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(57) Abstract: Example embodiments relate to arrays of light detectors with a corresponding array of optical elements. An example

embodiment includes a light detection and ranging (LIDAR) system. The LIDAR system includes an array of light detectors. The
LIDAR system also includes a shared imaging optic. Further, the LIDAR system includes an array of optical elements positioned
between the shared imaging optic and the array of light detectors. Each light detector in the array of light detectors is configured to
detect a respective light signal from a respective region of a scene. Each respective light signal is transmitted via the shared imaging
optic and modified by a respective optical element in the array of optical elements based on at least one aspect of the scene.

[Continued on next page]



WO 2020/060756 A1 |10} 00P 000000 OO

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2020/060756 PCT/US2019/049417

ARRAY OF LIGHT DETECTORS WITH CORRESPONDING ARRAY OF
OPTICAL ELEMENTS

CROSS-REFERENCE TO RELATED APPLICATION

{18601} This application claims priority to U.S. Patent Application No. 16/133231,
filed Sepiember 17, 2018, which is hereby incorporated by reference in ifs entirety.

BACKGROUND

[0002] Unless otherwise indicated herein, the materials described in this section are
not prior art o the claims itn this application and are not admitied to be prior art by imclusion
n this section.

{0003] Vehicles can be configured to operate in an awtonomous mode in which the
vehicle navigates through an environment with little or no input from a driver. Such
autonomous vehicles can include one or more sensors that are configured to detect
mnformation about the environment in which the vehicle operates.

{0004} Light detection and ranging (LIDAR) devices may estimate distances to
objects in a given environment. For example, an emiiter subsysiem of a LIDAR system may
emit near-infrared hight pulses, which may interact with objects in the LIDAR svstent's
environment. At least a portion of the light pulses may be redirected back toward the LIDAR
{e.g.. due to reflection or scattering) and detected by a receiver subsystem. Conventional
receiver subsystems may include a phurality of detectors and a corresponding controller
configured to determine an arrival time of the respective hight puises with high teroporal
resolution (g.g., ~400 ps). The distance between the LIDAR sysiem and a given object may
be determined based on a time of flight of the corresponding light pulses that mteract with the

given object.

SUMMARY

[0005] The disclosure relates to an array of light detectors with a corresponding array
of optical elements. In some embodiments, the array of light detectors and the corresponding
array of optical elements may be components within a LIDAR svstem (e.g., used for object
detection and avoidance within a computer vision system). Such a LIDAR system may
nclude a shared lens, for example, where light signals directed toward light detectors in the
array of light detectors first passes through the shared lens. The array of optical elements may
alter {e.g., using a filter, a lens, a nurror, an aperture, etc.) individual light signal paths

chind the shared lens such that only a single light path corresponding to a single light
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detector in the array of light detectors is altered. Using such a technique, the light path for
each light detector in the array of hghi detectors can be individually and/or uniquely altered.
Such alterations can be based on respective regions within a scene of the LIDAR system. For
example, individual light signals may be modified to have different divergences,
polarizations, intensities, efc. based on a region of the scene from which a respective light
detector receives reflections {e.g., based on g distance between the respective region of the
scene and the respactive light detector).

{0006} In one aspect, a LIDAR svstem is provided. The LIDAR system includes an
array of light detectors. The LIDAR svstern also includes a shared imaging optic. Further, the
LIDAR systern includes an array of optical elements positioned between the shared imaging
optic and the array of light detectors. Each light detector in the array of light detectors is
configured to detect a respective light signal from a respective region of a scene. Each
respective light signal is transmitied via the shared imaging optic and modified by a
respective optical element in the array of optical elements based on at least one aspect of the
scene.

[B007] In another aspect, a method is provided. The method includes receiving, at a
shared imaging optic of a LIDAR svstem, a light signal from a respective region of a scene.
The method also includes transmitting, by the shared imaging optic, the light signal to an
optical element of an array of optical elements of the LIDAR system. Further, the method
mcludes modifying, by the optical elerment of the array of optical elements, the hight signal
based on at least one aspect of the scene. In addition, the method includes detecting, by a
fight detector of an array of light detectors of the LIDAR system, the modified light signal.
[B008] In an additional aspect, a LIDAR system is provided. The LIDAR system
mcludes a light emitter configured to et a hight signal. The LIDAR system also includes a
mirror. The mirror is configurad to direct the emitted light signal toward a scenein a
direction that is dependent upon an orieniation of the mirror. The orientation of the mirror is
adjustable. In addition, the LIDAR system includes an optical element configured to modify
ithe emitied light signal based on at least one aspect of the scene.

[0009] In yet another aspect, a system is provided. The svstem includes a means for
receiving, at a shared imaging optic of a LIDAR system, a light signal from a respective
region of a scene. The system also includes a means for transnutting, by the shared imnaging
optic, the light signal to an optical element of an array of optical elements of the LIDAR
system. Further, the system also includes a means for modifying, by the optical element of

the array of optical elements, the light signal based on at least one aspect of the scene. In
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addition, the svstem also includes a means for detecting, by a light detector of an array of

light detectors of the LIDAR svstern, the modified light signal.

[0010]

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.

[0011]

embodiments.

[0012]

embodiments.

[0013]

embodiments.

[0614]

ernbodiments.

[0015]

embodiments.

[0016]

embodiments.

[0017]

embodiments.

[0018]

embodiments.

[0019]

embodiments.

[0020]

embodiments.

[0021]

ernbodiments.

[0022]

embodiments.

[0023]

embodiments.

[0024]

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A 1s an illustration of a LIDAR system, according to example

Figure 1B is an itlustration of a sensing system, according to example

Figure 1C 1s an dlustration of a computing device, according to example

Figure 2A is an illustration of a LIDAR system, according to example

Figure 2B 1s an illustration of a LIDAR system, according to example

Figure 3A 1s an illustration of a LIDAR sysiem, according to example

Figure 3B is an illustration of a LIDAR system, according to example

Figure 4A 1s an illustration of a LIDAR system, according to example

Figure 4B is an illustration of a LIDAR syvstem, according 1o example

Figure 4C 1s an illustration of a LIDAR system, according to example

Figure 5A 15 an illustration of a LIDAR system, according {o example

Figure 5B 1s an illustration of a LIDAR system, according to example

Figure SC 15 an illustration of a LIDAR system, according o example

Figure 313 1s an illustration of a LIDAR sysiem, according to example

(23
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embodimenis.

[25] Figure 6A 1s an illustration of a LIDAR sysiem, according to example
embodiments.

[0026] Figure 6B is an illustration of a LIDAR system, according to example
embodiments.

16627} Figure 6C 1s an illustration of a LIDAR system, according to example
embodiments.

[0028] Figure 61 is an illustration of a LIDAR sysiem, according to example
embodiments.

[0029] Figure 7A is an illustration of a LIDAR system, according to example
embodiments.

{00630} Figure 7B is an illustration of a LIDAR system, according to example
ermbodiments.

{0031 Figure 8A is an illustration of a LIDAR system, according to example
embodimenis.

[8032] Figure 8B 1s an iHlustration of a LIDAR system, according (o example
embodiments.

{0033} Figure 9A 1s an illustration of a vehicle equipped with a LIDAR svystem,
according to example embodiments.

[06034] Figure 9B 1s an illustration of a vehicle equipped with a LIDAR system,
according to example embodiments.

[0035] Figure 10 is an ilkustration of a vehicle equipped with a LIDAR sysiem,
according to example embodiments,

{0036} Figure 11A 15 an tllustration of a vehicle equipped with a LIDAR syster,
according to example embodiments.

{6637} Figure 11B is an illustration of a vehicle equipped with a LIDAR svstem,
according to example embodiments.

{6038] Figure 12A 1s an tllustration of a vehicle equipped with a LIDAR system,
according to example embodiments.

[B039] Figure 12B 15 an illustration of a vehicle equipped with a LIDAR sysiem,
according to example embodiments.

[0040] Figure 13A is an tllustration of a vehicle equipped with a LIDAR svstem,
according to example embodiments.

{6641} Figure 13B 1s an illustration of a velucle equipped with a LIDAR system,
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according to example embodiments.

{0042} Figure 14 is an illustration of a LIDAR system, according (o example
embodiments.

[0043] Figure 15A 1is an tllustration of a LID AR gystem, according to example
embodiments.

[10044] Figure 15B is an illustration of a LIDAR sysiem, according to example
embodimenis,

[0045] Figure 16 is an iliustration of a method, according to example embodimentis.

DETAILED DESCRIPTION

{046} Example methods and systems are contemplated herein. Any example
embodiment or feature described herein 1s not necessarily to be construed as preferred or
advantageous over other embodiments or features. The example embodiments described
herein are not meant to be limiting. It will be readily understood that certain aspecis of the
disclosed svstems and methods can be arranged and combined in a wide variety of different
configurations, all of which are contemplated herein.

{0047} Furthermore, the particular arrangements shown in the figures showld not be
viewed as limiting. It should be understood that other embodiments might include more or
less of each element shown n a given figure. Further, some of the illustrated elements may be
combined or omitted. Yet further, an example embodiment may include elements that are not

iHustrated in the figures.

L Overview

[0048] A LIDAR system may include an array of light detectors configured to receive
Light emitied by transmitters in the LIDAR system. Various hght detectors in the array of
light detectors may detect light reflected from various regions of the scene. In some
embodiments, one subset of hight detectors may be configured to detect light from objects
that are located nearer to the array of light detectors than another subset of light detectors. For
example, 1o a LIDAR system being emploved on a vehicle operating in an autonomous mode,
some light detectors in the array may be arranged 1o detect objects that are closer to the
vehicle {e.g., on the ground near the tires of the vehicle} and some light detectors in the array
may be arranged to detect objects that are further from the vehicle {e.g., signs or pedestrians
in front of the vehicle, or {rees on the horizon).

[0049] Because different light detectors in the array may detect objects at different

(93}
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ranges relative to the detector array, if a shared imaging optic (e.g., shared lens or shared
group of lenses) is used to project all hight from the scene onto the array of Hight detectors,
some objects may be out of focus. In other words, if a shared imaging optic is used, various
objects in the scene (each at respective object planes/ranges) will have various corresponding
image planes. If there are various corresponding image planes, and the light deteciors in the
array are coplanar, each detlecior will not necessarily be located at the corresponding image
plane for the object in the scene that the corresponding detector is attempting fo detect.

RS H Embodiments herein describe techniques for including a shared imaging optic
in the optical sysiem, while altering the corresponding image planes for objecis in the scene
such that each corresponding image plane is located at the location of the corresponding
detector attempting to detect the corresponding object. Such techniques can also be applied to
modify the focus of light detectors in an array of light detectors in the absence of the shared
imaging optic.

{0051 One such technique includes positioning an array of apertures (e.g., pinhole
array) between the array of light detectors and the shared imaging optic. Each light detector
may correspond fo one or more apertures in the array of apertures. Each of the apertures may
alter a depth of focus for the corresponding light detector, thereby adjusting how in~focus a
corresponding object within the scene is for a given detector. The apertures may be sized
based on the distance of the light detector relative to the object being imaged. For example,
smaller apertures may be used for nearer objects in order to sample a smaller portion of a
corresponding laser beam used to Ulununate the nearer objects, whereas larger apertures may
be used for farther objects. In some embodiments, this technique may be used when a shared
tmaging optic {(e.g., lens) is focused to mfinity. Additionally, such a technigue may improve
imaging resolution for nearer objects (where 1t 1s potentially more critical), whereas more of
the illumination beam may be sampled for farther away objects (where resolition mayv be less
important, but signal decay effects may be more substantial).

[06052] In some embodiments, the aperture array may include one or more actively
tunable apertures. Such actively tunable apertures could change in size as the range of an
object relative to the corresponding light detector is modified. For example, if the orientation
of the light detector is modified such that it 1s receiving light from an object that 1s farther
away than an object from which the light detector was previously receiving light, an ins (e g.,
a microelectromechanical systems {MEMS) iris) may expand (e.g., thereby expanding an
effective aperture size) to allow more of the reflected light to reach the light detector. Gther

methods of actively fuming aperture size are also possible {e.g., a rotatable or translatable
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aperture plate that includes a variety of aperfure sizes).

{6083} In some regions of the LIDAR svstem, different light detectors in the array
may correspond fo individualized detection channels. In other regions of the LIDAR system,
a common imaging element may be shared by all detection channels. For example, a conymon
optic {e.g., shared lens or shared group of lenses) may be shared by all detection channels. In
the regions of the LIDAR system corresponding to mdividualized detection channels, each of
the individualized detection channels may correspond to a different beam path (e.g., each
associated with a respective transmitter, such as a laser, in a transmitter array}. Because
different light detectors in the array may detect light from different beam paths,
mdividualized optics can be positioned i front of respective detectors in the array in order to
mdividually modify characteristics of light received for a given channel. Such individualized
optics, themselves, may be arranged into an array.

10054} In some example embodiments, an array of elements having non-unity indices
of refraction may be positioned in between the array of light detectors and the common
nmaging optic. For example, one or more of the light detectors may be overlaid with a slab of
glass (1.e., an optical window). The slab of glass may shift the focal position of the underlying
light detector to a different position in object space. This could allow for correction of
blurriness within an image by modifying focus. In some embodiments, multiple light
detectors in the array may be overlaid with slabs of glass of varying thicknesses. In such
ernbodiments, the shift in focal position could be uniquely tailored for each light detector,
thereby individually correcting focal position across all light detectors,

[O0585] In some embodiments, a single siab of glass of variable thickness could be
positioned m front of the entire array of light detectors. For example, if the arvay of light
detectors 15 arranged such that a first region of the array includes light detectors that detect
light from shorter ranges and a second region of the array includes light detectors that detect
light from longer ranges, the slab of glass could be shaped as a staircase or a wedge, in terms
of thickness. In addition o or instead of glass, the optical window could be fabricated from
plastic (e.g.. molded plastic that conforms 1o a predefined shape based on a desired set of
focal position corrections). In alternative embodiments, discrete opiical windows could cover
only a subset of the light detectors in the array {e.g., rather than a glass slab covering the
entire array of light detectors).

[0056] Additionally or alternatively, other optical components (e g, arranged in an
array) could overlay the light detectors in the arrav. Such optical components could modify

one or more of the following optical qualities of the hight detector: aperture, focus, aberration,
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astigmatism, exposure time, phase, chromaticity, polarization, or telecentricity. For example,
MEMS shutiers, chromatic filters {e.g., band-pass filters or band-reject filters), polarization
filters, neutral-density filters, electrowetiing lenses, microlenses, hquid-crystal lenses, or a
combination thereof could be positioned in an optical array in front of the array of light
detectors. In some embodiments, one or more of the optical components may be defined
hithographically. Further, one or more of the optical components may be actively tunable.
Such actively tunable components could be tuned based on desired detection characieristics
(e.g., the focal length could be tuned actively based on a desired detection range). In addition,
the active tuning could be determined based on environmental factors within a corresponding
scene being observed (e.g., when a LIDAR system detects stray light representing noise
within a given wavelength range, a chromatic filter could be actively tuned to reject light

having wavelengths in the given wavelength range).

B, Example Systems

[O057] The following description and accompanying drawings will elucidate features
of various example embodiments. The embodiments provided are by way of exarmple, and are
not intended to be limiting. As such, the dimensions of the drawings are not necessarily 1o
scale.

{0058} Figure 1A is a block diagram iHustration of a LIDPAR system 190, according to
example emboduments. The LIDAR system 190 includes a transmitter 192 and a receiver

194. The LIDAR systermn 190 may be used for navigation and/or object detection and
avoidance within an autonomous vehicle (e g, a self-driving car, an autonomous drone, an
autonornous fruck, an autonomous boeat, an autonomous submarine, an auonomous
helicopter, etc.) or a vehicle operating in an autonomous mode or a semi-autonoroous mode,
for example. In an example embodiment, the LIDAR svstem 190 could provide point cloud
mformation, object information, mapping information, or other information to the vehicle.
Alternatively, the LID AR system 190 may be used for other computer vision purposes.

[0059] The transmitter 192 may be configured to enmit light. For example, the
transmitter 192 may include a laser or a light-emutting diode (LED) or an array of lasers or
LEDs. The hight emitted by the transmitter 192 may be modulated at a predeternined
frequency, in some ermbodiments. Further, the light emitied by the fransmitter 192 may
correspond (e.g., in wavelength or polarization) to a sensitivily of the receiver 194, For
exampie, if the receiver 194 includes a bandpass chromatic filter, the transomiter 192 may

ernit hight of a wavelength such that the light can pass through the bandpass chromatic filter
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of the receiver 194.

[O060] The receiver 194 may be configured to detect light (e.g., 1o detect light emitied
from the transmitter 192). In some embodiments, the receiver 194 may include one or more
photodetectors {e.g.. avalanche photodiodes (APDs) or silicon photomultipliers {(S1PMs)),
The receiver 194 may include components in addition to the photodstectors, such as lenses,
stages, filters, a computing device, etc. As described above, the receiver 194 may be sensitive
{e.g., in wavelength or polarization} to light emitted by the transmitter 192. For example, the
receiver 194 may include a polarization filter that is configured to block horizontally
polarized hight, but pass vertically polarized light, where only vertically polarized light is
emitted from the transitter 192, In such a wav, the receiver 194 can elinunate noise arising
from stray light coming from sources other than the transmutter 192 In some embodiments,
the receiver 194 mayv be configured to detect light modulated at a frequency corresponding to
a modulation frequency of the transmtter 192,

[0061] In example embodiments, a signal may be emitted from the transmitter 192,
The signal may be scattered by objects within a scene and consequenily detecied by the
receiver 194 {e.g., by one or more light detectors within the receiver 194) of the LIDAR
gystem 190 to analyze the scene (e.g., to determine the shape of an object or an object’s
distance from the LIDAR system 190). The LIDAR system 190 may be configured to provide
imformation {e.g., point cloud data) about one or more objects {(e.g., location, shape, etc.) in
the external environment to a computer device, for example.

[0062] Figure 1B illustrates a sensing system 10, according to example embodiments,
The sensing system 10 may include a housing 12 that houses an arrangement of various
components, such as a transmit block 290, a recetve block 30, a shared space 40, and shared
optical element (e.g., alens 30). The sensing svstemn 10 may be a hight detection and ranging
{(LIDAR) system {e g., similar to the LIDAR system 190 illustrated in Figure 1A). For
example, the transmit block 20 may correspond to the transnutier 192 itlustrated in Figure 1A
and/or the receive block 30 may correspond to the receiver 194 iltustrated i Figure 1A, The
sensing system 10 may also include an arrangement of components configured fo provide
emitted light beams 52 from the transmut block 20 that are collimated by the lens 50 and
transmiited nto an environment of the sensing system 10 as collimated light beams 54.
Further, the sensing system 10 may include an arrangement of components configured to
collect reflected light 56 from one or more objects in the environment of the sensing system
10 by the lens 50 for focusing towards the receive block 30 as focused light 38. The reflected

fight 56 may include light from the collimated light beams 54 that was reflected by the one or



WO 2020/060756 PCT/US2019/049417

more objects in the environment of the sensing svstem 10.
[0063] The emutted light beams 52 and focused light 38 may traverse the shared space
40 also included in the housing 12, In some embodiments, the emitted light beams 52
propagate along a iransnut path through the shared space 40 and the focused light 58
propagates along a receive path through the shared space 40. Further, in some embodiments,
such transmit paths and receive paths may be collinear.
[0064] The sensing system 10 can determine an aspect of the one or more objecis
(e.g., location, shape, etc.) in the environment of the sensing system 10 by processing the
focused light 58 received by the receive block 30, For examiple, the sensing svstem 10 can
compare a tirne when pulses included in the ervitted light bearns 52 were emmtted by the
transmit block 20 with a time when corresponding pulses included in the focused light 58
were received by the receive block 30 and determine the distance between the one or more
objects and the sensing system 10 based on the comparison.
[0065] The housing 12 included in the sensing system 10 can provide a platform for
mounting the various components included in the sensing svstem 10. The housing 12 can be
formed from any material capable of supporting the various components of the sensing
system 10 included m an mnterior space of the housing 12. For example, the housing 12 may
be formed from a structural material such as plastic or metal.
{0066} In some examples, the housing 12 may include optical shielding configured to
reduce ambient light and/or unintentional fransmission of the emitted light beams 52 from the
iransmit block 20 to the receive block 30. The optical shielding can be provided by forming
and/or coating the outer surface of the housing 12 with a material that blocks the ambient
light from the environment. Additionally, inner surfaces of the housing 12 can include and/or
be coated with the material described above to optically isolate the transmit block 20 from the
eceive block 30 to prevent the receive block 30 from receiving the emitted light beams 32
before the emitted light beams 52 reach the lens 50.
[0067] In some examples, the housing 12 can be configured for electromagnetic
shielding to reduce electromagnetic noise (e.g., radio-frequency (RF) noise, eic.} from
ambient environment of the sensing svstem 10 and/or electromagnetic noise between the
transmit block 20 and the receive block 30. Eleciromagnetic shielding can improve quality of
the emitted light bearns 52 enutted by the transmut block 20 and reduce noise i signals
eceived and/or provided by the receive block 30. Electromagnetic shielding can be achieved
by forming and/or coating the housing 12 with one or more materials such as a metal,

metallic ik, metallic foam, carbon foam, or anv other material configured to appropriately

10
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absorb or reflect electromagnetic radiation. Metals that can be used for the electromagnetic
shielding can include for example, copper or nickel.

[0068] In some examples, the housing 12 can be configured 1o have a substantially
evhindrical shape and to rotate about an axis of the sensing system 10. For example, the
housing 12 can have the substantially cylindrical shape with a diameter of approximately 10
centimneters. In some examples, the axis 15 substantially vertical. By rotating the housing 12
that includes the various components, in some examples, a three-dimensional map of a 360
degree view of the environment of the sensing system 10 can be determined without frequent
recalibration of the arrangement of the various components of the sensing system 10,
Additionally or alternatively, the sensing system 10 can be configured to tilt the axis of
rotation of the housing 12 to control the field of view of the sensing system 10,

80669} Although not illusirated in Figure 1B, the sensing system 10 can optionally
mclude a mounting siructure for the housing 12. The mounting structure can include a motor
or other means for rofating the housing 12 about the axis of the sensing system 10.
Alternatively, the mounting structure can be included 1n a device and/or system other than the
sensing system 10

{0070} In some examples, the various components of the sensing system 10 such as
the transmit block 20, receive block 30, and the lens 50 can be removably mounted to the
housing 12 in predetermined positions to reduce burden of calibrating the arrangement of
each component and/or subcomponents included in each component. Thus, the housing 12
may act as the platforra for the various components of the sensing system 10 to provide ease
of assembly, maintenance, calibration, and manufacture of the sensing svstem 10,

{8071} The transmut block 20 includes a plurality of light sources 22 that can be
configured to enut the plurality of emitted hight beams 32 via an exit aperture 26. Tn some
examples, each of the plurality of emitted light beams 52 corresponds to one of the plurality
of light sources 22. The transmit block 20 can optionally inchide a mirror 24 along the
ransmit path of the emuited light beams 52 between the light sources 22 and the exit aperture
26.

[0072] The light sources 22 can include laser diodes, light emitting diodes (LED),
vertical cavity surface emitting lasers {VCSEL), organic light emitiing diodes (OLED),
polymer light emitting diodes (PLED), light enutting polymers (LEP), liquid-crystal displays
{(LChs), MEMS, or anv other device configured to selectively transmit, reflect, and/or enmt
light to provide the plurality of emitted light beams 52. In some examples, the light sources

22 can be configured to emit the enutied light beams 52 in a wavelength range that can be
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detected by detectors 32 included in the receive block 30. 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. In one example, the wavelength range includes wavelengths that are
approximately 905nm. Additionally, the light sources 22 can be configured to emt the
ernitted Hight bearns 52 in the form of pulses. In some examples, the plurality of light sources
22 can be positioned on one or more substrates {e.g., printed circuit boards (PCB), flexible
PCBs, etc.) and arranged to emit the plurality of hight beams 52 towards the exit aperture 26.
{0673 In some examples, the phurality of light sources 22 can be configured to emit
uncollimated light beams mcluded in the emitted light beams 52, For example, the enutted
light beams 52 can diverge in one or more directions along the transmit path due to the
uncollimated light beams emitted by the plurality of light sources 22, In some examples,
vertical and horizontal extents of the emitied light beams 52 at any posttion along the
transmit path can be based on an extent of the divergence of the uncollimated light beams
emitted by the phurality of light sources 22.

{0074} The exit aperture 26 arranged along the transmit path of the emutted light
bearns 52 can be configured to accommodate the vertical and horizontal extents of the
plurality of light beams 32 enutted by the plurality of light sources 22 at the exit aperture 26.
1t is noted that the block diagram shown in Figure 1B is described in connection with
functional modules for convenience in description. However, the functional modules i the
block diagram of Figure 1B can be physically implemented in other locations. For example,
although illustrated that the exit aperture 26 is included in the transmit block 20, the exit
aperture 26 can be physically included i both the transmit block 20 and the shared space 40,
For example, the transmut block 20 and the shared space 40 can be separated by a wall that
ncludes the exit aperture 26. In this case, the exit aperture 26 can correspond to a transparent
portion of the wall. In one example, the transparent portion ¢an be a hole or cut-away portion
of the wall. In another example, the wall can be formed from a transparent subsiraie (e.g.,
glass) coated with a non-transparent material, and the exit aperture 26 can be a portion of the
substrate that is not coated with the non-transparent material.

[0675] In some examples of the sensing svsterm 10, it may be desirable to minimize
size of the exit aperture 26 whule accommeodating the vertical and horizontal extents of the
plurality of light beams 52. For example, minimizing the size of the exit aperture 26 can
improve the optical shielding of the light sources 22 described above in the functions of the

housing 12. Additionally or alternatively, the wall separating the transmit block 20 and the
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shared space 40 can be arranged along the receive path of the focused hight 58, and thus, the
exit aperture 26 can be muinimized to allow a larger portion of the focused light 58 1o reach
the wall. For example, the wall can be coated with a reflective matenal (e g., reflective
surface 42 in shared space 40) and the receive path can include reflecting the focused light 58
by the reflective material towards the receive block 30. In this case, minimizing the size of
the exit aperture 26 can allow a larger portion of the focused light 58 to reflect off the
reflective material with which the wall is coated.

[0076] To minimize the size of the exit aperture 26, in some examples, the divergence
of the emitted light beams 52 can be reduced by partially collimating the uncollimated hght
beams emitted by the light sources 22 fo minimize the vertical and horizontal extents of the
emitted light beams 52 and thus nminimize the size of the exit aperture 26. For example, each
light source of the plurality of light sources 22 can include a cylindrical lens arranged
adjacent (o the hight source. The Light source may enut a corresponding uncollimated light
beam that diverges more in a first direction than in a second direction. The cylindrical lens
may pre-coliimate the uncollimated light beam i the first direction to provide a partially
coliimated hight beam, thereby reducing the divergence in the first direction. In some
exaroples, the partially collimated light beam diverges less in the first direction than in the
second direction. Simularly, uncollimated light beams from other light sources of the plurality
of light sources 22 can have a reduced beam width in the first direction and thus the emitted
light beamns 52 can have a smaller divergence due to the partially collimated light beams. In
thas example, at least one of the vertical and honzontal extents of the exit aperture 26 can be
reduced due to partially collimating the light beams 52.

{00771 Additionally or alternatively, to minimize the size of the exit aperiure 26, in
some examples, the light sources 22 can be arranged along a shaped surface defined by the
transmit block 20, In some examples, the shaped surface may be faceted and/or substantially
curved. The faceted and/or curved swrface can be configured such that the emutted light
beams 52 converge towards the exit aperture 26, and thus the vertical and horizontal extents
of the emitted light beams 52 at the exit aperture 26 can be reduced due to the arrangement of
the light sources 22 along the faceted and/or curved surface of the transmut block 20

[078] In some examples, a curved surface of the transmit block 20 can include a
curvature along the first direction of divergence of the enutted light beams 52 and a curvature
along the second direction of divergence of the emitted light beams 52, such that the plurality
of light beams 52 converge towards a central area in front of the plurality of light sources 22

along the transmit path.
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[0079] To facilitate such curved arrangement of the light sources 22, in some
examples, the light sources 22 can be positioned on a flexible substrate (e.g., flexible PCB}
having a curvature along one or more directions. For example, the curved flexible substrate
can be curved along the first direction of divergence of the emitted light beams 52 and the
second direction of divergence of the emitted light beams 52. Additionally or alternatively, to
faciltiate such curved arrangement of the light sources 22, in some examples, the light
sources 22 can be positioned on a curved edge of one or more vertically-oriented PCBs, such
that the curved edge of the PCB substantially matches the curvature of the first direction {e.g.,
the vertical plane of the PCB). In this example, the one or more PCBs can be mounied in the
transit block 20 along a honzontal curvature that substantially matches the curvature of the
second direction {e.g., the horizontal plane of the one or more PCBs). For example, the
transmit block 20 can include four PCBs, with each PUB mounting sixteen light sources, so
as to provide 64 light sources along the curved surface of the transmut block 20, In thus
example, the 64 light sources are arranged in a pattern such that the emitted Hght beams 52
converge towards the exit aperture 26 of the transmit block 20.

LHERTH The transmit block 20 can optionally nclude the mirror 24 along the transmit
path of the emitted light bearns 52 between the light sources 22 and the exit aperture 26. By
mcluding the mirror 24 in the transmit block 20, the transmit path of the emitted light beams
52 can be folded to provide a smaller size of the transmit block 20 and the housing 12 of the
sensing system 10 than a size of another transmit block where the transmit path that is not
folded.

0081} The receive block 30 mcludes a plurality of detectors 32 that can be
configured to receive the focused light 58 via an enirance aperture 36. In some examples,
each of the plurality of detectors 32 1s configured and arranged to receive a portion of the
focused light 58 corresponding to a fight beam emitted by a corresponding light source of the
plurality of light sources 22 and reflected of the one or more objects in the environment of the
sensing system 10. The receive block 30 can optlicnally inchude the detectors 32 in a sealed
environment having an inert gas 34.

[0082] The detectors 32 mav comprise photodiodes, avalanche photodiodes,
phototransistors, cameras, active pixel sensors {APS), charge coupled devices (CCDY,
cryogenic detectors, or any other sensor of light configured to receive focused light 58 having
wavelengths in the wavelength range of the emutied light beams 52.

{0083} To facilitate receiving, by each of the detectors 32, the portion of the focused

Hight 58 from the corresponding light source of the plurality of light sources 22, the detectors
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32 can be positioned on one or more substrates and arranged accordingly. For example, the
tight sources 22 can be arranged along a curved surface of the transmut block 20. Detectors 32
can be arranged along a curved surface of the receive block 30. In some embodiments, the
curved surface of the receive block 30 may include a stmilar or identical curved surface as
that of transmit block 20. Thus, each of the detectors 32 may be configured to receive hight
that was originally emitted by a corresponding hight source of the plurality of light sources
22.

[0084] To provide the curved surface of the recetve block 30, the detectors 32 can be
positioned on the one or more substrates simlarly to the light sources 22 positioned in the
transimt block 20. For example, the detectors 32 can be posttioned on a flexible substrate
{e.g.. flexible PCB) and arranged along the curved surface of the flexible substrate fo each
receive focused light originating from a corresponding light source of the light sources 22. In
this example, the flexible substrate may be held between two clamping pieces that have
surfaces corresponding to the shape of the curved surface of the receive block 30. Thus, in
this example, assembly of the receive block 30 can be simplified by sliding the flexible
subsirate onto the receive block 30 and using the two clamping pieces to hold it at the correct
curvature.

[O0RS] The focused light 58 traversing along the receive path can be received by the
detectors 32 via the entrance aperture 36, In some examples, the entrance aperture 36 can
melude a filiering window that passes light having wavelengths within the wavelength range
ernitted by the plurality of light sources 22 and atienuates light having other wavelengths. In
this example, the detectors 32 receive the focused light 58 substantially comprising light
having the wavelengths within the wavelength range.

{0086} In some examples, the plurality of detectors 32 included in the receive block
30 can include, for example, avalanche photodiodes in a sealed environment that is filled with
the inert gas 34. The inert gas 34 may comprise, for example, nitrogen.

[06087] The shared space 40 includes the transmit path for the emitied light beams 52
from the transmt block 20 to the lens 50, and mcludes the receive path tor the tocused light
58 from the lens 50 to the receive block 30. In some examples, the transmit path at {east
partially overlaps with the receive path in the shared space 40. By including the transmit path
and the receive path in the shared space 40, advantages with respect to size, cost, and/or
complexity of assembly, manufacture, and/or maintenance of the sensing system 10 can be
provided.

{06083] While the exit aperiure 26 and the entrance aperture 36 are illusirated as being

[
(i



WO 2020/060756 PCT/US2019/049417

part of the transmit block 20 and the receive block 30, respectively, it is understood that such
apertures may be arranged or placed at other locations. In some embodiments, the function
and structure of the exit aperture 26 and the entrance aperture 36 may be combined. For
example, the shared space 40 may include a shared entrance/exit aperture. It will be
understood that other ways to arrange the optical components of sensing system 10 within
housing 12 are possible and contemplated.

[0089] In some examples, the shared space 40 can include a reflective surface 42. The
reflective surface 42 can be arranged along the receive path and configured to reflect the
focused light 58 towards the entrance aperture 36 and onto the detectors 32. The reflective
surface 42 may cormprise a prism, nurror or any other optical element configured to reflect
the focusead light 58 towards the entrance aperture 36 in the receive block 30. In some
examples, a wall may separate the shared space 40 from the transmit block 20. In these
examples, the wall may comprise a iransparent subsirate {e.g., glass) and the reflective
surface 42 may comprise a reflective coating on the wall with an uncoated portion for the exit
aperture 26,

[B050] In embodiments including the reflective surface 42, the reflective surface 42
can reduce size of the shared space 40 by folding the receive path simularly to the mirror 24 in
the transmit block 20. Additionally or alternatively, in some examples, the reflective surface
42 can direct the focused light 58 1o the receive block 30 further providing flexibility to the
placement of the recetve block 30 m the housmg 12. For example, varving the tilt of the
reflective surface 42 can cause the tocused light 58 1o be reflected fo various portions of the
miterior space of the housing 12, and thus the receive block 30 can be placed in a
corresponding position in the housing 12, Additionally or alternatively, in this example, the
sensing system 10 can be calibrated by varying the tilt of the reflective surface 42. In some
embodiments {e g., embodiments where amount of shared space 40 is not of concern), the
sensing system 10 mayv not include the reflective surface 42.

18091} The lens 50 mounted 1o the housing 12 can have an optical power {o both
collimate the ernitted hight beams 52 from the light sources 22 in the transmit block 20, and
focus the reflected light 56 from the one or more objects in the environment of the sensing
sysiem 10 ounto the detectors 32 in the receive block 30. In one example, the lens S0 has a
focal fength of approximately 120 nun. By using the same lens 30 to perform both of these
functions, instead of a transmit lens for collimating and a recetve lens for focusing,
advantages with respect to size, cost, and/or complexity can be provided. In some examples,

collimating the emitted hight beams 52 1o provide the collimated light beams 54 allows
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determining the distance travelled by the collimated light beams 54 {o the one or more objecis
in the environment of the sensing system 10,
{0092} While, as described herem, lens 30 1s utilized as a transmit lens and a receive
fens, it will be understood that separate lens and/or other optical elements are contemplated
within the scope of the present disclosure. For example, lens S0 could represent distinct
lenses or lens seis along discreie optical transmit and receive paths.
{0093] In an example scenario, the emitted light beams 52 from the light sources 22
traversing along the transmit path can be collimated by the lens 50 to provide the collimated
light beams 54 to the environment of the sensing systern 10, The collimated light bearss 54
may then reflect off the one or more objects in the environment of the sensing system 10 and
eturn to the lens 50 as the reflected light 56, The lens 50 may then collect and focus the
reflected light 56 as the focused light S8 onto the detectors 32 included in the receive block
30. In some examples, aspects of the one or more objects in the environment of the sensing
system 10 can be determined by comparing the emitted light beams 52 with the focused light
58. The aspects can include, for example, distance, shape, color, and/or material of the one or
more objects. Additionally, in some examples, by rotating the housing 12, a three-
dimensional map of the surroundings of the sensing system 10 can be deternuned.
[0094] In some examples where the plurality of light sources 22 are arranged along a
curved surface of the transmit block 20, the lens 50 can be configured to have a focal surface
corresponding to the curved surface of the transmut block 20. For example, the lens 50 can
mclude an aspheric surface outside the housing 12 and a toroidal surface inside the housing
12 facing the shared space 40. In this example, the shape of the lens 50 allows the lens 30 to
both collimaie the emitied light beams 52 and focus the reflected hight 56. Additionally, in
this exarople, the shape of the lens 50 allows the lens 30 to have the focal surface
corresponding to the curved surface of the transmit block 20. In some examples, the focal
swrface provided by the lens 50 substantially matches the curved shape of the transmit block
20. Additionally, in some exarnples, the detectors 32 can be arranged similarly in the curved
shape of the receive block 30 to receive the focused light 38 along the curved focal surface
provided by the lens 50. Thus, in some examples, the curved surface of the receive block 30
may also substantially match the curved focal surface provided by the lens 30,
[0095] Figure 1C 1s an llustration of a computing device 106, according to example
embodiments. The computing device 106 may be used to control one or more components
described herein. For example, the computing device 106 may be used to control an

autonomous vehicle or a vehicle operating in an astonomous or seni~-autonomous mode.
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Additionally or alternatively, the computing device 106 may be used to conirol one or more
components within the LIDAR system 190/ the sensing system 10, such as a posttioning of
one or more light sources 22 or detectors 32.

{0096} Ir order to perform functions as described herein, the computing device 106
may include a variety of components, as tHustrated in Figure 1C. Figure 1C 15 a simplified
block diagram of a computing device 106, iHlusirating some of the functional components that
could be included in a computing device arranged 1o operate in accordance with the
embodiments contemplated herein. The computing device 106 could be a deskiop computing
device, laptop computing device, mobile computing device, tablet compuiing device, server
computing device, or some other type of coraputing device, i various embodiments.

[0097] As illustrated in Figure 1C, the computing device 106 may include a processor
112, a data storage 114, a network inferface 116, and an input/output function 118, ali of
which may be coupled by a systerm bus 110 or a stmilar mechanism. The processor 112 may
mnclude one or more central processing units {CPUs), such as one or more general purpose
processors and/or one or more dedicated processors {e.g., application specific integrated
circuits {ASICs), digital signal processors (DSPs), network processors, field-programmable
gate arrays (FPGAs), ete.). In some embodiments, the computing device 106 may be located
remotely from the camera 102 (e.g., the computing device 106 may be a cloud computing
device or a networked computing device).

106093} The data storage 114, in turmn, may include volatile memory {(e.g., random
access mernory {(RAM}) and/or non-volatile memory (e g.. a hard drive, read-only memory
{(ROM}, programnmable read-only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable prograrmmable read-only memory (EEPROM), non-
volatile random-access memory (such as flash memory), a solid state drive (88D), a hard disk
drive (HDD), a compact disc (CD), a digital video disk (DY), a digital tape, a read/write
{(RW)CD, an RW DVD, eic.). As such, the data storage 114 may include a non-transitory,
computer-readable medium. Further, the data storage 114 may be integrated in whole or in
part with processor 112, In some embodiments, the data storage 114 may store program
mnstructions, executable by the processor 112, and data that may be manipulated by these
program mstructions to carry out the various methods, processes, or operations contemplated
herein. Altematively, these methods, processes, or operations can be defined by hardware,
firmware, and/or any combination of hardware, firmware, and software.

{0099] The network inierface 116 may include one or more wireline connections,

such as an Ethernet connection or a universal serial bus (USB) connection. Additionally or
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alternatively, the network interface 116 may include one or more wireless inierfaces, such as
Institute of Elecincal and Electronics Engineers (IEEE) standard 802.11 (WIFI®),
BLUETOOTH®, BLUETOOTH LOW ENERGY (BLE®), cellular technology (e.g., global
system for mobile commumnications {GSM), code-division multiple access {CDMA), universal
mobile telecommunications system (UMTS), evolution-data optimized {EV-D(), worldwide
mteroperability for microwave access (WiMAX), or long-term evolation (LTE®Y}), dedicated
short range communications {DBSRC), commumnication protocols described in IEEF standard
802.15.4 (e.g., ZIGBEE®), or a wide-area wireless connection. Other forms of physical layver
connections and other types of standard or proprietary communication protocols may be used
over the network interface 116,

{00100} The mput/output function 118 may facilitate user interaction with the
computing device 106. Further, the mput/output function 118 may include multiple types of
mput devices, such as a kevboard, a mouse, a touch screen, ete. Similarly, the input/output
function 118 may include multiple types of output devices, such as a screen, monitor, printer,
one or more LEDs, etc. Additionally or alternatively, the computing device 106 may support
remote access from another device, via the network interface 116 or via another mierface (not
shown), such as a high-definition multimedia interface (HDM1) port.

{00101} In some embodiments, the computing device 106 may include one or more
remoie computing devices deploved in a networked architecture. The exact physical location,
conmectivity, and configuration of the remote computing devices may be unknown and/or
uniraportant. Accordingly, in some embodiments, the computing device 106 may be referred
to as a “cloud-based” device that may be housed at various remote locations.

[0102] Additionally, in some embodiments, the computing device 106 may be used (o
tune one or more tunable optical elements (e.g., tunable optical elements within an array of
optical elements as described herein). The computing device 106 may recetve an input signal
from another sensor or device (e.g., from a camera or a distance sensor} that is used by the
computing device 106 1o determine one or more aspecis of a scene or that indicates one or
more aspects of the scene (e.g. if the input signal were sent by another device, such as a
mobile computting device}. Then, based on the input signal, the computing device 106 {e.g.,
the processor 112 of the computing device 106) may determine a degree o which one or
maore of the tunable optical elements is to be tuned {e.g., a degree to which an optical filter or
an iris is to be tuned). This determination may be stored in the data storage 114, in some
embodiments. Then, based on that determination, the computting device 106 may effectuate

one or more changes (o the tunable optical elements. Effectuating the changes may include
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transmitting a tuning signal (e.g., via the network mterface 116} to one or more of the tunable
optical elements (e.g., within the array of optical elements). In some embodiments (e.g.,
embodiments where the computing device 106 deterrmines and effectuates changes to the
tunable optical elemenis), the computing device 106 may be referred to as a tuning controller,
{00163} Figure 2A illustraies a LIDAR system 200, according {0 example
embodiments. The LIDAR system 200 may be similar to the LIDAR system 190 tustrated in
Figure 1 A and/or the sensing system 10 illustrated in Figure 1B. For example, the LIDAR
system 200 may include the receiver 194 of the LIDAR system 190, in some embodiments.
Additionally, in sorme embodiments, the LIDAR system 200 may be conirolied by and/or
provide data to a computing device {e.g., the computing device 106 illustrated n Figure 1C).
Further, the LIDAR svstem 200 may be a component of an autonomous vehicle or a vehicle
operating in an awtonomous or semi-autonomous mode. In such embodiments, the LIDAR
systerm 200 may be used for object detection and avoidance, for example.

[00104] As illustrated, the LIDAR system 200 may include an array of light detectors
2310 and a shared lens 220. Each of the light detectors 210 may receive a respective light
signal 212 via the shared lens 220, The respective hight signals 212 may each be reflected
from a scene 230 (e.g., from various regions of the scene 230). Only a single light detector
210 and a single light signal 212 are labeled in Figure 2A in order to avoid cluitering the
figure.

100105} In some embodiments, the LIDAR system 200 may mclude one or more light
ernifters. For exarople, the LIDAR system 200 may include an array of hight emitters with a
fight emutter corresponding to each of the light detectors 210 in the array of light detectors
210. Such an array of light emitters may share a collinear light path with the array of hight
detectors 210 {e.g., each light enutter may share an optical fiber with a corresponding light
detector 210, and the optical fiber may be used to transmit emitted light and received light
to/from the shared lens 220). In various embodiments, arrays {e.g., arrays of light emitiers or
arrays of optical elements) may nclude one~dimensional, two-dimensional, or three-
dimensional arrays. Further, in various embodiments, arrays may be arranged in collinear,
non-collinear, coplanar, and/or non-coplanar arrangements.

[B0106] In various embodiments, the light detectors 210 may mclude different types of
detectors. For exarmple, the array of light detectors 210 may mclude one or more
photodetectors, APDs, or S1PMs. The light detectors 210 may have a uniform shape and size
{e.g., uniform package size), in some embodiments. For example, the light detectors 210 may

have detection regions between 0.5 mm and 5.0 mm in diameter (e.g., around 1.0 mm in
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diameter). In other embodiments, the light detectors 210 may have two or more different
shapes and sizes. As illusirated i Figure 2A, the light detectors 210 may be vertically
aligned. ft is understood that in other embodiments, the light detectors 210 may be arranged
in a different fashion. For example, the light detectors 210 may be horizontally aligned.
Alternatively, the light detectors 210 may be arranged inio a two-dimensional (2D} array.
Further, in some embodiments, the light deteciors 210 may not be aligned at all.

[00107] Also as illustrated, the LIDAR system 200 may include four light detectors
210. i 1s understood that in other embodiments there may be greater or fewer than four light
detectors 210, For example, in some emboduments, there may be a single light detector 210
corresponding to a single light enmutter within the LIDAR system 200, Such a light detector
210 and/or light emutter may be configured to be reoriented relative to the scene 230 based on
objects of interest within the scene 230. Further, each of the light detectors 210 may be the
same as each other light detector 210, in some embodiments. In other embodiments, one or
more of the light detectors 210 may be different from one or more of the other light detectors
210, For example, one of the light detectors 210 may have an increased sensitivity, increased
range, or specialized spectral sensitivity.

[60108] As illustrated, the shared lens 220 may receive the light signals 212 from the
scene 230. Such light signals 212 may have previously been generated by one or more light
emitters associated with the LIDAR system 200. As also illustrated, the shared lens 220 may
direct the respective light signals 212 to respective light detectors 210, In alternate
ernbodiments, the shared lens 220 mav be supplemented or replaced by one or more other
shared imaging optics. For example, the LIDAR system 200 may include one or more shared
mirrors used to direct the hight signals 212 toward the hight detectors 210 and/or one or more
neutral-density filters used to reduce intensity of the hight signals 212, Tn other embodiments,
still other shared optical elements may be used (e.g., one or more prisms, windows, diffusers,
apertures, chromatic filters, polarizers, diffraction gratings, beamsplitters, optical {ibers, etc.).
[00109] In some embodiments, the shared lens 220 may be alternatively referred to as
a main lens. The shared lens 220 may iiself act as an aperture stop or may include a separate
aperture stop for the LIDAR system 200. Hence, the shared lens 220 may inherently provide
a spectfic aperture size and a specific field of view {or the hight detectors 210 in the array. In
some embodiments, the shared lens 220 may be adjustable to modify optical characteristics
associated with the shared lens 220, and, consequently, associated with each of the light
detectors 210. For example, the shared lens 220 may be deformable to modify the focal

fength of the shared lens 220. Additionally or alternatively, an aperture associated with the
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shared lens 220 may be configured to expand and/or contract to modify the aperture size and
alter the depth of focus.

[60118] As further illustrated in Figure 2A, the light detectors 210 may be oriented
such that they recetve light from different regions of the scene 230. In some embodiments,
the light detectors 210 in the array may have one of two different onentations {e.g., light
detectors 210 m the top half of the array are angularly oriented in one direction, e.g.,
downward, and light detectors 210 in the bottom half of the array are angularly oriented in a
second direction, e.g., upward). In other embodiments, the light detectors 210 may exhibita
discrete range of onientations (e.g., the hight detectors 210 in the array range from orientations
of +15 degrees to -15 degrees relative to scene 230 and/or shared lens 220, e g, spaced in
mtervals of 1 degree). In other embodiments, each of the light detectors 210 in the array may
have the same orentation. However, based on physical positions within the array, even if the
hight detectors 210 have the same orientation as one another, each light detector 210 may
have a slightly different perspective relative to the scene 230. In embodiments where the light
detectors 210 have multiple different orientations, the light detectors 210 may be receiving
tight signals 212 from different distances relative to the LIDAR systern 200, as shown and
described below with reference to Figure 2B. In such embodiments, individually tailoring one
or more aspects of the light signals 212 received by the respective light detectors 210 and/or
talloring light transmitted by associated light emitters could improve the quality of an
image/map of the scene 230 generated by the LIDAR svstem 200.

{06111 Figure 2B illustrates the LIDAR svstem 200, according to example
embodiments. The LIDAR system 200 is shown relative to one possible embodiment of the
scene 230, The scene 230 may mclude, for example, a road surface 232, an obstruction 234
on the road surface 232, an automobile 236 on the road surface 232, and a traffic signal 238
above the road surface. As illustrated, the light detectors 210 may be directed toward
different regions of the scene 230. For example, the hight detectors 210 in the upper-half of
the array of light deteciors 210 may be direcled downward (i.e., have an orientation angle less
than 0°) and the light detectors 210 in the lower-half of the array of light detectors 210 may
be directed upward {i.e., have an orientation angle greater than (°). Hence, in Figure 2B, the
topmost hight detector 210 is oriented most toward the ground and the bottommost light
detector 210 15 ortented most toward the sky, with the two maddle light detectors 210
somewhere in between (e.g., the light defectors 210 may be oriented at -15°, -5°, +5°_ and
+15° from top to bottom relative to the scene 230, respectively). As itHustrated, this

corresponds 1o the topmost Hght detector 210 receiving a light signal 212 from the road
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surface 232, the second highest light detector 210 receiving a light signal 212 from the
obstruction 234, the second lowest light detector 210 receiving a hight signal 212 from the
autornobile 236, and the bottonumost light detector 210 receiving a light signal 212 from the
traffic signal 23%. In alternate embodiments, the orientation of the light detectors 210 within
the array mayv be reversed {e.g., the topmost light detectors 210 are oriented at positive angles
relative {o the scene 230 while the bottommost light detectors 210 are oriented at negative
angles relative to the scene 230). In still other embodiments, the orientation of the light
detectors 210 within the array may be randomized and/or not organized with respect {o
physical location within the array.

[60112] Because objects are within different respective regions the scene 230, some of
the light detectors 210 are receiving light signals 212 from objects that are nearer to the
LIDAR system 200 than other light detectors 210. For example, the obstruction 234 is nearer
io the LIDAR system 200 than the traffic signal 238. Because of thig, the relative sizes of
objects within the scene 230 may be different, as well. For example, if two automobiles are
present i the scene 230, but one is nearer to the LIDAR system 200 than the other, the nearer
autornobile may occupy a larger percentage of a field of view of a respective light detector
210 and may therefore appear larger to the respective light detector 210. Both the respective
distance of objects and the respect size of objects may be exploited using the systems and
methods shown and described herein.

180113} Throughout the disclosure, Hight detectors 210 within the LIDAR systern 200
may be iHustrated as all oriented toward the same object within the scene 230 or toward
portions of the same object within the scene 230 (e.g., the tree outline used to represent the
scene 230 in Figure 2A). It is understood, however, that these ifhustrations are used as
exarnples, and the use of a single object to represent the scene 230 is for illustration
simplicity. It is further understood that, contemplated throughout the disclosure, respective
light detectors 210 may receive light signals 212 from one or more different objects (e.g., at
different distances relative to the LIDAR system 230 as illustrated in Figure 2B) and/or one
or more of the same objects within the scene 230.

{001 14] Figure 3 A illustrates a LIDAR system 300, according to example
embodiments. As illustrated in Figure 3A, and unlike in Figures 2A and 2B, the LIDAR
system 300 includes an array of optical elements 310 positioned between the light detectors
210 and the shared lens 220. The array of optical elements 310 may alter one or more of the
light signals 212, As illustrated, the array of optical elements 310 may be positioned in a

Jocation that 1s near enough to the light detectors 210 such that hght signals 212 for
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respective light detectors 210 do not overlap with one another (1.2., the light signals 212 are
discretized). Thus, the array of optical elements 310 can individually modify one of the light
signals 212 without simultaneocusly affecting the optical qualities of all of the light signals
212/resulting tmages of all of the light detectors 210.

{00115} The optical elements in the arrav of optical elements 310 may be apertures
312. Only one aperture 312 in the array of optical elements 310 1s Jabeled in Figure 3A 10
avoid cluttering the figure. Each of the apertures 312 in the array of optical elements 310 may
have the same cross-sectional area. In such a fashion, each of the apertures 312 would affect a
respective light signal 212 1o the same way. In various embodiments, the array of optical
elements 310 may be fabricated using a vanety of techniques. For example, the apertures 312
may be an array of holes within a sheet representing the array of optical elements 310. Such a
sheet may be made of metal or another optically non-transmissive material. The location of
such holes representing the apertures 312 may correspond to the location of light detectors
210 within the LIDAR svystem 300.

{00116} In addition to being sufficiently close to the hight detectors 210 such that the
light signals 212 are discretized, the array of optical elements 310 (and, therefore, the
apertures 312) roay be located sufficiently far from the detection surface of the hight detectors
210 such that the light signals 212 are adequatelv modified before reaching the light detectors
210 (e.g., the apertures 312 may be located between 100 pm and 300 pm from the detection
surface of the light detectors 210). For example, if the apertures 312 were positionad
precisely at the focal plane of the light detectors 210 and were sized such that the diameters
of the apertures 312 were larger than the detection surface of the light detectors 210, the
apertures 312 would not aller the field of view of the light detectors 210. However, if
positioned sufficiently far fromn the detection surface of the light detectors 210, the apertures
312 may restrict the angles of incidence of light rays that ultimately reach the detection
surface of the light detectors 21¢, thereby modifying the field of view of the light detectors
210.

00117} In addition to or instead of being used to modify a field of view for one or
more of the light detectors 210, the apertures 312 may alter the depth of focus of one or more
of the light detectors 210, prevent one or more oplical aberrations from being presentin a
hight signal 212 captured by one or more of the light detectors 210, or change the angular
resolution for one or more of the light detectors 210 {e.g., increase the angular resolution for
nearby targets in the scene 230}, Additional or alternative optical modifications may be made

io the light signals 212 using the apertures 312,
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[00118] In some embodiments, the optical modifications to the light signals 212 caused
by the array of optical elements 310 may be dependent on one or more aspecis of the scene
230 For example, as illustrated in Figure 3B, the array of optical elements 310 of the LIDAR
system 350 may include smaller apertures 314 and larger apertures 316 {e.g.. as opposed to
apertures 312 all having the same cross-sectional area as in the LIDAR system 300 of Figure
3A). The smaller apertures 314 may have a smaller cross-sectional area than the larger
apertures 316, Because the hight detectors 210 might be oriented foward regions of the scene
30 whose distances relative to the LIDAR system 350 are known, the array of optical
elements 310 can be used 1o account for any differences in distances o various regions of the
scene 230, In some embodiments, for example, the larger apertures 316 may correspond to
light detectors 210 that receive light signals 212 from regions of the scene 230 that are farther
away than the light detectors 210 corresponding to the small apertures 314. The smaller
apertures 314 may thus modify respective hight signals 212 based on a first distance while the
farger apertures 316 may modify respective light signals 212 based on a second distance.
060119] Further, because the distribution of distances of objects within the scene 230
relative to the LIDAR systems 300/350 may be known or measurable, the optical elerments
(e.g., apertures as illustrated in Figures 3A and 3B) may be distributed (e.g., within the array
of optical elements 310} to correspond to the distribution of distances. For example, the larger
the distance from which a light detector 210 recetves a light signal 212 the larger the
corresponding aperture within the array of optical elements 310 may be. This may
additionally correspond to a respective location within the array of light detectors 210. For
example, if the light detectors 210 in the array are arranged such that light detectors 210 near
the {op of the array detect objects nearer to the ground in the scene 230 {and thus closer to the
LIDAR systern 350) than light detectors 210 near the bottom of the array, the corresponding
apertures in the array of optical elements 310 may be smaller near the top of the array of
optical elements 310.
{00126] In addition to or instead of using an array of optical elements 310 to modify
aspects of the light signals 212 reflected from regions of the scene 230, the LIDAR svstem
350 may use the array of optical elements 310 or a separate array of optical elements to
modify aspects of light signals transmitted by one or more light emutters in the LIDAR
system 350, Sumalar to on the receive side, the enutted light signals may be modified based on
an aspect of the scene 230. For example, the emitted light signals may be respectively
modified by an array of optical elements based on predicted distances of objects within the

scene toward which the light signals are emitted.
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[00121] In some embodiments, the divergence of one or more emitted light beams may
be modified (e.g., using slabs of glass of various thicknesses, as described below) such that
light beams directed toward regions of the scene 230 that are closer to the LIDAR system 350
have larger beam divergences than regions of the scene 230 that are farther from the LIDAR
system 350. The converse may also be performed {i.e., larger beam divergences for farther
regions of the scene 230), in some embodiments. One reason o have larger beam divergences
for nearer regions of the scene 230 1s to use less emitter power. Because nearby regions of the
scene 230 contain objects which appear larger to the LIDAR system 350 than more distant
regions of the scene 230, tower angular resolutions for nearby regions might be acceptable
(1.e., alower angular resolution for anearby object can correspond to the same linear
resolution as a higher angular resolution for a more distant object). Thus, beam power of an
emitter {e.g., an emiiting iaser or LED) mav be spread across a greater angwlar resolution for
objects in the scene 230 that are nearby while still maintaining an acceptable hinear
resolution. As such, less beam power can be expended for a given angular range to observe
nearby objects in the scene 230

[0122] Many different types of optical elements, besides apertures, for inclusion m an
array of optical elements 310 are described herein. It is understood, however, that aperiures
and other types of optical elements described herein are non-limiting examples and that
addifional or alternative types of optical elements could be included in the array of optical
elements 310. Additionally or alternatively, in some embodiments, the LIDAR system 350
may include two or more cascaded arravs of optical elements. Such cascaded arrays of optical
elements could modify the light signals in different ways {e.g., one of the arrays could
mclude lenses 1o modify focal length and a second array could include a filier to filter out
select polarizations and/or wavelengths). One or more of the different ways in which
cascaded arrays of optical elements modify the light signals may be based on one or multiple
aspects within the scene 230 (e.g., distance{s) to certain region{s}) in the scene 230, time of
day, type(s) of object{s) within the scene 230, reflectivity of region(s} of the scene 230,
color(s) of region(s) of the scene 230, polarization{s) typically reflected and/or scattered by
region{s} of the scene 230, etc.}. Any number of arrays of optical elements that are cascaded
within the LIDAR system 350 may be located, sequentially, between the shared lens 220 and
the array of hight detectors 210,

{00123} Figure 4A illustrates a portion of the LIDAR system 300 (the shared lens 220
being omitied), according to example embodiments. The LIDAR svstem 300 illustrated in

Figure 4A may be a three-dimensional {3D) view of the LIDAR system 300 illustrated in
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Figure 3A. As tllustrated, the LIDAR system 300 includes an array of light detectors 210 and
an array of optical elements 310, the optical elementis being apertares 312

[00124] Figure 4B illustrates a portion of the LIDAR svstem 350 (the shared lens 220
being omitted), according to example embodiments. The LIDAR system 350 illustrated in
Figure 4B may be a 3D view of the LIDAR system 350 illustrated in Figure 3B. As
iHustrated, the LIDAR system 350 includes an array of hight detectors 210 and an array of
optical elements 310, the optical elements being smaller apertures 314 and larger apertures
3i6.

[30125] Figure 4C illusirates a portion of a LIDAR system 390 (the shared lens 220
being onmutted), according to example ernbodirents. The LIDAR system 390 illustrated in
Figure 4C may include an array of light detectors 210 and an array of optical elements 310.
The optical elements in the array of optical elements 310 may be tunable apertures 318. For
example, the tunable apertures 318 may include shutters and/or irises (as ilustrated).
{00126} Each of the tunable apertures 318 may have an adjustable cross-sectional area.
For example, each of the tunable apertures 318 may include an inis that can be continuously
adjusted from fully open (1o vield a maximurmn cross-sectional area for the respective tunable
aperture 318) to fully closed (to vield no cross-sectional area for the respective tunable
aperture 318). The tunable apertures 318 may be drivable by a servo or other motor, in
vartous embodiments. As llustrated, in one conformation, an iris corresponding to the
iopmost tunable aperture 318 may be fully closed, an iris corresponding to the second highest
iunable aperture 318 may be open 10% or less, an iris corresponding to the second lowest
tunable aperture 318 may be approximately 50% open, and an iris corresponding to the
bottornmost tunable aperture 318 may be fully opened. The tunable apertures 318 may be
idependently tunable (e.g., one at a tirne) and/or jointly tunable (e.g., each simulianeously
adjusted in the same way ). Further, the tunable apertures 318 may be adjusted bv a
computing device (e.g., the computing device 106 illustrated in Figure 1C).

[0606127] In some embodiments, the tunable apertures 318 may be modified {e.g.,
opened or closed by some amount) in response to some aspect of a scene 230 (e.g.. a change
i some aspect of the scene 230). For example, if one of the light detectors 210 1s receiving
hight from an object (e.g., a moving vehicle, such as the automobile 236 1llustrated 1o Figure
2B} in the scene 230 at a given distance, and the object moves relative to the LIDAR system
390 such that it i1s now farther from or closer to the LIDAR system 390, the cross-sectional
area of the tunable aperiure 318 corresponding {o the respective light detector 210 may be

adjusted 1o account for the change in location of the object. Additionally or altematively, the
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cross-sectional area of the respective tunable aperture 318 mav also be adjusted 1o a specific
size while the object 15 in transit from the {irst location to the second location to account for
the object being in motion. The size of the cross-sectional area may be at least partially based
upon the velocity of the object with respect 1o the LIDAR system 390, for example. In
embodiments where the tunable apertures 318 are independently adjustable, different tunable

apertures 318 may be adjusted based on different distances to different objects within the

[00128] Additionally or alternatively, the tunable apertures 318 may be adjusted in size
based on map data (e.g., corresponding o present global positioning system {GPS)
coordinates of the LIDAR system 390), based on tervain data, based on reflectivity of targeted
objects in the scene 230, based on pose (e.g., determined based on accelerometer data) of the
LIDAR system 390, and/or based on time of dav {e.g., reducing the cross-sectional area of
the tunable apertures 318 at might). Other factors upon which modifications to optical
elements within the array of optical elements 310 can be based will be understood, some of
which are described throughout this disclosure. In some embodiments, the tunable apertures
318 may be modulaied guickly enough (e.g., opened and closed at a high enough raie) to act
as shutters for the corresponding light detectors 210, mn addition to being used as adjustable
aperture stops for individual light detectors 210. For example, each of the tunable apertures
318 may include one or more liqud-crysial shutters.

180129} In addition, in some embodiments, the cross-sectional area of one or more of
the tunable apertures 318 may be modified 1o avoid optical defects of the shared lens 220 or
regions of the shared lens 220 obscured by foreign substances (2.g., mud, snow, insects, eic.}
present on the outside of the shared lens 220 (e.g., on the side of the shared lens 220 facing
the scene 230). For example, the field of view corresponding (o a respective light detector
210 could be modified (e.g., reduced) be adiusting the cross-sectional area of the
corresponding tunable aperture 318 {e.g., by partially closing an iris of the tunable aperture
318}, thereby changing {e.g.. narrowing) the field of view associated with comresponding light
signal 212 By changing the field of view, portions of the full field of view of the respective
light detector 210 associated with the shared lens 220 may now be excluded, thereby
reducing optical aberrations and, possibly, reducing unnecessary data analysis (e, data
corresponding to the location of an optical defect of the shared lens 220 may not be useful for
distance mapping, and, therefore, might be computationally wasteful o analvze).

{00130} I is understood that many types of tunable optical elements may be present in

the array of optical elements 310, Some other types of tumable optical elements, besides
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apertures, are described throughout this disclosure. However, it is understood that many other
tvpes of tunable optical elements besides those explicily recited are conternplated herein.
Further, the array of optical elernents 310 may mclude multiple instances of the same type of
optical element (e.g., tunable apertures 318, as illustrated in Figure 4C). Alternatively, the
array of optical elements 310 may include different types of optical elements {e.g., an
aperture to modify the hight signal 212 intended for one light detector 210 and a {ilter to
modify the light signal 212 intended for a second light detector 210). Still further, as
described above, rather than a single array of optical elements 310, the LIDAR system 390
may include cascaded arrays of optical elements.

{00131} Similar tunable optical elements may additionally or altematively be present
on an array positioned near one or more light emitters. For example, tunable apertures that
himit the amount of output power (e.g., by limiting beam size of a laser) could be used near
one or more hght emtters. Stmilar to above, such emitter-side apertures could also be
adjusted by a computing device {e.g.. the computing device 106 illustrated in Figure 1C)
and/or based on some aspect of a scene 230, (Other tunable optical elements may also be used
to modify aspects of light emitted by light emitiers within the LIDAR systern 390

{00132} Figure SA illustrates a LIDAR system 300, according to example
embodiments. Sinular to Figures 3A and 3B, the LIDAR system 500 includes an array of
optical elements 310 positioned between the light detectors 210 and the shared fens 220.
However, unlike Figures 3A and 3B, the optical elements illustrated in Figure SA may be
fenses 512 {e.g., a series of discrete lenses, with one lens corresponding to each hight detector
2103, The lenses 512 may alter one or more of the light signals 212 {(e.g., to effectively
modify the focal length corresponding to the respective light detector 210). As tllustrated, the
fenses 512 may be positioned in a location that is near enough to the light detectors 210 such
that light signals 212 for respective light detectors 210 do not overlap with one another (e,
the light signals 212 are discretized). Thus, the lenses 512 can individually modify one of the
hight signals 212 without simultaneously affecting the optical qualities of all of the light
signals 212 of all of the light detectors 210.

[00133] Each of the lenses 512 may have the same cross-sectional area and/or depth.
Hence, in some embodiments, each of the lenses 512 may have the same focal length as one
another. Thus, each of the lenses 512 may affect the respective light signals 212 in the same
way. In alternate embodiments, one or more of the lenses 512 may be have a different shape,
size, and/or focal length than the other lenses 512 {e.g., as illustrated in Figure 5B). Focal

fengths of the enses 512, for example, may be set based on expected distances to objects
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within the scene 230 (e.g., distances predetermined and/or stored within a database, such as a
hard drive or server). For example, if the topmost light detector 210 15 ortented downward
such that distances between the LIDAR svstem 500 and objects in the scene 230 that reflect
ight signals 212 directed to the light detector 210 are small. the focal length of the lens 512
corresponding to the light detector 210 may be correspondingly small (e g, if the expected
separation between the objects in the scene 230 and the LIDAR system 500 15 10 meters, the
focal length of the corresponding lens 512 may be approximately 10 meters minus the focal
fength of the shared lens 220).

[00134] The lenses 312 may be {abricated using a variety of techniques. For example,
the lenses 5312 may be molded optical glass or molded optical plastic. As tllustrated, sach of
the lenses 512 may be a slab of glass having a predetermined thickness to modify the light
signals 212, In some embodiments, gach of the lenses 512 may be a single lens in a microlens
array or a portion of a hquid-crystal array.

[00135] In some embodiments, the lenses 512 may be tunable. For example, in some
embodiments, the focal length of the lenses 512 or the 2D locations of the lenses 512 relative
to the light detectors 210 mav be modified. Sinular (o the apertures described above, the
fenses 512 {e.g., a focal length of one or more lenses 512) may be adjusted based on map
data, terrain data, time of day, reflectivity of objects in the scene 230, distance 1o objects in
the scene 230 (or changes of distances to objects in the scene 230}, etc. The lenses 512 may
be tunable independently of one another or collectively, in various embodiments. Further, the
fenses 512 may be modified by a computing device (e.g., the computing device 106
tHustrated in Figure 1(). In some embodiments, modifying the lenses 512 may include
moving one or more lenses S12 relative to the light detectors 210 {e.g., translating the lenses
512 on a mechanical stage toward the hight detectors 210 or away from the hight detectors
210}, deforming one or more fenses 512 {e.g , to adjust focal lengths), or even adding or
removing the lenses 512 from the LIDAR system S00.

{00136} Figure 5B illustrates a LIDAR system 550, according to example
erobodiments. The LIDAR system 550 of Figure 5B 15 analogous to the LIDAR system 500
tlustrated in Figure 5A, with the exception that the LIDAR system 550 in Figure 5B mcludes
fenses 514 of different thicknesses, rather than the same thickness. As illustrated, in soms
embodiments, the lenses 514 associated with lower light detectors 210 in the array of light
detectors 210 may be thicker than the lenses 514 associated with higher light detectors 210 n
the array of light detectors 210. In other embodiments, the opposite may be true {e.g., the

higher light detectors 210 are associated with thicker lenses 514). In still other embodiments,
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the thicknesses of the lenses 514 might not correlate o a location of a respective lens 514
with respect to the array of light detectors 210.

{00137} Sirailar to the lenses 512 described above with respect to Figure 5A, the lenses
514 of Figure 5B may be tunable {e.g.. based on distances between the LIDAR system 550
and one or more objects/regions within the scene 230). In some embodiments, the lenses 514
may be arranged to correct tor optical aberrations within the LIDAR system 5350 (e.g., optical
aberrations caused by the shared lens 220). For example, the lenses 514 may have optical
characteristics such that, collectively, the arrangement of the lenses 514 is telecentric. In
some embodiments, in addition to or instead of a telecentric arrangement of lenses 514, the
LIDAR systern 550 may include a telecentric arrangement of moirrors and/or prisms.

{00138] Figure 53C illustrates a LIDAR system 580, according to example
embodiments. The LIDAR system 580 of Figure 5C 1s analogous to the LIDAR system 550
ilfustrated m Figure 5B, with the exception that the LIDAR svysterm 580 in Figure 5C includes
a single body of transparent material 516 rather than discrete lenses 514, As illustrated, the
thickness of the body of transparent maierial 516 may vary across the body of {ransparent
material 516 (e.g., the body of transparent material 516 may appear staircase~-shaped from the
side), and different regions of the body of transparent material 516 may correspond to
different lensing sections (e.g., each lensing section associated with a respective light detector
210}. Hence, optically, the body of transparent material 516 may perform the same function
as the discrete array of lenses 514 in Figure SB. However, the body of transparent material
516 night be more practical to fabricate (e.g.. because only a single mold may be needed for
myjection molding the optical plastic/optical glass) and/or assemble/position within the
LIDAR system S80.

[00139] Similar to the lenses 514 described above with respect to Figure 5B, the body
of transparent material 516 of Figure 5C may be tunable {(e.g, based on distances between the
LIDAR system 580 and one or more objects/regions within the scene 230). In some
ermbodiments, the body of transparent material 516 may be modified by a computing device
{e.g.. the coroputing device 106 illustrated in Figure 1C). Modifving the body of transparent
material 516 may include moving or reorienting {e.g., rotating} the body of transparent
material 516 relative to the light detectors 210 (e.g., translating the body of transparent
material 316 on a mechanical stage toward the light detectors 210 or away from the light
detectors 210}, deforming the body of transparent material 516, or even adding or removing
the body of transparent material 516 from the LIDAR system 580,

{00146} Figure 5D llustrates a LIDAR system 590, according to example
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embodiments. The LIDAR system 590 of Figwre 5D 1s analogous to the LIDAR system 580
Hlustrated in Figure 5C, with the exception that the LIDAR system 590 in Figure 5D includes
a body of transparent material 518 that has uniform thickness rather than non-uniform
thickness like the body of transparent material 516 in Figuwre 5C. Yet, simular to the body of
transparent material 516 in Figure 5C, different regions of the body of transparent material
518 may correspond to different lensing sections {e.g., each lensing section may be associated
with a respective light detector 210). Unlike Figure 5C, however, the different lensing
sections of the body of transparent material 518 are based on differences in distance between
the respective light detectors 210 and the corresponding lensing sections of the body of
transparent material 518. As illustrated i Figure 5D, for example, the light detectors 210
may be arranged on a support 520 and the support 520 may be angled relative to the body of
transparent material 518 (e.g., such that the higher light detectors 210 are closer io the body
of transparent material 513 than the lower light detectors 210). Hence, optically, the body of
transparent material 518 may modify the light signals 212 in the same fashion relative to the
light detectors 210 as the body of transparent material 516 in Figure 5C. Such an angular
relationship between the support 320 and the body of transparent material 518 may be
achieved by shinmyning the support relative to the body of transparent material 518 (e.g., by
placing a shim in between the support 520 and the body of transparent material 518 or by
placing a shim behind or underneath the support 520}

180141} Similar to the body of transparent material 516 described above with respect to
Figure 5C, the body of transparent material 518 of Figure 5D may be tunable (e g., based on
distances batween the LIDAR system 590 and one or more objecis/regions within the scene
230). In some embodiments, the body of transparent material 518 may be modified by a
computing device {e.g.. the computing device 106 illustrated 1n Figure 1C). Modifying the
body of transparent material 518 may mclude moving or reorienting (e.g., rotating) the body
of transparent material 5138 relative to the light detectors 210 {e.g., translating the body of
iransparent material 518 on a mechanical stage toward the light detectors 210 or away from
the light detectors 210), moving or reorienting (e.g., rotating) the support 320 relative to the
body of transparent material 518, deforming the body of transparent material $18, deforming
the support 520, or even adding or removing the body of transparent material 518 from the
LIDAR system 590.

{00142} In addition to or instead of using the body of transparent matenial 518 to
modify the light signals 212 received by the light detectors 210, the LIDAR system 590 may

imclude a body of transparent material used o modify light transmitied by light emutters of
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the LIDAR system 590. Simlar to the body of transparent material 518 and the
corresponding light detectors 210, the body of transparent material used to modify hight
transmited by light eritters of the LIDAR systern 590 nught be angled relative to an array of
light emitters such that a first portion of the body of transparent material is nearer to a first
hight emitter than a second portion of the body of transparent material is to a second light
erpifter. As such, the beam divergences of respective light signals emitted by the two emitters
{e.g., with emuitters being lasers, such ag iaser diodes) may be different (e.g.. the beam
divergence of the light signal extting the body of transparent material that corresponds to one
of the emitters 13 bigger than the beam divergence of the light signal exiting the body of
transparent material that corresponds 1o the other enutter). Such changes in bearn divergences
may be based on and/or altered based on distances between the LIDAR system 590 and
object(s} within the scene 230. The beam divergences may additionally or alternatively be
based on and/or altered based on a variety of other data (e.g., map data, tervain data,
reflectivity of objects in the scene 230, pose of the LIDAR system 590, time of day, etc.}.
{00143} Figure 6A illustrates a portion of the LIDAR system 500 (the shared lens 220
being omutted), according to example embodiments. The LIDAR system 500 illustrated 1o
Figure 6A may be a 3D view of the LIDAR systern 500 illustrated in Figure SA. As
tHustrated, the LIDAR system 500 includes an array of light detectors 210 and an array of
optical elements 310, the optical elements being lenses 512.

100144} Figure 6B tllustrates a portion of the LIDAR syster 550 (the shared lens 220
being omitted), according to example embodiments. The LIDAR system 550 illustrated in
Figure 6B may be a 3D view of the LIDAR system 550 illustrated in Figure 5B. As
Hlustrated, the LIDAR system 550 includes an array of light detectors 210 and an array of
optical elements 310, the optical elements being lenses 514,

100145} Figure 6C illustrates a portion of the LIDAR system 580 (the shared lens 220
being omitied), according to example embodiments. The LIDAR svstem 580 illustrated in
Figure 6C may be a 3D view of the LIDAR systern 580 illustrated in Figure 5C. As
tllustrated, the LIDAR system 580 includes an array of light detectors 210 and an array of
optical elements, the optical elements being a body of transparent material 516 with
corresponding lensing sections.

{00146} Figure 613 illustrates a portion of the LIDAR system 600 (the shared lens 220
being omitted), according to example embodiments. The LIDAR system 600 illustrated in
Figure 6D may include an array of light detectors 210 and an array of optical elements 310.

The optical elements in the array of optical elements 310 may be selectable arrays 610 (only
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one of which is labelled in Figure 6D to avoid chutiering the figure). Each of the selectable
arrays may include lenses 612 {only one of which is labelied in Figure 6D 1o avoid cluttening
the figure), and each of the lenses 612 in the selectable arrays 610 may have slightly different
optical qualities {(e.g , different focal lengths). For example, each of the selectable arrays 610
may include fowr lenses 612 {(e.g., one lens 612 with a focal length between 5 meters and 1¢
meters, one lens 612 with a focal length between 10 meters and 20 meters, one lens 612 with
a focal length between 20 meters and 50 meters, and one lens 612 with a focal length between
50 meters and 100 meters). One of the four lenses 612 in each selectable array 610 could be
selected based on the distance from the LIDAR system to a target object within a scene 230
being captured by a corresponding light detector 210, It is understood that inn other
embodiments, the selectable arrays 610 mav include greater than or less than four lenses 612
{e.g.. two lenses, three lenses, five lenses, six lenses, eight lenses, ten lenses, sixteen lenses,
iwenty lenses, etc.). Further, in a single embodiment, different selectable arrays 610 within
the array of optical elements 310 may include different numbers of lenses 612 (e.g., one
selectable array 610 may include four lenses 612 while another selectable array 610 inchades
eight lenses 612,

{00147} As illustrated by the arrows in Figure 6D, each of the selectable arravs 610
may be rotatable (e.g., in order to select a different lens 612). The selectable arrays 610 may
be rotated by a servo or other motor, for example. The selectable arrays 610 may be
mdependently tunable (e.g., one at a ime) and/or jointly tunable (e.g., each adjusted in the
same way simultaneously). Further, the selectable arrays 610 mav be adjusted by a
computing device {e.g., the computing device 106 illustrated in Figure 1C).

[30148] In some embodiments, the selectable arrays 610 may be modified (e.g., rotated
by some amount such that a respective fens 612 is selected for a corresponding light detector
210} based on some aspect of a scene 230 (e g, in response to a change in some aspect of the
scene 230). For example, if one of the light detectors 210 18 receiving light from an object
{e.g., a moving vehicle, such as the automobile 236 lustrated in Figure 2B) n the scene 230
at a given distance, and the object moves relative to the LIDAR svstem 600 such that it is
now farther from or closer to the LIDAR system 600, the corresponding selectable array 610
may be rotated such that a different lens 612 (e.g., alens 612 with a different focal length)
corresponding to the respective light detector 210 1s selected to account for the change in
location of the object. Additionally or alternatively, one or more selectable arrays 610 may
also be adjusted to select specific lenses 612 while the object 15 in transit from the first

focation to the second location to account {or the object being in motion. The lenses 612
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selected may be based upon the velocity of the object with respect to the LIDAR system 600,
for example. In embodiments where the selectable arrays 610 are independently adjustable,
different selectable arravs 610 may be adjusted differently based on different distances to
different objects within the scene 230,

{00149} Additionally or aliernatively, the selectable arrays 610 may be adjusted based
on map data {e.g., based on global positioning systern (GPS) coordinates), based on {errain
data, based on reflectivity of targeted objects in the scene 230, based on pose (e.g., based on
accelerometer data} of the LIDAR system 600, and/or based on time of day {e.g., modify the
cross-sectional area of the tunable apertures 318 at night). Other factors upon which
modifications to the selectable arrays 610 within the array of optical elements 310 can be
based will be understood, some of which are described throughout this disclosure,

{00150} In addition, in some embodiments, the selectable arrays 610 may be modified
io avoid optical defects of the shared lens 220 or regions of the shared lens 220 obscured by
foreign substances (e.g., mud, snow, insects, eic.) present on the outside of the shared lens
220 {(e.g., on the side of the shared lens 220 facing the scene 230). For example, the focal
point corresponding lo a respective light detector 210 could be modified {e.g., reduced,
extended, or diverted) by selecting a lens 612 of the corresponding selectable array 610. By
changing the focal point, effects of optical aberrations and/or foreign substances on the
shared lens 220 on resulting LIDAR data may be mitigated. In such a way, possibly
unnecessary data analysis may be avoided (1.e., data corresponding to the location of an
optical defect of the shared lens 220 may not be useful for distance mapping, and therefore be
computationally wasteful 1o analyze).

[B0151} Figure 7A llustrates a LIDAR system 700, according to example
embodiments. Stmalar to Figures 3A and 3B, the LIDAR system 700 includes an array of
optical elements 310 positioned between the light detectors 210 and the shared fens 220.
However, unlike Figures 3A and 3B, the optical elements illustrated in Figure 7A may be
fillers 702 (e.g., a series of discrete fillers, with at least one filter corresponding to each hight
detector 210). The filters 702 may alier one or more of the light signals 212 (e.g., to modify
the intensity, polarization, chromaticity, etc. of a corresponding light signal 212). For
exarple, the filters 702 may include neutral-density filters, chromatic bandpass filters,
chromatic band-reject filters, chromatic highpass filters, chromatic lowpass filters,
polarization filters, etc. As illusirated, the filters 702 may be positioned in a location that is
near enough to the hight detectors 210 such that hight signals 212 for respective hight detectors

210 do not overlap with one another (1.e., the light signals 212 are discretized). Thus, the
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filters 702 can individually modify one of the light signals 212 without simultaneously
affecting the optical qualities of all of the light signals 212/resuliing 1mages of all of the light
detectors 210,

[00152] The filters 702 may affect a variety of optical qualities (e g., polarization,
mtensity, wavelength, etc.) of the light signals 212. For example, the filters 702 mayv mclude
bandpass filters o select for a specific range of wavelengths corresponding {o the
wavelengths of light enmitted by an emitter of the LIDAR system 700 {e.g., in order to
eliminate noise from other light sources) or polarization filters to select for a specific type of
polarization {e.g., vertical, horizontal, circular, etc.) corresponding to the type of polarization
of light emitted by an emitter of the LIDAR system 700 (e.g., in order to eliminate noise from
other light sources). Fach of the filters 702 mav affect the respective light signals 212 in the
same way {e.g., if each filter 702 s a neutral-density filter, each filter 702 may reduce the
imtensity of a corresponding light signal 212 by the same amount). In alternate embodiments,
one or more of the filters 702 may modify its corresponding light signal 212 in a different
way than the other filters 702 modify their corresponding light signals 212 {e.g., as lustrated
mn Figure 78). Intensity reduction by a respective neuiral-density filter, for example, may be
based on expected reflectivity of objects within the scene 230 (e.g., reflectivities
predetermined and/or stored within a database, such as a hard drive or server). For example,
if the topmost light detector 210 is oriented toward an object in a scene that is highly
reflective (e.g., a retroreflective object), the transmitiance of the corresponding neutral-
density filter may be relatively low {e.g., to strongly reduce the intensity of the hight signal
212 incident on the corresponding light detector 210).

[B0153] In some embodiments, the filters 702 may be tunable. For example, in some
embodiments, the transmitiance of a neutral-density filter, the wavelength range of a
bandpass filter or a band-reject filter, the cutoff wavelength of a highpass filter or a lowpass
filter, or the polarization(s} passed by a polarization filter may be modified. Simular to the
apertures described above, the filters 702 (e.g., neuiral-density filters) may be adjusted based
on map data, terrain data, time of day, reflectivity of objects m the scene 230, distance to
objecis in the scene 230 {or changes to distances to objects in the scene 230}, etc. In one
embodiment, for example, the filters 702 may include neutral-density {ilters that are tunable
based on a reflectivity of a target object and/or target region within the scene 230, For
example, one or more neutral-density filters may be tuned to have a predetermined
transmitiance {e.g., less than 50%, less than 25%, less than 10%, less than 5%, less than 1%,

less than 0.1%, less than 0.019%, less than 0.001%, efc.} i response to a determination that
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the target object is, or that the target region contains, a retroreflective object.

[00154] The filters 702 may be tunable independently of one another or collectively, in
various embodiments. Further, the filiers 702 may be modified by a computing device (e.g.,
the computing device 106 illustrated in Figure 1C). In some embodiments, modifying the
filters 702 may include moving one or more filters 702 relative to the light detectors 210
{e.g., translating the filters 702 on a mechanical stage toward the light detectors 210 or away
from the hight detectors 210}, electrically altering one or more optical gualities of the filters
702 {e.g., transmuttance of the filters 702 or chromaticity of the filters 702, e.g., in
embodiments where the filters 702 include hiqud-crystal arrays), or even adding or removing
the filters 702 from the LIDAR system 700.

[00155] Figure 7B illustrates a LIDAR system 750, according to example
embodiments. The LIDAR system 750 of Figure 7B 1s analogous to the LIDAR system 700
ilfustrated m Figure 7A, with the exception that the LIDAR svstem 750 in Figure 7B includes
filters 704 used to modify the respective light signals 212 in different ways. For example, one
of the filters 704 may be a neutral-density filter, one of the filters 704 may be a bandpass
chromatic filter, one of the filters 704 may be a polarization filter, and one of the filiers 704
may be a highpass chromatic filter. It 1s understood that, in other ernbodirents, other possible
combinations of filters in the LIDAR system 750 are also possible.

{00156} Further, in some embodiments, one or more of the hight detectors 210 / light
signals 212 may correspond {0 a cascaded series of filters (as opposed to a single filter 704).
For example, the toproost light detector 210 may receive a light signal 212 that has passed
through both a polarization filter and a neutral-density filter. In addition to eliminating noise
from unwanted sources {e.g., within the scene 230}, filiers 704 can be used to eliminate
unwanted noise arising from within the LIDAR systern 750 itself. For example, filters 704
e.¢., polarization filiers} may be used to prevent light emitted by emitters of the LIDAR
system 730 from being reflected internally into a light detector 210 before the light exits the
LIDAR system 750 through the shared lens 220 and is reflected from the scene 230.
Additionally or altemnatively, emitters that enut ight signals 212 intended for adjacent light
detectors 210 may emit hight sighals 212 at different wavelengths or having different
polarizations. Then, filters 704 could be used (o elinminate the adjacent wavelengths and/or
polarizations from a light signal 212 intended for a given hight detector 210, Such a techmque
could eliminate cross-talk between light detectors 210, thereby reducing noise arising from
the LIDAR system 750 itself.

180157} Similar 1o the filters 702 described above with respect to Figure 74, the filters
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704 of Figure 7B mayv be tunabile (e.g., based on distances between the LIDAR sysiem 750
and one or more objecis/regions within the scene 230). In some embodiments, the filters 704
may be tuned based on fime of day {e.g., by reducing the transmutiance through neutral-
density filters at night). An another example, polarization filters may be tuned based on an
expected polarization of light (&.g., polarizations predetermined and/or stored within a
database, such as a hard drive or server) reflected from a target region of the scene 230 (e g,
light reflected from a road surface may have a different expected polarization than light
reflected from a water surface or light reflected from a vehicle). It is understood that other
types of fillers may be tuned based on other features of the scene 230, In some embodiments,
the filters 704 may be arranged/tuned to correct for optical aberrations within the LIDAR
system 750 {e.g., chromatic aberrations caused by the shared lens 220,
{00158} Figure 8A illustrates a portion of the LIDAR system 700 (the shared lens 220
being omitted), according to example embodiments. The LIDAR system 700 illustrated in
Figure 8A may be a 3D view of the LIDAR svstem 700 illustrated in Figure TA. As
tustrated, the LIDAR system 700 includes an array of light detectors 210 and an array of
optical elements 310, the optical elements being {ilters 702,
{00159} Figure 8B illustrates a portion of the LIDAR svstem 750 (the shared lens 220
eing omitted), according to example embodimenis. The LIDAR system 750 illustrated in
Figure 8B may be a 3D view of the LIDAR system 750 tlustrated in Figure 7B. As
iHustrated, the LIDAR system 750 includes an array of hight detectors 210 and an array of
optical elements 310, the optical elernents being filters 704,
[00160] Figure 9A illustrates a LIDAR-equipped vehicle 910, according to example
embodiments. As illustrated, the LIDAR-equipped vehicle 910 may mclude a LIDAR svstern
900 {e.g., a LIDAR system as illustrated and described with reference to any of Figures 2A-
8B}, The LIDAR system 900 may be used by the LIDAR-equipped vehicle 910 for computer
vision {e.g., navigation and/or object recognition/avoidance). As described above, the LEDAR
system 900 may include an array of light detectors 210 used to detect light signals 212 {0
determine information about the scene 230 near the LIDAR -equipped vehicle 910, As also
described above, the LIDAR system 900 may include an array of optical elements 310 used
to individually modify the hight signals 212 received by the light detectors 210,
{00161} Optical elements {e.g., filters, lenses, apertures, etc.) within the array of optical
elements 310 may be tuned based on a desired optical characteristic {e.g., desired intensity,
polarization, wavelength range, etc.) for the respective light detector 210 / light signal 212

combination. Such optical characteristics may be based on, for example, characteristics of the
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scene 230 near the LIDAR-equipped vehicle 910. In some embodiments, for example, the
desired optical characteristic may be based on a pose of the LIDAR-equipped vehicle 910
and/or terrain data.

{00162} As illustrated in Figure 9A, a light detector within the LIDAR system 900 may
be oriented downward and, thus, may receive light from a first distance 922 relative to the
LIDAR system 900. The first distance 922 may correspond to the distance from the LIDAR
system 900 from which the light detector receives a light signal when the LIDAR-equipped
vehicle 910 has a horizontal pose on a level terrain, as illustrated. However, as illustrated in
Figure 9B, when the LIDAR-equupped vehicle 910 15 cresting over ahill (e.g., ontopof a
hilly terrain), the light detector that is oriented downward may receive light from a second
distance 924 relative to the LIDAR system 900.

{00163} As illustrated in Figure 9B, the second distance 924 may be longer than the
first distance 922, even though the orientation of the light detector remains the same. In still
other embodiments, rather than simply being affected by terrain, the distance between a light
detector and a given target within the scene may additionally or alternatively be affected by
vehicle pose/orientation relative to objects in a scene 230 (e.g., onented upward while
traveling uphill or oriented downward while traveling downhill). As described above, an
array of optical elements 310 can be tuned to modify the corresponding light signals 212 in
order to account for such changes in target distances {(e.g., a focal length may be selected for
a given Hight signal 212 based on such target distances). Additionally or altematively, arravs
of optical elements that modifv hight signals transmitted by enutters of the LIDAR system
900 may also be tuned to account for such changes in target distances (e.g., the divergence of
emitied beams may be increased or decreased based on changes in target distance). A change
in target distances can be accounted for, for example, in embodiments where the difference in
target distance between a first distance and a second distance corresponds to a modification
within the optical elements that is larger than a maximum resolvable change in distance for
the optical elements and/or that corresponds to a difference in distances that is detectable
using an additional detector (e.g., distance sensor, intensity sensor, power sensor, clock that
mndicates time of day, camera, accelerometer, wavelength sensor, polarization sensor, etc.}.
For example, if the difference i distance 15 1.0 nm, such a difference may be irresolvable by
modifving optical elements (e.g., a lens stage being used is not refined enough to modify a
focal length on the nm scale), and therefore may be ignored.

{00164} In other embodiments, the arrav of optical elements 310 or arrays of optical

elements that modify light signals transmitted by emitters of the LIDAR system 900 mayv be
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modified based on map data (e.g., combined with terrain data}. For example, if a computing
device {e.g., the computing device 106 ilustrated im Figure 1C) determines {e.g., based on
geographical location, e.g., determined using GPS data) that the LIDAR-equipped vehicle
910 is sufficiently close to non-uniform terrain 902 (e g, mountains, valleys, etc.}, one or
more optical elements in the array of optical elements 310 may be tuned to account for such
topographical features. In some embodiments, as tllustrated n Figure 10, if the non-umform
terrain 902 includes mountains, optical elements in the array of optical elements 310 may be
tuned o account for a given distance to target objecis (e.g., mountains) in the scene 230 (e.g.,
for those light detectors that are ortented to receive light signals 212 from regions of the
scene 230 near the horizon). For example, lenses may be tuned to increase their focal length
and/or the fransmittance of neutral-density filters may be decreased {e.g., to account for a
high reflectivity of snow possibly present on the mountain).

{00165} Figures 11 A-12B illustrates a LIDAR-equipped vehicle 910, according to
example embodiments. As in Figures 9A-10, the LIDAR-equipped vehicle 910 may mclude a
LIDAR system 900. As described herein, one or more optical elementis arranged in arrays of
optical elements (e.g., in a transmit path of the LIBAR system 900, a receive path of the
LIDAR systern 900, or both the transmit path and the receive path of the LIDAR systern 900)
may have optical characteristics based on predicted aspects of the scene {e.g., predicted
distances relative to the LIDAR system 900 for a target object in a scene 230 based on the
orientation of a corresponding light detector). As also described herein, one or more opiical
elements arranged m arravs of optical elements {e.g., in a transmit path of the LIDAR systerm
900, a receive path of the LIDAR system 900, or both the transmit path and the receive path
of the LIDAR systerm 900) may be modified in such a wayv as to change one or more optical
characteristics of the respeciive optical elements based on an aspect of a target region of a
scene Z30.

{00166} Even further, in some embodiments, the aspect of the {arget region of the
sceng 230 may be determined based on data gathered by a previous scan using the LIDAR
svstem 900 {e.g., based on a previous light detection by one or more light detectors in a
LIDAR system 900). For example, as illustrated in Figures 11A and 12A, a firsi scan may be
performed with the optical characteristics of each optical element in an array of optical
elements (e.g.. a transmat array of optical elements or a receive array of optical elements)
having the same optical characteristics (e.g.. a beam divergence of transmitted light signals
may be the same for each light signal, as illustrated). Based on such a first scan, an aspect of

the scene 230 may be determaned. For example, it may be determined that the target region of
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the scene 230 contains a moving object 1102 (e.g., a bird, as illustrated, or a vehicle), which
is moving relative to a background of the scene 230, as in Figure 11 A Additionally or
alternatively, it may be deternuned that the target region of the scene 230 has high reflectivity
and/or contains an obiect with high reflectivity {(e.g., a retroreflective object 1202), as in
Figure 12A. Still further, the determined aspect of the scene 230 based on the first scan may
be a distance 1o the target region of the scene 230, Other determined aspecis of the scene 230
{e.g., type of polarization of light reflected from a portion of the scene} are also possible.
Based on one or more deternuned aspects of the scene 230, one or more of the optical
characteristics of one or more optical elements may be modified within the LIDAR system
900 10 preparation for an additional scan.

[00167] For example, as tHustrated in Figures 11B and 12B, a beam divergence of
those transmutted light signals directed to the region of the scene where the determined aspect
15 present {(e.g., where the moving object 1102 or the retroreflective object 1202 15 present)
may be narrowed (as tllusirated in Figure 11B} or expanded (as illustrated in Figure 12B).
Narrowing the beam divergence may increase the resolution used to observe moving objects
1102 within the scene. Likewise, expanding the beam divergence may prevent oversaturation
of corresponding light detectors due to regions of a scene 230 with high reflectivity and/or
containing retroreflective objects 1202. Modifving beam divergence may be performed using
deformable mirrors {e.g., MEMS mirrors that can transform at rates between 100 Hz and
1000 Hz), lenses, spatial Hght modulators (SLMs), quid-crystal arravs, a stage for moving a
body of transparent maternial {e.g., the body of transparent material 516 ilustrated in Figure
5C) relative to light emitters, etc. It is understood that other methods of modifying beam
divergence are also possible.

{00168} Additionally or alternatively, optical elements on a receive side of the LIDAR
system 900 may be modified based on determined aspects of a scene 230. For example,
transmittance of a neutral-density filter, polarizations passed by a polarization filter,
wavelength ranges passed by a chromatic filier, focal length of a lens, size of an aperture, etc.
could be modified based on a determined aspect of a scene 230. Other modifications to
optical elements on the receive side of the LIDAR svstem 900 based on determined aspect{s)
of the scene 230 are also possible.

[60169] Unlike in Figures 11 A and 12A, in some embodiments, rather than the LIDAR
system 900 performing a first scan to determine aspects of a scene 230, a separate system
{e.g.. a separate svstem of the LIDAR-equipped vehicle 910) may perform a scan to

determine aspecis of a scene 230. For example, as iHusirated i Figore 13A, a radar system
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1302 may instead perform an initial scan to determine one or more aspects of a scene 230.
Similar {o the first scan illustrated in Figures 11A and 124, the trutial scan by the radar
system 1302 may 1dentify an aspect of the scene 230 (e.g., a location of a moving object 1102
in the scene 230) upon which an adjustment to the LIDAR system 900 (e.¢., one or more
optical elements of the LIDAR system 900) can be made. For example, similar io the
tHustrations of Figures 11B and 12B, as illustrated in Figure 13B, the divergence of Light
signals transmitted by the LIDAR svstem 900 (e.g , light signals transmitted foward locations
of the identified moving object 1102 in the scene 230) may be modified during a LIDAR scan
subsequent (o the radar scan. Other modifications to light signals based on modifications to
optical elements on the transmut side or the receive side are also possible, as described herein,
{00170} Because the radar system 1302 may perform a scan using a different
wavelength range than the LIDAR system 900, the radar system 1302 may be able to
determine aspects of the scene 230 that a preliminary scan by the LIDAR systern 900 could
not. For example, the radar system 1302 may emit light signals that are capable of penetrating
weather conditions {e.g., fog, rain, sleet, or show) to 1dentify portions of the scene 230 that
light signals emitted by the LIDAR systerm 900 could not penetrate.

{00171} Figure 14 illustrates a LIDAR system 1400, according to example
embodiments. The LIDAR system 1400 may have multiple light emitters 1402 corresponding
to a single light detector 210. In some embodiments, the LIDAR system 1400 may include
muliiple hight detectors 210, each with multiple corresponding light emitters 1402, Each of
the roultiple light eritters 1402 may transmoit a corresponding light signal 1412 toward a
scene 230 {e.g., through the shared lens 220} Each of the corresponding light signals 1412
may be reflected {rom the scene 230 and then transmitted to the light detector 210 (e g., via
the shared lens 220). In alternate embodiments, the transmit and receive paths for the hight
signals 1412 within the LIDAR system 1400 may be coaxial {e.g., the light emutters 1402 and
the light detector 210 may each optically couple to a shared optical fiber that is optically
coupled (o the shared lens 220).

{60172} Each of the light emitters 1402 may exhibit different sets of optical
characteristics. For example, each of the light emutters 1402 may emit light signals 1412 with
different divergences, different wavelengths, different polarizations, etc. In some
embodiments, as tlustrated, each of the light emitters 1402 may be configured fo transmit a
respective light signal 1412 to the same region of a scene 230, however, each of the light
signals 1412 may have a different beam divergence than the other light signals 1412.

100173} Further, each of the light emitters 1402 may selectively emit light signals 1412
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based on an aspect of the scene 230. For example, an aspect of a scene 230 {e.g., a distance {o
aregion of the scene 230) may be determined {e.g., by a computing device). Then, all but one
of the hight emitiers 1402 may be prevenied from enutting light toward the scene 230 {e.g., bv
being powered down or having the output of the respective light emitter 1402 blocked by an
opaque object). The light emitter 1402 permitied to emit light {oward the scene 230 may emit
a light signal 1412 having desirable optical characieristic{s) based on the determined aspect
of the scene 230. For example, if a target region of a scene 230 contains a retroreflective
object, the light emitter 1402 permutted to emit ight toward that region of the scene 230 may
be configured to emit the light signal 1412 having the lowest intensity of all possible light
signals 1412 from all light eritters 1402, thereby amehiorating potential saturation of the
corresponding light detector 210

180174} In some embodiments, rather than multiple light emitters 1402, a single light
erpifter 1402 with multiple light paths may be used. For example, a beam sphiter could be
used to generate multiple light signals 1412 from a single light emitter 1402. Once separated,
each of the multipie light signals 1412 could be passed through different optical components
{e.g., different neutral-density filters each having a different transmittance, different
polarization filters each having a different polarization, different lenses each having a
different focal length, etc.), thereby generating a set of light signals 1412 with different
optical characteristics. Then, using controllable mirrors, beam splitters, lenses, or other
optical elements {e.g., free-space optical elements), one of the generated light signals 1412
may be selected to transmit to the scene 230. The controllable nurrors, beam splitters, lenses,
or other optical elements may be on mechanical stages driven by servos or other motors and
controlled by a computing device, for exarple. In still other embodiments, multiple light
emitters 1402 corresponding to a single hight detector 210 may be permutted to enut ight
signals 1412 at the same time.

{00175} Figure 15A illustrates a LIDAR system 1500, according to example
erbodiments. The LIDAR system 1500 tllustrated 10 Figure 15A includes a light enutier
1502 (e.g., with an associated light receiver), an optical elernent 1504, and a mirror 1506
{e.g., a deformable or reorientable mirror) configured to reflect a light signal 212, emitied
from the hight emutter 1502, toward the scene. Unlike the LIDAR systems illustrated in other
figures, however, the LIDAR systern 1500 illustrated in Figure 15A does not include a shared
fens. Further, the LIDAR system 1500 may include a light detector corresponding to the light
emitter 1502. Additionally or alternatively, in some embodiments, there may be multipie light

ernitters gach corresponding to a single light detector (e.g., analogous to the LIDAR system

43



WO 2020/060756 PCT/US2019/049417

1400 illustrated in Figure 14},

{68176} As indicated in Figure 15A by the arrows, in some embodiments, the light
emitter 1502 may be rotatable (e.g., on a rotatable, mechanical stage) relative to the mirror
1506. For example, the light emitter 1502 may be configured to rotate along three
mdependent axes. Rotating the light emutter 1502 may alter the region of the scene toward
which the light signal 212 is directed. In some erabodiments, a light detector corresponding to
the light emitter 1502 may be similarly rotated such that the light detector is in a proper
alignment to receive light emitted by the light emitter 1502 after a rotation of the light emitter
1502, Further, rotation(s) of the light emitier 1502 and/or a corresponding light detector may
be controlled by a computing device {e.g.. the computing device 106 Hlustrated in Figure 1C).
Such rotation(s} of the light emitter 1502 and/or a corresponding light detector may occur
based on an aspect of the corresponding scene {e.g., reflectivity of a target region of the
scene, distance to the target region of a scene, terrain data, map data, pose of the LIDAR
system 1500, expected polarization type reflected from a given region of the scene,
wavelength range reflected by the target region of the scene, etc.) and/or a change in the
aspect of the corresponding scene. For example, if an object is detected to be moving relative
to the background in the scene, the light ermitter 1502 may be rotated such that a light signal
emitted by the light emitter 1502, and consequently received by a corresponding light
detector, s directed toward the moving object in the scene.

186177} In addition to or instead of rolating the ight emitter 1502 to modify the target
region of the scene, n some embodiments, the mirror 1506 may have an adjustable
orientation {2.g., relative 1o the light emitter 1502 and/or the corresponding scene). As such,
the murror 1506 may be configured to direct the emitted hight signal 212 toward the
corresponding scene in a direction that is dependent upon an orientation of the murror.
Adjusting the orientation of the mirror 1506 {(e.g., in an oscillating fashion using a spring-
Ioaded mechanism or in an elecirically controllable fashion using a mechanical stage
controlled by a computing device) may scan the emited light signal 212 across regions of the
scene. For example, the murror 1306 may be rotated (e.g., by a rotated, mechanical stage)
and/or deformed to modify the target of the light signal 212 emutted by the light emitter 1502,
Such rotations and/or deformations of the mirror 1506 may be controlled by a computing
device {e.g., the computing device 106 illustrated i Figure 1C). Simmlar to a rotation of the
light emitter 1502, a deformation and/or rotation of the nmirror 1506 may occur based on an
aspect of the comresponding scene and/or a change in the aspect of the corresponding scene.

In some embodiments, as Ulustrated in Figure 15B, 10 addition to or instead of a single murror
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1506, a LIDAR system 1550 may include a sat of mirrors 1516 organized in a prism shape
{e.g., rotated mechanically about a central axis 1552 by a motor), as tHustrated m Figure 15B.
[00178] As illustrated, the LIDAR systems 1500/1550 of Figures 15A and 15B may
also include an optical element 1504, The optical element 1504 may be configured to modify
the light signal 212 emitted by the light emitter 1502. For example, the opiical element 1504
may mnclude a polarizer, chromatic filter (e.g., bandpass filter, band-reject filter, highpass
filter, or lowpass filter), neutrai-density filter, aperture, lens, prism, beam-splitter, etc. The
way in which the optical element 1504 modifies the emitted light signal 212 and/or the
degree to which the emitted light signal 212 is modified (e.g., the percentage transmuttance of
a neutral-density filter or the wavelength range of a bandpass chromatic filter) roay be based
on an aspect of the scene and/or a change in an aspect of the scene. Further, the optical
element 1504 may be tunable, in some embodiments. For example, in response to a change in
distance to an object of a target region of a scene, the beam divergence of the emitted Hght
signal 212 may be changed by the optical element 1504 (e g , the beam divergence may be
narrowed as the object of the target region of the scene moves farther from the LIDAR
sysiem 1500/1550). Other changes m optical properties of the emitted light signal 212 are
also possible (as described throughout this disclosure). n some embodiments, the optical
element 1504 may be tunad by a computing device {e.g.. the computing device 106 illustrated
in Figure 1C}.

{66179] Analogous to other LIDAR systems described herein, in some ernbodiments,
the LIDAR svstems 1300/1550 of Figures 15A and 158 may include multiple optical
elements (e.g., cascaded optical elements) affecting the light signal 212 emutted by the light
emitter 1502, Additionally or alternatively, the LIDAR svstem 1300/1550 may include one or
more optical elements configured to alter the light signal 212 received by the LIDAR system
1500/1550 after being reflected by the target region of the scene, before the light signal 212 is
detected by a corresponding light detecior.

{00186} Auy of the other technigues described herein could be applied to the LIDAR
systerns 1500/1550 illustrated m Figures 15A and 15B with appropriate modifications. For
example, an array of optical elements {or a single optical element, as illustrated) on the
transmitier and/or recetver could modify transmitted and/or recetved light signal(s) based on
an aspect of the scene {e.g., distance to an object in the scene or reflectivity of an object
within the scene) or based on a change of an aspect of the scene {e.g., based on a moving
object in the scene) as determined by a prior scan using a LIDAR system or a radar system.

180181} I 1s understood throughout the specification and claims that whengver a

B
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system or device is described as transmitting or having transmitted light signals, the system
may merely be contfigured such that light signals are transmitted in a particular fashion rather
than that the light signals are continually emitted in such a fashion. For example, if a claim
describes a system having each respective light signal is transmitted via the shared imaging
optic and modified by a respective optical element in the array of optical elements based on at
least one aspect of the scene, it 13 understood that the system may be configured using an
arrangement of components that permuits such light signals to be transmitted via the shared
mnaging optic and modified by a respective optical element in the array of optical elements in

cases where such a light signal 15 actually emitted.

1L, Example Processes

{00182] Figure 16 is a flowchart diagram of a method 1600, according to example
ernbodiments. One or more blocks of the method 1600 may be performed by a LIDAR
system {e. g.. by the LIDAR system 350 illustrated i Figures 3B and 4B, the LIDAR system
550 illustrated in Figures 5B and 6B, or any other LIDAR system described or contemplated
herein), in various embodiments. In some embodiments, one or more of the blocks of the
method 1600 mayv be performed by a computing device {(e.g., the computing device 106
tHustrated in Figure 1CY. The computing device may include computing components such as
anon-volatile memory {e.g., a hard drive or a ROM), a volatile memory {e.g.. a random-
access memory (RAM), such as dynamic random-access memory (BRAM) or static random-
access memory (SRAM)), a user-input device {e.g., a mouse or a kevboard), a display {e.g.,
an LED display or an LCD), and/or a network communication controller (e.g., a WIFI®
controller, based on IEEE 802.11 standards, or an Ethernet controller). The computing
device, for example, may execute mstructions stored on a non-transitorv, computer-readable
medium {(e.g , a hard drive) to perform one or more of the operations contemplated herein.
{00183} At block 1602, the method 1600 may include receiving, at a shared imaging
optic of a light detection and ranging (LIDAR) systern, a light signal from a respective region
of a scene.

[00184] At block 1604, the method 1600 may include transmitting, by the shared
tmaging optic, the Hght signal to an optical element of an array of optical elements of the
LIDAR systern.

[00185] At block 1606, the method 1600 may include modifying, by the optical
element of the array of optical elements, the hight signal based on at least one aspect of the

SCEne.
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[00186] At block 1608, the method 1600 may include detecting

w2

by a light detector of

an array of light detectors of the LIDAR system, the modified light signal.

1Y, Conclusion

{00187} The present disclosure is not {0 be Himited in terms of the particular
ermmbodiments described in this application, which are intended as illusirations of various
aspects. Many modifications and variations can be made without departing from its spirit and
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumeraled herein, will be
apparent to those skilied in the art from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the appendad claims.

{00185} The above detailed description describes various features and functions of the
disclosed svstems, devices, and methods with reference 1o the accorpanying figures. In the
figures, similar symbols typically identify similar components, unless context dictates
otherwise. The example embodiments described herein and in the figures are not meant to be
hmating. Other embodiments can be utilized, and other changes can be made, without
departing from the scope of the subject matter presented heremn. It will be readily understood
that the aspects of the present disclosure, as generally described herein, and illusirated in the
figures, can be arranged, substituted, combined, separated, and designed in a wide variety of
different configurations, all of which are explicitly contemplated herein.

[00189] With respect to any or all of the message flow diagrams, scenarios, and flow
charts in the figures and as discussed herein, each step, block, operation, and/or
communication can represent a processing of information and/or a transmmission of
mformation 1n accordance with exaraple embodiments. Alternative embodiments are included
within the scope of these example embodiments. In these alternative embodiments, for
example, operations described as steps, blocks, transmissions, communications, requests,
responses, and/or messages can be executed out of order from that shown or discussed,
mcluding substantially concurrently or in reverse order, depending on the functionality
mnvolved. Further, more or fewer blocks and/or operations can be used with any of the
message flow diagrams, scenarios, and flow charts discussed herein, and these message flow
diagrams, scenarios, and flow charis can be combined with one another, in part or in whole.
[00190] A step, block, or operation that represents a processing of information can
correspond to circuitry that can be configured to perform the specific logical functions of a

herein-described method or technigue. Altematively or additionally, a step or block that

Ao
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represents a processing of mformation can correspond to a module, a segment, or a portion of
program code (including related data). The program code can include one or more
mstructions executable by a processor for implementing specific logical operations or actions
in the method or technique. The program code and/or related data can be stored on any type
of compuier-readable madium such as a storage device including RAM, a disk drive, a solid
state drive, or another storage mediam.

[00191] The computer-readable meadium can also include non-transitory computer-
readable media such as computer-readable media that store data for short periods of time like
register memory and processor cache. The computer-readable media can further include non-
transitory computer-readable media that store program code and/or data for longer periods of
nime. Thus, the computer-readable media may include secondary or persistent long term
storage, like ROM, optical or magnetiic disks, solid state drives, compact-disc read only
memory (CD-ROM), for example. The computer-readable media can also be any other
volatile or non-volatile storage systems. A computer-readable medium can be considered a
computer-readable storage medium, for example, or a tangible storage device.

[B0192] Moreover, a step, block, or operation that represents one or more information
transiassions can correspond to information transnussions between software and/or hardware
modules in the same physical device. However, other information transmissions can be
between software modules and/or hardware modules in different physical devices.

[00193] The particular arrangements shown in the figures should not be viewed as
hmiting. Tt should be understood that other embodiments can include more or less of each
element shown in a given figure. Further, some of the illustrated elements can be combined
or omitted. Yet further, an example erabodiment can include elements that are not llustrated
in the figures.

[00194] While various aspects and embodimenis have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The vartous aspects and
ernbodiments disclosed herein are for purposes of ustration and are not intended to be

huting, with the true scope being indicated by the following claims.
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CLAIMS

What is claimed is:
1. A hght detection and ranging (LIDAR) system comprising:

an array of light detectors;

a shared imaging optic; and

an array of optical elements posttioned between the shared tmaging optic and the
array of light detectors,

wherein each light detector in the array of light detectors is configured to detect a
respective light signal from a respective region of a scene, and

wherein each respective light signal is transritted via the shared imaging optic and
modified by a respective optical element in the array of optical elements based on at least one

aspect of the scene.

2. The LIDAR system of claim |,

wherein a first region of the respective regions of the scene is separated from the arrav
of light detectors by a first distance,

wherein a second region of the respective regions of the scene s separated from the
array of light detectors by a second distance,

wherein the first distance is different than the second distance,

wherein a first light detector in the array of light detectors is configured to delect a
first respective light signal from the first region,

wherein a second light detector in the array of light detectors is configured to detect a
second respective tight signal from the second region,

wherein a first optical element in the array of optical elements is configured to modify
the first respactive light signal based on the first distance, and

wherein a second optical element in the array of optical elements is configured to

modify the second respective light signal based on the second distance.

o3

The LIDAR svstem of claim 2,

wherein the {irst distance is greater than the second disiance,
wheremn the first optical element comprises a first aperture,

wherein the second optical element comprises a second aperture, and

wherein the first aperture hag a larger area than the second aperture.
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4. The LIDAR system of claim 2,
wherein the first optical element comprises a first aperiure,
wherem the second optical element comprises a second aperture,
wherein the first aperture is tunable in response to a change in the first distance, and

wherein the second aperture is tunable in response to a change in the second distance.

L

The LIDAR system of claim 2,

wherein the first optical element comprises a first lens having a first focal length,
wherein the second optical element comprises a second lens having a second focal
fength, and

wherein the first focal length is based on the first distance and the second focal length

15 based on the second distance.

6. The LIDAR system of claim 5,

wherein the first focal length is tunable in response {0 a change in the first distance,
and

wherein the second focal length is tunable in response fo a change in the second
distance.
7. The LIDAR systern of claim 5,

wherein the array of optical elements comprises a nucrolens array, and
wherein the first lens is a first nicrolens of the microlens array and the second lens is

a second microlens of the microlens array.

8. The LIDAR system of claim 5,
wherein the array of optical elements comprises a body of transparent material,
wherein the first lens comprises a first portion of the body of transparent material,
wherein the second lens comprises a second portion of the body of transparent
material, and
wherein the first portion of the body of transparent material has a different thickness

than the second portion of the body of transparent material.
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9. The LIDAR svstem of claim 1, wherein the array of optical elements comprises a

hiquid-crystal array.

10. The LIDAR system of claim 1, wherein the array of optical elements is telecentric.

11, The LIDAR systemn of claim 1, wherein the array of optical elements comprises one

or more filters.

12, The LIDAR system of claim 11, wherein the one or more filters are polanization
filters.
13. The LIDAR system of claim 12, wherein at least one of the polarization filters is

tunable based on an expected polarization of light reflected from a target region of the scene.

14. The LIDAR system of claim 11, wherein the one or more filters are chromatic filters.
15, The LIDAR system of claim 14, wherein at least one of the chromatic filters 15

tunable based on a wavelength of light of a transmitter of the LIDAR system.

16, The LIDAR system of claim 11, wherein the one or more filters are neutral-density
filters.
17. The LIDAR system of claim 16, wherein at least one of the neutral-density filters is

tunable based on a reflectivity of a target region of the scene.

18. The LIDAR system of claim 17, wherein at least one of the neutral-density filters is
tuned to have a predetermined fransmuttance in response to a determination that the {arget
region of the scene contains a retroreflective ohject, wherein the predetermined transmittance

1s less than 50.0%.

1) The LIDAR system of claim 1, wherein the array of optical elements is tunable based

on a specified optical characteristic.
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20.  The LIDAR system of claim 19, wherein the desired optical characteristic is based on
a geographical tocation of the LIDAR system or an ortentation of a LIDAR svstem relative (o

one ot more objects in the scene.

21, The LIDAR system of claim 19, wherein the desired optical characteristic is based on

a previous light detection by one or more of the light delectors.

22, The LIDAR system of claim 21, wherein the previous light detection indicates that the

scene contains a retroreflective object.

23, The LIDAR system of claim 21, wherein the previous light detection indicates that the

scene contains an object in motion relative to a background of the scene.

24, The LIDAR system of claim 21, wherein the previous light detection indicates a

relative distance between the array of light detectors and one or more portions of the scene.

25, The LIDAR svstem of claim 1, further comprising;

an array of light enitters,

wherein the array of optical elements is positioned between the shared imaging optic
and the array of light emitiers,

wherein each light enutter in the array of light enutters 1s configured to emut a
respective incident light signal that is modified by a respective optical element inn the array of
optical elements and then transmitied to the scene via the shared imaging optic, and

wherein a corresponding light detector in the array of hight detectors is configured to

detect a reflected portion of the respective incident light signal.

26. The LIDAR system of claim 25,

wherein the array of optical elements comprises a first optical element configured to
modify a first beam divergence of a first mncident light signal emitted from a first light emitter
of the array of light emitters, and

wherein the array of optical elements comprises a second optical element configured
to modify a second beam divergence of a second incident light signal emitted from a second

hight emitter of the array of light emitiers.

W
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27. The LIDAR system of claim 26,
wherein the array of optical elements comprises a body of ransparent material, and
wherein the body of transparent material is angled relative to the array of light
emitters such that a first portion of the body of transparent material is nearer to the first ight
emitter than a second portion of the body of transparent material is to the second hight

erpitter.

28. The LIDAR system of claim 26,

wherein the first beam divergence is selected based on a first predicted distance of g
first object within the scene toward which the first incident light signal is being transmitted,
and

wherein the second beam divergence is selected based on a second predicted distance
of a second object within the scene toward which the second incident light signal 15 being

transmitted.

29, The LIDAR system of claim 26, wherein the first beam divergence or the second

beam divergence is based on a time of day.

30. The LIDAR system of claim 1, further comprising an array of additional optical
elements positioned between the array of optical dlements and the shared imaging optic,
wherein each additional optical element in the array of additional optical elements 1s
configurad to modify one of the respective light signals based on at least one aspect of the

sCene.

31 A method comprising:

recetving, at a shared imaging optic of a hight detection and ranging (LIDAR) system,
a light signal from a respective region of a scene;

transnutting, by the shared imaging optic, the light signal to an optical element of an
array of optical elements of the LIDAR systeny;

modifving, by the optical element of the array of optical elements, the light signal
based on at least one aspect of the scene; and

detecting, by a light detector of an array of light detectors of the LIDAR system, the

modified light signal.
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32. A hight detection and ranging (LIDAR) system comprising:

a light emutter configured to enut a light signal;

4 Mmirror,

wherein the mirror is configured to direct the enutied light signal toward ascene ina
direction that is dependent upon an orientation of the mirror, and

wherein the onentation of the mirror is adjustable; and

an optical element configured to modify the enitted light signal based on at least one

aspect of the scene.
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