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quences of measurement pulses each having different illu-
mination intensity patterns are emitted from a LIDAR sys-
tem. One or more pulses of each repetitive sequence have a
difterent illumination intensity than another pulse within the
sequence. The illumination intensity patterns are varied to
reduce total energy consumption and heat generated by the
LIDAR system. In some examples, the illumination intensity
pattern is varied based on the orientation of the LIDAR
device. In some examples, the illumination intensity pattern
is varied based on the distance between a detected object
and the LIDAR device. In some examples, the illumination
intensity pattern is varied based on the presence of an object
detected by the LIDAR device or another imaging system.
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LIDAR BASED 3-D IMAGING WITH VARYING ILLUMINATION INTENSITY

CROSS REFERENCE TO RELATED APPLICATION

[0001] The present app.

lcation for patent ¢laims pricrity from
U.S. patent application serial number 15/464,234, entitled
“LIDAR Based 3-D Imaging With Varying Illumination Intensity,”
filed March 20, 2017.

TECHNICAL FIELD
[0002] The described embodiments relate toe LIDAR based 3-D poing

cloud measuring systems.

BACKGROUND INFORMATION
[6003] LIDAR systems employ pulses of light to measure distance
Lo an object pased on the time of flight (TOF) of each pulse of
lght. A pulse of light emitred from & light scvurce of a LIDAR
system interacts with a distal oblect. A portion of the light
reflects from Lhe object and returns to a detector of the LIDAR
system. Based on the time elapsed between emission of the pulse
ol light and detection ¢f the returned pulse of light, a
distance 1s estimated. In some examples, pulses of light are
generated by a laser emitter. The light pulses are focused

vhrough a lens or lens assembly. The time i1t takes for a pulse
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of laser light to return to a detector mounted near the emitter
is measured. A distance is derived from the time measurement
with high accuracy.

[0004] sSome LIDAR systemg employ a single laser emitter/detector
combination combined with a rotating mirror to effectively scan
across a plane. Distance measurements performed by such a
system are effectively two dimensional (i.e., planar), and the
captured distance points are rendered as a 2-D (i.e. single
plane) point cloud. In some examples, rotating mirrors are
rotated at very fast speeds (e.g., thousands of revolutions per
minute) .

[0005] In many operational gscenarios, a 3-D point cloud is
required. A number of schemes have been employed to interrogate
the surrounding environment in three dimensions. In some
examples, a 2-D instrument is actuated up and down and/or back
and forth, often on a gimbal. This is commonly known within the
art as “winking” or "“nodding” the sensor. Thus, a single beam
LIDAR unit can be employed to capture an entire 2-D array of
distance points, albeit one point at a time. In a related
example, a prism is employed to “divide” the laser pulse into
multiple layers, each having a slightly different vertical
angle. This simulates the nodding effect described above, but
without actuation of the sensor itself.

[0006] In all the above examples, the light path of a single
laser emitter/detector combination is somehow altered to achieve
a broader field of view than a single sensor. The number of
pixels such devices can generate per unit time is inherently
limited due limitations on the pulse repetition rate of a single
laser. Any alteration of the beam path, whether it is by
mirror, prism, or actuation of the device that achieves a larger
coverage area comes at a cost of decreased point cloud density.
[0007] As noted above, 3-D point cloud systems exist in several
configurations. However, in many applications it is necessary
to see over a broad field of view. For example, in an

autonomous vehicle application, the vertical £field of view
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should extend down as close ag poscsible to see the ground in
front of the vehicle. 1In addition, the vertical field of view
should extend above the horizon, in the event the car enters a
dip in the road. 1In addition, it is necessary to have a minimum
of delay between the actions happening in the rezl world and the
imaging of those actions. In some examples, it is desirable to
provide a complete image update at least five times per second.
To address these requirements, a 3-D LIDAR system has been
developed that includes an array of multiple laser emitters and
detectors. This system is described in U.S. Patent No.
7,969,558 issued on June 28, 2011, the subject matter of which
ig incorporated herein by reference in its entirety.

[0008] In many applications, a sequence of pulces i1s emitted.
The direction of each pulse is sequentially varied in rapid
succeseion. In these exampleg, a distance measurement
associated with each individual pulse can be considered a pixel,
and a collection of pixels emitted and captured in rapid
succession (i.e., "poilnt cloud") can be rendered as an image or
analyzed for other reasons (e.g., detecting obstacles). In some
examples, viewing software is employed to render the resulting
point clouds as images that appear three dimensional to a user.
Different schemes can be used to depict the distance
measurements as 3-D images that appear as if they were captured
by a live action camera.

[0009] Existing LIDAR systems employ a beam of light to
interrogate a particular volume of the surrounding environment
at any given time. The detection of return signals includes
significant sources of measurement noise that are exacerbated as
measurement ranges are extended. In many applications, the
signal to noise ratio of measured signals is improved by
increasing laser pulse intensity.

[0010] In addition, imaging resolution depends on the density of
the 3-D “point cloud” generated by the LIDAR system.

Oftentimes, to improve imaging resoclution, the density of the 3-
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D “point cloud” 1s increased by increasing the rate of pulse
emission and capture of corresponding return signals.

[0011] Increases in pulse rate, pulse intensity, or both,
require increases in light emission, and consequent increases in
energy consumption and heat generation due to energy losses
associated with the light source and power electronics. In
particular, the additional heat generation is undesirable,
particularly as the size of 3-D LIDAR systems continue to
shrink.

[0012] Improvements in power management of LIDAR systems are
desired, while maintaining high levels of imaging resclution and

range.

SUMMARY
[0013] Methods and systems for performing three dimensional
LIDAR measurements with different illumination intensity
patterns are described herein. Repetitive sequences of
measurement pulses each having different illumination intensity
patterns are emitted from a LIDAR gsystem. One or more pulses of
each repetitive sequence have a different illumination intensity
than another pulse within the sequence. The illumination
intensity patterns are varied to reduce total energy consumption
and heat generated by the LIDAR system.
[0014] Some LIDAR systems include a number of pulsed
illumination systems operating in coordination with z common
controller. In a further aspect, the illumination intensity
pattern of pulses of i1llumination light emitted from each pulsed
illumination system 1s independently controlled.
[0015] In some embodiments, a pulsed illumination source and
photosensitive detector are mounted to a rotating frame of the
LIDAR device. This rotating frame rotates with respect toc a
base frame of the LIDAR device. In a further aspect, the LIDAR
device includes an orientation sensor that measures the
orientation of the rotating frame with respect to the base

frame. In these embodiments, a computing system of the LIDAR
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system periodically receives an indication of the orientation of
the rotating frame with respect to the base frame and varies the
illumination intensity pattern based on the orientation.

[0016] In some embodiments, the LIDAR system is mounted to a
vehicle operating on a roadway. The LIDAR system provides
“point cloud” data to an image processing system that generates
images of the environment surrounding the vehicle while it is
operating on the roadway based on the "“point cloud” data. In
some operational scenarios, it may be desireable to obtain high
resolution images of objects located in front of the vehicle and
one or both gides of the vehicle. However, it may not be
necessary to obtain high resolution images of objects behind the
vehicle. In these examples, the LIDAR gystem is configured to
utilize a full intensity pattern when the illumination beam is
directed toward the front and one or both sides of the wvehicle.
However, when the illumination beam is directed toward the rear
of the vehicle, the illumination intensity pattern is varied to
reduce the average illumination intensity.

[0017] In some embodiments, the illumination intensity pattern
is varied based on the distance between the LIDAR device and an
ocbject detected in the three dimensional environment. In one
example, the 1llumination intensity pattern is adjusted to
reduce the average pulse intensity for a period of time when the
distance between the LIDAR device and an object detected in the
three dimensional environment is less than a predetermined
threshold value. 1In this manner, objects that are relatively
close to the LIDAR device (e.g., 25 meters or less, 10 meters or
less, etc.) are sampled by the LIDAR system with lower average
power. Since, the field of view of a rotational scanning LIDAR
device extends radially, objects that are relatively close to a
LIDAR device are sampled with fewer optical losses than objects
that are relatively far from the LIDAR device. Thus, for
objects that are relatively close to the LIDAR device, high
intensity sampling may not be necessary to render sufficiently

accurate images of close objects. 1In these examples, the
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illumination intensity pattern is adjusted to reduce the average
sampling intensity for relatively close objects.

[0018] In some embodiments, the illumination intensity pattern
ig varied based on the presence of a detected object in the
three dimensional environment. In one example, the illumination
intensity pattern of a pulsed illumination beam is adjusted to
reduce the average intensity of pulses for a period of time when
an object is not detected within the field of view of the pulsed
illumination beam for more than a predetermined period of time.
For example, when the signals detected by the detector
associated with the pulsed illumination beam are negligible in
value (e.g., below a threshold value) for a predetermined period
of time, a controller reduceg the illumination intensity pattern
of light emitted from the pulsed illumination source. In this
manner, when an illumination beam is directed toward a volume of
space that is devoid of objects (e.g., toward the horizon,
toward the sky, etc.), energy consumption and heat generation is
reduced. However, subsequently, when the signals detected by
the detector associated with the pulsed illumination beam rise
above the threshold value, a controller increases the average
intensity of the illumination intensity pattern of light emitted
from the pulsed illumination source. In some examples, an
object must be detected for a second, predetermined period of
time after the first, predetermined period of time before
controller 140 increases the average intensity. These
thresholds prevent spurious signals from causing rapid
fluctuations in illumination intensity.

[0019] In some embodiments, the LIDAR system includes, or is
communicatively linked to an imaging device configured to
generate an image of at least a portion of a field of view of
the pulsed illumination source. 1In some embodiments, the
imaging device is a computing system configured to generate an
image from a number of points of the “point cloud” generated by
the LIDAR device. 1In some of these embodiments, the computing

system is separate from the LIDAR device and is communicately
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linked to the LIDAR device. In other embodiments, a computing
system of the LIDAR system is configured to generate the image
from the "“point cloud” data. In some other embodiments, the
imaging device includes a separate imaging sensor (e.g., camera)
that captures an image of at least a portion of the field of
view of the pulsed illumination source. In some of these
embodiments, the imaging sensor is integrated into the LIDAR
device. In some other embodiments, the imaging sensor is
separate from, and communicately linked to the LIDAR device.
[0020] In these embodiments, the illumination intensity pattern
of a pulsed illumination source is varied based on whether an
object is detected in an image of at least a portion cf the
field of view of the pulsed illumination source. In some
examples, the average intensity of the illumination intensity
pattern is decreased when there is no object detected in an
image of the field of view of the pulsed illumination source.

In some other examples, the average intensity of the
illumination intensity pattern is increased when an object is
detected in the image of the field of view of the pulsed
illumination source.

[0021] In some embodiments, the illumination intensity pattern
of a pulsed 1llumination source is varied based on an indication
of operating temperature of the 3-D LIDAR device.

[0022] The foregoing is a summary and thus contains, by
necessity, simplifications, generalizations and omissions of
detail; consequently, those skilled in the art will appreciate
that the summary is illustrative only and is not limiting in any
way. Other aspects, inventive features, and advantages of the
devices and/or processes described herein will become apparent

in the non-limiting detailed description set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG. 1 is a simplified diagram illustrative of one
embodiment of a 3-D LIDAR system 100 in at least one novel

aspect.
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[0024] FIG. 2 is a simplified diagram illustrative of another
embodiment of a 3-D LIDAR gystem 10 in at least one novel
aspect.

[0025] FIG. 3 depicts an exploded view of 3-D LIDAR system 100
in one exemplary embodiment.

[0026] FIG. 4 depicts a view of light emigsion/collection engine
112 of 3-D LIDAR system 100.

[0027] FIG. 5 depicts a view of collection optics 116 of 3-D
LIDAR system 100 in greater detail.

[0028] FIG. 6 depicts a cutaway view of collection optics 116 of
3-D LIDAR system 100 that illustrates the shaping of each beam
of collected light 118.

[0028] FIG. 7 depicts elements of a 3-D LIDAR system including a
pulsed illumination system 130, a light detection system 150,
and controller 140.

[0030] FIG. 8 depicts an illustration of the timing of emission
of a pulsed measurement beam and capture of the returning
measurement pulse.

[0031] FIG. 9 depicts a pulge firing signal that includes
different repetitive patterns having different pulse
intensities.

[0032] FIG. 10 depicts an exemplary diagram 180 illustrating the
timing and intensity of light emission from each of sixteen
pulsed illumination systems.

[0033] FIG. 11 depicts a flowchart illustrative of a method 200
of performing LIDAR measurements with different pulse intensity

patterns in at least one novel aspect.

DETAILED DESCRIPTION
[0034] Reference will now be made in detail to background
examples and some embodiments of the invention, examples of
which are illustrated in the accompanying drawings.
[0035] FIG. 1 is a diagram illustrative of an embodiment of a 3-
D LIDAR system 100 in one exemplary operational scenario. 3-D

LIDAR system 100 includes a lower housing 101 and an upper
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housing 102 that includes a domed shell element 103 constructed
from a material that is transparent to infrared light (e.g.,
light having a wavelength within the spectral range of 700 to
1,700 nanometers). In one example, domed shell element 103 is
transparent to light having wavelengths centered at 905
nanometers.

[0036] As depicted in FIG. 1, a plurality of beams of light 105
are emitted from 3-D LIDAR system 100 through domed shell
element 103 over an angular range, O, measured from a central
axis 104. In the embodiment depicted in FIG. 1, each beam of
light is projected onto a plane defined by the x and y axes at a
plurality of different locations spaced apart from one ancther.
For example, beam 106 is projected onto the xy plane at location
107.

[0037] In the embodiment depicted in FIG. 1, 3-D LIDAR system
100 is configured to scan each of the plurality of beams of
light 105 about central axis 104. Each beam of light projected
onto the xy plane traces a circular pattern centered about the
intersection point of the central axis 104 and the xy plane.

For example, over time, beam 106 projected onto the xy plane
traces out a circular trajectory 108 centered about central axis
104.

[0038] FIG. 2 is a diagram illustrative of another embodiment of
a 3-D LIDAR system 10 in one exemplary operational scenario. 3-
D LIDAR system 10 includes a lower housing 11 and an upper
housing 12 that includes a cylindrical shell element 13
constructed from a material that is transparent to infrared
light (e.g., light having a wavelength within the spectral range
of 700 to 1,700 nanometers). In one example, cylindrical shell
element 13 is transparent to light having a wavelengths centered
at 905 nanometers.

[0039] As depicted in FIG. 2, a plurality of beams of light 15
are emitted from 3-D LIDAR system 10 through cylindrical shell

element 13 over an angular range, P. In the embodiment depicted

in FIG. 2, the chief ray of each beam of light is illustrated.
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Each beam of light is projected outward into the surrocunding
environment in a plurality of different directions. For
example, beam 16 is projected onto location 17 in the
surrounding environment. In some embodiments, each beam of
light emitted from system 10 diverges slightly. In one example,
a beam of light emitted from system 10 illuminates a spot size
of 20 centimeters in diameter at a distance of 100 meters from
system 10. In this manner, each beam of illumination light is a
cone of illumination light emitted from system 10.

[0040] In the embodiment depicted in FIG. 2, 3-D LIDAR system 10
is configured to scan each of the plurality of beams of light 15
about central axigs 14. For purposes of illustration, beams of
light 15 are illustrated in one angular orientation relative to
a non-rotating coordinate frame of 3-D LIDAR system 10 and beams
of light 15’ are illustrated 1in another angular orientation
relative to the non-rotating coordinate frame. As the beams of
light 15 rotate about central axis 14, each beam of light
projected into the surrounding environment (e.g., each cone of
illumination light associated with each beam) illuminates a
volume of the environment corresponding the cone shaped
illumination beam as it is swept around central axis 14.

[0041] FIG. 3 depicts an exploded view of 3-D LIDAR system 100
in one exemplary embodiment. 3-D LIDAR system 100 further
includes a light emission/collection engine 112 that rotates
about central axis 104. In at least one novel aspect, a central

optical axis 117 of light emission/collection engine 112 is

tilted at an angle, 8, with respect to central axis 104. As
depicted in FIG. 3, 3-D LIDAR system 100 includes a stationary
electronics board 110 mounted in a fixed position with respect
to lower housing 101. Rotating electronics board 111 is
disposed above stationary electronics board 110 and is
configured to rotate with respect to stationary electronics
board 110 at a predetermined rotational velocity (e.g., more
than 200 revolutions per minute). Electrical power signals and

electronic signals are communicated between stationary

10
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electronics board 110 and rotating electronics board 111 over
one or more transformer, capacitive, or optical elements,
resulting in a contactless transmission of these signals. Light
emiggion/collection engine 112 is fixedly positioned with
respect to the rotating electronics board 111, and thus rotates
about central axis 104 at the predetermined angular velocity, ®.
[0042] As depicted in FIG. 3, light emission/collection engine
112 includes an array of light emitting elements 114 and an
array of light detecting elements 113. Light emitted from each
of the light emitting elements 114 is directed toward a mirror
(not shown). Light reflected from the mirror passes through a
series of illumination optics 115 that collimate the emitted
light into an array of beams of light 105 that are emitted from
3-D LIDAR system 100 as depicted in FIG. 1. In general, any
number of light emitting elements can be arranged to
simultaneously emit any number of light beams from 3-D LIDAR
system 100. Light reflected from objects in the environment is
collected by collection optics 116. Collected light passes
through collection optics 116 where it is focused ontoc each
detecting element of the array of detecting elements 113. After
passing through collection optics 116, the collected light is
reflected from a mirror (not shown) onto each detector element.
[0043] FIG. 4 depicts another view of light emission/collection
engine 112. In yet another inventive aspect, light
emission/collection engine 112 includes intermediate electronics
boards 121, 122, and 123 which provide mechanical support and
electrical connectivity between rotating electronics board 111
and various elements of light emission/collection engine 112.
For example, each of the array of light detecting elements 113
is mounted to intermediate electronics board 121. Intermediate
electronics board 121, in turn, is mechanically and electrically
coupled to rotating electronics board 111. Similarly, each of
the array of light emitting elements 114 is mounted to
intermediate electronics board 123. Intermediate electronics

board 123, in turn, i1s mechanically and electrically coupled to

11
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rotating electronics board 111. In another example,
illumination optics 115 and collection optics 116 are
mechanically mounted to intermediate electronics board 122. In
this example, intermediate electronics board 122 gpatially and
optically separates the illumination optics 115 and the
collection optics 116 to avoid contamination of the collected
light with illumination light. Intermediate electronics board
122, in turn, is mechanically and electrically coupled to
rotating electronics board 111. In this manner, the
intermediate electronics boards provide mechanical and
electrical connectivity and additional board area for mounting
electrical components required for the operation of 3-D LIDAR
system 100.

[0044] FIG. 5 depicts a view of collection optics 116 in greater
detail. As depicted in FIG. 5, collection optics 116 include
four lens elements 116A-D arranged to focus collected light 118
onto each of the array of detecting elements 113. Light passing
through collection optice 116 is reflected from mirror 124 and
is directed onto each of the array of detecting elements 113.

In some embodiments, one or more of the optical elements of
collection optics 116 is constructed from one or more materials
that absorb light outside of a predetermined wavelength range
that includes the wavelengths of light emitted by each of the
array of light emitting elements 114. In one example, one oOr
more of the lens elements are constructed from a plastic
material that includes a colorant additive to absorb light
having wavelengths less than infrared light generated by each of
the array of light emitting elements 114. In one example, the
colorant is Epolight 7276A available from Aako BV (The
Netherlands). 1In general, any number of different colorants can
be added to any of the plastic lens elements of collection
optics 116 to filter out undesired spectra.

[0045] FIG. 6 depicts a cutaway view of collection optics 116 to
illustrate the shaping of each beam of collected light 118.

12
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[0046] As described hereinbefore, one or more of the optical
elements of collection optics 116 is constructed from one or
more materials that absorb light outside of a predetermined
wavelength range that includes the wavelengths of light emitted
by each of the array of light emitting elements 114. However,
in general, one or more of the optical elements of illumination
optics 115 may also be constructed from one or more materials
that absorb light outside of a predetermined wavelength range
that includes the wavelengths of light emitted by each of the
array of light emitting elements 114.

[0047] A LIDAR system, such as 3-D LIDAR gsystem 10 depicted in
FIG. 2, and system 100, depicted in FIG. 1, includes a pulsed
illumination source emitting a pulsed beam of illumination light
from the LIDAR device into the surrounding environment. In some
embodiments, the pulsed illumination source ig laser based. In
some embodiments, the pulsed illumination source is based on cne
or more light emitting diodes. 1In general, any suitable pulsed
illumination source may be contemplated.

[0048] In one aspect, the illumination intensity pattern of a
repetitive sequence of illumination pulses emitted from a LIDAR
system is varied to reduce total energy consumption and heat
generated by the LIDAR system.

[00439] FIG. 7 depicts elements of a LIDAR system including a
pulsed illumination system 130, a light detection system 150,
and controller 140.

[0050] Pulsed illumination system 130 includes a pulsed light
emitting device 137. Pulsed light emitting device 137 generates
pulsed light emission in response to a pulsed electrical current
signal 136 provided to the pulsed light emitting device. The
light generated by pulsed light emitting device 137 is focused
and projected onto a particular location 138 in the surrounding
environment by one or more optical elements of the LIDAR system.
In one example, light emitted by pulsed light emitting device
137 1s focused and projected onto a particular location by

illumination optics 115 that collimate the emitted light into a
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pulsed beam of light 16 emitted from 3-D LIDAR system 10 as

depicted in FIG. 2.

[0051] Pulsed illumination system 130 includes an electrical
energy storage element 132 selectively coupled to the pulsed
light emitting device 137. In some examples, the energy storage
element 1s a capacitor. A voltage source 131 1is electrically
coupled to the energy storage element. Voltage source 131
provides electrical energy to the electrical energy storage
element 132. The electrical energy storage element 132 is
selectively coupled to the pulsed light emitting device 137 by a
switching element (e.g., switching element 139). The switching
element 139 is configured to toggle between two states depending
on the state of a control signal (e.g., digital contrcl signal,
MPC). 1In a first state, the switching element 139 is
substantially non-conductive. In this state, energy storage
element 139 1s effectively disconnected from the pulsed light
emitting device 137. 1In this state, electrical energy flows
from the voltage source 131 to energy storage element 132 to
effectively charge the electrical storage element. In a second
state, the switching element is substantially conductive. 1In
this state, energy storage element 132 is electrically coupled
to the pulsed light emitting device 137. In this state,
electrical energy flows from the energy storage element to the
pulsed light emitting device 137.

[0052] As depicted in FIG. 7, electrical storage element 132 is
selectively coupled to pulsed light emitting device 137. 1In
this manner, the timing and shape of electical current signal
136 provided to the pulsed light emitting device 137 is
effectively controlled by control signal, MPC, generated by
controller 140. Thus, the timing of pulses of light emitted
from the LIDAR device are controlled by controller 140.

[0053] In general, a pulsed illumination system 130 may include
any number of electrical energy storage elements selectively
coupled in parallel with a pulsed light emitting device.

Furthermore, one or more of the electrical energy storage
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elements may have an energy storage capacity that differs from
one or more of the other electrical energy storage elements. In
this manner, the amplitude and timing of the current signal 136
provided to the pulsed light emitting device 137 is controlled
by control gignal, MPC. In these embodiments, the amplitude and
timing of the current signal 136 1s achieved by controlling the
timing and the number of energy storage elements coupled to the
pulsed light emitting device 137. In some embodiments, multiple
pulses are emitted for each LIDAR measurement by sequentially
coupling multiple energy storage elements to pulsed light
emitting device 137. In some other embodiments, the amplitude
of the current signal 136 i1g controlled by selecting a number of
energy storage elements that are simultaneously coupled to the
pulsed light emitting device 137. 1In general, each pulse
commanded by controller 140 via control signal, MPC, can vary in
magnitude and duration.

[0054] In some embodiments, a repetitive sequence of
illumination pulses are emitted from a LIDAR system. A
repetitive sequence is a sequence of measurement pulses that
repeat over time with a particular illumination intensity
pattern associated with the intensity of each pulse in the
repetitive sequence. In one aspect, one or more pulses of the
repetitive sequence have a different illumination intensity than
another pulse within the sequence. 1In other words, the
illumination intensity pattern includes at least cne pulse with
intensity amplitude different from ancther pulse.

[0055] For example, FIG. 9 depicts a pulse firing signal 167
(e.g., signal MPC depicted in FIG. 7) generated by controller
140 that is periodic with period, T,. Pulse firing signal 167
includes three different repetitive sequences of illumination
pulses 167A-C. 1In segment 167A, the repetitive sequence has a
repetition period, T..ca, and the pulse intensity is constant for
six consecutive pulses at a medium value. In segment, 167B, the
repetitive sequence has a repetition periocd, Trepn, and the pulse

intesity alternates between a high intensity setting and a low
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intensity setting. This sequence repeats twice. In segment
1l67C, the repetitive sequence has a repetition period, Tirep, and
within each repetitive sequence the pulse intensity is held high
for one pulegse, then low for two subsequent pulses. This
sequence repeats three times. In general, a LIDAR system may be
configured to vary the pulse intensity pattern in any desired
manner on a pulse by pulse basis to conserve energy. In some
embodiments, the pattern of pulse intensity is pseudorandom. In
general, each pulse commanded by controller 140 can vary in
magnitude and duration.

[0056] In a further embodiment, a LIDAR system, such asg LIDAR
system 10 depicted in FIG. 2, includes a number of pulsed
illumination systems operating in coordination with a common
controller (e.g., controller 140). FIG. 10 depicts an exemplary
diagram 180 i1llustrating the timing of light emission from each
of the sixteen pulsed illumination systems. In another further
aspect, the repetitive pattern of pulses of illumination light
emitted from each pulged illumination system is independently
controllable. Thug, the intensity patterns associated with each
pulsed illumination system are independently controlled.

[0057] As depicted in FIG. 10, a measurement pulse is emitted
from a first pulsed illumination system. After a delay time,
Tpzay, & measurement pulse is emitted from a second pulsed
illumination system of the LIDAR device. In this manner a
sequence of sixteen measurement pulses are emitted in different
directions from the LIDAR device during a measurement period,
TyzasuremznT - The energy storage elements associated with each of
the sixteen pulsed illumination systems are charged after the
measurement period for a charging period, Tcuaree- After, the
charging period, another measurement pulse is emitted from each
pulsed illumination system over a subsequent measurement pericd.
After another charging period, yet another measurement pulse 1is
emitted from each pulsed illuminaton system, and so on. Note
that the fourteenth pulsed illumination system fires in

accordance with segment 167B of the pulse firing signal 167
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depicted in FIG. 9. Thus, the fourteenth pulsed illumination

system exhibits an intensity pattern having a repetition period,
Trepo that is different from the nominal periodicity, T,
associated with the pulse firing signal 167. As depicted in
FIG. 9, during segment 167B, the output intensity alternates
between a high value and a low value. Pulges A, B, and C are
specifically referenced in both FIGS. 9 and 10. Note that
pulses A and C are high valued and pulse B is relatively low
valued.

[0058] 1In general, the pulse intensity pattern associated with
each pulsed i1llumination system may be varied independently from
the other pulsed i1llumination systems of the LIDAR system.
[0058] In some embodiments, the delay time i1s set to be greater
than the time of f£light of the measurement pulse to and from an
object located at the maximum range of the LIDAR device. 1In
this manner, there is no cross-talk among any of the sixteen
pulsed illumination systems.

[0060] In some other embodiments, a measurement pulse may be
emitted from one pulsed illumination system before a measurement
pulse emitted from another pulsed illumination system has had
time to return to the LIDAR device. 1In some of these
embodiments, care is taken to ensure that there is sufficient
spatial separation between the areas of the surrounding
environment interroated by each beam to avoilid cross-talk.

[0061] Ag depicted in FIG. 7, light reflected from location 138
is detected by light detector 155. Light detector 155 generates
an output signal 151 that is amplified by an analog trans-
impedance amplifier 152. 1In general, the amplification of
ocutput signal 151 may include multiple, amplifier stages. 1In
this sense, analog trans-impedance amplifier 152 is provided by
way of non-limiting example, as many other analog signal
amplification schemes may be contemplated within the scope of
this patent document.

[0062] The amplified signal 153 is communicated to controller

140. An analog-to-digital converter (ADC) 144 of controller 140
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ie employed to convert the analog signal 153 into a digital
signal used for further processing. Controller 140 generates an
enable/disable signal 145 employed to contrel the timing of data
acquisition by ADC 144 in concert with control signal, MPC.
[0063] FIG. 8 depicts an illustration of the timing associated
with the emission of a measurement pulse and capture of the
returning measurement pulse. As depicted in FIG. 8, the
measurement begins with a pulse firing signal 161 (e.g., MPCJ[1])
generated by controller 140. Due to internal system delzy, a
pulse index signal 162 is determined that is shifted from the
multiple pulse firing signal 161 by a time delay, Tp. The time
delay includes the known delays associated with emitting light
from the LIDAR system (e.g., signal communication delays and
latency associated with the switching elements, energy storage
elements, and pulsed light emitting device) and known delays
associated with collecting light and generating signals
indicative of the collected light (e.g., amplifier latency,
analog-digital conversion delay, etc.).

[0064] As depicted in FIG. 8, a return signal 163 is detected by
the LIDAR system in response to the illumination of a particular
location. A measurement window (i.e., a period of time over
which collected return signal data is associated with a
particular measurement pulse) is initiated by enabling data
acquisition from light detecting element 150. Controller 140
controls the timing of the measurement window to correspond with
the window of time when a return signal is expected in response
to the emission of a measurement pulse. In some examples, the
measurement window is enabled at the point in time when the
measurement pulse 1s emitted and is disabled at a time
corresponding to the time of flight of light over a distance
that is twice the range of the LIDAR system. In this manner,
the measurement window is open to collect return light from
objects adjacent to the LIDAR system (i.e., negligible time of

flight) to objects that are located at the maximum range of the
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LIDAR system. In this manner, all other light that cannot

possibly contribute to useful return signal is rejected.

[0065] As depicted in FIG. 8, return signal 163 includes two
return measurement pulses that correspond with the emitted
measurement pulse. In general, signal detection is performed on
all detected measurement pulses. Further signal analysis may be
performed to identify the closest signal (i.e., first instance
of the return measurement pulse), the strongest signal, and the
furthest signal (i.e., last instance of the return measurement
pulse in the measurement window). Any of these instances may be
reported as potentially valid distance measurements by the LIDAR
system. For example, a time of flight, TOF;, may be calculated
from the closest (i.e., earliest) return measurement pulse that
corresponds with the emitted measurement pulse as depicted in
FIG. 8.

[0066] In some embodiments, such as the embodiments described
with reference to FIG. 1 and FIG. 2, a pulsed illumination
source and photosensitive detector are mounted to a rotating
frame of the LIDAR device. This rotating frame rotates with
respect to a base frame of the LIDAR device. In a further
aspect, the LIDAR device also includes an orientation sensor
that measures the orientation of the rotating frame with respect
to the base frame. In these embodiment, a computing system of
the LIDAR system (e.g., controller 140 depicted in FIG. 7)
periodically receives an updated indication of the orientation
of the rotating frame with respect to the base frame. In some
of these embodiments, the varying of the illumination intensity
pattern of a pulsed illumination source is based on the
orientation.

[0067] In some embodiments, the LIDAR system 1s mounted to a
vehicle operating on a roadway. The LIDAR system provides
“point cloud” data to an image processing system that generates
images of the environment surrounding the vehicle while it is
operating on the roadway based on the “point cloud” data. In

some operational scenarios, it may be desireable to obtain high
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resolution images of objects located in front of the vehicle and
one or both gides of the vehicle. However, it may not be
necessary to obtain high resolution images of objects behind the
vehicle. In these examples, the LIDAR system is configured to
employ high average intensity (i.e., most pulses at a relatively
high illumination intensity level) when the illumination beam is
directed toward the front and one or both sides of the wvehicle.
However, when the illumination beam is directed toward the rear
of the vehicle, the average intensity is lowered (i.e., more
pulses at a relatively low or zero valued illumination intensity
level).

[0068] In some embodiments, the varying of the illumination
intensity pattern is based on the distance between the LIDAR
device and an object detected in the three dimensionszl
environment. In one example, the illumination intensity pattern
is adjusted to reduce the average intensity of pulses for a
period of time when the distance between the LIDAR device and an
object detected in the three dimensional environment is less
than a predetermined threshold value. In this manner, objects
that are relatively close to the LIDAR device (e.g., 25 meters
or less, 10 meters or less, etc.) are sampled by the LIDAR
system with lower illumination intensity. Since, the field of
view of a LIDAR device extends radially, objects that are
relatively close to a LIDAR device are detected with a higher
signal to noise ratio than objects that are relatively far from
the LIDAR device. Thus, for objects that are relatively close
to the LIDAR device, high illumination intensity may not be
necessary to render sufficiently accurate images of close
objects. In these examples, the pulse illumination intensity is
adjusted to reduce the average illumination intensity for
relatively close objects.

[0068] In some embodiments, the illumination intensity pattern
of a repetitive sequence of illumination pulses is varied based
on whether an object is detected in the three dimensiocnal

environment. In one example, the illumination intensity pattern
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of a pulged illumination beam is adjusted to reduce average
illumination intensity for a period of time when an object is
not detected within the field of view of the pulsed illumination
beam for more than a predetermined period of time. For example,
when the signals detected by the detector associated with the
pulsed illumination beam are negligible in value (e.g., below a
threshold value) for a predetermined period of time, controller
140 reduces the average intensity of the illumination intensity
pattern of light emitted from the pulsgsed illumination source.

In this manner, when an illumination beam is directed toward a
volume of gspace that is devoid of objects (e.g., toward the
horizon, toward the sky, etc.), energy consumption and heat
generation i1s reduced. However, subsequently, when the signals
detected by the detector associlated with the pulsed illumination
beam rise above the threshold value, controller 140 increases
the average illumination intensity of the illumination intensity
pattern emitted from the pulsed illumination source. In some
examples, an object must be detected for a second, predetermined
period of time after the first, predetermined period of time
before controller 140 increases the average illumination
intensity. These thresholds prevent spurious signals from
causing rapid fluctuations in the average illumination
intensity.

[0070] In some embodiments, the LIDAR system includes, or is
communicatively linked to an imaging device configured to
generate an image of at least a portion of a field of view of
the pulsed illumination source. In some embodiments, the
imaging device is a computing system configured to generate an
image from a number of points of the “point cloud” generated by
the LIDAR device. 1In some of these embodiments, the computing
system is separate from the LIDAR device and is communicately
linked to the LIDAR device. 1In other embodiments, a computing
system of the LIDAR system is configured to generate the image
from the “point cloud” data. In some other embodiments, the

imaging device includes a separate imaging sensor (e.g., camera)
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that captures an image of at least a portion of the field of
view of the pulsed illumination source. In some of these
embodiments, the imaging sensor is integrated into the LIDAR
device. In some other embodiments, the imaging sensor is
separate from, and communicately linked to the LIDAR device.
[0071] In these embodiments, the illumination intensity pattern
of a repetitive sequence of illumination pulses emitted from a
pulsed illumination source is varied based on whether an object
is detected in an image of at least a portion of the field of
view of the pulsed illumination source. In some examples, the
average i1llumination intensgity is decreased (i.e., the average
intensity of a repetitive sequence of i1llumination pulses for a
given period of time is decreased) when there is no object
detected in an image of the field of view of the pulsed
illumination source. In some other examples, the average
illumination intensity is increased when an object is detected
in the image of the field of view of the pulsed illumination
source.

[0072] In some embodiments, the illumination intensity pattern
of a repetitive sequence of illumination pulses emitted from a
pulsed illumination source is varied based on an indicaticn of
operating temperature of the 3-D LIDAR device. 1In some
embodiments, the indication of operating temperature is a
measured temperature of the surrounding environment. In some
embodiments, the indication of operating temerature is based on
one or more measured temperatures on-board the 3-D LIDAR device.
For example, temperatures in close proximity to sensitive
electronic components such as the illumination source (e.g.,
laser diode), the illumination source driver, the trans-
impedence amplifier, etc., may be measured separately, or in
combination, to arrive at the indication of operating
temperature. In some embodiments, the spectral shift of the
illumination output from the illumination source (e.g., laser
diode)} is measured as an indication of operating temperature.

In general, any temperature measurement, or combination of
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temperature measurements within and surrounding the 3-D LIDAR
device may be employed as an indication of operating temperature
of the 3-D LIDAR device, and thus, form the basis for changing
the illumination intensity pattern of any of the pulsed
illumination sources on board the 3-D LIDAR device.

[0073] Controller 140 includes a processor 141 and a memory 142.
Processor 141 and memory 142 may communicate over bus 147.
Memory 142 includes an amount of memory 143 that stores program
code that, when executed by processor 141, causes processor 141
to implement pulse repetition patterning as described herein.

By way of non-limiting example, controller 140 is operable to
communicate with an external computing system (not shown) over a
communications link. In one example, controller 140
communicates an indication of a measured distance 146 to an
external computing system.

[0074] FIG. 11 illustrates a method 200 suitable for
implementation by LIDAR systems 10 and 100 of the present
invention. In one aspect, it is recognized that data processing
blocks of method 200 may be carried out via a pre-programmed
algorithm executed by one or more processors of computing system
140. While the following description is presented in the
context of LIDAR systems 10 and 100, 1t is recognized herein
that the particular structural aspects of LIDAR systems 10 and
100 do not represent limitations and should be interpreted as
illustrative only.

[0075] In block 201, a sequence of pulses of illumination light
having a first repetition pattern is emitted from a LIDAR device
into a three dimensional environment.

[0076] In block 202, an amount of light reflected from the three
dimensional environment illuminated by each of the pulses of
illumination light is detected.

[0077] In block 203, an output signal indicative of the detected
amount of light associated with each of the pulses of

illumination light is generated.
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[0078] 1In block 204, the output signal indicative of the

detected amount of light is received, for example, by controller
140.

[0079] 1In block 205, a distance between the LIDAR device and an
object in the three dimensional environment ig determined based
on a difference between a time when a pulse ig emitted from the
LIDAR device and a time when the photosensitive detector detects
an amount of light reflected from the object illuminated by the
pulse of illumination light.

[0080] 1In block 206, a command signal is generated that causes
the pulsed illumination source to change the sequence of pulses
of i1llumination light to a second repetition pattern that is
different from the first repetition pattern.

[0081] In one or more exemplary embodiments, the functions
described may be implemented in hardware, software, firmware, or
any combination therecf. If implemented in software, the
functions may be stored on or transmitted over as one or more
instructions or code on a computer-readable medium. Computer-
readable media includes both computer storage media and
communication media including any medium that facilitates
transfer of a computer program from one place to another. A
storage media may be any available media that can be accessed by
a general purpose or special purpose computer. By way of
example, and not limitation, such computer-readable media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any
other medium that can be used to carry or store desired program
code means in the form of instructions or data structures and
that can be accessed by a general-purpose or speclal-purpcse
computer, or a general-purpose or special-purpose processor.
Also, any connection is properly termed a computer-readable
medium. For example, i1f the software is transmitted from a
website, server, or other remote source using a coaxial cable,
fiber optic cable, twisted pair, digital subscriber line (DSL),

or wireless technologies such as infrared, radio, and microwave,
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then the coaxial cable, fiber optic cable, twisted pair, DSL, or
wireless technologies such as infrared, radio, and microwave are
included in the definition of medium. Disk and disc, as used
herein, includes compact disc (CD), laser disc, optical disc,
digital versatile disc (DVD), floppy disk and blu-ray disc where
disks usually reproduce data magnetically, while discs reproduce
data optically with lasers. Combinations of the zbove should
also be included within the scope of computer-rezdable media.
[0082] Although certain specific embodiments are described above
for instructional purposes, the teachings of this patent
document have general applicability and are not limited to the
specific embodiments described above. Accordingly, various
modifications, adaptations, and combinations of various features
of the described embodiments can be practiced without departing

from the scope of the invention as set forth in the claims.
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CLAIMS

What is claimed is:

1. & light detection and ranging (L1IDAR) devioce,
comprising:

a pulsed illumination source emitting a sequence of pulses
of illumination light from the LIDAR device into a three
dimensicnal environment having a first repetition pattern of
pulse intensities, the first repetition pattern of pulse

1

intensities consecutively repeated in the segquence of pulses of
Llluminaticn light, wherein one or more pulses of i1llumination

light of the first repetition pattern has a different
u

illumination intensity than another pulse of illumination light

0 the first repeltilion patlern;
a photosensitive detector that detects an amount of light
reflected from the three dimensicnal environment illuminated Dy

cach of the seguence of pulses of illumination light and

generates an output signal indicative of the detected amount of

]

lLight asscciated with each of the sequence of pulsas of
ililuminaticn light; and

a computing system configured to:

amount of light;

determine a distance between the LIDAR device and an
cbhiect in the three dimensional environment nased on a

difference between a time when a pulse is emitted from the
LIDAR device and & time when the photosensitive detector

detscts an amount of light reflected {rom the object
illuminated by the pulse cf illumination light; and

generate a com

that causes the pulsed
illumiration source to change the sequence of pulses of

illumination light to a second repetition patlern having a
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different pattern of pulse lntensities than the first

repetition pattern.

2. The LIDAR device of claim 1, wherein the changing of the
sequence of pulses to the different pattern of pulse intensitiss

in pseudor

3. The LIDAR device of claim 1, wherein one or more of the
seguence of pulses of illumination light of Lhe second

repetition pattern has a zeroe value.

4, The LIDAR device of c¢laim 1, wherein the pulsed
1lluminaticn source and the photosensitive detector are mounted
te a rotating frame cof the LIDAR device that rotates with
raspect to a base frame of the LIDAR device, and wherein the
LIDAR device alse includes:

an orientation senscr configured to detect an orientation

of the rotating frame with respect to the base frame, and
wherein the changing of the seguence of pulses to the different
pattern of pulge intensities ig based on the orientation.
3., The LIRAR device of claim L, wherein the changing of the
segquance of pulses to the different pattern of pulse intensities
is based on the distance between the LiILDAR device and an obiject
irr the three dimensicnal environment,

£. The LIDAR dewvice of ocla:i

ji¥]
o
3
J1
EX
T
i
a3
D
]
rt
)
]

changing of the
secuence of pulses to the different pattern of pulse intensities
involves reducing an average intensity of pulses Ior a given

peritod of time when tThe distance between the LIDAR device and an
ohiject 1in the tThree dimensiconal environment is less than a

EJ
predetermined threshold value,
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7. The LIDAR device of claim 5, wherein the changing of the
segquence of pulses to the different pattern of pulse intensities
involves reducing an average intensity of pulses when the ocutput

signal is 2 negligible value for a first period of timo.

8. The LIDAR device of claim 7, wherein the changing of the
sequence of pulses to the different pattern of pulse intensities
involves increasing the average intensity when the output signal

is a non-negligible valuse for a sccond pericd of tims

o]

immediately after The first pericd of time.

laim 1, furthsr comprising:

. The LIDAR device of o

{

an imagling device configured To generate an image of at
least a portion of a field of view of the pulsed illumination

scurce, wherein the changing of the sequence of pulses to the

&

ot

different pattern of pulse intensities involves decreasing an
average intensity of the pulses when there is no objlect detected
in the image of the field of view of the pulsed illumination
source, anc wherein the changing of the seguence of pulses to
the different pattern of pulse intensities involves increasing

s

the average intensity when therse 13 an obijeat detected in the

fe

e field of view of the pulsed illumination source.

image of

L0, The LIDAR device of claim 9, wherein the ilmaging devige

camera that 1is communicatively couplied to the LIDAR device.

-
6]
ja3

3

11. The LIDAR device of claim 9, wherein the imaging device
is an imaging medule communicatively coupled to the LIDAR
device, wherein the imaging modulce gencrates the image of the
portion of the surrounding thres dimensional environment hased
on a plurality of distance measurements generated by the LIDAR

device.
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12. A ilight detection and ranging (LIDAR) device,
comprising:

a pulsed illumination source emitting a sequence of pulses
of illumineticon light from the LIDAR device into a three
dimensional environment having & first repetition pattern of
pulse intensilties, the first repetition pattern of pulse
intensities consecutively repeated in the sequence cf pulses of
iliuminaticn light, wherein one or more pulses of illumination
light of the first repetition pattern has a different
illumination intensity than another pulse of illuminaticn ilight

O

of the first repetition pattern;

a photosensitive detector that detects an amount of light
reflected from the three dimensional snvirzonment illuminated by

each of the seguence of pulses of illumination light and
generates an output signal indicative of the detccted amount of
light associated with gach of The seguence 0f pulses oI
illumination lights

one Or Mere Drocessors; and

a memery comerising instructions that when executed by the
one Or more Processors caluses the ong Or More processors to:

receive the output signal indicative of the detected

amount ¢f light;
determine a distance Detween the LIDAR device and an
obiject in the three dimensional environment based on a
difference beiween a time when a pulsse 1s emitted from the
LIDAR device and a time when the photosensitive detector
detects an amount of ilight reflected from the chject

illuminated by the pulse of illumination light: and

generate a command signal that causes the pulsed

N
-

-

illuminaticn scurce to change the seguence of pulses of

o

illuminaticn light to a sgcond repetition pattern having

2
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different pattern

repetition

13. The LIDAR devi
the seguence of pulses
repetition pattern has

14. The LIDAR devi

pattern,

of pulse intensities than the first
ce of clalm 12, wherein one or more of
of 1llumination light of the second

a zero value.

ce of claim 12, wherein the pulsed

luminaticon source and the photosensitive detector are mounted
Lo a rotating Iframe of the LIDAR device that rotates with
respect to a base frame of the LIDAR device, and wherein the
LIDAR device also includes:
an orientarion sensor configured to detect an orientation
o the rotating frame with respect to the base frame, and

wherein the changing of

rattern of pulse intensi

15, The LIDPAR devi
the seguence of pulses
intensities is based on
and an cobiect in the th

LIDAR dewvi

)

intensities inv e

a given period of time

device and an object in

less than & predetermin
17. The LIDAR devi
an imaging device
least & portion of a fi
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the seguence of pulses te the different

ties is based on the orientation.
ce of claxm 12, wherein the changing of
o the different pattern of pulse

the distance between the LIDAR device
ree dimensional environment.
ce of claim 1%, whereln the changing of
tc the different pattern of pulse
ducing an averadge intensity of pulses fo
when the distance heftween the LIDAR

the three dimensional enviroenment is

ed threshold valuco.,

ce of claim 12, further comprising:

configured to generate an image of at
eld of view oI the pulsed illumination

30
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source, whereln the changing of the ssguencce of pulses to the
different pattern of pulse intensities involves decreasing an

average intensity of the pulses fo

-

a given period of time when
there iz no obilcect detected in the image of the field of view of

the pulsed illumination socurce, and wherein the changing of the

sequence of pulses to the different pattern of pulse intensities
involves increasing the average intensity for the given period
of time when there is an cbject detected in the image of the

field of view of the pulsed illumination source.

18. A method comprising:

emitting a seguence of pulses of illumination light from a
LIDAR device into a three dimensional environment having a first
repetition pattern of pulse intensities, the first repetition
pattern of pulse intensities consecutively repeated in the
sequence of pulses of illumination light, whereln one or more
pulses of Lllumination light of the first repetition pattern has
a differvent illuminaticn intensity than another pulse of
iiflumination light of the first repetition pattern:

detenting an anount of light reflected from the three

)

ro

[
bim
s

G
b

imensional env iment illuminated by each the sequence of

ez of lllumination light;

generating an output signal indicative of the detected

S
oo
O

h

et
oy

@

.

amount of 1ight associated with eac sequence of pulses

ot

of lllumination light;
receiving the cutput signal indicative of the detected

=
et
=

=

amount of ignt:;

i

determining a distance betwesen the LIDAR device and an
object in the three dimensional envivonment based on a

difference between a Lime whel a pulse is emitted from the LIDAR

X

device and & time when the photosensitive detentor detects an
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amount of light reflected from the object illuminated by the
pulse of illumination light; and
generating a command signal that causes the pulsed

illumination source to change the seguence of pulscs of
illumination light to a second regetition pattern having a

different pattern of pulse intensilies Lhan the first repetition

}-..-

patitaern,

18, The method of

[
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[
Q
=
2]
"—'
0
<y
3
i
e
o
}._l
i

the changing of the
sequence of pulses to the different pattern of pulse intensities
is based on the distance between the LIDAR device and an object

in the three dimensional environment,

20. The methed of claim 18, further comprising
imaging at least a portion of a fleld of view of the pulsad

illunination source, wherein the changing of the seqguence of
pulses to the different pattern of pulse intensities involves
decreasing an average intensity of the pulses for a given period
of re 1s no obiect detected in the image of the
field of view of the pulsed illumination source, and wherein the
changing of the seguence o©f pulses to the different pattern of
puise intensitlies involves increasing the average intensity for
the given period of time when there 1s an obiert detected in the

image of the fisld of view of the pulsed illumination socurce.
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21. A light detection and ranging (LIDAR) device, comprising:

a pulsed illumination source emitting, from the LIDAR device into a three dimensional
environment, a sequence of pulses of illumination light having a first repetition pattern of pulse
intensities consecutively repeated in the sequence of pulses of illumination light;

a photosensitive detector configured to:

detect an amount of light reflected from the three dimensional environment
illuminated by each of the sequence of pulses of illumination light; and

generate an output signal indicative of the detected amount of light associated
with each of the sequence of pulses of iflumination light; and

a computing system configured to:

receive the output signal indicative of the detected amount of light; and

determine a distance between the LIDAR device and an object in the three
dimensional environment based on a difference between a time when a pulse is emitted
from the LIDAR device and a time when the photosensitive detector detects an amount of

light reflected from the object illuminated by the pulse of illumination light.

22. The LIDAR device of claim 21, wherein one or more pulses of iHumination light of the first
repetition pattern have a different illumination intensity than another pulse of illumination light

of the [irst repetition paltern.

23. The LIDAR device of elaim 21, wherein the computing system is further configured to
generate a command signal that causes the pulsed illumination source to change the sequence of
pulses of illumination light to a second repetition pattern having a different pattern of pulse

intensities than the {irst repetition pattermn

24. The LIDAR device of claim 23, wherein the changing of the sequence of pulses to the

different pattern of pulse intensities is pscudorandom.

25, The LIDAR device of claim 23, wherein one or more of the sequence of pulses of

illumination light of the second repetition pallern have a zero valuae.
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26. The LIDAR device of claim 23, wherein the pulsed illumination source and the
photosensitive detector are mounted to a rotating frame of the LIDAR device that rotates with
respect to a base frame of the LIDAR device, and wherein the LIDAR device also inchudes

an orientation sensor configured to detect an orientation of the rotating frame with respect to the
base frame, and wherein the changing of the sequence of pulses to the different pattern of pulse

intensities is based on the orientation.

27. The LIDAR device of claim 23, wherein the changing of the sequence of pulses to the
different pattern of pulse intensities is based on the distance between the LIDAR device and an

object in the three dimensional environment.

28. The LIDAR device of claim 23, wherein the changing of the sequence of pulses to the
different pattern of pulse intensities comprises reducing an average intensity of pulses for a given
period of time when the distance between the LIDAR device and an object in the three

dimensional environment is below a predetermined threshold value.

29. The LIDAR device of claim 23, wherein the changing of the sequence of pulses to the
different pattern of pulse intensities comprises reducing an average intensity of pulses when the

output signal has a negligible value for a irst peried of time.

30. The LIDAR device of claim 30, wherein the changing of the sequence of pulses to the
different pattern of pulse intensities comprises increasing the average intensity when the output
signal is a non-negligible value for a second period of time immediately after the first period of

time.

31. The LIDAR device of claim 23, further comprising:

an imaging device configured to generate an image of at least a portion of a field of view
of the pulsed illumination source, wherein the changing of the sequence of pulses to the different
pattern of pulse intensities comprises decreasing an average intensity of the pulses when there is
no object detected in the image of the field of view of the pulsed illumination source, and

wherein the changing of the sequence of pulses to the different pattern of pulse mtensities
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comprises increasing the average intensity when there is an object detected in the image of the

field of view of the pulsed illumination source.

32. The LIDAR device of claim 31, wherein the imaging device comprises a camera that is

communicatively coupled to the LIDAR device.

33. The LIDAR device of claim 31, wherein the imaging device comprises an imaging module
communicatively coupled to the LIDAR device, wherein the imaging module generates the
image of the field of view based on a plurality of distance measurements generated by the

LIDAR device.

34. A method comprising:

emitting, from a LIDAR device into a three dimensional environment, a sequence of
pulses of illumination light having a first repetition pattern of pulse intensities consecutively
repeated in the sequence of pulses of illumination light;

detecting an amount of light reflected from the three dimensional environment
illuminated by each of the sequence of pulses of illumination light;

generating an output signal indicative of the detected amount of light associated with
cach of the sequence of pulses of illumination light;

receiving the output signal indicative of the detected amount of light; and

determining a distance between the LIDAR device and an object in the three dimensional
environment based on a difference between a time when a pulse is emitted from the LIDAR
device and a time when the photosensitive detector detects an amount of light reflected from the

object itlluminated by the pulise of illumination light.

35. The methoed of claim 34, wherein one or more pulses of illumination light of the first

repetition pattern have a different illumination intensity than another pulse of illumination light

of the first repetition pattern.

36. The method of claim 34, further comprising:
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generating a command signal that causes the pulsed illumination source to change the
sequence of pulses of illumination light to a second repetition pattern having a different pattern

of pulse intensities than the first repetition pattern.

37. The method of claim 36, wherein the changing of the sequence of pulses to the different
pattern of pulse intensities is based on the distance between the LIDAR device and an object in

the three dimensional environment.

38. The method of claim 36, further comprising:

imaging at least a portion of a field of view of the puilsed illumination source, wherein the
changing of the sequence of pulses to the different pattern of pulse intensities comprises
decreasing an average intensity of the pulses for a given period of time when there is no object
detected in the image of the field of view of the pulsed illumination source, and wherein the
changing of the sequence of pulses to the different pattern of pulse intensities comprises
increasing the average intensity for the given period of time when there is an object detected in

the image of the ficld of view of the pulsed illumination source.

39. The method of claim 38, wherein imaging at least the portion of the field of view comprises
generating the image of the field of view based on a plurality of distunce measurements

generated by the LIDAR device.
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EMIT A SEQUENCE OF PULSES OF ILLUMINATION LIGHT FROM A
LIDAR DEVICE INTO A THREE DIMENSIONAL ENVIRONMENT
HAVING A FIRST REPETITION PATTERN OF PULSE INTENSITIES,
WHEREIN ONE OR MORE PULSES OF ILLUMINATION LIGHT OF (~—201
THE FIRST REPETITION PATTERN HAS A DIFFERENT
ILLUMINATION INTENSITY THAN ANOTHER PULSE OF
ILLUMINATION LIGHT OF THE FIRST REPETITION PATTERN

DETECT AN AMOUNT OF LIGHT REFLECTED FROM THE THREE
DIMENSIONAL ENVIRONMENT ILLUMINATED BY EACH OF THE =~ [~—202
SEQUENCE OF PULSES OF ILLUMINATION LIGHT

h 4

GENERATE AN OUTPUT SIGNAL INDICATIVE OF THE DETECTED
AMOUNT OF LIGHT ASSOCIATED WITH EACH OF THE SEQUENCE (~_203
OF PULSES OF ILLUMINATION LIGHT

RECEIVE THE OUTPUT SIGNAL INDICATIVE OF THE DETECTED | 594
AMOUNT OF LIGHT

h 4

DETERMINE A DISTANCE BETWEEN THE LIDAR DEVICE AND AN
OBJECT IN THE THREE DIMENSIONAL ENVIRONMENT BASED ON
A DIFFERENCE BETWEEN A TIME WHEN A PULSE IS EMITTED

FROM THE LIDAR DEVICE AND A TIME WHEN THE ~—205
PHOTOSENSITIVE DETECTOR DETECTS AN AMOUNT OF LIGHT
REFLECTED FROM THE OBJECT ILLUMINATED BY THE PULSE OF
ILLUMINATION LIGHT

h 4

GENERATE A COMMAND SIGNAL THAT CAUSES THE PULSED
ILLUMINATION SOURCE TO CHANGE THE SEQUENCE OF PULSES
OF ILLUMINATION LIGHT TO A SECOND REPETITION PATTERN  [~—206
HAVING A DIFFERENT PATTERN OF PULSE INTENSITIES THAN
THE FIRST REPETITION PATTERN
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