an electrical signal indicative of the detected light.
In practice, such a photodetector array could be arranged in one of various ways. For
example, the detectors can be disposed on one or more substrates (e.g., printed circuit boards
(PCBs), flexible PCBs, etc.) and arranged to detect incoming light that is traveling along the
optical path from the optical lens. Also, such a photodetector array could include any
feasible number of detectors aligned in any feasible manner. For example, the photodetector
array may include a 13 x 16 array of detectors. It is noted that this photodetector array is
described for exemplary purposes only and is not meant to be limiting.

[0089] Generally, the detectors of the array may take various forms. For example, the
detectors may take the form of photodiodes, avalanche photodiodes (e.g., geiger mode and/or
linear mode avalanche photodiodes), phototransistors, cameras, active pixel sensors (APS),
charge coupled devices (CCD), cryogenic detectors, and/or any other sensor of light
configured to receive focused light having wavelengths in the wavelength range of the
emitted light. Other examples are possible as well.

[0090] Further, as noted, the LIDAR device 100 may include a rotating platform 112
that is configured to rotate about an axis. In order to rotate in this manner, one or more
actuators 114 may actuate the rotating platform 112. In practice, these actuators 114 may
include motors, pneumatic actuators, hydraulic pistons, and/or piezoelectric actuators, among
other possibilities.

[0091] In an example implementation, the transmitter 108 and the receiver 110 may
be arranged on the rotating platform 112 such that each of these components moves relative
to the environment based on rotation of the rotating platform 112. In particular, each of these
components could be rotated relative to an axis so that the LIDAR device 100 may obtain

information from various directions. In this manner, the LIDAR device 100 may have a
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horizontal viewing direction that can be adjusted by actuating the rotating platform 112 to
different directions.

[0092] With this arrangement, a computing system could direct an actuator 114 to
rotate the rotating platform 112 in various ways so as to obtain information about the
environment in various ways. In particular, the rotating platform 112 could rotate at various
extents and in either direction. For example, the rotating platform 112 may carry out full
revolutions such that the LIDAR device 100 provides a 360° horizontal FOV of the
environment. Thus, given that the receiver 110 may rotate based on rotation of the rotating
platform 112, the receiver 110 may have a horizontal FOV (e.g., 360° or less) and also a
vertical FOV as described above.

[0093] Moreover, the rotating platform 112 could rotate at various rates so as to cause
LIDAR device 100 to scan the environment at various refresh rates. For example, the
LIDAR device 100 may be configured to have a refresh rate of 15 Hz (e.g., fifteen complete
rotations of the LIDAR device 100 per second). In this example, assuming that the LIDAR
device 100 is coupled to a vehicle as further described below, the scanning thus involves
scanning a 360° FOV around the vehicle fifteen times every second. Other examples are also
possible. For example, the rotating platform 112 could swivel the LIDAR device so that it
scans back and forth within a smaller angle horizontal FOV.

[0094] Yet further, as noted, the LIDAR device 100 may include a stationary platform
116. In practice, the stationary platform 116 may take on any shape or form and may be
configured for coupling to various structures, such as to a top of a vehicle for example. Also,
the coupling of the stationary platform 116 may be carried out via any feasible connector
arrangement 118 (e.g., bolts, screws, and/or adhesives). In this way, the LIDAR device 100
could be coupled to a structure so as to be used for various purposes, such as those described
herein.

[0095] Furthermore, the LIDAR device 100 may also include a rotary link 120 that
directly or indirectly couples the stationary platform 116 to the rotating platform 112.
Specifically, the rotary link 120 may take on any shape, form and material that provides for
rotation of the rotating platform 112 about an axis relative to the stationary platform 116. For
instance, the rotary link 120 may take the form of a shaft or the like that rotates based on
actuation from an actuator 114, thereby transferring mechanical forces from the actuator 114
to the rotating platform 112. Moreover, as noted, the rotary link 120 may have a central
cavity in which electronics 104 and/or one or more other components of the LIDAR device

100 may be disposed. Other arrangements are possible as well.
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[0096] Yet further, as noted, the LIDAR device 100 may include a housing 122. In
practice, the housing 122 may take on any shape and form. For example, the housing 122 can
be a dome-shaped housing, among other possibilities. Moreover, the housing 122 may be
arranged in various ways relative to other components of the LIDAR device 100. It is noted
that this housing is described for exemplary purposes only and is not meant to be limiting.
[0097] In an example implementation, the housing 122 may be coupled to the rotating
platform 112 such that the housing 122 is configured to rotate about the above-mentioned
axis based on rotation of the rotating platform 112. With this implementation, the transmitter
108, the receiver 110, and possibly other components of the LIDAR device 100 may each be
disposed within the housing 122. In this manner, the transmitter 108 and the receiver 110
may rotate along with this housing 122 while being disposed within the housing 122.

[0098] Moreover, the housing 122 may have an aperture formed thereon, which could
take on any feasible shape and size. In this regard, the transmitter 108 could be arranged
within the housing 122 so as to emit light into the environment through the aperture. In this
way, the transmitter 108 may rotate along with the aperture due to corresponding rotation of
the housing 122, thereby allowing for emission of light into various directions. Also, the
receiver 110 could be arranged within the housing 122 so as to detect light that enters the
housing 122 from the environment through the aperture. In this way, the receiver 110 may
rotate along with the aperture due to corresponding rotating of the housing 122, thereby
allowing for detection of the light incoming from various directions along the horizontal
FOV.

[0099] Yet further, the housing 122 may be composed of a material that is at least
partially non-transparent, except for the aperture, which could be composed of a transparent
material. In this way, light could propagate through the aperture, thereby allowing for
scanning of the environment. But due to the housing 122 being at least partially non-
transparent, the housing 122 may block at least some light from entering the interior space of
the housing 122 and thus may help mitigate thermal effects. For instance, the housing 122
may block sun rays from entering the interior space of the housing 122, which may help
avoid overheating of various components of the LIDAR device 100 due to those sun rays.
Moreover, due to various components of the LIDAR device 100 being disposed within the
housing 122 and due to the housing 122 rotating along with those components, the housing
122 may help protect those components from various environmental hazards, such as rain

and/or snow, among others.
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[00100] In other implementations, however, the housing 122 may be an exterior
stationary housing that does not rotate with the LIDAR device 100. For example, the exterior
stationary housing could be coupled to a vehicle and the LIDAR device could also be coupled
to the vehicle while being configured to rotate within the exterior stationary housing. In this
situation, the exterior stationary housing would likely be transparent so as to allow for
propagation of light through the exterior stationary housing and thus for scanning of the
environment by the LIDAR device 100. Moreover, the LIDAR device 100 may also include
an aperture through which light may propagate and such an aperture may be on an interior
housing of the LIDAR device 100, which may rotate within the exterior stationary housing

along with other components of the LIDAR device 100. Other implementations are possible

as well.
1L Illustrative Implementation of the LIDAR Device
[00101] Figure 2A illustrates a LIDAR device 200, according to an example

embodiment. LIDAR 200 may be similar to LIDAR 100. For example, as shown, LIDAR
device 200 includes a lens 208, a rotating platform 216, a stationary platform 220, and a
housing 224 which may be similar, respectively, to optical element 108, rotating platform
216, stationary platform 120, and housing 124. Additionally, as shown, light beams 280
emitted by LIDAR device 200 propagate from lens 108 along a pointing direction of LIDAR
200 toward an environment of LIDAR device 200, and reflect off one or more objects in the
environment as reflected light 290.

[00102] In some examples, housing 224 can be configured to have a substantially
cylindrical shape and to rotate about an axis of LIDAR device 200. In one example, housing
224 can have a diameter of approximately 10 centimeters. Other examples are possible. In
some examples, the axis of rotation of LIDAR device 200 is substantially vertical. For
instance, by rotating housing 224 that includes the various components a three-dimensional
map of a 360-degree view of the environment of LIDAR device 200 can be determined.
Additionally or alternatively, in some examples, LIDAR device 200 can be configured to tilt
the axis of rotation of housing 224 to control a field of view of LIDAR device 200. Thus, in
some examples, rotating platform 216 may comprise a movable platform that may tilt in one
or more directions to change the axis of rotation of LIDAR device 200.

[00103] In some examples, lens 208 can have an optical power to both collimate the
emitted light beams 280, and focus the reflected light 290 from one or more objects in the
environment of LIDAR device 200 onto detectors in LIDAR device 200. In one example,
lens 208 has a focal length of approximately 120 mm. Other example focal lengths are
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possible. By using the same lens 208 to perform both of these functions, instead of a transmit
lens for collimating and a receive lens for focusing, advantages with respect to size, cost,
and/or complexity can be provided. Alternatively, LIDAR 200 may include separate transmit
and receive lenses.

[00104] Figure 2B illustrates another possible implementation of a LIDAR system,
according to an example embodiment. As shown, a LIDAR system 228 could include a first
LIDAR 230, a second LIDAR 232, a dividing structure 234, and light filter 236.

[00105] In some examples, the first LIDAR 230 may be configured to scan an
environment around a vehicle by rotating about an axis (e.g., vertical axis, etc.) continuously
while emitting one or more light pulses and detecting reflected light pulses off objects in the
environment of the vehicle, for example. In some embodiments, the first LIDAR 230 may be
configured to repeatedly rotate about the axis to be able to scan the environment at a
sufficiently high refresh rate to quickly detect motion of objects in the environment. For
instance, the first LIDAR 230 may have a refresh rate of 10 Hz (e.g., ten complete rotations
of the first LIDAR 230 per second), thereby scanning a 360-degree FOV around the vehicle
ten times every second. Through this process, for instance, a 3D map of the surrounding
environment may be determined based on data from the first LIDAR 230. 1In one
embodiment, the first LIDAR 230 may include a plurality of light sources that emit 64 laser
beams having a wavelength of 905 nm. In this embodiment, the 3D map determined based
on the data from the first LIDAR 230 may have a 0.2° (horizontal) x 0.3° (vertical) angular
resolution, and the first LIDAR 230 may have a 360° (horizontal) x 20° (vertical) FOV of the
environment. In this embodiment, the 3D map may have sufficient resolution to detect or
identify objects within a medium range of 100 meters from a vehicle, for example. However,
other configurations (e.g., number of light sources, angular resolution, wavelength, range,
etc.) are possible as well.

[00106] Unlike the first LIDAR 230, in some embodiments, the second LIDAR 232
may be configured to scan a narrower FOV of the environment around a vehicle. For
instance, the second LIDAR 232 may be configured to rotate (horizontally) for less than a
complete rotation about a similar axis. Further, in some examples, the second LIDAR 232
may have a lower refresh rate than the first LIDAR 230. Through this process, a vehicle may
determine a 3D map of the narrower FOV of the environment using the data from the second
LIDAR 232. The 3D map in this case may have a higher angular resolution than the
corresponding 3D map determined based on the data from the first LIDAR 230, and may thus

allow detection/identification of objects that are further than the medium range of distances
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of the first LIDAR 230, as well as identification of smaller objects within the medium range
of distances. In one embodiment, the second LIDAR 232 may have a FOV of 8° (horizontal)
x 15° (vertical), a refresh rate of 4 Hz, and may emit one narrow beam having a wavelength
of 1550 nm. In this embodiment, the 3D map determined based on the data from the second
LIDAR 232 may have an angular resolution of 0.1° (horizontal) x 0.03° (vertical), thereby
allowing detection/identification of objects within a range of around three hundred meters
from a vehicle. However, other configurations (e.g., number of light sources, angular
resolution, wavelength, range, etc.) are possible as well.

[00107] In some examples, a vehicle may be configured to adjust a viewing direction
of the second LIDAR 232. For example, while the second LIDAR 232 has a narrow
horizontal FOV (e.g., 8 degrees), the second LIDAR 232 may be mounted to a stepper motor
(not shown) that allows adjusting the viewing direction of the second LIDAR 232 to pointing
directions other than that shown in Figure 1B. Thus, in some examples, the second LIDAR
232 may be steerable to scan the narrow FOV along any pointing direction from a vehicle.
[00108] The dividing structure 234 may be formed from any solid material suitable for
supporting the first LIDAR 230 and/or optically isolating the first LIDAR 230 from the
second LIDAR 232, Example materials may include metals, plastics, foam, among other
possibilities.

[00109] The light filter 236 may be formed from any material that is substantially
transparent to light having wavelengths with a wavelength range, and substantially opaque to
light having wavelengths outside the wavelength range. For example, the light filter 236 may
allow light having the first wavelength of the first LIDAR 230 (e.g., 905 nm) and the second
wavelength of the second LIDAR 232 (e.g., 1550 nm) to propagate through the light filter
236. As shown, the light filter 236 is shaped to enclose the first LIDAR 230 and the second
LIDAR 232. Thus, in some examples, the light filter 236 may also be configured to prevent
environmental damage to the first LIDAR 230 and the second LIDAR 232, such as
accumulation of dust or collision with airborne debris, among other possibilities. In some
examples, the light filter 236 may be configured to reduce visible light propagating through
the light filter 236. In turn, the light filter 236 may improve an aesthetic appearance of a
vehicle by enclosing the first LIDAR 230 and the second LIDAR 232, while reducing
visibility of the components of the sensor unit 228 from a perspective of an outside observer,
for example. In other examples, the light filter 236 may be configured to allow visible light
as well as the light from the first LIDAR 230 and the second LIDAR 232.
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[00110] In some embodiments, portions of the light filter 236 may be configured to
allow different wavelength ranges to propagate through the light filter 236. For example, an
upper portion of the light filter 236 above the dividing structure 234 may be configured to
allow propagation of light within a first wavelength range that includes the first wavelength
of the first LIDAR 230. Further, for example, a lower portion of the light filter 236 below the
dividing structure 234 may be configured to allow propagation of light within a second
wavelength range that includes the second wavelength of the second LIDAR 232. In other
embodiments, the wavelength range associated with the light filter 236 may include both the
first wavelength of the first LIDAR 230 and the second wavelength of the second LIDAR
232.

[00111] Figures 3A to 3D next collectively illustrate implementation of a LIDAR
device in a vehicle 300, specifically illustrating an implementation of the example LIDAR
device 200 in the vehicle 300. Although vehicle 300 is illustrated as a car, other
embodiments are possible. Furthermore, although the example vehicle 300 is shown as a
vehicle that may be configured to operate in autonomous mode, the embodiments described
herein are also applicable to vehicles that are not configured to operate autonomously. Thus,
the example vehicle 300 is not meant to be limiting.

[00112] In particular, Figure 3A shows a Right Side View, Front View, Back View,
and Top View of the vehicle 300. As shown, the vehicle 300 includes the LIDAR device 200
being positioned on a top side of the vehicle 300 opposite a bottom side on which wheels 302
of the vehicle 300 are located. Although the LIDAR device 200 is shown and described as
being positioned on the top side of the vehicle 300, the LIDAR device 200 could be
positioned on any part feasible portion of the vehicle without departing from the scope of the
present disclosure.

[00113] Moreover, Figures 3B to 3C next show that the LIDAR device 200 may be
configured to scan an environment around the vehicle 300 (e.g., at a refresh rate of 15 Hz) by
rotating about a vertical axis 308 while emitting one or more light pulses and detecting
reflected light pulses off objects in the environment of the vehicle 300, for example.

[00114] More specifically, Figure 3B shows that the LIDAR device 200 emits light
with the above-mentioned vertical spread of +7° to -18°. In this way, the light emissions can
be emitted toward regions of the environment that are relatively close to the vehicle 300 (e.g.,
a lane marker) and/or towards regions of the environment that are further away from the

vehicle 300 (e.g., a road sign ahead of the vehicle).
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[00115] Further, Figure 3C shows that the LIDAR device 200 may detect reflected
light with the above-mentioned vertical FOV of +7° to -18° and do so at a resolution of
0.036° x 0.067°. In this way, the LIDAR device 200 may detect light reflected off regions of
the environment that are relatively close to the vehicle 300 and/or light reflected off regions
of the environment that are further away from the vehicle 300.

[00116] Generally, these detection distances are illustrated by way of example in
Figure 3D. In particular, Figure 3D illustrates a top view of the vehicle 300 in the above-
described scenario where the vehicle 300 uses the LIDAR device 200 for scanning a
surrounding environment. Accordingly, the horizontal FOV of the LIDAR device 200 may
span 360° in all directions around the vehicle 300.

[00117] As shown in Figure 3D, the LIDAR device 200 may be suitable for detection
and/or identification of objects within a range of distances to the vehicle 300. More
specifically, objects outside of contour 304 and within a range of distances defined by the
contour 306 may be properly detected/identified using the data from the LIDAR device 200.

It is noted that these contours are not to scale but are illustrated as shown for convenience of

description.
1v. Nominal Detection Range and Range Ambiguity
[00118] Given that a LIDAR device may be suitable for detection of objects within a

range of distances, the LIDAR device may have a nominal detection range that spans from a
minimum detection range to a maximum unambiguous detection range. For a given detection
period of the LIDAR device, the maximum unambiguous detection range may define the
greatest distance at which an object can be positioned away from the LIDAR device and be
detected by the LIDAR device within a designated detection period, e.g., the nominal
detection period. Signals reflected from objects past the maximum unambiguous detection
range may be too attenuated to be reliably detected. The minimum detection range may
define the minimum distance at which an object should be positioned away from the LIDAR
device in order to be detected by the LIDAR device within the designated detection period.
Signals reflected from objects closer than the minimum distance may return to the LIDAR
device before the designated detection period begins.

[00119] More specifically, a computing system may operate the LIDAR device to emit
and detect light pulses in accordance with certain timing. For example, the computing system
may operate the LIDAR device to emit light pulses at emission times in accordance with an

emission time sequence, which could be predefined or pseudo-random. This emission time
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sequence may then establish a detection time sequence according to which the LIDAR device
detects return light pulses.

[00120] For instance, once the computing system operates the LIDAR device to emit a
given light pulse, a corresponding detection period for the given light pulse may begin
immediately following or at some time after emission of that given light pulse, and may end
before or after emission of a subsequent light pulse, among other options. During this
corresponding detection period, the LIDAR device could then detect a given return light
pulse that corresponds to the given emitted light pulse, such as when the given emitted light
pulse reflects off an object within the nominal detection range to result in that return light
pulse. After the LIDAR device detects the given return light pulse, the computing system
could then determine a specific range associated with the given return light pulse according to
a time delay relative to the emission time of the given emitted light pulse.

[00121] As discussed above, a detection period may establish a nominal detection
range that spans from a minimum detection range to a maximum unambiguous detection
range.

[00122] In particular, the time difference between the emission time of a light pulse
and the end time of the detection period may correspond to a maximum time delay that a
return light pulse from that emitted light pulse could have in order to still be detected by the
LIDAR device during the detection period. For instance, if a detection period begins 1
nanosecond after emission of a light pulse and ends 400 nanoseconds (ns) after emission of
that light pulse, in order for a return light pulse from that emitted light pulse to be detected by
the LIDAR device during the nominal detection period, this light pulse should return to the
LIDAR device within 400 ns. Further, because a computing system could determine a
distance to an object according to a time delay between an emitted light pulse and detection
of a reflected returning light pulse, the maximum time delay may establish the greatest
distance at which an object could be positioned away from the LIDAR device, such that the
LIDAR device could still detect during the detection period a light pulse that reflected off this
object and then returned to the LIDAR. Generally, this greatest distance may define the
maximum unambiguous detection range for the emitted light pulse.

[00123] Additionally, the time difference between emission time of a light pulse and
the start time of the detection period may correspond to a minimum time delay that a return
light pulse should have in order to be detected by the LIDAR device during the nominal
detection period. For instance, if a detection period starts 50 nanoseconds (ns) after emission

of a light pulse, in order for a return light pulse to be detected by the LIDAR device during
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that detection period after the light pulse is emitted by the LIDAR device, this light pulse
may have to return to the LIDAR device after no less than 50 ns. Further, because a
computing system could determine a distance to an object according to a time delay between
an emitted light pulse and detection of a reflected returning light pulse, the minimum time
delay may establish the minimum distance at which an object should be positioned away
from the LIDAR device, such that the LIDAR device could still detect during the detection
period a light pulse that reflected off this object and then returned to the LIDAR. Generally,
this minimum distance may define the minimum detection range for the detection period.
[00124] In some cases, different detection periods could have different respective
nominal detection ranges. For example, as the duration of a detection period increases, a
maximum detection range for the detection period may increase, and vice versa. Thus,
detection periods that are of longer durations may have greater respective maximum
unambiguous detection ranges and detection periods that are of shorter durations may have
smaller respective maximum unambiguous detection ranges.

[00125] Given this, in another aspect, a nominal detection range could define the
distances at which an object can be positioned away from the LIDAR device and be reliably
detected by the LIDAR device when taking all detection periods of the LIDAR device into
consideration. In particular, if a LIDAR device is operated such that each detection period is
the same, that detection period may establish a nominal detection range of the LIDAR device.
But if a LIDAR device is operated such that some or all detection periods are different
compared to one another, then the detection period that provides for the greatest maximum
time delay may establish a maximum detection range of the LIDAR device, and the detection
period that provides for the smallest minimum time delay may establish a minimum detection
range of the LIDAR device.

[00126] With this arrangement, if a light pulse is reflected off an object positioned
outside the nominal detection range, a computing system may not determine a distance
associated with that light pulse or could determine an incorrect distance associated with that
light pulse.

[00127] By way of example, in many situations, if a light pulse is reflected off an
object positioned beyond a maximum unambiguous detection range, the LIDAR device may
not detect such a light pulse, as this light pulse may experience a significant attenuation in its
intensity before arriving at the LIDAR device. In some situations, however, the LIDAR
device may nonetheless detect that returning light pulse. For instance, the object positioned

beyond the maximum unambiguous detection range may be a retroreflective object, such as a
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large road sign located beyond the maximum unambiguous detection range. A return light
pulse that has reflected off such a retroreflective object may be detected by the LIDAR
device during a subsequent detection period. As a result, without range aliasing resilience,
the computing system may erroneously determine the retroreflective object is closer than it
physically is from the LIDAR in calculating the distance the light traveled based on the
emission time of a later emitted pulse because it was not expected to receive an un-attenuated
return signal from an object located past the maximum unambiguous detection range.

[00128] In another example, in some situations, if a light pulse is reflected off an
object positioned closer than a minimum detection range, the LIDAR device may or may not
detect such a light pulse. But if the LIDAR device does detect such a light pulse, that light
pulse may arrive at the LIDAR device before start of the detection period, and thus the
LIDAR device may not detect that light pulse in the detection period associated with that
light pulse. As a result, the computing system may not determine a distance associated with
this light pulse according to a time delay relative to an emission time of that light pulse.
[00129] Figures 4A-4C illustrate a nominal detection range of the LIDAR device 200.
In particular, Figures 4A-4C show that the LIDAR device 200 may have a nominal detection
range that spans from a minimum detection range of 0 meters to a maximum unambiguous
detection range 400 of 60 meters (60 m). In this example, this maximum unambiguous
detection range 400 is established by the detection period 408 that starts following an
emission time 406A of a light pulse and ends at a subsequent emission time 406B of a
subsequent light pulse. As shown, the detection period 408 has a duration of 400 ns, which
leads to the maximum unambiguous detection range 400 to be at approximately 60 m away
from the LIDAR device 200 (maximum unambiguous detection range * 2 = speed of
pulse*detection period = ~299,792,458 m/s * 400 ns).

[00130] Further, Figures 4A-4C illustrate that a nearby object 402 (e.g., a nearby road
sign) could be positioned within the maximum unambiguous detection range 400 and that a
distant object 404 (e.g., a retroreflective “freeway entrance” road sign) could be positioned
outside of the maximum detection range 400. In this regard, Figure 4B shows that a pulse
reflected off the nearby object 402 would return to the LIDAR device 200 before the end of
the detection period 408 and would do so at a detection time 410 of 350ns after the emission
time 406A. This detection time 410 corresponds to a range of 52.5m, which is the distance at
which the nearby object 402 is positioned away from the LIDAR device 200. In contrast,
distant object 404 is positioned at a distance of 80m away from the LIDAR device 200,

which is a distance that exceeds the maximum detection range 400 of 60m. Therefore, as
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shown in Figure 4C, a pulse reflected off the distant object 404 would return to the LIDAR
device 200 after the end of the detection period 408 and thus would not be detected by the
LIDAR device 200 during that detection period 408. Other illustrations are possible as well.
[00131] When an emitted light pulse is reflected off a retroreflective object positioned
beyond the maximum unambiguous detection range, the LIDAR device may detect this light
pulse at a time after the device has stopped listening for return signal from that emitted light
pulse and instead during a time the device is listening for return signals from a subsequently
emitted light pulse, which may lead to range aliasing, thereby leading to false object
detection, among other outcomes.

[00132] Figures 5A to 5B illustrate an example detection of return light pulses.

[00133] In particular, Figure SA shows light pulses A-F emitted respectively at
emission times A-F in accordance with a periodic emission time sequence #1 that does not
include application of dither. These periodic emission times establish detection periods A-F
each of the same 400ns duration. As shown, light pulses A-F each reflect off the distant
object 404 and, as a result, are each respectively detected during a subsequent detection
period.

[00134] Generally, the computing system could determine candidate ranges associated
with detected light pulses A-F without accounting for the possibility of large retroreflective
objects located outside the maximum unambiguous detection range. For instance, the
computing system may determine that the LIDAR device 200 detected light pulse A at a
detection time TnO of 133ns relative to emission time B, which corresponds to a range of
20m as shown in Figure SB. And as indicated by detection times Tnl to TnS, a similar
approach could be used for determining ranges associated with light pulses B-F, thereby
resulting in first ranges 502 corresponding to a close range hypothesis of an object being
positioned at 20m away from the LIDAR device 200.

[00135] Given this, the computing system determines ranges 502 that are the same as
one another and, as a result, could determine that these ranges 502 should be used as basis for
object detection. However, this close range hypothesis is inaccurate, as light pulses A-F in
fact reflected off the distant object 404 that is positioned beyond the maximum unambiguous
detection range of the LIDAR device 200. Thus, use of this close range hypothesis for object
detection could lead to a false detection of a nearby object.

[00136] In one embodiment, the computing system may determine that the LIDAR
device 200 detected light pulse A at a detection time TfO of 533ns relative to emission time

A, which corresponds to a range of 80m as shown in Figure 5B. And as indicated by
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detection times Tfl to TfS, a similar approach could be used for determining ranges
associated with light pulses B-F, thereby resulting in second ranges 504 corresponding to a
far range hypothesis of an object being positioned at 80m away from the LIDAR device 200.
This far range hypothesis is accurate, as light pulses A-F in fact reflected off the distant
object 404 that is positioned beyond the maximum detection range of the LIDAR device 200.
[00137] In some instances, although this far range hypothesis is accurate, the
computing system may be unable to disambiguate between the close and far hypothesis if a
time-varying dither is not also applied. Specifically, the computing system may determine a
close range hypothesis including that ranges 502 are the same as one another and that this
indicates an object is positioned at 20m away from the LIDAR device 200. Additionally, the
computing system may determine a far range hypothesis including that ranges 504 are the
same as one another and that this indicates an object is positioned at 80m away from the
LIDAR device 200. As a result, the computing system may determine that an object could be
positioned at 20m away from the LIDAR device 200 or at 80m away from the LIDAR device
200, but may be unable to determine which of these determinations is in fact accurate without
additional information, thereby leading to range ambiguity. Additional information that may
allow the computing system to disambiguate between the two ranges could include
information that the detected object is likely or unlikely to be of a size that would be detected
at the farther distance. For example, if the object is shaped like a sign, it may be possible the
object is farther away. If the object is shaped like a small animal, it may be unlikely. Other
illustrations are also possible.

V. Using Multiple Range Hvpotheses and Application of Time-Varving

Dither to Overcome Range Ambiguity

[00138] Figure 6 is a flowchart illustrating a method 600, according to an example
implementation. In particular, method 600 may be implemented to help resolve range
ambiguity encountered in one or more of various situations.

[00139] Method 600 shown in Figure 6 (and other processes and methods disclosed
herein) presents a method that can be implemented within an arrangement involving, for
example, the LIDAR device 100 of Figure 1, vehicle 300 shown in Figures 3A-3D, and/or
vehicle 1700 shown in Figure 17 and further described below (or more particularly by one or
more components or subsystems thereof, such as by a processor and a non-transitory

computer-readable medium having instructions that are executable to cause the device to
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perform functions described herein). Additionally or alternatively, method 600 may be
implemented within any other arrangements and systems.

[00140] Method 600 and other processes and methods disclosed herein may include
one or more operations, functions, or actions as illustrated by one or more of blocks 602-610.
Although the blocks are illustrated in sequential order, these blocks may also be performed in
parallel, and/or in a different order than those described herein. Also, the various blocks may
be combined into fewer blocks, divided into additional blocks, and/or removed based upon
the desired implementation.

[00141] In addition, for the method 600 and other processes and methods disclosed
herein, the flowchart shows functionality and operation of one possible implementation of
present implementations. In this regard, each block may represent a module, a segment, or a
portion of program code, which includes one or more instructions executable by a processor
for implementing specific logical functions or steps in the process. The program code may be
stored on any type of computer readable medium, for example, such as a storage device
including a disk or hard drive. The computer readable medium may include non-transitory
computer readable medium, for example, such as computer-readable media that stores data
for short periods of time like register memory, processor cache and Random Access Memory
(RAM). The computer readable medium may also include non-transitory media, such as
secondary or persistent long term storage, like read only memory (ROM), optical or magnetic
disks, compact-disc read only memory (CD-ROM), for example. The computer readable
media may also be any other volatile or non-volatile storage systems. The computer readable
medium may be considered a computer readable storage medium, for example, or a tangible
storage device. In addition, for the method 600 and other processes and methods disclosed
herein, each block in Figure 6 may represent circuitry that is wired to perform the specific
logical functions in the process.

[00142] At block 602, method 600 involves operating a LIDAR device to emit light
pulses at emission times in accordance with an emission time sequence, where the emission
time sequence includes a time-varying dither, and to detect return light pulses in accordance
with a detection time sequence, where the detection time sequence includes, for each emitted
light pulse, a corresponding detection period for detection of a corresponding return light
pulse, and where a detection time of a return light pulse relative to a corresponding emission
time of a corresponding emitted light pulse is indicative of a range to an object that reflected

the corresponding emitted light pulse.
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[00143] As noted, a computing system could operate a LIDAR device to emit and
detect light pulses in accordance with certain timing.

[00144] For instance, the computing system could operate the LIDAR device to emit
light pulses in accordance with an emission time sequence that includes application of a time-
varying dither. In practice, application of dither may involve pseudo-random deviation of a
periodic signal away from periodicity, such as by application of noise to the signal, among
other possibilities. In this regard, the computing system may apply pseudo-random dither to
respective emission timing of some, but not all, emitted light pulses, so as to respectively
shift each such respective emission timing away from periodicity by a pseudo-random
duration. With this implementation, as noted, due to the shifts in periodicity, the computing
system could potentially discount an incorrect close range hypothesis.

[00145] Furthermore, the emission time sequence may help establish a detection time
sequence according to which the LIDAR device detects return light pulses. Generally, this
detection time sequence may include a corresponding detection period respectively for each
emitted light. In particular, a corresponding detection period for a given light pulse may
begin immediately following or at some time after emission of that given light pulse, and may
end before or after emission a subsequent light pulse. During this corresponding detection
period, the LIDAR device could detect a given return light pulse that corresponds to the given
emitted light pulse, such as when the given emitted light pulse reflects off an object to result
in that return light pulse. After the LIDAR device detects the given return light pulse at a
certain detection time, the computing system could then determine a range to an object that
reflected the given emitted light pulse. As discussed, the computing system could determine
this range according to a time delay between the detection time of the given return light pulse
and the emission time of the given emitted light pulse.

[00146] At block 604, method 600 involves making a determination that the LIDAR
device detected return light pulses during corresponding detection periods for each of two or
more emitted light pulses.

[00147] Generally, a computing system could make a determination that the LIDAR
device detected one or more return light pulses respectively during each of two or more
detection periods. For instance, a plurality of emitted light pulses could each respectively
have a corresponding detection period. For each such corresponding detection period, the
computing system could determine that the LIDAR device detected one or more return light
pulses. In practice, some or all of these light pulses could be light pulses that reflected off

object(s) positioned outside a nominal detection range of the LIDAR device. Additionally or
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alternatively, some or all of these light pulses could be light pulses that reflected off nearby
object(s) positioned within the nominal detection range.

[00148] At block 606, method 600 involves, in response to making the determination,
determining that (i) the detected return light pulses have detection times relative to
corresponding emission times of a plurality of first emitted light pulses that are indicative of a
first set of ranges and (ii) the detected return light pulses have detection times relative to
corresponding emission times of a plurality of second emitted light pulses that are indicative
of a second set of ranges.

[00149] Once the computing system determines that the LIDAR device detected
several return light pulses, the computing system may responsively generate two or more
range hypotheses for these detected return light pulses, at least one of which would be an
alternate range hypothesis. For example, the computing system could generate a close range
hypothesis and one or more alternate range hypotheses. In another example, the computing
system could generate two or more alternate range hypotheses. Other examples are also
possible.

[00150] When generating a close range hypothesis, the computing system may
determine a range respectively for each detected return light pulse according to a time delay
relative to an emission time of a most recently emitted light pulse. As discussed, for a given
return light pulse detected during a given detection period, the most recently emitted light
pulse may be the one that corresponds to the given detection period during which the given
return light pulse was detected. For example, in FIG. 5A, for the return light pulse A detected
during detection period B, the most recently emitted light pulse is pulse B which corresponds
to the detection period B during which the return light pulse A was detected. As such, the
computing system generates a close range hypothesis to determine whether or not the
detected return light pulses reflected off a nearby object positioned within the nominal
detection range of the LIDAR device. In this example, the computing system, e.g., part of or
coupled to device 200, generates a close range hypothesis that the detected light pulse A was
emitted at the time light pulse B was emitted, reflected off an object positioned within the
LIDAR devices’ nominal detection range, and therefore returned within detection period B as
it did.

[00151] Further, when generating an alternate range hypothesis, the alternate range
hypothesis could be a far range hypothesis or could be a “proximate” range hypothesis.
[00152] Specifically, the computing system may generate a far range hypothesis that

the detected return light pulses reflected off a distant object positioned beyond the maximum
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unambiguous detection range of the LIDAR device. When generating a far range hypothesis,
the computing system may determine a range respectively for each detected return light pulse
according to a time delay relative to an emission time of a previously emitted light pulse. In
one case, for a given return light pulse detected during a given detection period having a
corresponding emitted light pulse, the previously emitted light pulse may be one that
immediately precedes in time the emitted light pulse corresponding to the given detection
period. In other cases, however, the previously emitted light pulse may be a two times
previous light pulse or a three times previous light pulse, and so on.

[00153] The computing system may generate a proximate range hypothesis that the
detected return light pulses reflected off a proximate object positioned closer than the
minimum detection range of the LIDAR device. For example, consider an embodiment in
which at time t0, a light pulse PO is emitted, and at a time t1, the LIDAR begins to watch for
reflections of PO’s light. Further, at at time t2, a light pulse P1 is emitted, while the LIDAR
continues to watching for reflections of P0’s light. Then, at a time t3, the LIDAR stops
watching for reflections of PO’s light, and begins to watch for reflections of P1’s light. In this
example, if an unexpected object is located closer than the minimum detection range of the
LIDAR device, it may reflect back P1°s light before t3. In one an embodiment, the computing
system may generate a proximate range hypothesis that determines the range of the object
that reflected P1’s light based on the emission time of P1, even though the reflection was
received during the period in which the LIDAR was watching for reflections of PO, e.g.,
because the system is aware that there is an offset before detection periods begin and an
overlap between detection periods and emissions. Accordingly, when generating a proximate
range hypothesis, the computing system may determine a range respectively for each detected
return light pulse according to a time delay relative to an emission time of a subsequently
emitted light pulse. This subsequently emitted light pulse may be an emitted light pulse that
corresponds to a detection period following the one during which a given light pulse was
detected.

[00154] As such, for instance, the computing system may determine (i) a first set of
ranges in accordance with a time delay relative to corresponding emission times of a plurality
of first emitted light pulses and (i1) a second set of ranges in accordance with a time delay
relative to corresponding emission times of a plurality of second emitted light pulses. The
first set of ranges may correspond to a close range hypotheses and the second set ranges may
correspond to an alternate range hypothesis. Alternatively, the first set may correspond to an

alternate range hypotheses and the second set may correspond to a close range hypothesis, or
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the first set may correspond to a first alternate range hypotheses and the second set may
correspond to a second alternate range hypothesis. Other combinations of range hypotheses
are possible as well. In any case, the first and second emitted pulses may be different from
one another, as at least one of the second emitted pulses would be different from each of the
plurality of first emitted pulses.

[00155] At block 608, method 600 involves selecting between using the first set of
ranges as a basis for object detection and using the second set of ranges as a basis for object
detection. And at block 610, method 600 involves engaging in object detection in accordance
with the selecting.

[00156] Once the computing system generates two or more range hypotheses for the
detected return light pulses, the computing system may then determine which one of these
range hypotheses is correct and thus which ranges should be used as a basis for object
detection. In accordance with the present disclosure, the computing system could do so based
on comparison to known object(s) and/or based on consideration of similarity of ranges in a
given hypothesis, among other possibilities.

[00157] In one example, the computing system may determine that the first set of
ranges closely resembles a known object and/or that the second set of ranges does not
resemble any known objects, and the system may responsively select the first set of ranges to
be used as basis for object detection. Alternatively, the computing system may determine
that the second set of ranges closely resembles a known object and/or that the first set of
ranges does not resemble any known objects, and the system may responsively select the
second set of ranges to be used as basis for object detection.

[00158] In this example, the computing system could determine whether or not a set of
ranges is representative of one or more known objects, such as based on object recognition
techniques. For instance, the computing system could have stored on or otherwise have
access to a plurality of point clouds each respectively indicative of a known object (e.g., road
sign(s)). Therefore, the computing system could assemble a point cloud based on a particular
set of ranges, and could then determine whether or not this assembled point cloud matches at
least one of the plurality of point clouds. If the assembled point cloud substantially matches
at least one of the plurality of point clouds, then the computing system may determine that
the particular set of ranges is representative of at least one known object. Otherwise, the
computing system may determine that the particular set of ranges is not representative of at

least one known object.
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[00159] In another example, the computing system may determine that the first set
includes ranges that are substantially similar to one another and/or that the second set
includes ranges that are substantially different from one another, and the system may
responsively select the first set of ranges to be used as basis for object detection.
Alternatively, the computing system may determine that the second set includes ranges that
are substantially similar to one another and/or that the first set includes ranges that are
substantially different from one another, and the system may responsively select the second
set of ranges to be used as basis for object detection.

[00160] In this example, the computing system could determine whether or not ranges
in a set are substantially similar to one another. For instance, if the computing system
determines that ranges of a set substantially match one another (e.g., within a threshold
tolerance), then the computing system may responsively determine that ranges of the set are
substantially similar to one another. Otherwise, the computing system may responsively
determine that ranges of the set are not substantially similar to one another. In another
instance, the computing system may determine whether or not a difference between the
smallest range in the set and the greatest range in the set exceeds a threshold difference (e.g.,
established via additional engineering input). If the computing system determines that this
difference exceeds the threshold difference, then then computing system may responsively
determine that ranges of the set are not substantially similar to one another. But if the
computing system determines that this difterence does not exceeds the threshold difference,
then the computing system may responsively determine that ranges of the set are substantially
similar to one another. Other instances and examples are also possible.

[00161] In a situation in which the return light pulses are detected during
corresponding detection periods for each of the plurality of first emitted light pulses and thus
in which the first set corresponds to a close range hypothesis, the set of ranges that the
computing system ends up selecting may indicate whether the detected return light pulses
reflected off nearby object(s) or whether the detected return light pulses reflected off distant
and/or proximate object(s) positioned outside the nominal detection range of the LIDAR
device.

[00162] In particular, if the computing system selects use of the first set of ranges as a
basis for object detection, then the detected return light pulses are light pulses that reflected
off one or more nearby objects positioned within the nominal detection range of the LIDAR
device. But if the computing system selects use of the second set of ranges as a basis for

object detection, then the detected return light pulses are light pulses that reflected off one or
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more objects positioned outside the nominal detection range of the LIDAR device. Other
example situations are also possible.

[00163] In one embodiment, after the computing system selects a set of ranges to use
as a basis for object detection, the computing system may then engage in object detection
accordingly. Generally, engaging in object detection could involve detecting presence of an
object, determining a distance of the object away from the LIDAR device, and/or identifying
the object, among other possibilities.

[00164] In particular, if the computing system determines that the first set of ranges
should be used as a basis for object detection, the computing system may responsively use the
first set of ranges rather than the second set of ranges as basis for object detection. For
instance, the computing system may determine based on the first set of ranges that an object
is positioned at a certain range away from the LIDAR device. The computing system could
determine this certain range to be one of the ranges of the first set or could determine this
certain range to be an average of the ranges of the first set, among other possibilities.
Additionally or alternatively, the computing system could assemble a point cloud based on
the first set of ranges and could use this point cloud as basis for identifying the object in
accordance with object recognition technique(s).

[00165] However, if the computing system determines that the second set of ranges
should be used as a basis for object detection, the computing system may responsively use the
second set of ranges rather than the first set of ranges as basis for object detection. For
instance, the computing system may determine based on the second set of ranges that an
object is positioned at a certain range away from the LIDAR device. The computing system
could determine this certain range to be one of the ranges of the second set or could
determine this certain range to be an average of the ranges of the second set, among other
possibilities. Additionally or alternatively, the computing system could assemble a point
cloud based on the second set of ranges and could use this point cloud as basis for identifying
the object in accordance with object recognition technique(s). Other instances are also
possible.

[00166] Given this implementation, the computing system could determine the
appropriate ranges to use for basis for object detection, even when one or more detected
return light pulses are light pulses that reflect off proximate and/or distant object(s) and are
received before or after detections period associated with their emitted light pulses began or
ended.
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[00167] Figures 7A to 7B next illustrate how multiple range hypotheses and
application of dither can together help a computing system select ranges to use as a basis for
object detection.

[00168] In particular, Figure 7A shows light pulses A-F emitted respectively at
emission times A-F in accordance with an emission time sequence #2 that includes
application of dither. These emission times establish detection periods A-F of various
durations. In line with Figures SA-5B, light pulses A-F each reflect off the distant object 404
and, as a result, are each respectively detected during a subsequent detection period.

[00169] In this case, however, when the computing system determines candidate
ranges associated with detected light pulses A-F in accordance with a close range hypothesis,
the ranges may be substantially different from one another due to the application of dither.
For instance, the computing system may determine that the LIDAR device 200 detected light
pulse A at a detection time TnO of 83ns relative to emission time B, which corresponds to a
range of 12.5m as shown in Figure 7B. But the computing system may determine that the
LIDAR device 200 detected light pulse B at a detection time Tnl of 183ns relative to
emission time C, which corresponds to a range of 27.5m as shown in Figure 7B. And as
shown in Figure 7A-7B, a similar approach may be used for determining ranges respectively
with regards to detection time Tn2, Tn3, Tn4, and Tn5.

[00170] Given this, as shown in Figure 7B, the computing system determines a close
range hypothesis including ranges 702 that are substantially different from one another and,
as a result, could determine that these ranges 702 should not be used as basis for object
detection. The determination to not use ranges 702 would be correct, as light pulses A-F in
fact reflected off the distant object 404 that is positioned beyond the maximum unambiguous
detection range of the LIDAR device 200. Thus, avoiding use of the close range hypothesis
for object detection could help avoid a false detection of a nearby object.

[00171] Moreover, the computing system could additionally determine candidate
ranges associated with detected light pulses A-F in accordance with a far range hypothesis.
For instance, the computing system may determine that the LIDAR device 200 detected light
pulse A at a detection time TfO of 533ns relative to emission time A, which corresponds to a
range of 80m as shown in Figure 7B. And as indicated by detection times Tfl to Tf5, a
similar approach could be used for determining ranges associated with light pulses B-F,
thereby resulting in second ranges 704 corresponding to a far range hypothesis of an object

being positioned at 80m away from the LIDAR device 200.
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[00172] Given this, as shown in Figure 7B, the computing system determines a far
range hypothesis including ranges 704 that are substantially similar to one another and, as a
result, could determine that these ranges 704 should be used as basis for object detection.
This far range hypothesis is accurate, as light pulses A-F in fact reflected off the distant
object 404 that is positioned beyond the maximum unambiguous detection range of the
LIDAR device 200. Therefore, the computing system determines the appropriate ranges to
use as a basis for object detection. Other illustrations are also possible.

VI Additional Applications and Considerations

a. Range Ambiguity Involving Multiple Detections in the same Detection Period
[00173] In practice, a computing system could encounter range ambiguity in situations
other than those described above, such as when the LIDAR device detects multiple return
light pulses respectively during one or more detection periods.

[00174] More specifically, when a LIDAR device detects a light pulse that reflected
off an object positioned outside the nominal detection range, the LIDAR device may detect
this light pulse at a detection time after the end of a detection period that corresponds to that
light pulse or at a detection time before start of a detection period that corresponds to that
light pulse, which may lead to range ambiguity in the context of multiple light pulse detection
in the same detection period.

[00175] For instance, referring again to Figure 4C, the LIDAR device 200 may detect
the light pulse emitted at emission time 406A during a detection period that corresponds to
another light pulse emitted at emission time 406B and therefore during a detection period that
follows detection period 408. This scenario could lead to the computing system determining
that the LIDAR device detected multiple return light pulses during the same detection period,
and thus the computing system determining two possible time delays relative to an emitted
light pulse that corresponds to this detection period. Consequently, this scenario may lead to
ambiguity as it may be unclear which of these return light pulses corresponds to the detection
period and thus which of these return light pulses to use as basis for determining a distance to
an object.

[00176] By way of example, Figures 8A-8B illustrate how a LIDAR device could
detect multiple return light pulses during the same detection period and how such detection of
multiple return light pulses during the same detection period may lead to ambiguity. In
particular, Figure 8A shows light pulses A-G emitted respectively at emission times A-G in
accordance with a periodic emission time sequence #3. In line with the discussion above,

these periodic emission times establish detection periods A-G each of the same 400ns
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duration. As shown, light pulses A, C, E, and G reflect off the nearby object 402 and are thus
respectively detected by the LIDAR device 200 in their corresponding detection periods A,
C, E, and G. However, light pulses B, D, and F reflect off the distant object 404 and, as a
result, are each respectively detected during a subsequent detection period.

[00177] Consequently, the LIDAR device 200 ambiguously detects multiple return
light pulses respectively during each such subsequent detection period. For instance, light
pulse B is detected by the LIDAR device 200 during detection period C, which is established
for detection of light pulse C rather than for detection of light pulse B. In this regard, the
LIDAR device 200 detects light pulse B at a detection time B of 133ns relative to emission
time C, which corresponds to a range of 20m, and also detects light pulse C at a detection
time C of 350ns relative to emission time C, which corresponds to a range of 52.5m. A
similar situation is encountered with regards to detection of light pulses D and E during
detection period E as well as with regards to detection of light pulses F and G during
detection period G.

[00178] As such, the computing system could generate a close range hypothesis based
on detection of light pulses A, C, E, and G, which includes ranges 802 each having a value of
52.5m. Additionally, the computing system may generate a close range hypothesis based on
detection of light pulses B, D, and F, which includes ranges 804 each having a value of 20m.
And given these possible sets of ranges 802 and 804, the computing system operating LIDAR
device 200 may be unable to determine with certainty whether an object is positioned at
52.5m away from the LIDAR device 200 and/or whether an object is positioned at 20m away
from the LIDAR device 200, thereby leading to range ambiguity. Other illustrations are also
possible.

[00179] To help resolve the issue of range ambiguity, a time-varying dither can be
applied to the emission time sequence. In practice, as noted, application of dither may
involve pseudo-random deviation of a periodic signal away from periodicity, such as by
application of noise to the signal, among other possibilities. In this regard, the computing
system may apply pseudo-random dither to respective emission timing of some, but not all,
emitted light pulses, so as to respectively shift each such respective emission timing away
from periodicity by a pseudo-random duration. With this implementation, the LIDAR device
could still possibly detect multiple return light pulses respectively during each of a plurality
of detection periods. But due to the shifts in periodicity, the computing system could
potentially determine which one of these return light pulses corresponds to the respective

detection period and which one does not correspond to the respective detection period.
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[00180] More specifically, for each respective detection period that begins at a
respective emission time, the computing system could determine a first range associated with
a first return light pulse according to a time delay relative to the respective emission time and
could determine a second range associated with a second return light pulse also according to
a time delay relative to the respective emission time. Once the computing system determines
the first set of first ranges and the second set of second ranges, one of these sets is less likely
than the other to resemble a recognizable object due to the above-mentioned shifts, which
could help the computing system determine which ranges to use for purposes of object
detection. For instance, if the second return light pulses are those that reflected off the distant
object, then the second set is less likely than the first set to resemble a recognizable object.
Therefore, the computing system could determine that ranges of the second set are randomly
scattered and thus responsively determine that ranges of the first set should be used for
purposes of object detection.

[00181] Figures 9A-9B next illustrate how application of dither could help resolve
range ambiguity. In particular, Figure 9A shows light pulses emitted respectively at emission
times A-G in accordance with a non-periodic emission time sequence #4 that includes
application of dither. In line with the discussion above, these periodic emission times
establish detection periods A-G, some of which are of the same duration and some of which
are of different durations. As with emission time sequence #3, light pulses A, C, E, and G
reflect off the nearby object 402 and, as a result, are each respectively detected by the LIDAR
device 200 in their corresponding detection periods A, C, E, and G. Also, as with emission
time sequence #3, light pulses B, D, and F reflect off the distant object 404 and, as a result,
are each respectively detected during a subsequent detection period. In this case, however,
due application of dither, the computing system could potentially disambiguate between
multiple return light pulses detected during the same detection period.

[00182] More specifically, Figures 9A-9B show that the range corresponding to
detection of light pulses A, C, E, and G is at 52.5m away from the LIDAR device 200. But
Figures 9A-9B also show that, due to application of dither, the ranges corresponding to light
pulses B, D, and F are substantially different from one another. Namely, the LIDAR device
200 detected light pulse B at a detection time B of 183ns relative to emission time C, which
corresponds to a range of 27.5m, detected light pulse D at a detection time D of 158ns
relative to emission time E, which corresponds to a range of 23m, and detected light pulse F
at a detection time F of 133ns relative to emission time G, which corresponds to a range of

20m. In this way, the computing system determines a first set of ranges 902 that are the same
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or similar to one another, as well as a second set of ranges 904 that are substantially different
from one another. As such, the computing system could determine that ranges 904 are
randomly scattered and thus responsively determine that ranges 902 should be used for
purposes of object detection. Other illustrations are possible as well.
[00183] Although the approach of this embodiment can help overcome range
ambiguity, there may be certain deficiencies. For example, when the computing system
determines two or more possible sets of ranges in line with the discussion above, in some
cases, cach such set of ranges could resemble a recognizable object. In such cases, the
computing system may not be able to determine with a high level of certainty which of these
sets of ranges to use for purposes of object detection. Moreover, whether or not the
computing system is able to disambiguate between multiple return light pulses with a high
level of certainty, the existing implementation does not provide for detection of an object
positioned outside the nominal detection range, such as of a distant object that reflects light
pulses and causes the range ambiguity.

b. Using an Alternate Range Hypothesis to Detect a Distant Object
[00184] Figure 10 is a flowchart illustrating a method 1000, according to an example
implementation. In particular, method 1000 may be implemented to generate an alternate
range hypothesis and then use that alternate range hypothesis to detect an object positioned
outside the nominal detection range of a LIDAR device. Although method 1000 is generally
described in the context of generating a far range hypothesis, it should be understood that
method 1000 may additionally or alternatively apply in the context of generating a proximate
range hypothesis.
[00185] At block 1002, method 1000 involves operating a LIDAR device to emit light
pulses at emission times in accordance with an emission time sequence, where the emission
time sequence includes a time-varying dither, and to detect return light pulses in accordance
with a detection time sequence, where the detection time sequence includes, for each emitted
light pulse, a corresponding detection period for detection of a corresponding return light
pulse, and where a detection time of a return light pulse relative to a corresponding emission
time of a corresponding emitted light pulse is indicative of a range to an object that reflected
the corresponding emitted light pulse.
[00186] In line with the discussion above, a computing system could operate a LIDAR
device to emit and detect light pulses in accordance with certain timing. For instance, the
computing system could operate the LIDAR device to emit light pulses in accordance with an

emission time sequence including a time-varying dither. As discussed, the emission time
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sequence may help establish a detection time sequence according to which the LIDAR device
detects return light pulses. Generally, this detection time sequence may include a
corresponding detection period respectively for each emitted light.

[00187] In particular, a corresponding detection period for a given light pulse may
begin immediately following or at some time after emission of that given light pulse, and may
end before or after emission a subsequent light pulse. During this corresponding detection
period, the LIDAR device could detect a given return light pulse that corresponds to the given
emitted light pulse, such as when the given emitted light pulse reflects off an object to result
in that return light pulse. After the LIDAR device detects the given return light pulse at a
certain detection time, the computing system could then determine a range to an object that
reflected the given emitted light pulse. As discussed, the computing system could determine
this range according to a time delay between the detection time of the given return light pulse
and the emission time of the given emitted light pulse.

[00188] At block 1004, method 1000 involves determining that the LIDAR device
detected a set of multiple return light pulses during corresponding detection periods for each
of a plurality of first emitted light pulses, where each set of multiple return light pulses
includes at least a respective first return light pulse and a respective second return light pulse.

[00189] In line with the discussion above, a computing system could determine that the
LIDAR device detected multiple return light pulses respectively during two or more detection
periods. For instance, a plurality of first emitted light pulses could each respectively have a
corresponding detection period. But due to reflection of one or more light pulses off
proximate and/or distant object(s), the LIDAR device could instead end up detecting multiple
return light pulses respectively during each such corresponding detection. As such, for each
such corresponding detection period, the computing system could determine that the LIDAR
device detected at least a respective first return light pulse as well as a respective second
return light pulse. Moreover, in each corresponding detection period, one of these return
light pulses may be a pulse that reflected off an object positioned outside the nominal
detection range of the LIDAR device, and the other one of these return light pulses may be a
pulse that reflected off an object positioned within the nominal detection range that is thus
associated with the detection period at issue. Other scenarios are possible as well.

[00190] At block 1006, method 1000 involves making a determination that the first
return light pulses correspond to the plurality of first emitted light pulses and that the second

return light pulses potentially correspond to a plurality of second emitted light pulses.
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[00191] In accordance with the present disclosure, once the computing system
determines that the LIDAR device detected multiple return light pulses respectively during
two or more detection periods, the computing system may determine which of these return
light pulses correspond to the plurality of first emitted light pulses. Namely, the computing
system may determine which of these return light pulses reflected off object(s) within the
nominal detection range. In some embodiments, the computing system could do so by using
any of the above-described implementations for resolving range ambiguity and/or could do so
in accordance with the approach for resolving range ambiguity described herein in
association with method 1200, among other options. In any case, for sake of simplicity, an
assumption could be made that the computing system determined that the above-mentioned
first return light pulses correspond to the plurality of first emitted light pulses, and thus that
the ranges corresponding to these first return light pulses should be used for purposes of
object detection.

[00192] After or while determining that the first return light pulses correspond to the
plurality of first emitted light pulses, the computing system may determine that the above-
mentioned second return light pulses potentially correspond to a plurality of second emitted
light pulses. In particular, rather than disregarding or discarding detection of the second
return light pulses after disambiguating between the multiple return light pulses, the
computing system may select a plurality of second emitted light pulses to which the second
return light pulses could potentially correspond. For instance, for each second return light
pulse, the computing system could respectively select a previously emitted light pulse, which
may be a light pulse that corresponds to a detection period that precedes (e.g., immediately
precedes) the one during which the second return light pulse was actually detected. As a
result, at least one of the second emitted light pulses that is used to calculate a range for a
return light pulse could be different from each of the plurality of first emitted light pulses.
[00193] By way of example, referring again to Figure 8A, return light pulses A, C, E,
and G are respectively detected at their corresponding detection periods and could therefore
be considered to be the first return light pulses that correspond to the plurality of first emitted
light pulses. As a result, return light pulses B, D, and F could therefore be considered to be
the second return light pulses that reflected off a distant object and thus were detected during
a subsequent detection period in line with the discussion above.

[00194] In this example, for each of return light pulses B, D, and F, the computing
system could respectively select a previously emitted light pulse, which may corresponds to a

detection period that precedes the one during which the return light pulse was actually
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detected. For instance, the computing system could select emitted light pulses B, D, and F,
which respectively correspond to detection periods B, D, and F. As shown, detection periods
B, D, and F are those that actually correspond to light pulses B, D, and F. Other examples are
possible as well.

[00195] At block 1008, method 1000 involves, in response to making the
determination, determining that the second return light pulses have detection times relative to
corresponding emission times of the plurality of second emitted light pulses that are
indicative of a particular set of ranges.

[00196] Once the computing system selects or otherwise determines the plurality of
second emitted light pulses that potentially correspond to the detected second return light
pulses, the computing system could responsively generate a far range hypothesis for the
second return light pulses. Specifically, for each second return light pulse, the computing
system could respectively determine an associated range according to a time delay relative to
an emission time of one of the plurality of second emitted light pulses, which may be an
emitted light pulse corresponding to a detection period that precedes the one during which the
second return light pulse was detected. In this way, the computing system may determine
associated ranges to result in a particular set of ranges that is considered to be one possible
alternate range hypothesis for the second return light pulses.

[00197] By way of example, Figures 11A-11B illustrate determination of a far range
hypothesis. In particular, Figure 11A shows the emission time sequence #4 introduced in
Figure 9A. But in this case, assuming again that return light pulses B, D, and F are
considered to be the second return light pulses, the computing system respectively determines
ranges corresponding to these light pulses according to a time delay relative to an emission
time of a previously emitted light pulse. Namely, as shown in Figures 11A, the computing
system determines that return light pulses B has a detection time of 533ns relative to emission
time B, that return light pulses D has a detection time of 533ns relative to emission time D,
and that return light pulses F has a detection time of 533ns relative to emission time F. And
as shown in Figure 11B, these detection times of return light pulses B, D, F each have a
corresponding range of 80m. Therefore, these corresponding ranges result in a particular set
of ranges 1100 considered to be a far range hypothesis. Other examples are also possible.
[00198] At block 1010, method 1000 involves making a further determination of
whether or not to use the particular set of ranges as a basis for object detection. At block
1012, method 1000 involves engaging in object detection in accordance with the further

determination.
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[00199] As noted above, the computing system could use an alternate range hypothesis
as basis to detect an object positioned outside a nominal detection range of a LIDAR device.
In particular, once the computing system determines the particular set of ranges considered to
be an alternate range hypothesis for the second return light pulses, the computing system
could determine whether or not the particular set of range should be used as a basis for object
detection. The computing system could do so in various ways.

[00200] In one example, the computing system could determine whether or not the
particular set of ranges is representative of one or more known objects. As noted, the
computing system could do so based on object recognition techniques. In this example, if the
computing system determines that the particular set of ranges is representative of one or more
known objects, the computing system may responsively determine that the particular set of
ranges should be used as a basis for further object detection. For instance, in line with the
discussion above, the computing system could assemble a point cloud based on the particular
set of ranges, and could then determine that this assembled point cloud matches at least one
of the plurality of point clouds stored by the computing system. In response to determining
this match, the computing system could then use the assembled point cloud as basis for
identifying the distant object and/or could establish a certain range at which the object
represented by the assembled point cloud is positioned (e.g., the certain range could be
established to be an average of the ranges of the particular set), among other options.
However, if the computing system determines that the particular set of ranges is not
representative of at least one known object, the computing system may responsively
determine that the particular set of range should not be used as a basis for further object
detection.

[00201] In another example, the computing system may determine whether or not
ranges of the particular set are substantially similar to one another. In this example, if the
computing system determines that ranges of the particular set are substantially similar to one
another, the computing system may responsively determine that the particular set of range
should be used as a basis for object detection. However, if the computing system determines
that ranges of the particular set are not substantially similar to one another, the computing
system may responsively determine that the particular set of ranges should not be used as a
basis for object detection.

[00202] In accordance with the present disclosure, if the computing system determines
that the particular set of range should not be used as a basis for object detection, the

computing system may not use the particular set of ranges as basis for object detection. For

49



WO 2019/005442 PCT/US2018/036275

instance, the computing system could discard or disregard signals as noise or the ranges of
the particular set as unreliable, among other options.

[00203] However, if the computing system determines that the particular set of range
should be used as a basis for object detection, the computing system may then engage in
object detection accordingly. Generally, engaging in object detection could involve detecting
presence of an object, determining a distance of the object away from the LIDAR device,
and/or identifying the object, among other possibilities.

[00204] For instance, the computing system may determine based on the particular set
of ranges that a distant object is positioned at a certain range away from the LIDAR device.
The computing system could determine this certain range to be one of the ranges of the
particular set or could determine this certain range to be an average of the ranges of the
particular set, among other possibilities. Additionally or alternatively, if the computing
system has not already done so as part of the process of determining whether or not the
particular set of range should be used as a basis for object detection, the computing system
could assemble a point cloud based on the particular set of ranges. And the computing
system could use this point cloud as basis for identifying the distant object in accordance with
object recognition technique(s). Other examples are possible as well.

[00205] In this way, an alternate range hypothesis could help provide additional
information indicative of an object being positioned outside the nominal detection range of a
LIDAR device. Such additional information could be used by the computing system to
optimize navigation decisions for a vehicle that operates in an autonomous mode, among
other outcomes.

[00206] Figures 11A-11B further illustrate how an alternate range hypothesis could
help with detection of object(s) positioned outside the nominal detection range of a LIDAR
device. As noted above, the particular set of ranges 1100 is considered to be a far range
hypothesis. Thus, based on a determination that ranges of the particular set of ranges 1100
are equal or substantially similar to one another, the computing system could determine that
ranges of the particular set of ranges 1100 should be used as basis for object detection.
Accordingly, as shown, the computing system could determine that a distant object is
positioned at about 80m away from the LIDAR device 200, which is an accurate
determination as object 404 is in fact shown in Figure 4A to be positioned at 80m away from
the LIDAR device 200. Other illustrations are also possible.

[00207] In a further aspect, when a LIDAR device is positioned on a vehicle, a

computing system could use the vehicle’s speed as an additional factor for evaluating a range
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hypothesis. In particular, when a vehicle moves towards an object and a LIDAR device
detects return light pulses reflected off that object, the detection time of those return pulses
tends to get shorter over time as the vehicle approaches the object, and thus ranges
determined based on these detection times may decrease as the vehicle approaches the object.
In practice, such decrease in determined range over time may be predictable based on the
vehicle’s speed. Thus, when the computing system generates a range hypothesis based on the
detection times of such pulses, the computing system could determine whether or not ranges
of the hypothesis decrease over time as would be expected based on the vehicle’s speed. If
so, then the computing system may responsively determine that the range hypothesis is
correct. Otherwise, the computing system may responsively determine that the range
hypothesis is incorrect. Other aspects are possible as well.

c. Using an Alternate Range Hypothesis to Disambiguate Between Multiple Return

Light Pulses Respectively Detected during a Plurality of Detection Periods

[00208] Figure 12 is a flowchart illustrating a method 1200, according to an example
implementation. In particular, method 1200 may be implemented to generate an alternate
range hypothesis and then use that alternate range hypothesis to disambiguate with a higher
level of certainty between multiple return light pulses respectively detected during a plurality
of detection periods. Although method 1200 is generally described in the context of
generating a far range hypothesis, it should be understood that method 1200 may additionally
or alternatively apply in the context of generating a proximate range hypothesis.

[00209] At block 1202, method 1200 involves operating a LIDAR device to emit light
pulses at emission times in accordance with an emission time sequence, where the emission
time sequence includes a time-varying dither, and to detect return light pulses in accordance
with a detection time sequence, where the detection time sequence includes, for each emitted
light pulse, a corresponding detection period for detection of a corresponding return light
pulse, and where a detection time of a return light pulse relative to a corresponding emission
time of a corresponding emitted light pulse is indicative of a range to an object that reflected
the corresponding emitted light pulse.

[00210] As noted above, a computing system could operate a LIDAR device to emit
and detect light pulses in accordance with certain timing. For instance, the computing system
could operate the LIDAR device to emit light pulses in accordance with an emission time
sequence including a time-varying dither. As discussed, the emission time sequence may

help establish a detection time sequence according to which the LIDAR device detects return
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light pulses. Generally, this detection time sequence may include a corresponding detection
period respectively for each emitted light pulse.

[00211] In particular, a corresponding detection period for a given light pulse may
begin immediately following or at some time after emission of that given light pulse, and may
end before or after emission a subsequent light pulse. During this corresponding detection
period, the LIDAR device could detect a given return light pulse that corresponds to the given
emitted light pulse, such as when the given emitted light pulse reflects off an object to result
in that return light pulse. After the LIDAR device detects the given return light pulse at a
certain detection time, the computing system could then determine a range to an object that
reflected the given emitted light pulse. The computing system could determine this range
according to a time delay between the detection time of the given return light pulse and the
emission time of the given emitted light pulse.

[00212] At block 1204, method 1200 involves determining that the LIDAR device
detected a set of multiple return light pulses during corresponding detection periods for each
of a plurality of first emitted light pulses, where each set of multiple return light pulses
includes at least a respective first return light pulse and a respective second return light pulse.
[00213] As noted above, a computing system could determine that the LIDAR device
detected multiple return light pulses respectively during one or more detection periods. For
instance, a plurality of first emitted light pulses could each respectively have a corresponding
detection period. But due to reflection of one or more light pulses off object(s) positioned
outside the nominal detection range, the LIDAR device could instead end up detecting
multiple return light pulses respectively during each such corresponding detection. As such,
for each such corresponding detection period, the computing system could determine that the
LIDAR device detected at least a respective first return light pulse as well as a respective
second return light pulse. Moreover, in each corresponding detection period, one of these
return light pulses is a pulse that reflected off an object positioned outside the nominal
detection range of the LIDAR device, and the other one of these return light pulses is a pulse
that reflected off an object positioned within the nominal detection range that is thus
associated with the detection period at issue. Other scenarios are possible as well.

[00214] At block 1206, method 1200 involves determining that (i) the first return light
pulses have detection times relative to corresponding emission times of the plurality of first
emitted light pulses that are indicative of a first set of ranges, (ii) the second return light
pulses have detection times relative to corresponding emission times of the plurality of first

emitted light pulses that are indicative of a second set of ranges, and (iii) the second return

52



WO 2019/005442 PCT/US2018/036275

light pulses have detection times relative to corresponding emission times of a plurality of
second emitted light pulses that are indicative of a third set of ranges.

[00215] In line with the discussion above, when the computing system determines that
the LIDAR device detected multiple return light pulses respectively during a plurality of
detection periods, the computing system may determine, respectively for each detected return
light pulse, a corresponding range according to a time delay relative to a most recently
emitted light pulse.

[00216] For instance, as noted, the plurality of first emitted light pulses could each
respectively have a corresponding detection period and, for each such corresponding
detection period, the computing system could determine that the LIDAR device detected at
least a respective first return light pulse as well as a respective second return light pulse. For
each respective first return light pulse, the computing system could then determine a
corresponding first range according to a time delay relative to emission time of the first
emitted light corresponding to the detection period during which the respective first return
light pulse was detected. Additionally, for each respective second return light pulse, the
computing system could then determine a corresponding second range according to a time
delay relative to emission time of the first emitted light corresponding to the detection period
during which the respective second return light pulse was detected. In this way, the
determined first ranges result in a first set of ranges and the determined second ranges result
in a second set of ranges.

[00217] Further in line with the discussion above, when the computing system
determines such first and second sets of ranges, these sets may give rise to range ambiguity,
as it may be unclear which of these sets should be used for purposes of object detection.
Although the above-mentioned existing implementation could sometimes help overcome this
range ambiguity, in accordance with the present disclosure, a computing system further could
generate an alternate range hypothesis, to further assist in disambiguating the range
ambiguity between by the first and second sets of ranges.

[00218] More specifically, the computing system may select a plurality of second
emitted light pulses to which the second return light pulses could potentially correspond. For
example, for each second return light pulse, the computing system could respectively select a
previously emitted light pulse, which may be a light pulse that corresponds to a detection
period that precedes (e.g., immediately precedes) the one during which the second return light

pulse was actually detected. As a result, at least one of the second emitted light pulses that is
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used to calculate a range for a return light pulse could be different from each of the plurality
of first emitted light pulses.

[00219] Once the computing system selects or otherwise determines the plurality of
second emitted light pulses that potentially correspond to the detected second return light
pulses, the computing system could responsively generate an alternate range hypothesis for
the second return light pulses. Specifically, for each second return light pulse, the computing
system could respectively determine an associated range according to a time delay relative to
an emission time of one of the plurality of second emitted light pulses, which may be an
emitted light pulse corresponding to a detection period that precedes the one during which the
second return light pulse was detected. In this way, the computing system may determine
associated ranges to result in a third set of ranges that is considered to be one possible
alternate range hypothesis for the second return light pulses. Moreover, if this alternate range
hypothesis is a far range hypothesis, the ranges of the third set may be greater than ranges of
the above-mentioned second set, despite both sets of ranges being associated with the second
return light pulses.

[00220] At block 1208, method 1200 involves, based on the third set of ranges,
selecting between using the first set of ranges as a basis for object detection and using the
second set of ranges as a basis for object detection. And at block 1210, method 1200
involves engaging in object detection in accordance with the selecting.

[00221] More specifically, in accordance with the present disclosure, the computing
system may use the generated alternate range hypothesis to help overcome range ambiguity,
and the computing system could do so in various ways.

[00222] In one example, the computing system could determine whether or not the
third set of ranges is representative of one or more known objects, and could do so as
discussed above, for instance.

[00223] In this example, if the computing system determines that the third set of ranges
is representative of one or more known objects, then the computing system could
responsively determine that the generated alternate range hypothesis for the second return
light pulses is likely correct. Based on a determination that the generated alternate range
hypothesis for the second return light pulses is likely correct, the computing system may
determine that the close range hypothesis for the second return light pulses, which includes
the second set of ranges, is likely incorrect. Therefore, in response to determining that the
third set of ranges is representative of one or more known objects, the computing system may

determine that the computing system should use, for purposes of object detection, the first set
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of ranges associated with the first return light pulses rather than the second set of ranges
associated with the second return light pulses.

[00224] In contrast, if the computing system determines that the third set of ranges is
not representative of any known object, then the computing system could responsively
determine that the generated alternate range hypothesis for the second return light pulses is
likely incorrect. Based on a determination that the generated alternate range hypothesis for
the second return light pulses is likely incorrect, the computing system may determine that
the close range hypothesis for the second return light pulses, which includes the second set of
ranges, is likely correct. Therefore, in response to determining that the third set of ranges is
not representative of any known object, the computing system may determine that the
computing system should use, for purposes of object detection, the second set of ranges
associated with the second return light pulses rather than the first set of ranges associated
with the first return light pulses.

[00225] In another example, the computing system may determine whether or not
ranges of the third set are substantially similar to one another, and could do so as discussed
above, for instance.

[00226] In this example, if the computing system determines that the third set of ranges
are substantially similar to one another, then the computing system could responsively
determine that the generated alternate range hypothesis for the second return light pulses is
likely correct. Based on a determination that the generated alternate range hypothesis for the
second return light pulses is likely correct, the computing system may determine that the
close range hypothesis for the second return light pulses, which includes the second set of
ranges, is likely incorrect. Therefore, in response to determining that the third set of ranges
are substantially similar to one another, the computing system may determine that the
computing system should use, for purposes of object detection, the first set of ranges
associated with the first return light pulses rather than the second set of ranges associated
with the second return light pulses.

[00227] In contrast, if the computing system determines that the third set of ranges are
not substantially similar to one another, then the computing system could responsively
determine that the generated alternate range hypothesis is likely incorrect. Based on a
determination that the generated alternate range hypothesis for the second return light pulses
is likely incorrect, the computing system may determine that the close range hypothesis for
the second return light pulses, which includes the second set of ranges, is likely correct.

Therefore, in response to determining that the third set are not substantially similar to one
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another, the computing system may determine that the computing system should use, for
purposes of object detection, the second set of ranges associated with the second return light
pulses rather than the first set of ranges associated with the first return light pulses. Other
examples are also possible.

[00228] In accordance with the present disclosure, if the computing system determines
that the first set of ranges should be used as a basis for object detection, the computing
system may responsively use the first set of ranges rather than the second set of ranges as
basis for object detection. For instance, the computing system may determine based on the
first set of ranges that a nearby object is positioned at a certain range away from the LIDAR
device. The computing system could determine this certain range to be one of the ranges of
the first set or could determine this certain range to be an average of the ranges of the first set,
among other possibilities. Additionally or alternatively, the computing system could
assemble a point cloud based on the first set of ranges and could use this point cloud as basis
for identifying the nearby object in accordance with object recognition technique(s).

[00229] However, if the computing system determines that the second set of ranges
should be used as a basis for object detection, the computing system may responsively use the
second set of ranges rather than the first set of ranges as basis for object detection. For
instance, the computing system may determine based on the second set of ranges that a
nearby object is positioned at a certain range away from the LIDAR device. The computing
system could determine this certain range to be one of the ranges of the second set or could
determine this certain range to be an average of the ranges of the second set, among other
possibilities. Additionally or alternatively, the computing system could assemble a point
cloud based on the second set of ranges and could use this point cloud as basis for identifying
the nearby object in accordance with object recognition technique(s). Other instances are
also possible.

[00230] In some implementations, assuming that the alternate range hypothesis
generated for the second return light pulses could be referred to as a second alternate range
hypothesis, the computing system could additionally generate a first alternate range
hypothesis for the first return light pulses and could use this first alternate range hypothesis to
help overcome range ambiguity. Namely, the computing system could use this first alternate
range hypothesis as further basis to determine whether to use the first or second set of ranges
for purposes of object detection.

[00231] In particular, the computing system could make a comparison between the first

alternate range hypothesis and the second alternate range hypothesis, and could then
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determine whether to use the first or second set of ranges for purposes of object detection
based on the comparison.

[00232] In one example, the comparison could be a determination of whether a first far
range hypothesis more closely resembles known object(s) than a second far range hypothesis,
or vice versa. For instance, if the computing system determines that the first far range
hypothesis is representative of one or more known objects and that the second far range
hypothesis is not representative of any known object, then the computing system may
responsively determine the first far range hypothesis more closely resembles known object(s)
than the second far range hypothesis. Whereas, if the computing system determines that the
second far range hypothesis is representative of one or more known objects and that the first
far range hypothesis is not representative of any known object, then the computing system
may responsively determine the second far range hypothesis more closely resembles known
object(s) than the first far range hypothesis.

[00233] However, if the computing system determines that both the first and second
far range hypotheses are respectively representative of known object(s), then the computing
system could use object recognition technique(s) to determine which of these far range
hypotheses more closely resembles known object(s). For instance, the computing system
may determine that the first range hypothesis matches a known object with a first level of
certainty (e.g., a 25% match) and that the second range hypothesis matches a known object
with a second level of certainty (e.g., a 95% match). Based on a determination that the
second level of certainty is higher than the first level of certainty, the computing system could
responsively determine that the second far range hypothesis more closely resembles a known
object compared with the first far range hypothesis. Other instances are possible as well.
[00234] In this example, if the computing system determines that the first far range
hypothesis more closely resembles known object(s) than the second far range hypothesis,
then the computing system may determine that the first far range hypothesis is more likely to
be correct than the second range hypothesis. Namely, that the second return light pulses more
likely each respectively correspond a most recent detection period and that the first return
light pulses more likely each respectively correspond to a preceding detection period.
Therefore, in response to determining that the first far range hypothesis more closely
resemble known object(s) than the second far range hypothesis, the computing system may
determine that the computing system should use, for purposes of object detection, the second
set of ranges associated with the second return light pulses rather than the first set of ranges

associated with the first return light pulses.
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[00235] In contrast, if the computing system determines that the second far range
hypothesis more closely resembles known object(s) than the first far range hypothesis, then
the computing system may determine that the second far range hypothesis is more likely to be
correct than the first range hypothesis. Namely, that the first return light pulses more likely
each respectively correspond a most recent detection period and that the second return light
pulses more likely each respectively correspond to a preceding detection period. Therefore,
in response to determining that the second far range hypothesis more closely resemble known
object(s) than the first far range hypothesis, the computing system may determine that the
computing system should use, for purposes of object detection, the first set of ranges
associated with the first return light pulses rather than the second set of ranges associated
with the second return light pulses.

[00236] In another example, the comparison could be a comparison of how similar
ranges of a first far range hypothesis are to one another relative to how similar ranges of a
second far range hypothesis are to one another. For instance, the computing system could
determine that ranges of the second far range hypothesis match one another and that ranges of
the first far range hypothesis are different from one another. As a result, the computing
system may responsively determine that ranges of the second far range hypothesis are more
similar to one another compared to similarity of ranges in the first far range hypothesis.
Other instances are possible as well.

[00237] In this example, if the computing system makes a determination that ranges of
the first far range hypothesis are more similar to one another compared to similarity of ranges
in the second far range hypothesis, then the computing system may determine that the first far
range hypothesis is more likely to be correct than the second far range hypothesis. Namely,
that the second return light pulses more likely each respectively correspond a most recent
detection period and that the first return light pulses more likely each respectively correspond
to a preceding detection period. Therefore, in response to making this determination, the
computing system may determine that the computing system should use, for purposes of
object detection, the second set of ranges associated with the second return light pulses rather
than the first set of ranges associated with the first return light pulses.

[00238] In contrast, if the computing system makes a determination that ranges of the
second far range hypothesis are more similar to one another compared to similarity of ranges
in the first far range hypothesis, then the computing system may determine that the second far
range hypothesis is more likely to be correct than the first range hypothesis. Namely, that the

first return light pulses more likely each respectively correspond a most recent detection
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period and that the second return light pulses more likely each respectively correspond to a
preceding detection period. Therefore, in response to making this determination, the
computing system may determine that the computing system should use, for purposes of
object detection, the first set of ranges associated with the first return light pulses rather than
the second set of ranges associated with the second return light pulses. Other examples are
also possible.

[00239] In this manner, one or more alternate range hypotheses could help overcome
range ambiguity and thus help detect nearby object(s) with a higher level of certainty. Such
enhanced detection of nearby object(s) could be used by the computing system to optimize
navigation decisions for a vehicle that operates in an autonomous mode, among other
outcomes.

[00240] Figures 13A-13B and 14A-14B next illustrate how one or more alternate range
hypotheses could help overcome range ambiguity and thus help detect nearby object(s) with a
higher level of certainty.

[00241] In particular, Figure 13A shows the emission time sequence #4 introduced
above. Here again, the computing system respectively determines ranges corresponding to
light pulses B, D, and F according to a time delay relative to an emission time of a previously
emitted light pulse. Namely, as shown in Figures 13A, the computing system determines that
return light pulses B has a detection time of 533ns relative to emission time B, that return
light pulses D has a detection time of 533ns relative to emission time D, and that return light
pulses F has a detection time of 533ns relative to emission time F. As shown in Figure 13B,
these detection times of return light pulses B, D, F each have a corresponding range of 80m.
Therefore, these corresponding ranges result in a set of ranges 1300 considered to be a far
range hypothesis of a distant object being positioned at 80m away from the LIDAR device.
[00242] In this example, the computing system could determine that the far range
hypothesis is likely correct based on the ranges 1300 being substantially similar to one
another. Based on a determination that the far range hypothesis is likely correct, the
computing system may in turn determine that a close range hypothesis associated with return
light pulses B, D, and F (e.g., above-mentioned ranges 904) is likely incorrect. Consequently,
based on a determination that the far range hypothesis is likely correct, the computing system
may responsively determine with a higher level of certainty that a close range hypothesis
associated with light pulses A, C, E, and G (e.g., above-mentioned ranges 902) should be
used for object detection, thereby resolving the range ambiguity that may arise due to

detection of multiple return light pulses respectively in one or more detection periods.
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[00243] Furthermore, Figures 14A-14B illustrate how an additional alternate range
hypothesis could help overcome range ambiguity with an even higher level of certainty. In
particular, Figure 14A also shows the emission time sequence #4. But in this case, the
computing system respectively determines ranges corresponding light pulses C, E, and G
according to a time delay relative to an emission time of a previously emitted light pulse.
Namely, as shown in Figures 14C, the computing system determines that return light pulses C
has a detection time of 675ns relative to emission time B, that return light pulses E has a
detection time of 725ns relative to emission time D, and that return light pulses G has a
detection time of 750ns relative to emission time F. And as shown in Figure 14B, these
detection times of return light pulses C, E, and G respectively have corresponding range of
101.35m, 108.8m, and 112.6m. Therefore, these corresponding ranges result in a set of
ranges 1400 considered to be another far range hypothesis.

[00244] In this example, the computing system could determine that ranges 1300 are
more similar to one another compared to similarity of ranges 1400 (e.g., that ranges 1400 are
scattered relative to ranges 1300). Consequently, the computing system could responsively
determine with a higher level of certainty that a close range hypothesis associated with light
pulses A, C, E, and G (e.g., above-mentioned ranges 902) should be used for object detection,
thereby resolving the range ambiguity that may arise due to detection of multiple return light
pulses respectively in one or more detection periods. Other illustrations are possible a well.

d. Operating an Autonomous Vehicle based on a Selected Distance

[00245] Figure 15 is a flowchart illustrating a method 1500, according to an example
implementation. In particular, method 1500 may be implemented to select a distance
corresponding to a received signal associated with a reflected return light pulse, and to then
operate an autonomous vehicle based on the selection. Please note that any of the

implementations discussed herein could be applied in the context of method 1500.

[00246] At block 1502, method 1500 involves receiving a signal associated with a
reflection, by an object, of a light pulse emitted by a LIDAR device of the autonomous
vehicle.

[00247] At block 1504, method 1500 involves calculating a first distance to the object

based on a first time, the first time corresponding to a prior light pulse emitted by the LIDAR

device of the autonomous vehicle.
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[00248] At block 1506, method 1500 involves calculating a second distance to the
object based on a second time, the second time corresponding to a different prior light pulse
emitted by the LIDAR device of the autonomous vehicle.

[00249] At block 1508, method 1500 involves operating the autonomous vehicle based
on a selection between the first distance and second distance. For example, the selection
between the first distance and second distance could be based on a plurality of received
signals associated with respective reflections, by the object, of a plurality of light pulses
emitted by the LIDAR device. Generally, one or more of the plurality of light pulses could

be emitted according to a timing that deviates from a periodicity by a pseudo-random

duration.
VIL Controlling a Vehicle Based on Scans by the LIDAR device
[00250] As noted, a computing system may operate a vehicle based on scans received

from the LIDAR device disclosed herein. In particular, the computing system may receive
from the LIDAR device scans of an environment around the vehicle. And the computing
system may operate the vehicle based at least on the scans of the environment received from
the LIDAR device.

[00251] More specifically, the computing system may operate the LIDAR device 100
to emit light into the environment. Also, the computing system may receive from the LIDAR
device 100 data representative of detections of reflected light. And by comparing detected
light beams with emitted light beams, the computing system may determine at least one
aspect of one or more objects in the environment.

[00252] For example, by comparing a time when a plurality of light beams were
emitted by the transmitter of the LIDAR device 100 and a time when the receiver of the
LIDAR device 100 detected reflected light, a distance between the LIDAR device 100 and an
object in the environment may be determined. In other examples, aspects such as shape,
color, material, etc. may also be determined based on various comparisons between emitted
light and detected light.

[00253] With this arrangement, the computing system could determine a three-
dimensional (3D) representation of the environment based on data from the LIDAR device
100. For example, the 3D representation may be generated by the computing system as a 3D
point cloud based on the data from the LIDAR device 100. Each point of the 3D cloud, for
example, may be associated with a reflected light pulse. As such, the computing system may

(e.g., continuously or from time-to-time) generate 3D representations of the environment or
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portions thereof. And the computing system could then control operation of the vehicle based
on evaluation of such 3D representations of the environment.

[00254] By way of example, the vehicle may be operated in an autonomous mode. In
this example, the computing system may utilize 3D representations to navigate the vehicle
(c.g., adjust speed, direction, etc.) safely by avoiding obstacles among other possibilities.
The obstacles or objects, for example, may be detected and/or identified using an image
processing algorithm or other computing method to analyze the 3D representations and detect
and/or identify the various obstacles or objects. As another example, the vehicle may be
operated in a partially autonomous or manual mode. In this example, the vehicle may notify
a driver or operator of the vehicle of the presence or distance to various objects or changing
road conditions (e.g., street lights, street signs, etc.), such as by causing a display or a speaker
in the vehicle to present information regarding one or more objects in the environment. Other
examples are possible as well.

[00255] Figure 16 next illustrates example operation of the vehicle 300 based on scans
of an environment 1600 received from the LIDAR device 200. In accordance with the
present disclosure, the vehicle’s computing system may use data received from the LIDAR
device 200 to detect and identify distant object(s), such as a road sign 404 for example. In
this regard, the computing system may determine based on the data that the road sign 404 is
representative of an exit that the vehicle 300 should ideally take in order to arrive at a desired
destination. In response to making that determination, the computing system may then
operate the vehicle 300 to switch from driving on lane 1 to driving on lane 2.

[00256] In practice, the computing system may distinguish between these lanes by
recognizing lane markers within 3D representations of the environment 1600. For instance,
the vehicle’s computing system may use data received from the LIDAR device 200 to detect
and identify the nearby lane marker that separates lane 1 from lane 2. Moreover, before
operating the vehicle to switch lanes, the computing system may scan the environment to
detect and identify objects, so that computing system can operate the vehicle 300 in a way
that avoids those detected/identified objects while also operating the vehicle 300 to switch
lanes.

[00257] For instance, the computing system may use data received from the LIDAR
device 200 to detect and identify the nearby vehicle 1602 as well as to detect and identify
road sign 402. Based on those detections/identifications, the computing system may operate

the vehicle 300 in a way that avoids the vehicle 1602 and road sign 402 while also operating
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the vehicle 300 to switch from driving on lane 1 to driving on lane 2. Other illustrations are
possible as well.

VIII. Example Arrangement of a Vehicle

[00258] Finally, Figure 17 is a simplified block diagram of a vehicle 1700, according
to an example embodiment. The vehicle 1700 may be similar to the vehicle 300, and may
include a LIDAR device similar to the LIDAR device 100. Further, the vehicle 1700 may be
configured to perform functions and methods herein such as method 800 and/or method 1000.
As shown, the vehicle 1700 includes a propulsion system 1702, a sensor system 1704, a
control system 1706 (could also be referred to as a controller 1706), peripherals 1708, and a
computer system 1710. Vehicle 1700 may be, for example, a motor vehicle, railed vehicle,
watercraft, or aircraft. In other embodiments, the vehicle 1700 may include more, fewer, or
different systems, and each system may include more, fewer, or different components.
[00259] Additionally, the systems and components shown may be combined or divided
in any number of ways. For instance, the control system 1706 and the computer system 1710
may be combined into a single system that operates the vehicle 1700 in accordance with
various operations.

[00260] The propulsion system 1702 may be configured to provide powered motion
for the vehicle 1700. As shown, the propulsion system 1702 includes an engine/motor 1718,
an energy source 1720, a transmission 1722, and wheels/tires 1724.

[00261] The engine/motor 1718 may be or include any combination of an internal
combustion engine, an electric motor, a steam engine, and a Sterling engine. Other motors
and engines are possible as well. In some embodiments, the propulsion system 1702 may
include multiple types of engines and/or motors. For instance, a gas-electric hybrid car may
include a gasoline engine and an electric motor. Other examples are possible.

[00262] The energy source 1720 may be a source of energy that powers the
engine/motor 1718 in full or in part. That is, the engine/motor 918 may be configured to
convert the energy source 1720 into mechanical energy. Examples of energy sources 1720
include gasoline, diesel, propane, other compressed gas-based fuels, ethanol, solar panels,
batteries, and other sources of electrical power. The energy source(s) 1720 may additionally
or alternatively include any combination of fuel tanks, batteries, capacitors, and/or flywheels.
In some embodiments, the energy source 1720 may provide energy for other systems of the
vehicle 1700 as well.

[00263] The transmission 1722 may be configured to transmit mechanical power from

the engine/motor 1718 to the wheels/tires 1724. To this end, the transmission 1722 may
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include a gearbox, clutch, differential, drive shafts, and/or other elements. In embodiments
where the transmission 1722 includes drive shafts, the drive shafts may include one or more
axles that are configured to be coupled to the wheels/tires 1724.

[00264] The wheels/tires 1724 of vehicle 1700 may be configured in various formats,
including a bicycle/motorcycle, tricycle, car/truck four-wheel format, or a rail. Other
wheel/tire formats are possible as well, such as those including six or more wheels. In any
case, the wheels/tires 1724 may be configured to rotate differentially with respect to other
wheels/tires 1724, In some embodiments, the wheels/tires 1724 may include at least one
wheel that is fixedly attached to the transmission 1722 and at least one tire coupled to a rim
of the wheel that could make contact with the driving surface. The wheels/tires 1724 may
include any combination of metal and rubber, or combination of other materials. The
propulsion system 1702 may additionally or alternatively include components other than
those shown.

[00265] The sensor system 1704 may include a number of sensors configured to sense
information about an environment in which the vehicle 1700 is located, as well as one or
more actuators 1736 configured to modify a position and/or orientation of the sensors. As
shown, the sensors of the sensor system 1704 include a Global Positioning System (GPS)
1726, an inertial measurement unit (IMU) 1728, a RADAR unit 1730, a laser rangefinder
and/or LIDAR unit 1732, and a camera 1734. The sensor system 1704 may include
additional sensors as well, including, for example, sensors that monitor internal systems of
the vehicle 1700 (e.g., an O, monitor, a fuel gauge, an engine oil temperature, etc.). Other
sensors are possible as well.

[00266] The GPS 1726 may be any sensor (e.g., location sensor) configured to
estimate a geographic location of the vehicle 1700. To this end, the GPS 1726 may include a
transceiver configured to estimate a position of the vehicle 1700 with respect to the Earth.
The GPS 1726 may take other forms as well.

[00267] The IMU 1728 may be any combination of sensors configured to sense
position and orientation changes of the vehicle 1700 based on inertial acceleration. In some
embodiments, the combination of sensors may include, for example, accelerometers and
gyroscopes. Other combinations of sensors are possible as well.

[00268] The RADAR unit 1730 may be any sensor configured to sense objects in the
environment in which the vehicle 1700 is located using radio signals. In some embodiments,
in addition to sensing the objects, the RADAR unit 1730 may additionally be configured to

sense the speed and/or heading of the objects.
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[00269] Similarly, the laser range finder or LIDAR unit 1732 may be any sensor
configured to sense objects in the environment in which the vehicle 1700 is located using
lasers. For example, LIDAR unit 1732 may include one or more LIDAR devices, at least
some of which may take the form the LIDAR device 100 disclosed herein.

[00270] The camera 1734 may be any camera (e.g., a still camera, a video camera, etc.)
configured to capture images of the environment in which the vehicle 1700 is located. To
this end, the camera may take any of the forms described above. The sensor system 1704
may additionally or alternatively include components other than those shown.

[00271] The control system 1706 may be configured to control operation of the vehicle
1700 and its components. To this end, the control system 1706 may include a steering unit
1738, a throttle 1740, a brake unit 1742, a sensor fusion algorithm 1744, a computer vision
system 1746, a navigation or pathing system 1748, and an obstacle avoidance system 1750.
[00272] The steering unit 1738 may be any combination of mechanisms configured to
adjust the heading of vehicle 1700. The throttle 1740 may be any combination of
mechanisms configured to control the operating speed of the engine/motor 1718 and, in turn,
the speed of the vehicle 1700. The brake unit 1742 may be any combination of mechanisms
configured to decelerate the vehicle 1700. For example, the brake unit 1742 may use friction
to slow the wheels/tires 1724. As another example, the brake unit 1742 may convert the
kinetic energy of the wheels/tires 1724 to electric current. The brake unit 1742 may take
other forms as well.

[00273] The sensor fusion algorithm 1744 may be an algorithm (or a computer
program product storing an algorithm) configured to accept data from the sensor system 1704
as an input. The data may include, for example, data representing information sensed at the
sensors of the sensor system 1704. The sensor fusion algorithm 1744 may include, for
example, a Kalman filter, a Bayesian network, an algorithm for some of the functions of the
methods herein, or any other algorithm. The sensor fusion algorithm 1744 may further be
configured to provide various assessments based on the data from the sensor system 1704,
including, for example, evaluations of individual objects and/or features in the environment
in which the vehicle 1700 is located, evaluations of particular situations, and/or evaluations
of possible impacts based on particular situations. Other assessments are possible as well.
[00274] The computer vision system 1746 may be any system configured to process
and analyze images captured by the camera 1734 in order to identify objects and/or features
in the environment in which the vehicle 1700 is located, including, for example, traffic

signals and obstacles. To this end, the computer vision system 1746 may use an object
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recognition algorithm, a Structure from Motion (SFM) algorithm, video tracking, or other
computer vision techniques. In some embodiments, the computer vision system 1746 may
additionally be configured to map the environment, track objects, estimate the speed of
objects, etc.

[00275] The navigation and pathing system 1748 may be any system configured to
determine a driving path for the vehicle 1700. The navigation and pathing system 1748 may
additionally be configured to update the driving path dynamically while the vehicle 1700 is in
operation. In some embodiments, the navigation and pathing system 1748 may be configured
to incorporate data from the sensor fusion algorithm 1744, the GPS 1726, the LIDAR unit
1732, and one or more predetermined maps so as to determine the driving path for vehicle
1700.

[00276] The obstacle avoidance system 1750 may be any system configured to
identify, evaluate, and avoid or otherwise negotiate obstacles in the environment in which the
vehicle 1700 is located. The control system 1706 may additionally or alternatively include
components other than those shown.

[00277] Peripherals 1708 may be configured to allow the vehicle 1700 to interact with
external sensors, other vehicles, external computing devices, and/or a user. To this end, the
peripherals 1708 may include, for example, a wireless communication system 1752, a
touchscreen 1754, a microphone 1756, and/or a speaker 1758.

[00278] The wireless communication system 1752 may be any system configured to
wirelessly couple to one or more other vehicles, sensors, or other entities, either directly or
via a communication network. To this end, the wireless communication system 1752 may
include an antenna and a chipset for communicating with the other vehicles, sensors, servers,
or other entities either directly or via a communication network. The chipset or wireless
communication system 1752 in general may be arranged to communicate according to one or
more types of wireless communication (e.g., protocols) such as Bluetooth, communication
protocols described in IEEE 802.11 (including any IEEE 802.11 revisions), cellular
technology (such as GSM, CDMA, UMTS, EV-DO, WiMAX, or LTE), Zigbee, dedicated
short range communications (DSRC), and radio frequency identification (RFID)
communications, among other possibilities. The wireless communication system 1752 may
take other forms as well.

[00279] The touchscreen 1754 may be used by a user to input commands to the vehicle
1700. To this end, the touchscreen 1754 may be configured to sense at least one of a position

and a movement of a user’s finger via capacitive sensing, resistance sensing, or a surface
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acoustic wave process, among other possibilities. The touchscreen 1754 may be capable of
sensing finger movement in a direction parallel or planar to the touchscreen surface, in a
direction normal to the touchscreen surface, or both, and may also be capable of sensing a
level of pressure applied to the touchscreen surface. The touchscreen 1754 may be formed of
one or more translucent or transparent insulating layers and one or more translucent or
transparent conducting layers. The touchscreen 1754 may take other forms as well.

[00280] The microphone 1756 may be configured to receive audio (e.g., a voice
command or other audio input) from a user of the vehicle 1700. Similarly, the speakers 1758
may be configured to output audio to the user of the vehicle 1700. The peripherals 1708 may
additionally or alternatively include components other than those shown.

[00281] The computer system 1710 may be configured to transmit data to, receive data
from, interact with, and/or control one or more of the propulsion system 1702, the sensor
system 1704, the control system 1706, and the peripherals 1708. To this end, the computer
system 1710 may be communicatively linked to one or more of the propulsion system 1702,
the sensor system 1704, the control system 1706, and the peripherals 1708 by a system bus,
network, and/or other connection mechanism (not shown).

[00282] In one example, the computer system 1710 may be configured to control
operation of the transmission 1722 to improve fuel efficiency. As another example, the
computer system 1710 may be configured to cause the camera 1734 to capture images of the
environment. As yet another example, the computer system 1710 may be configured to store
and execute instructions corresponding to the sensor fusion algorithm 1744. As still another
example, the computer system 1710 may be configured to store and execute instructions for
determining a 3D representation of the environment around the vehicle 1700 using the
LIDAR unit 1732. Other examples are possible as well. Thus, the computer system 1710
could function as the controller for the LIDAR unit 1732.

[00283] As shown, the computer system 1710 includes the processor 1712 and data
storage 1714. The processor 1712 may include one or more general-purpose processors
and/or one or more special-purpose processors. To the extent the processor 1712 includes
more than one processor, such processors could work separately or in combination. Data
storage 1714, in turn, may include one or more volatile and/or one or more non-volatile
storage components, such as optical, magnetic, and/or organic storage, and data storage 1714
may be integrated in whole or in part with the processor 1712.

[00284] In some embodiments, data storage 1714 may contain instructions 1716 (e.g.,

program logic) executable by the processor 1712 to execute various vehicle functions (e.g.,
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method 500, etc.). Data storage 1714 may contain additional instructions as well, including
instructions to transmit data to, receive data from, interact with, and/or control one or more of
the propulsion system 1702, the sensor system 1704, the control system 1706, and/or the
peripherals 1708. The computer system 1710 may additionally or alternatively include
components other than those shown.

[00285] As shown, the vehicle 1700 further includes a power supply 1760, which may
be configured to provide power to some or all of the components of the vehicle 1700. To this
end, the power supply 1760 may include, for example, a rechargeable lithium-ion or lead-acid
battery. In some embodiments, one or more banks of batteries could be configured to provide
electrical power. Other power supply materials and configurations are possible as well. In
some embodiments, the power supply 1760 and energy source 1720 may be implemented
together as one component, as in some all-electric cars.

[00286] In some embodiments, the vehicle 1700 may include one or more elements in
addition to or instead of those shown. For example, the vehicle 1700 may include one or
more additional interfaces and/or power supplies. Other additional components are possible
as well. In such embodiments, data storage 1714 may further include instructions executable
by the processor 1712 to control and/or communicate with the additional components.
[00287] Still further, while each of the components and systems are shown to be
integrated in the vehicle 1700, in some embodiments, one or more components or systems
may be removably mounted on or otherwise connected (mechanically or electrically) to the

vehicle 1700 using wired or wireless connections. The vehicle 1700 may take other forms as

well.
IX. Conclusion
[00288] The particular arrangements shown in the Figures should not be viewed as

limiting. It should be understood that other implementations may include more or less of
each element shown in a given Figure. Further, some of the illustrated elements may be
combined or omitted. Yet further, an exemplary implementation may include elements that
are not illustrated in the Figures.

[00289] Additionally, while various aspects and implementations have been disclosed
herein, other aspects and implementations will be apparent to those skilled in the art. The
various aspects and implementations disclosed herein are for purposes of illustration and are
not intended to be limiting, with the true scope and spirit being indicated by the following
claims. Other implementations may be utilized, and other changes may be made, without

departing from the spirit or scope of the subject matter presented herein. It will be readily
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understood that the aspects of the present disclosure, as generally described herein, and
illustrated in the figures, can be arranged, substituted, combined, separated, and designed in a

wide variety of different configurations, all of which are contemplated herein.
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CLAIMS

1. A method comprising:

operating, by a computing system, a Light Detection and Ranging (LIDAR) device to
emit light pulses at emission times in accordance with an emission time sequence, wherein the
emission time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, wherein the detection time sequence includes, for
each emitted light pulse, a corresponding detection period for detection of a corresponding
return light pulse, and wherein a detection time of a return light pulse relative to a
corresponding emission time of a corresponding emitted light pulse is indicative of a range to
an object that reflected the corresponding emitted light pulse;

making a determination, by the computing system, that the LIDAR device detected
return light pulses during corresponding detection periods for each of two or more emitted light
pulses;

in response to making the determination, determining, by the computing system, that
(i) the detected return light pulses have detection times relative to corresponding emission times
of a plurality of first emitted light pulses that are indicative of a first set of ranges and (ii) the
detected return light pulses have detection times relative to corresponding emission times of a
plurality of second emitted light pulses that are indicative of a second set of ranges;

selecting, by the computing system, between using the first set of ranges as a basis for
object detection and using the second set of ranges as a basis for object detection; and

engaging, by the computing system, in object detection in accordance with the

selecting.

2. The method of claim 1, wherein making a determination that the LIDAR device
detected return light pulses during corresponding detection periods for each of two or more
emitted light pulses comprises making a determination that the LIDAR device detected return
light pulses during corresponding detection periods for each of the plurality of first emitted

light pulses.

3, The method of claim 2,

wherein the LIDAR device has a nominal unambiguous detection range,
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wherein ranges of the first set are within the nominal unambiguous detection range of
the LIDAR device, and
wherein ranges of the second set are outside the nominal unambiguous detection range

of the LIDAR device.

4. The method of claim 2, wherein ranges of the second set are greater than ranges
of the first set.
S. The method of claim 1, further comprising:

determining, by the computing system, that the second set of ranges is representative

of at least one known object,

wherein the selecting comprises, in response to determining that the second set of
ranges is representative of at least one known object, selecting use of the second set of ranges

as a basis for object detection.

6. The method of claim 1, further comprising:
determining, by the computing system, that the second set of ranges is not

representative of at least one known object,
wherein the selecting comprises, in response to determining that the second set of

ranges is not representative of at least one known object, selecting use of the first set of ranges

as a basis for object detection.

7. The method of claim 1, further comprising:

determining, by the computing system, that ranges of the second set are substantially

similar to one another,

wherein the selecting comprises, in response to determining that ranges of the second
set are substantially similar to one another, selecting use of the second set of ranges as a basis

for object detection.

8. The method of claim 1, further comprising:
determining, by the computing system, that ranges of the second set are not

substantially similar to one another,
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wherein the selecting comprises, in response to determining that ranges of the second
set are not substantially similar to one another, selecting use of the first set of ranges as a basis

for object detection.

9, The method of claim 1, wherein the LIDAR device is positioned on a vehicle,
and wherein engaging in object detection in accordance with the selecting comprises, in
accordance with the selecting, engaging in detection of objects positioned in an environment

around the vehicle.

10. The method of claim 1, wherein the LIDAR device is positioned on a vehicle,
and wherein the computing system is configured to operate the vehicle based at least on scans

by the LIDAR device of an environment around the vehicle.

11. A computing system comprising:
one or More pProcessors,
a non-transitory computer readable medium; and
program instructions stored on the non-transitory computer readable medium and
executable by the one or more processors to:

operate a Light Detection and Ranging (LIDAR) device to emit light pulses at
emission times in accordance with an emission time sequence, wherein the emission
time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, wherein the detection time sequence
includes, for each emitted light pulse, a corresponding detection period for detection of
a corresponding return light pulse, and wherein a detection time of a return light pulse
relative to a corresponding emission time of a corresponding emitted light pulse is
indicative of a range to an object that reflected the corresponding emitted light pulse;

make a determination that the LIDAR device detected return light pulses during
corresponding detection periods for each of two or more emitted light pulses;

in response to making the determination, determine that (i) the detected return
light pulses have detection times relative to corresponding emission times of a plurality
of first emitted light pulses that are indicative of a first set of ranges and (ii) the detected
return light pulses have detection times relative to corresponding emission times of a

plurality of second emitted light pulses that are indicative of a second set of ranges;
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select between using the first set of ranges as a basis for object detection and
using the second set of ranges as a basis for object detection; and

engage in object detection in accordance with the selecting.

12.  The computing system of claim 11, wherein the program instruction are further
executable to:

determine that the second set of ranges is representative of at least one known object,

wherein the selecting comprises, in response to determining that the second set of
ranges is representative of at least one known object, selecting use of the second set of ranges

as a basis for object detection.

13.  The computing system of claim 11, wherein the program instruction are further
executable to:

determine that ranges of the second set are substantially similar to one another,

wherein the selecting comprises, in response to determining that ranges of the second
set are substantially similar to one another, selecting use of the second set of ranges as a basis

for object detection.

14.  The computing system of claim 11, wherein the LIDAR device is positioned on
a vehicle, wherein engaging in object detection in accordance with the further determination
comprises, in accordance with the selecting, engaging in detection of objects positioned in an
environment around the vehicle, and wherein the program instruction are further executable to
operate the vehicle based at least on the detection of objects positioned in the environment

around the vehicle.

15. A method comprising:

operating, by a computing system, a Light Detection and Ranging (LIDAR) device to
emit light pulses at emission times in accordance with an emission time sequence, wherein the
emission time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, wherein the detection time sequence includes, for
cach emitted light pulse, a corresponding detection period for detection of a corresponding
return light pulse, and wherein a detection time of a return light pulse relative to a
corresponding emission time of a corresponding emitted light pulse is indicative of a range to

an object that reflected the corresponding emitted light pulse;

73



MCSLLP

determining, by the computing system, that the LIDAR device detected a set of multiple
return light pulses during corresponding detection periods for each of a plurality of first emitted
light pulses, wherein each set of multiple return light pulses includes at least a respective first
return light pulse and a respective second return light pulse;

making a determination, by the computing system, that the first return light pulses
correspond to the plurality of first emitted light pulses and that the second return light pulses
potentially correspond to a plurality of second emitted light pulses;

in response to making the determination, determining, by the computing system, that
the second return light pulses have detection times relative to corresponding emission times of
the plurality of second emitted light pulses that are indicative of a particular set of ranges;

making a further determination, by the computing system, of whether or not to use the
particular set of ranges as a basis for object detection; and

engaging, by the computing system, in object detection in accordance with the further

determination.

16.  The method of claim 15, wherein making the further determination comprises:

determining whether or not the particular set of ranges is representative of at least one
known object;

if the computing system determines that the particular set of ranges is representative of
at least one known object, then responsively determining that the particular set of ranges is to
be used as a basis for object detection; and

if the computing system determines that the particular set is not representative of at
least one known object, then responsively determining that the particular set of ranges is not to

be used as a basis for object detection.

17. A method comprising:

operating, by a computing system, a Light Detection and Ranging (LIDAR) device to
emit light pulses at emission times in accordance with an emission time sequence, wherein the
emission time sequence includes a time-varying dither, and to detect return light pulses in
accordance with a detection time sequence, wherein the detection time sequence includes, for
cach emitted light pulse, a corresponding detection period for detection of a corresponding
return light pulse, and wherein a detection time of a return light pulse relative to a
corresponding emission time of a corresponding emitted light pulse is indicative of a range to

an object that reflected the corresponding emitted light pulse;
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determining, by the computing system, that the LIDAR device detected a set of multiple
return light pulses during corresponding detection periods for each of a plurality of first emitted
light pulses, wherein each set of multiple return light pulses includes at least a respective first
return light pulse and a respective second return light pulse;

determining, by the computing system, that (i) the first return light pulses have detection
times relative to corresponding emission times of the plurality of first emitted light pulses that
are indicative of a first set of ranges, (ii) the second return light pulses have detection times
relative to corresponding emission times of the plurality of first emitted light pulses that are
indicative of a second set of ranges, and (iii) the second return light pulses have detection times
relative to corresponding emission times of a plurality of second emitted light pulses that are
indicative of a third set of ranges;

based on the third set of ranges, selecting, by the computing system, between using the
first set of ranges as a basis for object detection and using the second set of ranges as a basis
for object detection; and

engaging, by the computing system, in object detection in accordance with the

selecting.

18.  The method of claim 17, wherein selecting based on the third set of ranges

comprises:

making a determination of whether or not the third set of ranges is representative of at

least one known object;

if the determination is that the third set of ranges is representative of at least one known
object, then, responsive to making the determination, selecting use of the first set of ranges as

a basis for object detection; and
if the determination is that the third set of ranges is not representative of at least one

known object, then, responsive to making the determination, selecting use of the second set of

ranges as a basis for object detection.

19. A method for operating an autonomous vehicle, comprising:
receiving a signal associated with a reflection, by an object, of a light pulse emitted by
a LIDAR device of the autonomous vehicle, wherein the reflection is detected by the LIDAR

device at a detection time;
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calculating a first distance to the object based on the detection time and a first time, the
first time corresponding to a prior light pulse emitted by the LIDAR device of the autonomous
vehicle;

calculating a second distance to the object based on the detection time and a second
time, the second time corresponding to a different prior light pulse emitted by the LIDAR
device of the autonomous vehicle; and

operating the autonomous vehicle based on a selection between the first distance and

second distance.

20. The method of claim 19, wherein the selection between the first distance and
second distance is based on a plurality of received signals associated with respective
reflections, by the object, of a plurality of light pulses emitted by the LIDAR device and
wherein one or more of the plurality of light pulses are emitted according to a timing that

deviates from a periodicity by a pseudo-random duration.
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