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BACKGROUND
{6002} Cameras and tuage sensors are devices used to capture images of a scene.
Some cameras {¢.g., film cameras) chemically capture an image on film. Other cameras (¢.g.,
digital cameras) electrically capture image data {¢.g., using a charge-coupled device (CCD)
or complementary metal-oxide-semiconductor (CMOS) sensors). Trnages captured by
cameras can be analyzed to determine their contents. For example, a processor may execute a
machine-learning algorithm in order to identify objects in a scene based on a library of
previously classified objects that includes objects™ shapes, colors, sizes, ete. {e.g., such a
machine-learing algorithm can be applied in computer vision m robotics or other
applications).
{30603} Cameras can have a varigty of features that can distinguish one camera from
another. For example, cameras and/or images captured by cameras may be identified by
values such as aperture size, f-number, exposure duration / shutter speed, depth of field, focal
length, International Organization for Standardization (1SO) sensitivity {or gain}, pixel size,
sensor resolution, exposure distance, etc. These features may be based on the lens, the image
sensor, and/or additional facets of the camera. Further, these features may also be adjustable
within a single camera (e.g., the aperture of a lens on a camera can be adjusted between
photographs).
[6004] Some applications benefit from cameras that have a wide dynamic range. For
example, the luminance of the brightest object {¢.g., the sun at the middie of the day or
emergency vehicle lights) and the laminance of the darkest object {e.g., a black cat in the
middie of the night) may vary by orders of magnitude from one another {(e.g., range from 10°
nits to 1077 nits, i.e., 10° cd/m? to 1072 cd/m?). Being able to capture images at both ends of
such a wide dynamic range may be important for navigation and object detection and
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avoidance in avtonomous vehicles, for example. A wide dynamic range may be difficult to
achieve in autonomous vehicle applications because of vehicle motion. For example, if the
vehicle is moving at a relatively high velocity, the exposure duration may be kept relatively
short to prevent motion blur, thereby limiting the maximum exposure duration. In addition, if
a certain range of luminance values 18 not captured by an image sensor with an adequate
exposure setting, colors within images can be distorted {e.g., reds can appear as vellows in
saturated captured images when the red channel saturates and starts clipping). Flares, glare, or

other forms of aberrant light can also impair the quality of captured images.
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SUMMARY
[6003] Example systems and methods may allow for an expansion of dynamic range
using multiple operating modes. By using multiple image sensors with different exposure
settings, a larger dynamic range can be achieved. In one embodiment, one image sensor {e.g.,
ncluding an associated neutral-density filter) may have a fixed exposure setting that does not
vary regardless of the brightness of a scene, whereas another image sensor may have a
variable exposure setting that changes based on the brightness of the scene. Images captured
by the first image sensor and the second image sensor can then be fed into an object-
recognition algorithm exccuted by a processor. Certain types of objects may be more readily
identifiable in one of the two images captured. For example, bright objects (e.g.. actively
illaminated objects) may be overexposed in the “light tmage,” but properly exposed in the
“dark image,” and therefore easier to identify in the “dark image.” By having two or more
images that span a wider dynamic range than any single image, object identification and
avoidance {e.g.. within an autonomous vehicle) can be improved. Additional applications of
using two cameras with different exposure settings and perspectives are also described
heremn.
16006} In one aspect, a camera system is provided. The camera system includes a first
image sensor having a first dynamic range corresponding to a first range of luminance levels
n a scene. The camera svstem also includes a second image sensor having a second dynamic
range corresponding to a second range of luminance levels in the scene. The second image
sensor receives light from the scene via a neutral-density filter. The second range of
fuminance levels includes luminance levels that are ugher than the first range of luminance
levels. Further, the camera svstem includes a processor coupled to the first image sensor and
the second image sensor. The processor is configured to execute instructions to identify
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objects of a first object type in a first image of the scene captured by the first image sensor.
The first object type has an expected luminance within the first range of luminance levels.
The processor is also configured to execute instructions to identify objects of a second object
type in a second image of the scene captured by the second image sensor. The second object
type has an expected luminance within the second range of luminance levels.

{6007} In another aspect, a method s provided. The method includes capturing, by a
first image sensor having a first dynamic range corresponding to a first range of luminance
levels i a scene, a first image of the scene. The method also includes capturing, by a second
image sensor having a sccond dynamic range corresponding to a second range of lurinance
levels in the scene, a second image of the scene. The second image sensor captures the
second image of the scene via a neutral-density fitter. The second range of luminance Ievels
includes luminance levels that are higher than the first range of luminance levels. Further, the
method includes identifving, by a processor coupled to the first image sensor and the second
image sensor, a first object of a first object type in the first image. The first object type has an
expected luminance within the first range of luminance levels. In addition, the method
includes deuntifying, by the processor, a sccond object of a second object type in the second
image. The second object type has an expected luminance within the second range of
feminance levels.

{6608} In yet another aspect, a non-transitory, computer-readable medium with
instructions stored thereon is proved. The instructions, when exccuted by a processor, include
recetving, from a first image sensor having a first dynamic range corresponding to a first
range of luminance levels in a scene, a first image of the scene. The first image of the scene
was captured by the first image sensor. The instructions, when executed by a processor, also
include receiving, from a second image sensor having a second dynamic range corresponding
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1o a second range of luminance levels in the scene, 3 second image of the scene. The second
image of the scene was captured by the second image sensor via a neutral-density filter. The
second range of luminance levels inchudes luminance levels that are higher than the first
range of luminance levels. Further, the instructions, when executed by a processor, include
wdentifying a first object of a first object type n the first image. The first object type has an
expected luminanee within the first range of luminance levels. In addition, the instructions,
when executed by a processor, include identifying a second object of a second object type in
the second mmage. The second object type has an expected tuminance within the second range
of luminance levels.

16009} In still another aspect, a system is provided. The system mcludes a means for
capturing, by a first image sensor having a first dynamic range corresponding to a first range
of lumunance levels m a scene, a first image of the scene. The system also meludes a means
for capturing, by a second image sensor having a second dynamic range corresponding to a
second range of luminance levels in the scene, a second tmage of the scene. The second
image sensor captures the second image of the scene via a neutral-density filter. The second
range of lnmmance levels includes luminance fevels that are higher than the first range of
leminance levels. Further, the system includes a means for identifying, by a processor
coupled to the first image sensor and the second tmage sensor, a first object of a first object
type in the first image. The first object tvpe has an expected luminance within the first range
of luminance fevels. In addition, the system inchudes a means for identifying, by the
processor, a second object of a second object type in the second image. The second object

type has an expected luminance within the second range of luminance levels.

6



WO 2019/133177 PCT/US2018/063332

{6014} 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.
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BRIEF DESCRIPTION OF THE BRAWINGS
{6011} Figure 1 is a functional block diagram illustrating a vehicle, according to
example embodiments.
{6612} Figure 2 1s an illustration of a physical configuration of a vehicle, according to
example embodiments.
[G013] Figure 3 1s a conceptual illustration of wircless communication between
various computing systems related to an autonomous vehicle, according to example
embodiments.
{6014} Figure 4A is an tllustration ot a camera system, according to example
embodiments.
{6615} Figure 4B is an illustration of the dynamic range of a camera system,

according to example embodiments.

[B016] Figure 4C 15 an illustration of a camera system, according to example
embodiments.

{6617} Figure 4D is an illustration of a camera system, according to example
embodiments.

16018} Figure 3 is an illustration of a camera system, according to example
embodiments.

[3819] Figure 6A 1s an illustration of a camera svstem, according to example
embodiments.

{6028} Figure 6B 1s an illustration of an tmage captured by an image sensor of a

camera system, according to example embodiments.
{6021} Figure 6C is an illustration of an image captured by an tmage sensor of a
camera system, according to example embodiments.
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{6622} Figure 7 18 an ilustration of a camera system, according to example
embodiments.

16023] Figure 8A is an illustration of a camera system, according to example
embodiments.

{8024} Figure 8B is an illustration of the dynamic range of a camera system,
according to example embodiments.

{6025} Figure 9A is an llustration of a camera system, according to example
embodiments.

{6026} Figure 98B is an illustration of a camera system, according to example
embodiments.

{6027} Figure 9C is an illustration of a camera system, according {o example
embodiments.

[60238] Figure 9D is an illustration of a camera system, according to example
embodiments.

{6629} Figure 10 is a flowchart diagram of a method, according to example

cmbodiments.
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DETAILED DESCRIPTION
{6034} Example methods and systems are described herein. Any example
embodiment or feature described herein s not necessarily to be construed as preferred or
advantageous over other embodiments or features. The example embodiments described
herein are not meant to be imiting. It will be readily understood that certain aspects of the
disclosed systems and methods can be arranged and combined in a wide variety of different
configurations, all of which are contemplated herein.
{6031} Furthermore, the particular arrangements shown in the figures should not be
viewed as linuting. It should be understood that other embodiments might include more or
less of each element shown in a given figure. Further, some of the illustrated elements may be
combined or omitted. Yet further, an example embodiment may include elements that are not

ustrated 1n the figures.

. Overview

{6032} Example embodiments relate to a set of two image sensors {or more in some
embodiments). The image sensors may be aligned vertically {¢.g., one on top of another), in
some embodiments. The image sensors may capture different images of the same scene. In
some embodiments, the different images may be captured simultancously. Further, a first
tmage sensor may have a variable exposure level {¢.g., an auto-exposure setting on a camera
where a camera controller determines an appropriate exposure level and manipulates a shutter
speed, a lens aperture, and/or an ISO sensitivity to achieve the determined appropnate
exposure level), whereas a second tmage sensor may have a fixed (i.e., predefined) exposure
level {(e.g., based on a shutter speed, an aperture size, and an IS0 sensitivity). Due to the
variable exposure fevel, the first image sensor may be able to adjust to an appropriate
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exposure level based on ambient hght level (e.g., day vs. night).

{6033} Because the first image sensor has a variable exposure level and the second
image sensor has a fixed exposure level, each of the image sensors may be able to subsample
different temporal domains. For example, the variable exposure level may correspond to a
variable exposure duration {¢.g., based on an adjustable shutter speed), whereas the fixed
exposure level may correspond to a fixed exposure duration {¢.g., based on a predefined
shutter speed). If cach image sensor has a different exposure duration, ceriain events may
only be captured by one of the image sensors. For example, a fast moving object {¢.g., a car
traveling at 70 nules-per-hour, mph) may only be ideuntifiable using an image captured by an
image sensor with a sufficiently short exposure duration because image blur will occur in an
image sensor with a longer exposure duration. However, a blinking object {¢.g., a pulse-width
modulated source, such as a road sign or a tail light) may only be captured by the image
sensor with the longer exposure duration because an image sensor with a shott exposure
duration mayv miss the time in which the blinking object is iHuminated.

{6634} Since the longer exposure duration corresponds to a longer capture time, the
probability that the longer exposure duration captures the blinking object is greater than the
shorter exposure duration. In some cases, given a sufficiently long exposure duration {e.g., an
exposure duration that is longer than the period associated with a mimimum frequency used in
a blinking object, ¢.g, the road sign}, capturing the blinking display can be deemed a
certainty. This minimum, or lower bound, frequency may be a frequency that is used to help
or ensure that humans do not percetve the blinking. In many cases, a short exposure duration
may correspond to a negligible detection probability. For example, a vehicle tail light may be
pulse-width modulated (PWM) at 100 Hz at 3 1% duty cycle. If trving to sense the vebicle

tail light with a randomly timed 0.5 ms exposure duration, there might be only a 6% chance
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that any portion of the active PWM period would overlap with the exposure. To exacerbate
the problem, though, exposure frequencies associated with image sensors are not typically
randomly timed. Thus, there is a non-zeroprobability that an image sensor would lock into an
exposure cadence m which the PWM-driven lights are imaged less than 6% of the time {e.g.,
never mmaged).

[G035] Additionally or alternatively, onc of the image sensors {(¢.g., the second image
sensor) may include an optical element that imits the dluminance corresponding to the scene
captured by that iimage sensor {¢.g., a neutral-density filter, a color filter, a polarizer, etc). In
some cmbodiments, rather than multiple image sensors, a single image sensor with multiple,
independent sensor regions may be used {¢.g., multiple image sensor regions cach including a
plurality of pixels, where the number of pixels in an image sensor region corresponds to a
sensitivity of the corresponding image sensor region). In some embodiments, a single tmage
sensor having multiple image scnsor regions may include regions of pixels of varying sizing,
in addition to or instead of regions of varying numbers of pixels.

{6636} In embodiments having three image sensors, the third image sensor may have
a variable exposure level that is different from the variable exposure level of the first image
sensor {e.g.. an auto-exposure setting on the third image sensor may be determined by a
camera controller such that the exposure level of the third image sensor is different than the
first image sensor, and the camera controller may manipulate a shutter speed / exposure
duration, an aperture size, and/or an ISQ sensitivity to achieve the determined exposure level
of the third image sensor}. For example, the exposure duration of the third tmage sensor may
be higher than the exposure duration of the first image sensor so the third image sensor is
more sensitive to low luminance objects n the scene,

16037} In embodiments having two image sensors, after the first image sensor
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captures a first image of the scene and the second image sensor captures a second image of
the scene, a processor executing instructions may perform image analysis {e.g., based on a
machine-learning algorithm trained using a library of images) to identify one or more objects
present in the first image and/or the second image. In some embodiments, the objects
wdentified using the first image may be within a first luminance range and the objects
identified using the second image may be within a second luminance range. The sccond
luminance range may be, at least partially, higher than the first lominance range. A higher
luminance range may be achieved by using a neutral-density filter or by altering exposure
settings to dim the scene so that brighter objects are made identifiable while dinumer objects
may be made unidentifiable.

{6638} Similarly, in the image that is produced from the image sensor without a
neutral-density filter, the exposure level may be increased (e.g., by increasing the predefined
aperture size, shutter speed / exposure duration, or ISO sensitivity ). As such, while objects of
high luminance may be overexposed/washed out in the corresponding image, objects with
lower luminance {¢.g., a black cat on a dark road at night} may be dentifiable.

{6039} Such a technigque of identifying different types of objects in the two images
{e.g., bright vs. dark objects) may save computation time and/or increase the number of
objects that can be identified overall. For example, the processor may use a machine-learned
model {e.g., deep convolutional neural network) to perform object identification in cach of
the two images, either individually or in combination. In order to save computation time, the
processor may only attempt to wdentify actively iHuminated objects {e.g., tail lights, traffic
Lights, light-enmitting diode (LED) road signs, ctc.) n the darker image {¢.g.. the second image
arising from the second image sensor that bas a corresponding neutral-density filter) and may
only attempt to identify passively illuminated objects (e.g.. objects illuminated by reflecting
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or refracting light, such as pedestrians, trees, stop signs, amimals, etc.}, objects illuminated
from ambient light, and/or non-illuminated objects in the brighter image (e.g., the first image
arising from the first image sensor).

[3040] In addition to the two-image-sensor scheme described above, one or more
additional image sensors can be added {either with or without a neutral-density filter). The
additional image sensors can capture additional images of the same scene using additional
exposure settings. In this way, luminance values of objects in the additional images may be in
additional luminance ranges {¢.g., partially or wholly above the second fuminance range,
partially or wholly below the first luminance range, partially or wholly in between the second
lominance range and the first luminance range, or partially or wholly overlapping the first
and/or second luminance ranges}. This may allow additional objects of even more extreme
tuminance values to be readily identifiable by the processor using images captured by the sets
of image sensors.

{6041} In some embodiments, there may be multiple image sensors in a camera
svstem. For example, in one embodiment, there may be multiple sets of sensors mounted
around an autonomous or seni-autonomous vehicle. The sensors may face in different
directions, in some embodiments. Each set mayv be used to identify objects that are disposed
in a given perspective of a scene based on the orientation of a respective set of sensors.
Further, some of the image sensor subsystems around the autonomous vehicle may only
include two image sensors, whereas others include three image sensors. For instance, three

front-facing image sensor subsystems {e.g

t=2]

those facing at 0°, -45°, and 45° in vaw, where 0°
is straight ahead) may include three image sensors to better identify objects on the road
ahead, whereas the rest of the image sensor subsysterns may only include two image sensors
to conserve computational resources.
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{6042} In addition to the advantages described above, a two image sensor system for
object identification may have additional advantages. For example, because a scene 1s being
captared from at least two slightly different perspectives, certain error corrections may be
performed (2.g., by the processor execcuting instructions}. One correction may inclade

determining whether or not an object has been falsely wdentified. For example, an object may

have a luminance that places it in an identifitable range using both the first image and the
second image. If the object is identifiable using both images, but is only identified in one of
the two images or identified to be a different object depending on which umage is used for the
identification, a redundancy system (¢.g., a voting system or a system mnvolving Bayesian
inference) may be implemented to determine whether the object was actually present in the
scene or which of the two identified object possibilities is more likely to be accurate. If an
object is ultimately determned to be present or absent i the scene, this may mdicate that
something is wrong with one of the image sensors {¢.g., a lens 15 cracked or dirty, the image
sensor is broken, the scene is occluded by debris on the tmage sensor, etc.}. After detecting
that something is wrong with one of the tmage sensors, such an issue could be accounted for
or corrected.

16043) Additionally or alternatively, a first image sensor and a second 1mage sensor
may each be associated with different focal lengths {e.g., using an astigmatic lens or multiple
lenses). As such, the two mmages captured by the two image sensors may have different focal
lengths. These two images can then be used to determine the distance from the image sensors
1o one or more objects in the scene {¢.g., based on which objects are or are not in focus in
cach image}.

{6044} In addition to being used to determine distance, the two images could be
composited or otherwise combined to simulate tmages that have an intermediate focal length
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between the two actual focal lengths. Using other optical elements disposed in front of one of
the two tmage sensors could also interrogate other features of the scene/environment {e.g.,
color could be interrogated using chromatic filters or polarization using polarizing filters).
[3045] In still other embodiments, because the two or more image sensors may be
posttioned at slightly differing locations (e.g., one slightly above the other), the perspectives
of the two image sensors relative to the scene are slightly different. This can be used to
correct for stray light and scatter arising due to artifacts in the scene itself. For example, if the
sun is directly behund an object to be identified, an image captured of that object may be
blown out, overexposed, distorted, or saturated due to the presence of the sun. However, from
a slightly different perspective of the scene, the sun may be far enough removed from the
position of the object, that it is not an issue. As such, the image with the sun not located
behind the object can be used to identify the object. Other examples of stray light and scatter
that mayv be accounted for using multiple perspectives include louvers from actively
illuminated sources {¢.g., tail lights or traffic lights) or obscuration (e.g., arising from an

obstruction blocking an object from being viewed from a particular perspective of the scene).

i, Example Vehicle Systems and Operations

{3046} Example systems within the scope of the present disclosure will now be
described in greater detail. An example system may be implemented in or may take the form
of an automobile. However, an example system may also be mmplemented in or take the form
of other vehicles, such as cars, trucks, motorcycles, buses, boats, airplances, helicopters, lawn
mowers, carth movers, boats, snowmobiles, aircraft, recreational vehicles, amusement park
vehicles, farm equipment, construction cquipment, trams, golf carts, trains, trolleys, and robot
devices. Other vehicles are possible as well. Further, in some embodiments, example systems
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might not include a vehicle.

{6047} Referring now 1o the figures, Figure 1 is a functional block diagram
iHustrating example vehicle 100, which may be configured to operate fully or partially in an
autonomeus mode. More specifically, vehicle 100 may operate in an avtonomous mode
without human mteraction through receiving control instructions from a computing system.
As part of operating in the autonomous mode, vehicle 100 may use sensors to detect and
possibly identify objects of the surrounding environment to enable safe navigation. In some
emboduments, vehicle 100 may also include subsystems that enable a driver to control
operations of vehicle 100,

[6048] As shown in Figure 1, vehicle 100 may mmclude various subsystems, such as
propulsion svstem 102, sensor system 104, control system 106, one or more peripherals 108,
power supply 110, computer svstem 112 {could also be referred to as a computing system),
data storage 114, and user interface 116. In other examples, vehicle 100 may include more or
fewer subsystems, which can each include multiple elements. The subsystems and
components of vehicle 100 may be interconnected in various ways. In addition, functions of
vehicle 100 described herein can be divided mto additional functional or physical
components, or combined mto fewer functional or physical components within embodiments.
For instance, the control system 106 and the computer system 112 may be combined into a
single system that operates the vehicle 100 in accordance with vanous operations.

{6049} Propulsion system 102 may include one or more components operable to
provide powered motion for vehicle 100 and can include an engine/motor 118, an energy
source F19, a transmission 120, and wheels/ires 121, among other possible components. For
exaraple, engine/motor 118 may be configured to convert energy source 119 into mechanical

energy and can correspond to one or a combination of an intermal combustion engine, an
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clectric motor, steam engine, or Stirling engine, among other possible options. For instance,
in some embodiments, propulsion system 102 may include multiple types of engines and/or
motors, such as a gasoline engine and an electric motor,

{6650} Encrgy source 119 represents a source of energy that may, in full or in part,
power one or more svstems of vehicle 100 (e g., engine/motor 118). For mstance, energy
source 119 can correspond to gasoline, diesel, other petroleum-based fuels, propane, other
compressed gas-based fuels, ethanol, solar panels, batteries, and/or other sources of electrical
power. In some embodiments, energy source 119 may include a combination of fuel tanks,
batterics, capacitors, and/or flywheels.

16051} Transmission 120 may transmit mechanical power from engine/motor 118 to
wheels/tires 121 and/or other possible systems of vehicie 100, As such, transmission 120 may
welude a gearbox, a cluich, a differential, and a drive shaft, among other possible
components. A drive shaft may include axles that connect to one or more wheels/tires 121,
[6052] Wheels/tires 121 of vehicle 100 may have various configurations within
example embodiments. For instance, vehicle 160 may exist in a unicycele, bieycle/motoreycle,
tricycle, or car/truck four-wheel format, among other possible configurations. As such,
wheels/tires 121 may connect to vehicle 100 in various ways and can exist in different
materials, such as metal and rabber.

[3853] Sensor system 104 can include various types of sensors, such as Global
Positioning System (GPS) 122, inertial measurement unit (IMU) 124, radar 126, laser
rangefinder/LIDAR 128, camera 130, steering sensor 123, and throttie/brake sensor 125,
among other possible sensors. In some embodiments, sensor system 104 may also mclude
sensors configured to monitor internal systems of the vehicle 100 (¢.g., U2 monttor, fuel
gauge, engine oil temperature, brake wear).
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{6054} GPS 122 may include a transceiver operable to provide information regarding
the position of vehicle 100 with respect to the Earth. IMU 124 may have a configuration that
uses one or more accelerometers and/or gyroscopes and may sense position and orientation
changes of vehicle 100 based on mertial acceleration. For example, IMU 124 may detect a
pitch and yaw of the vehicle 100 while vehicle 100 15 stationary or in motion.

[B055] Radar 126 may represent one or more systems configured to use radio signals
to sense objects, including the speed and heading of the objects, within the local environment
of vehicle 100, As such, radar 126 may include antennas configured to transmit and receive
radio signals. In some embodiments, radar 126 may correspond to a mountable radar system
configured to obtain measurements of the surrounding environment of vehicle 100

{3056} Laser rangefinder/LIDAR 128 may include one or more laser sources, a faser
scamner, and one or more detectors, among other system components, and may operate in a
coherent mode (¢.g., using heterodyne detection) or in an incoherent detection mode. Camera
130 may include one or more devices (¢.g., still camera or video camera) configured to
capture images of the environment of vehicle 100,

{6057} Steering sensor 123 may sense a steering angle of vehicle 100, which may
involve measuning an angle of the steering wheel or measuring an electrical signal
representative of the angle of the steering wheel. In some embodiments, steering sensor 123
may measure an angle of the wheels of the vehicle 100, such as detecting an angle of the
wheels with respect to a forward axis of the vehicle 100. Steering sensor 123 may also be
configured to measure a combination {or a subset} of the angle of the steering wheel,
clectrical signal representing the angle of the steering wheel, and the angle of the wheels of
vehicle 100,

[6058] Throttle/brake sensor 125 may detect the position of either the throttle position
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or brake position of vehicle 100. For instance, throttle/brake sensor 125 may measure the
angle of both the gas pedal (throttie) and brake pedal or may measure an ¢lectrical signal that
could represent, for instance, an angle of a gas pedal (throttle) and/or an angle of a brake
pedal. Throttle/brake sensor 125 may also measure an angle of a throttle body of vehicle 100,
which may inchude part of the physical mechanism that provides modulation of energy source
119 to engine/motor 118 {e.g., a butterfly valve or carburetor). Additionally, throttle/brake
sensor 125 mayv measure a pressure of one or more brake pads on a rotor of vehicle 100 or a
combination {or a subset) of the angle of the gas pedal (throttle) and brake pedal, electncal
signal representing the angle of the gas pedal {throttle) and brake pedal, the angle of the
throtile body, and the pressure that at least one brake pad is applying to a rotor of vehicle 100.
In other embodiments, throttle/brake sensor 125 may be configured to measure a pressure
applied to a pedal of the vehicle, such as a throttle or brake pedal.

[G059] Control system 106 may include components configured to assist in navigating
vehicle 100, such as steering unit 132, throttle 134, brake unit 136, sensor fusion algorithm
138, computer vision system 140, navigation/pathing svstem 142, and obstacle avoidance
system 144, Morc specifically, steering unit 132 may be operable to adjust the heading of
vehicle 100, and throtile 134 may control the operating speed of engine/motor 118 to control
the acceleration of vehicle 100. Brake unit 136 may decelerate vehicle 100, which may
nvolve using friction to decelerate wheels/tires 121, In some embodiments, brake unit 136
may convert kinetic energy of wheels/tires 121 to electric current for subsequent use by a
system or systems of vehicle 100.

{6060} Sensor fusion algorithm 138 may include a Kalman fikter, Bavesian network,
or other algorithms that can process data from seosor systemt 104. In some embodiments,

sensor fusion algorithm 138 may provide assessments based on incoming sensor data, such as
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evaluations of individual objects and/or features, evaluations of a particular situation, and/or
evaluations of potential impacts within a given situation.

16061} Computer vision system 140 may inchude hardware and software operable to
process and analyze 1mages in an effort to determine objects, environmental objects (e.g.,
traffic lights, roadway boundaries, etc.), and obstacles. As such, computer vision systern 140
may use object recognition, Structure From Motion (SFM), video tracking, and other
algorithms used in computer vision, for instance, to recognize objects, map an enviromment,
track objects, estimate the speed of objects, etc.

{6062} Navigation/pathing systenm: 142 may determine a driving path for vehicle 100,
which may involve dvnamically adjusting navigation during operation. As such,
navigation/pathing system 142 may use data from sensor fusion algorithm 138, GPS 122, and
maps, among other sources to navigate vehicle 100, Obstacle avoidance system 144 may
evaluate potential obstacles based on sensor data and cause svstems of vehicle 100 to avoid
or otherwise negotiate the potential obstacles.

{6063} As shown in Figwre 1, vehucle 100 may also include peripherals 108, such as
wircless communication system 146, touchscreen 148, microphone 150, and/or speaker 152.
Peripherals 108 may provide controls or other elements for a user to interact with user
interface 116. For example, touchscreen 148 may provide information to users of vehiele 100.
User interface 116 may also accept input from the user via touchsereen 148, Peripherals 108
may also enable vehicle 100 to communicate with devices, such as other vehicle devices.
{6064} Wireless communication system 146 may wirelessly communicate with one or
more devices directly or via a communication network. For example, wireless
communication system 146 could use 3G cellular comamunication, such as CDOMA, EVDO,
GSM/GPRS, or 4G cellular communication, such as WiMAX or LTE. Alternatively, wircless
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communication system 146 may communicate with a wireless local area network (WLAN)
using Wik or other possible connections. Wireless communication syvstem 146 may also
communicate directly with a device using an infrared link, Bluetooth, or ZigBee, for
example. Other wireless protocols, such as various vehicular commumication systems, are
possible within the context of the disclosure. For example, wireless communication system
146 may include one or more dedicated short-range communications (DSRC) devices that
could mchide public and/or private data communications between vehicles and/or roadside
stations.

{6065} Vehicle 190 may include power supply 110 for powering componeants. Power
supply 110 may include a rechargeable lithinm-ion or lead-acid battery in some
embodiments. For instance, power sapply 110 may include one or more batteries configured
to provide electrical power. Vehicle 100 may also use other types of power supplies. In an
example embodiment, power supply 110 and energy source 119 may be integrated nto a
single energy source.

{6066} Vehicle 100 may also nclade computer system 112 to perform operations,
such as operations described therein. As such, computer systern 112 may include at least one
processor 113 (which could include at least one microprocessor) operable to execute
instructions 113 stored in a non-transitory, computer-readable medium, such as data storage
114, In some embodiments, computer system 112 may represent a plurality of computing
devices that mayv serve to control individual components or subsystems of vehicle 100 in a
distributed fashion.

{6667} In some embodiments, data storage 114 may contain instructions 115 {¢c.g.,
program logic) cxecutable by processor 113 to execute various functions of vehicle 100,
including those described above in connection with Figure 1. Data storage 114 may contain
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additional instructions as well, including instructions to transmit data {o, receive data from,
interact with, and/or control one or more of propulsion systern 102, sensor system 104,
control system 106, and peripherals 108.

{3068} In addition to instructions 113, data storage 114 may store data such as
roadway maps, path mformation, among other information. Such mformation may be used by
vehicle 100 and computer system 112 during the operation of vehicle 100 i the autonomous,
semi-autonomous, and/or manual modes.

{6669} Vehicle 100 may include user interface 116 for providing information to or
receiving input from a user of vehicle 100, User interface 116 may control or enable control
of content and/or the layout of interactive images that could be displayed on touchscreen 148,
Further, user interface 116 could include one or more input/output devices within the set of
peripherals 108, such as wireless communication system 146, touchscreen 148, microphone
150, and speaker 152

{6074 Computer system |12 may control the function of vehicle 10C based on inputs
received from various subsysterms {¢.g., propulsion system 102, sensor system 104, and
control system 106}, as well as from user mterface 116. For example, computer system 112
may utilize input from sensor system 104 in order to estimate the output produced by
propulsion svstem 102 and control system 106. Depending upon the embodiment, computer
systern 112 could be operable to monitor many aspects of vehicle 100 and its subsystems. In
some embodiments, computer system 112 may disable some or all functions of the vehicle
100 based on signals received from sensor system 104,

{6671} The components of vehicle 100 could be configured to work m an
interconnected fashion with other components within or outside thewr respective systems. For
instance, in an example embodiment, camera 130 could capture a plurality of images that
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could represent information about a state of an environment of vehicle 100 operating in an
autonomous mode. The state of the environment could include parameters of the road on
which the vehicle is operating. For example, computer vision system 140 may be able to
recognize the slope (grade} or other features based on the plurality of tmages of a roadway.
Additionally, the combination of GPS 122 and the features recognized by computer vision
systern 140 may be used with map data stored in data storage 114 to determine specific road
parameters. Further, radar unit 126 may also provide information about the surroundings of
the velucle.

{6072} In other words, a combination of various sensors (which could be termed
input-indication and output-indication sensors) and computer system 112 could interact to
provide an indication of an input provided to control a vehicle or an indication of the
surroundings of a vehicle.

[6073] In some embodiments, computer system 112 mav make a determination about
various objects based on data that is provided by systems other than the radio system. For
example, vehicle 100 may have lasers or other optical sensors configured to sense objects in a
field of view of the vehicle. Computer system 112 may use the outputs trom the varous
sensors to determine information about objects in a field of view of the vehicle, and may
determine distance and direction information to the various objects. Computer system 112
may also determine whether objects are desirable or undesirable based on the outputs from
the various sensors.

{6074} Although Figure 1 shows various components of vehicle 100 (e, wireless
communication system 146, computer system 112, data storage 114, and user interface 116)
as being wtegrated into the vehicle 100, one or more of these components could be mounted
or associated separately from vehicle 100, For example, data storage 114 could, in part orin
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full, exist separate from vehicle 100. Thus, vehicle 100 could be provided in the form of
device elements that may be located separately or together. The device elements that make up
vehicle 100 could be communicatively coupled together in a wired and/or wireless fashion.
{6075} Figure 2 depicts an example physical configuration of vehicle 200, which may
represent one possible physical configuration of vehicle 100 described in reference to Figure
1. Depending on the embodiment, vehicle 200 may include sensor unit 202, wircless
communtication systerm 204, radio unit 206, deflectors 208, and camera 210, among other
possible components. For instance, vehicle 200 may include some or all of the elements of
components described in Figure 1. Although vehicle 200 1s depicted i Figure 2 as a car,
vehicle 200 can have other configurations within examples, such as a truck, a van, a semi-
trailer track, a motorcycle, a golf cart, an off-road vehicle, or a farm vehicle, among other
possible examples.

[0076] Sensor unit 202 may include one or more sensors configured to capture
information of the surrounding environment of vehicle 200. For example, sensor unit 202
may include any combination of cameras, radars, LIDARs, range finders, radio devices {e.g.,
Bluetooth and/or 802.11), and acoustic sensors, among other possible types of sensors. in
some embodiments, sensor unit 202 may include one or more movable mounts operable to
adjust the orientation of sensors in sensor unit 202. For example, the movable mount may
include a rotating platform that can scan sensors so as to obtam information from each
direction around the vehicle 200. The movable mount of sensor unit 202 may also be
moveable in a scanning fashion within a particular range of angles and/or azimuths.

{6077} In some embodiments, sensor unit 202 may include mechanical structures that
enable sensor unit 202 to be mounted atop the rootf of a car. Additionally, other mounting

locations are possible within cxamples.
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[6078] Wireless communication system 204 may have a location relative to vehicle
200 as depicted in Figure 2, but can also have different locations within embodiments.
Wireless communication system 200 may include one or more wireless transmitters and one
or more receivers that may communicate with other external or internal devices. For example,
wireless communication system 204 may mclude one or more transceivers for
communicating with a user’s device, other vehicles, and roadway elements (e.g., signs, traffic
signals), among other possible entities. As such, vehicle 200 may include one or more
vehicular communication systems for facilitating communications, such as dedicated short-
range comynunications (DSRC), radio frequency identification (RFID), and other proposed
communication standards directed towards intefligent transport systems.

{6079} Camera 210 may have various positions relative to vehicle 260, such as a
location on a front windshield of vehicle 200, As such, camera 210 may capture images of the
environment of vehicle 200, As illustrated in Figure 2, camera 210 may capture images from
a forward-looking (front-facing) view with respect to vehicle 200, but other mounting
locations {(including movable mounts} and viewing angles of camera 210 are possible within
embodiments. For instance, camera 210 could be positioned within the vebicle so that the
camera captures tmages of the environment of vehicle 200 through a windshield of vehicle
200.

{3080} In some examples, camera 210 may correspond to one or more visible light
cameras. Alternatively or additionally, camera 210 may include infrared sensing capabilities.
Camera 210 may also mchude optics that may provide an adjustable field of view. Other
examples are also possible.

{6081} Figure 3 1s a conceptual dllustration of wireless communication between

various computing systems related to an autonomous vehicle, according to example
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embodiments. In particular, wircless communication may occur between remote computing
system 302 and vehicle 200 via network 304, Wireless communication may also occur
between server computing svstem 306 and remote computing system 302, and between server
computing system 306 and vehcle 200.

{3082} Vehicle 200 can correspond to various types of vehicles capable of
transporting passengers or objects between locations, and may take the form of any one or
more of the vehicles discussed above. In some instances, vehicle 200 may operate in an
autonomous mode that enables a control system to safely navigate vehicle 200 between
destinations using scnsor measurements. When operating in an autonomous mode, vehicle
200 may navigate with or without passengers. As a result, vehicle 200 may pick up and drop
off passengers between desired destinations,

{3083} Remote computing svstem 302 may represent any tvpe of device related to
remote assistance techniques, including but not limited to those described hercm. Within
examples, remote computing system 302 may represent any type of device configured to (1)
recetve imformation related to vehicle 200, (1) provide an interface through which a human
operator can in tummn perceive the information and input a response related to the information,
and (11} transmit the response to vehicle 200 or to other devices. Remote computing system
302 may take various forms, such as a workstation, a desktop computer, a laptop, a tablet, a
mobile phone {¢.g., a smart phone), and/or a server. In some examples, remote computing
system 302 may include multiple computing devices operating together in a network
configuration.

{6084} Remote computing system 302 may include one or more subsystems and
components similar or identical to the subsystems and components of vehicle 200. Ata
minimum, remote computing system 302 may inclade a processor configured for performing
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various operations described herein. In some embodiments, remote computing system 302
may also include a user interface that includes mput/output devices, such as a touchscreen
and a speaker. Other examples are possible as well.

{3085} Network 304 represents infrastructure that enables wireless communication
between remote computing system 302 and vehicle 200. Network 304 also enables wireless
communication between server computing system 306 and remote computing system 302,
and between server computing system 306 and vehicle 200,

{6086} The posttion of remote computing system 302 can vary within examples. For
instance, remote computing system 302 may have a remote position from vebicle 200 that has
a wircless communication via network 304. In another example, remote computing system
302 may correspond to a computing device within vehicle 200 that is separate from vehicle
200, but with which a human operator can wteract while a passenger or driver of vehicle 200,
In some examples, remote computing system 302 may be a computing device with a
touchscreen operable by the passenger of vehicle 200.

{6087} In some embodiments, operations described herein that are performed by
remote computing system 302 may be additionally or alternatively performed by vehicle 200
(i.e., by any system{s} or subsystem(s) of vehicle 200}. In sther words, vehicle 200 may be
configured to provide a remote assistance mechanism with which a driver or passenger of the
vehicle can interact.

{6088} Server computing system 306 may be configured to wirelessly communicate
with remote computing system 302 and vehicle 200 via network 304 (or perhaps directly with
remote computing system 302 and/or vehicle 200). Server computing system 306 may
represent any computing device configured to receive, store, determine, and/or send

information relating to vehicle 200 and the remote assistance thereof. As such, server
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computing system 306 may be configured to perform any operation(s), or portions of such
operation(s), that is/are described heren as performed by remote computing system 302
and/or vehicle 200. Some embodiments of wireless communication related to remote
assistance may utilize server computing system 306, while others may not.

{0089] Server computing system 306 may mcelude one or more subsystems and
components similar or identical to the subsystems and components of remote computing
system 302 and/or vehicle 200, such as a processor configured for performing various
operations described herein, and a wireless communication mterface for recetving
information from, and providing mformation to, remote computing system 302 and vehicle
200.

{3690} The various systems described above may perform various operations. These
operations and related features will now be described.

[6091] In line with the discussion above, a computing system {¢.g., remote computing
system 302, or perhaps server computing svstem 306, or a computing system [ocal to vehicle
200) may operate to use a camera to capture images of the environment of an avtonomous
vehicle. In general, at least one computing system will be able to analyze the images and
possibly control the autonomous vehicle.

{6692} In some embodiments, to facilitate autonomous operation a vehicle (e g,
vehicle 200) may receive data representing objects in an environment in which the vehicle
operates {also referred to herein as “environment data”™) in a varicty of ways. A sensor system
on the vehicle may provide the environment data representing objects of the environment. For
example, the vehicle may have various sensors, including a camera, a radar unit, a laser range
finder, a microphone, a radio unit, and other sensors. Each of these sensors may communicate
environment data to a processor in the vehicle about information each respective sensor
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receives.

{6093} In one example, a camera may be configured to capture stil images and/or
video. In some embodiments, the vehicle may have more than one camera positioned in
different orientations. Also, in some embodiments, the camera may be able to move to
capture images and/or video in different directions. The camera may be configured to store
captured images and video to a memory for later processing by a processing system of the
vehicle. The captured images and/or video may be the environment data. Farther, the camera
may include an image sensor as described herein.

{6094} In another ¢xaraple, a radar unit may be configured to transmit an
electromagnetic signal that will be reflected by various objects near the vehicle, and then
capture electromagnetic signals that reflect off the objects. The captured reflected
electromagnetic signals may cnable the radar system (or processing svstem) to make various
determinations about objects that reflected the clectromagnetic signal. For example, the
distance and position to various reflecting objects may be determined. In some embodiments,
the vehicle may bave more than one radar in different orientations. The radar system may be
contigured to store captured information to @ memory for later processing by a processing

system of the vehicle. The mformation captured by the radar system may be environment

data.
[3095] In another example, a laser range finder may be configured to transmit an

clectromagnetic signal {e.g., light, such as that from a gas or diade laser, or other possible
hight source} that will be reflected by a target objects near the vehicle. The laser range finder
may be able to capture the reflected clectromagnetic {e.g., laser) signals. The captured
reflected electromagnetic signals may enable the range-tinding system {(or processing system)
to determine a range to various objects. The range-finding system may also be able to
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determine a velocity or speed of target objects and store it as environment data.

{6096} Additionally, in an example, a microphone may be configured 1o capture audio
of environment surrounding the vehicle. Sounds captired by the microphone may include
emergency vehicle sirens and the sounds of other vehicles. For example, the miucrophone may
capture the sound of the siren of an emergency vehicle. A processing system may be able to
identify that the captured audio signal is mdicative of an emergency vehicle. Tn another
example, the microphone may capture the sound of an exhaust of another vehicle, such as
that from a motorcycle. A processing system may be able to identify that the captured audio
signal 1s indicative of a motorcycle. The data captured by the microphone may form a portion
of the environment data.

{6697} In yet another example, the radio wit may be configured to transmit an
electromagnetic signal that may take the form of a Bluetooth signal, 802.11 signal, and/or
other radio technology signal. The first clectromagnetic radiation signal may be transmitted
via onc of more antennas located in a radio unit. Further, the first electromagnetic radiation
signal may be transnutted with one of many different radio-signaling modes. However, n
some embodiments it is desirable to transmit the first clectromagnetic radiation signal with a
signaling mode that requests a response from devices located near the autonomous vehicle.
The processing system may be able to detect nearby devices based on the responses
communicated back to the radio unit and use this communicated information as a portion of
the environment data.

{6098} In some embodiments, the processing system may be able to combine
information from the various sensors in order to make further determinations of the
cavironment ot the vehicle. For example, the processing svstem may combing data from both
radar information and a captured image to determine if another vehicle or pedestrian is in
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front of the autonomous vehicle. In other embodiments, other combinations of sensor data
may be used by the processing system to make determinations about the environment.

16099} While operating in an autonomous mode, the vehicle may control its operation
with hittle-to-no human input. For example, a human-operator may enter an address into the
vehicle and the vehicle may then be able o dnive, without further input frorm the human (e.g.,
the human does not have to steer or touch the brake/gas pedals), to the specified destination.
Further, while the vehicle is operating autonomously, the sensor system may be receiving
covironment data. The processing svstem of the vehicle may alter the control of the vehicle
based on cnvironment data received from the varicus sensors. {n some examples, the vehicle
may alter a velocity of the vehicle in response to environment data from the various sensors.
The vehicle may change velocity in order to avoid obstacles, obey traffic laws, etc. When a
processing system in the vehicle identifies objects near the vehicle, the vehicle may be able to
change veloetty, or alter the movement in another way.

{60106} When the vehicle detects an object but is not highly confident in the detection
of the object, the vehicle can request a human operator {or a more powerful computer) to
perform one or more remote assistance tasks, such as (1) confirm whether the object is in fact
present in the environment {e.g., if there is actually a stop sign or if there is actually no stop
sign present), (11} confirm whether the vehicle’s identification of the object is correct, (iit)
correct the identification if the identification was mcorrect and/or (iv) provide a supplemental
instruction {or modify a present instruction) for the antonomous vehicle. Remote assistance
tasks may also include the human operator providing an instruction to control operation of the
vehicle {e.g., instruct the vehicle to stop at a stop sign if the human operator deternunes that
the object is a stop sign}. although in some scenartos, the vehicle wself may control its own
operation based on the human operator’s feedback related to the identification of the object.
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{60101} To factlitate this, the vehicle may analyze the environment data representing
objects of the environment to determine at least one object having a detection confidence
below a threshold. A processor in the vehicle may be configured to detect various objects of
the environment based on environment data from various sensors. For example, in one
embodiment, the processor may be configured to detect objects that may be mportant for the
vehicle to recognize. Such objects may include pedestrians, street sigos, other vehicles,
indicator signals on other vehicles, and other various objects detected in the captured
covironment data.

{60102} The detection contidence mav be indicative of a likelihood that the determined
object is correctly identified in the environment, or is present in the environment. For
example, the processor may perform object detection of objects within image data in the
received environment data, and determine that the at least one objeet has the detection
confidence below the threshold based on being unable to identify the object with a detection
confidence above the threshold. If a result of an object detection or object recognition of the
object is inconclusive, then the detection confidence may be low or below the set threshold.
{60103} The vehicle may detect objects of the environment in various way depending
on the source of the environment data. In some embodiments, the environment data may
come from a camera and be image or video data. In other embodiments, the environment data
may come from a LIDAR umt. The vehicle may analyze the captured image or video data to
identify objects in the image or video data. The methods and apparatuses may be configured
to monitor image and/or video data for the presence of objects of the environment. In other
embodiments, the environment data may be radar, audio, or other data. The vehicle may be
contigured to identify objects of the environment based on the radar, audio, or other data.

160104 In some embodiments, the techoiques the vehicle uses to detect objects may be
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based on a sct of known data. For example, data related to environmental objects may be
stored to a memory located in the vehicle. The vehicle may compare received data to the
stored data to determine objects. In other embodiments, the vehicle may be configured to
determine objects based on the context of the data. For example, street signs related to
construction may generally have an orange color. Accordingly, the vehicle may be configured
to detect objects that arc orange, and located near the side of roadways as construction-related
street signs. Additionally, when the processing svstem of the vehicle detects objects in the
captured data, it also may calculate a confidence for each object.

[606105] Further, the vehicle may also have a confidence threshold. The confidence
threshold may vary depending on the type of object being detected. For example, the
confidence threshold may be lower for an object that may require a guick responsive action
from the vehicle, such as brake hights on another vehicle. However, in other embodiments,
the confidence threshold may be the same for all detected objects. When the confidence
associated with a detected object is greater than the confidence threshold, the vehicle may
assume the object was correctly recogmized and responsively adjust the control of the vehicle
bascd on that assumption.

160106} When the confidence associated with a detected object is fess than the
confidence threshold, the actions that the vehicle takes may vary. In some embodiments, the
vehicle may react as if the detected object 1s present despite the low confidence level. In other
embodiments, the vehicle may react as if the detected object is not present.

[60107] When the vehicle detects an object of the environment, 1t may also calcudate a
confidence associated with the specific detected object. The confidence may be calculated in
various ways depending on the embodiment. In one example, when detecting objects of the
environment, the vehicle may compare environment data to predetermined data relating to
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known objects. The closer the match between the environment data to the predetermined
data, the higher the confidence. In other embodiments, the vehicle may use mathematical
analysis of the environment data to determine the confidence assoctated with the objects.
[66108] In response to determining that an object has a detection confidence that is
below the threshold, the vehicle may transmut, to the remote computing svstem, a request for
remote assistance with the identification of the object. As discussed above, the remote
computing system may take various forms. For example, the remote computing system may
be a computing device within the vehicle that is separate from the vehicle, but with which a
human operator can interact while a passenger or driver of the vehicle, such as a touchscreen
interface for displaying remote assistance information. Additionally or alternatively, as
another example, the remote computing system may be a remote computer terminal or other
device that is Jocated at a location that is not near the vehicle.

{60109 The request for remote assistance may include the environment data that
inchudes the object, such as image data, audio data, etc. The vehicle may transmit the
cnvironment data to the remote computing system over a network {¢.g., network 304), and in
some crbodiments, via a server (¢.g., server computing system 306). The human operator of
the remote computing system may it turn use the environment data as a basts for responding
to the request.

{66116} In some embodiments, when the object is detected as having a confidence
below the confidence threshold, the object may be given a preliminary identification, and the
vehicle may be configured to adjast the operation of the vehicle in response to the
prelinunary identification. Such an adjustment of operation may take the form of stopping the
vehicle, switching the vehicle to a human-controlled mode, changing a velocity of vebicle
{e.g., a speed and/or direction), among other possible adjustments.
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{60111} In other embodiments, even if the vehicle detects an object having a
confidence that meets or exceeds the threshold, the vehicle may operate in accordance with
the detected object {¢.g., come to a stop if the object is identified with high confidence as a
stop sign}, but may be configured to request remote assistance at the same time as {orat a

later ime from) when the vehicle operates in accordance with the detected object.

B, Example Image Sensing Systems

{66112} In addition to or alternative to the camera 130, the computer vision system
140, the sensor unit 202, and/or the camera 210, or perhaps as a portion of the camera 130,
the computer vision system 140, the sensor unit 202, and/or the camera 210, example
vehicles may imchude one or more camera systems 400, as illustrated 10 Figure 4A. The
camera svstem 400 may be used by an autonomous vehicle for object detection and
avoidance, as well as navigation. As tllustrated in Figure 4A, the camera system 400 may
include a first image sensor 410 and a second image sensor 420. The first image sensor 410
and the second image sensor 420 may be configured to capture images of a scene 402,
Further, the first image sensor 410 and the second image sensor 420 may be individually
communicatively coupled to a processor 430. In alternate embodiments, there may be a single
commucative coupling between the processor 430 and the camera system 400 rather than
individual communicative couplings between the processor 430 and each of the first image
sensor 410 and the second image sensor 420,

[60113] The scene 402 may mclude one or more objects wdentifiable by a processor
executing nstructions in order to analyze images captured by the first image sensor 410 and
the sccond image sensor 420 to detect objects. As used throughout, an object may include any
subset of that which is present in a scene. For example, an object may include a vebicle (e.g.,
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an ambulance), a portion of a vehicle (e.g., a tive, a door, a windshield, ctc.}, a feature of
nature {e.g., a tree, a squirrel, grass, a cloud, rain, snow, etc.), a portion of a feature of nature
{e.g., atrank, a squirrel’s head, etc.), a sign {(¢.g., a stop sign, a constraction sign, a speed
limit sign, etc.), a marking on the road {e.g., a center hine or a shoulder of a road), a word
{c.g., “"STOP™), a portion of a word {e.g., a letter, such as “87), or any other component of a
scene which is identifiable via any of a myriad of object-recogaition algorithms as disclosed
herein or as understood by those having skill in the art. Each of the objects may have a
corresponding luminance level (1.e, a brightness level). For example, the luminance level of a
traffic light may be higher than the luminance level of a black cat. Luminance levels may be
measured in units of candelas per square meter, for instance. Further, the entire scene may be
defined by a composite luminance level {e.g., in candelas per square meter or 1n nits). The
composite luminance level may be a sum, median, maximum, or given percentile (e.g.,
nineticth percentile) of the luminance values of all objects within the scene 402,
Alternatively, the composite fuminance level may be a sum, median, maximuom, or given
percentile {e.g., nineticth percentile} of the lununance values of all objects within a specific
region of the scene 402, Further, in some embodiments, one or more objects within the scene
402 may have more than one luminance value (e.g., different luminance values for different
parts of the object). For example, a bike equapped with retroreflectors may have one
tuminance value for the the retroreflectors (¢.g., a high lununance value) and another
luminance value for the rest of the bike {¢.g., a lower luminance value).

{60114} Further, some objects within the scene 402 may be actively iluminated.
Actively illuminated objects are objects that, themselves, produce light that 1s used to observe
the object. For cxample, street lights, tail lights, traffic lights, emergency flashers, tllummated
road signs {¢.g., a temporary construction sign), etc. may all mehude actively illuminated
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objects. Objects that are actively illuminated may produce light intermittently {¢.g., according
to a pulse-width modulation). One example is a construction sign that is sequentially
iHuminating letters on the sign to spell out a word. Another example may be a construction
sign or other sign that illuminates letters and/or symbols 1n a random or psevdo-random
succession {e.g., random in on a pixel-by-pixel basis or on a symbol-by-symbol basis). Other
examples nclude overhead speed signs or electronic no-right-turn displavs. The pulse~width
modulation of an actively ilhuminated object may have an associated modulation time that is a
similar or slower rate than the shutter speed (and corresponding exposure duration} of a
corresponding image sensor. In such a way, an dlumination portion of the pulse-width
modulation {i.e., the “on” portion of a duty cyele) may not be entirely captured within an
image captured at the associated shutter speed / exposure duration. For example, for an object
actively iHluminated at 10 Hz with a 1% duty cvele, an image sensor that capturcs images at a
rate of 10 Hz with an exposure duration of 10 ms might never capture the “on” portion of the
1% duty cycle if the image sensor s out of phase with the actively tluminated object.
{60115} However, if the pulse-width modulation of an actively ihuminate object has an
associated modulation time that is faster than the shutter speed (and corresponding exposure
duration} of a corresponding image sensor (e.g.. an order of magnitude faster than the shutter
speed / exposure duration, 10% faster than the shutter speed / exposure duration, 1% faster
than the shutter speed / exposure duration, etc.), the pulse~width modulation period may be
entirely captured within an image captured at the associated shutter speed (and corresponding
exposure duration). For example, if the shutter speed / exposure duration of an tmage sensor
is stower than the modulation speed of a construction sign that is sequentially tHlununating
letters on the sign to spell out a word, the entire word might be captured within an image
captared by an image sensor having the slower shutter speed / exposure duration.
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{66116} Additionally or alternatively, some objects within the scene 402 may be
passively illuminated. Passively illuminated objects are objects that do not produce light used
to observe the object. Instead, passively illuminated objects may reflect light generated by
other sources (e.g., the sun, headlights, street lights, ete.}. For example, reflectors, rocks,
trees, ratlings, poles, bushes, pedestrians, animals, centerlines, roads, reflective road signs
{e.g., a stop sign}, vehicles without their lights on {¢.g., during daytime travel), otc. may all
include passively illuminated objects.

{66117} Independent of whether an object within the scene 402 1s actively or passively
itluminated, objects may be in motion refative to the camera system 400, Such objects may
have a high velocity relative to the shutter speed / exposure duration {e.g., a speed such that a
photo taken of the object will appear blurery for a given corresponding shutter speed /
exposure duration) or a low or comparable velocity relative to the shutter speed / exposure
duration {¢.g., a speed such that a photo taken of the object will not appear blurry for a given
corresponding shutter speed / exposure duration).

{66118} As illustrated, the second image sensor 420 may capture an image of the scene
402 via an optical neutral-density filter 422 (e.g., an ND2, ND4, NDg, ND 6, ND32, ND64,
ND10O, ND128, ND128, ND256, ND400, ND512, ND1024, ND2048, ND4096, ND6310,
NDS192, ND 10000, or ND 100000 filter). The neutral-density filter 422 may reduce the
wntensity of light from the scene 402 reaching the second image sensor 420 (¢.g., by only
transmitting a fraction of the light incident on the neutral-density filter 422). The neutral-
density filter 422 may umiformly {or approximately uniformly) redoce the intensity of hight
reaching the second sensor 420 across the range of wavelengths that are sensed by the image
sensor 420. For example, in the case that sensor 420 is configured to sense wavelengths i the
visible spectrum, each wavelength in the visible spectrum from the scene 402 may be reduced
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in intensity by the same or substantially the same amount / percentage before reaching the
second image sensor 420. This is different from a chromatic optical filter where some
wavelengths are attenvated more than others. For example, in a monochromatic optical filter,
only a narrow range of wavelengths corresponding to a given color {¢.g., orange or 527 nm +
10 nm} may be transntied by the filter.

{60119 In alternate embodiments, the camera system 400 may include additional
neutral-density filters or other filters (e.g.. graduated neutral-density filters, chromatic optical
filters, or polarizing filters). Further, in some embodiments, the camera system 400 may
include additional or alternative fixed mechanisms of reducing the intensity of light reaching
the second image sensor 420 other than a neutral-density filter or other optical filter. For
example, a fixed aperture or a fixed sensitivity setting of an image sensor may be used
wnstead of a neutral-density filter or other optical filter,

{60126 In still other embodiments, the sccond image sensor 420 may not include fixed
mechanisms of reducing the intensity of hight reaching the second image sensor 420. For
example, the exposure of the second mmage sensor 420 may be varted based on prior data
about the scene being captured. For example, if the camera system 400 is imaging a traffic
light that has very high brightness or very low brightoess {e.g., as indicated by the prior data},
the exposure settings of the second image sensor 420 may be set accordingly. The adjustment
of the exposure settings based on the prior data could be n addition to or mstead of
adjustment of the exposure settings of the second image sensor 420 based on ambient light
within the scene. Other non-fixed methods of varying the exposure settings of the second
image sensor 420 are also possible.

{60121} Also as illustrated in Figure 4A, the first image sensor 410 and the sccond

image sensor 420 may be aligned vertically with one another. In this way, the ortentation of
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the objects within the scene 402 may be the same or approximately the same for an image
captured by the first imnage sensor 419 as for an image captured by the second image sensor
420. In some embodiments, the vertical separation between the first image sensor 410 and the
second image sensor 420 may be minimized, such that the perspective of the first image
sensor 410 and the perspective of the second image sensor 420 are maximally similar.
Further, in some embodiments, the first image sensor 410 and the second image sensor 420
may be configured to capture images substantially simultaneously. Additionally or
alternatively, the first image sensor 410 and the second tuage sensor 420 may be aligned
horizontally (¢.g., again cosuring that the orientation of the objects within the scene 402 may
be the same or approximately the same for an image captared by the first image sensor 410 as
for an image captured by the second image sensor 420}

[60122] In some embodiments, the first image sensor 410 and/or the second mage
sensor 420 may each have one or more fenses through which light from the scene 402 enters
the respective image sensor. Such lenses may be adjusted to modify the magnification of the
scene 402 on a respective image sensor, modify the depth of field for a respective image
sensor, and/or modity the focus of the image sensor {¢.g., by adjusting a focal length of one
or more of the one or more lenses). Additionally or alternatively, the first image sensor 410
and/or the second image sensor 420 may have one or more apertures through which light
from the scene 402 enters the respective image sensor. Such apertures may be adjusted to
controf the amount of light from the scene 402 reaching a respective image sensor, modify
the depth of field for a respective image sensor, and/or modify the range of viable exposure
durations based on light reaching a respective image sensor for a given tmage being captured
by a respective Image sensor.

160123} The first image sensor 410, in some embodiments, may be adjusted based on
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the composite luminance level of the scene 402 (fixed value based on the scene). For
example, the first image sensor 410 may sense an illunminance value on the first image sensor
410, and transmit the ifluminance value to a controller of the first image sensor 410. Based on
the ihuminance value, the controller may modify exposure settings corresponding to the first
wmage sensor 410 (e.g., exposure duration / shutter speed, aperture size, focal length of one or
more lenses, ISO sensitivity of the image sensor, etc.) until the tlluminance value on the first
image sensor 410 (modifiable value based on exposure settings) is within a threshold
acceptable range. In this way, the first image sensor 410 may have a vanable exposure that is
adjusted by a controller based on illuminance value. This may be analogous to an “automatic
exposure” setting in some cameras {¢.g., a digital single-lens reflex (BSLR) camera).

[60124] In some embodiments, the second image sensor 420 may also modify
exposure settings corresponding to the second image sensor 420 until the illuminance value
on the second mage sensor 420 is within a threshold acceptable range. In altemative
embodiments, however, the second tmage sensor 420 may have fixed exposure settings.
Because the second image sensor 420 receives hight from the scene 402 via the neutral-
density filter 422, if the second image sensor 420 1s not adjusted based on illuminance value,
the second image sensor 420 may capture images of the scene 402 at a lower overall
intensity. Capturing images via the neutral-density filter 422 without compensating for the
neutral-density filter 422 by modifying exposure settings {e.g., exposure duration, aperture
size, ¢ic.} can allow bright objects (¢.g., an actively illuminated object like an emergency
signal on an ambulance} to be observed without being overexposed. Additionally, capturing
images at a lower overall intensity may reduce stray light, glare, and flare artifacts within the
captured images.

160125 In part because the second image sensor 420 includes a neutral-density filter
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422 and the first image sensor 410 does not, and the second image sensor 420 might not
compensate exposure settings when a lower itlluminance value 1s present whereas the first
image sensor 410 may, the first image sensor 410 and the second image sensor 420 may each
have a corresponding (possibly different) dynamic range. As illustrated in Figure 4B, a first
dynamic range 414 may correspond to the first image sensor 410 and a second dynamic range
424 may correspond to the second image sensor 420

[60126] Each of the dynamic ranges 414/424 may correspond to a range of luminance
levels within the scene 402 (lustrated m Figure 4B using a logarithmic scale for luminance).
As illustrated 0 Figure 48, the sccond dynamic range 424 may correspond 1o a higher range
of luminance levels than the first dynamic range 414, As such, the second image sensor 420
may be used to detect/identify objects having a higher luminance than the first tmage sensor
410. For example, an image captured by the sccond image sensor 420 may be used to identify
a traffic light whereas an image captured by the first image sensor 410 may be used to
identify a pedestrian. As an additional example, as lustrated m Figure 4C, an image captured
by the second image sensor 420 may be used to identify twl lights 452 {or other actively
itluminated object) of a vehicle and an tmage captured by the first image sensor 410 may be
used to identify a pedestrian 450 crossing the street {or other passively iluminated object}.
Such a pedestrian 450 may be crossing the street between the camera system 400 and the
vehicle with the tail hights 432, for example.

{68127} Also as llustrated in Figure 4B (by the arrows extending from the first
dynamic range 414}, because the first image sensor 410 may adjust #s exposure settings
based on illuminance values sensed by the first image sensor 410, the corresponding first
dynamic range 414 may be varied to encompass higher or lower luminance values. Further,
the second dynamic range 424 may include one or more himinance levels that are higher than
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the first dynamic range 414. As illastrated, at least a portion of the huminance levels of the
first dynamic range 414 may overlap a portion of the luminance levels of the second dynamic
range 424.

{66128} In alternate embodiments, the first dynamic range 414 may not overlap the
second dynamic range 424 (e.g., every luminance level 1n the first dynamic range 414 may be
lower than every luminance level in the second dynamic range 424}, For example, there may
be a range of luminance levels between the first dynamic range 414 and the second dynamie
range 424 that is not covered by either the first dynanuc range 414 or the second dyvnamic
range 424. In still other embodiments, a portion or the entirety of the first dynanuc range 414
may include himinance levels that are higher than all of the fuminance levels in the second
dynamic range 424,

[60129] In some alternative high-dynamic-range (HDR) imaging approaches, a
continuum of luminance levels 1s used to generate a complete, composite image {e.g., HDR
imaging approaches that use a single image sensor}. However, some altemative HDR
imaging approaches do not allow for a gap in the dynamic range. Thus, in embodiments
where there 15 a range of luminance levels that contain objects that do not need to be
observed/detected, those luminance levels can be skipped over. This can save on data storage
and computation time, for example, when compared to HDR imaging approaches that do not
allow for a gap n the dynamic range. Alteratively, in some embodiments disclosed herein,
the first dynamic range 414 may entirely encompass the second dyvnamic range 424 or vice
versa.

{66136} As illustrated in Figure 4B, the collective dynamic range spanned by the
camera system 400 (including the first dvnanuc range 414 and the second dynamic range
424) is larger than either of the first dynamic range 414 or the second dynamic range 424,
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individually.

{60131} Using a technique such as described above can effectively expand the dynamic
range of a camera without necessarily modifying the image sensors themselves. Because the
image sensors do not necessarily need to be modified, such a technique can Isad to improved
dynamic range without the need for specialized (and potentially expensive) cameras/image
SCRSOTS.

{60132} Additionally, each of the first image sensor 410 and the second image sensor
420 may be connected to a processor 430 {e.g., analogous to the processor 113 iHlustrated in
Figure 1}. The processor 430 may be a part of a computing device {(e.g., the computer system
112 iHustrated in Figure 1} that executes instructions (e.g., the instructions 115 illustrated in
Figure 1) stored on a memory {¢.g., the data storage 114 illustrated in Figure 1). The
processor 430 may receive a first captured image from the first image sensor 410 and/or a
second captured image from the sccond sensor 420, Then, the processor 430 may attempt to
identify or localize objects within either or both of the images (¢.g., using an object-
recognition/object-identification algorthm and/or a localization algorithm stored within the
instructions). Using the identitv and location of wdentified objects (e.g., location relative to
one ancther and/or location relative to the vehicle), the processor 430 and/or an associated
control system (e.g., the control system 106 llustrated in Figure 1) may direct the behavior of
various components of the vehicle (e.g., may alter the course of the vehicle using the steering
unit 132, may alter the speed of the vehicle using the throttie 134, may turn on a turn signal,
ete.).

{60133} In order to save computation time, the processor 430 may only attempt to
identify actively illuninated objocts {¢.g., tail hights, tratfic lights, ¢tc.) using tmages captured
by the second image sensor 420 and mayv only attempt to identify passively illuminated
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objects (e.g.,

objects illuminated by reflecting or refracting light, such as pedestrians, trecs,
stop sigus, etc.) using images captured by the first image sensor 410.

160134} Additionally or alternatively, in order to save computation time, the processor
430 may only attempt to identify objects at motion relative to the camera system 400 that
have a high velocity relative to the shutter speed / exposure duration of the first image sensor
410 within an image captured by the first image sensor 410 {e.g., weather effects, such as
rain}. Still further, in order to save computation time, the processor 430 may only attempt to
identify actively illuminated objects that are modulated at faster rates than the shutter speed /
exposure duration of the first image sensor 410 within an image captured by the first image
sensor 410 {e.g., construction signs}.

[66135] Likewise, in order to save computation time, the processor 430 may only
attempt to identify objects at motion relative to the camera system that have a low velocity or
comparable velocity relative to the shutter speed / exposure duration of the first image sensor
410 within an image captured by the second image sensor 420 {(¢.g., pedestrians). Still
further, in order to save computation time, the processor 430 may only attempt to identify
actively iHununated objects that are modulated at similar or slower rates than the shutter
speed / exposure duration of the first image sensor 410 within an image captared by the
second image sensor 420 {e.g., flashing turn signals).

[36136] Further, i some emboduments, because the first image sensor 410 and the
second image sensor 420 may cach be configured to capture objects of specific types (e.g.,
fast-moving vs. slow-moving objects or actively illuminated vs. passively illuminated
objects), the hardware of a given image sensor may be specialized for a given range of
lominance levels and/or variations over time. For example, the second image sensor 420 may
have hardware spectalized for detecting passively illuminated objects {e.g., specialized
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hardware in addition to the neutral-density filter 422, such as different lenses than the first
image sensor 410, one or more additional filiers compared to the first image sensor 410, etc ).
160137} Before transmitting captured images of the scene 402 to the computing deviee,
the first image sensor 410 and the second image sensor 420 may compress the captured
images. Additionally or alternatively, the computing device may compress the captured
images after receiving them from the first image sensor 410 and the second image sensor 420.
{60138 Further, some object-identification algorithms {¢.g., instructions stored within
a memory executable by a processor to wdentify objects within an image) could be applied to
images captured by the first image sensor 410 and the second mmage sensor 420, The object-
identification algorithms may be optimized for HDR, 24-bit images (i.c., HDR images that
represent cach pixel by an 8-bit munber for each of the following colors: red, green, and
blue). Thus, if images captured by the first image sensor 410 and the second image sensor
420 are cach 24-bit images, images captured by the first image sensor 410 and the second
image seasor 420 may be combined into a single HDR, 24-bit image such that the combined
image may be processed by one of the object-identification algorithms optimized for HDR,
24-bit images. In other embodiments, the object-identification algorithm may instcad be
optimized for other types of images {e.g., 30-bit images, 36-bit images, 42-bit tmages, 48-bit
images, tc.).

[30139] Combining the two captured images into a single HDR, 24-bit image may
include performing tone mapping {i.c., remapping the color sets in each of the individual
captured images to a new global color set in the combined image in order to approximate
HDR}. While thus can allow for the use of an expanded library of object-identification
algorithms {¢.g., object-identification algorithms that are optimized for HDR, 24-bit images).
the tone mapping may sacrifice inherent data about physical luminance levels and glabal
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contrast contained across the individual images captured by the first image sensor 410 and the
second image sensor 420,

160146} In some embodiments, in order to preserve this inherent data about physical
feminance levels and global contrast, cach of the individual images may be fed into separate
object-identification algorithms {(e.g., executable by a processor and stored within a memory).
Such separate object-identification algorithms may themselves be jointly and/or individually
optimized for a given dynamic range (e.g., given range of luminance levels).

{66141} In still other embodiments, in order to preserve this inherent data about
physical luminance levels and global contrast, each of the individual images may be fed into
a single, combined object-identification algorithm that is designed to handle both images
jointly. For example, the combined object-identification algorithm may be a machine-leamed
algorithm, such as a convolutional veural network. The convolutional neural network may
treat the combined images as if they have six colors, as opposed to the canounical three colors
{(red, green, blue). The convolutional neural network may interpret the six color channels
using an mtermediate neuron laver that tracks more than three color values (e.g., six color
values) per pixel, for example.

160142} Using such a combined object-identification algorithm, or other algorithms
described herein, a processor may perform object identification of an object using both
captured mumages, as opposed to using only a single captured image. For example, an
emergency vehicle at night may include both high luminance levels {¢.g., the emergency
lights of the emergency vehicle) and low luminance levels {e.g., the tires or the painted body
of the emergency vehicle). Thus, portions of both the image captured by the first image
sensor 410 and the image captured by the second image sensor 420 may be used to identify

the object as an ambulance, fire truck, or a police vehicle. Such an embodiment is llustrated
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in Figure 4D. As illustrated, the second image sensor 420 may be directed toward lights 460
of an emergency vehicle (e.g., an ambulance) and the first image sensor 410 may be durected
toward the painted body 462 of the emergency vehicle {e.g.. red stripes on an emergency
vehicle, a red checkered patiern on an emergency vehicle, or a red cross on an emergency
vehicle}. Using images captured by both image sensors, the emergency vehicle can be
identified. For example, an identified combination of body paint that includes a red cross ina
first image and red and white emergency lights in a second image may indicate that the
identified object is an emergency vehicle (e.g., an ambulance). Further, based on whether the
red and white emergency lights are flashing for example, it may be determined whether the
emergency vehicle is en route to/from an active emergeney.

{60143} As llustrated in Figure 4A, the first image sensor 410 and the second image
sensor 420 may be offset with respect to one another by a distance {¢.g., vertically offset by a
distance i Figure 4A). For example, the first tmage sensor 410 may be above, below, to the
left, to the right, in front, behind, or some superposition of above, below, to the left, to the
right, in front, and behind of the second image sensor 420 with respect to the scene 402,
Becausc of the offset distance, a processor connected to the camera svstem 400 mav be
configured to perform binocular distance calculations, regardless of whether an object can be
properly identified in an image captured by the first image sensor 410 or in an image captured
by the second tmage sensor 420. The distance may be deternined by a processor executing
instractions in order to calculate the parallax between the location of an object within an
image captured by the first image sensor 410 and the location of an object within an image
captured by the second image sensor 420 (taking mto account a known offset distance
between the first image sensor 410 and the second 1mage sensor 420}

160144 A more conventional method of capturing two images, with separate dynamic
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ranges, of the same scene includes using a camera with only a single image sensor (rather
than two image sensors). Using a camera with a single image sensor, an image may be
captured of a scene at a first dynamic range {¢.g., depending on exposure settings such as
1SO, sensor sensitivity, exposure duration / shutter speed, aperture size, ete.). Then, the
exposure settings of the single image sensor may be changed (¢ g., by modifying the shutter
speed / exposure duration or aperture size), and a second image of the scene at a second
dynamic range may be captured.

{66145} However, because multiple images are being captured by the same image
sensor, with a modification of exposure settings in between capture events, the two taages
may not be captured substantially simultaneously. Thus, if later the two images are to be
compared with one another {(e.g., for redundancy 1 object recognition and/or error checking),
the perspective of the scene may have substantially changed between capturing both of the
images. While this may be acceptable for stationary scencs (¢.g., portraits), this can create
issues for moving scenes. For example, if the single image sensor is mounted on a moving
vehicle, even if only 50 ms is required to modify the exposure settings between image capture
gvents, the perspective may be substantially ditferent between tmage capture events {(e.g., if
the moving vehicle is moving at 50 mph, 50 ms corresponds to a translation of 1.1 m, which
may be non-negligible}.

[66146] Further, becanse the images of a scene are not captured substantially
simultancously by a single image sensor that 1s modifying exposure settings between image
capturing events, the images of the scene also might not be transmitted o a computing device
performing object analvsis substantially simultaneously. This can be problematic 1fthe
camera of the single image sensor only has enough onboard memory to locally store one
captured imagge at a time. The processor of the computing device could process each of the
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captured images sequentially, or the camera could reduce the resolution of the captured image
so that it can store two images within its local memory and then transmit both images to the
computing device. However, this also may give rise to a problem, because a significant lag
between when the first image is captured, and when the computing device is performing
wmage analysis on the first image may be present. Thus, by the time the computing device is
processing the first image captured, it may be too late to make meaningful control decisions
based on the captured first image.

{66147} The potential issues described in the three preceding paragraphs can be
alleviated or climinated entirely through the use of camera svstems described herein.
60148} Figure 5 illustrates a camera system 500, according to example embodiments.
As illustrated, the camera systemn 500 may mnelude an tmage sensor 510, a neutral-density
filter 522, a first lens 514, and a seccond lens 524, The first lens 514 may direct a ficld of view
of the scene 402 to a first independent region of the image sensor 510. Sinularly, the second
lens 524 may direct a field of view of the scene 402 to a second independent region of the
image sensor 510, The second lens 524, as illustrated, may direct a field of view of the scene
402 to the second independent region of the image sensor through the neutral-density filter
522. In other embodiments, other optical components {¢.g., free-space optics other than
lenses) may be used in addition to or alternative to the first lens 514 and the second lens 524
wn order to direct a field of view of the scene 402 to independent seunsor regions of the first
image sensor 510. In some embodiments, the camera system 500 may also include a
processor {¢.g., analogous 1o the processor 430 lustrated in Figure 4A) that is
communicatively coupled to the image sensor 510 and configured to perform object
recognition {¢.g., by executing instructions stored within a memory}).

160149} In some embodiments, the image sensor 510 may have a variable exposure
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across both independent sensor regions. The vartable exposure may be controlled by a
controller by adjusting varnous exposure setiings (e.g., exposure duration, ISO sensitivity,
etc.) based on a composite iltlaminance sensed by both independent sensor regions {e.g.,
based on an average of the illuminance of the first sensor region and the ununance of the
second sensor region). In other embodiments, the exposure settings across both independent
sensor regions may be fixed. In still other embodiments, the exposure settings of both
independent sensor regions may be individually controllable. For example, the upper
independent sensor region may have its sensitivity adjusted by a controller based on the
iHuminance sensed on the upper independent sensor region, whereas the lower independent
sensor region may have fixed exposure settings regardless of illuminance sensed on the lower
independent sensor region.

{60156 Using the camera system 500 of Figure 3, a single image sensor can be used to
capture a composite image. The compostte image may include multiple regions, cach region
containing an entire reproduction of the scene 402 with a given field of view and perspective.
In some embodiments, the field of view and perspective may be the same for each region.
Even so, each of the regions of the composite image may be captured with different
itluminance. In this way, different regions of the captored image may be analyzed to identify
objects within different dynamic ranges. Taking the example of Figure 5, the upper region of
a corresponding captured composite image may be used to identify objects {e.g., bv a
processor executing an object-identification algorithm} having lower relative lnminance
values {e.g., passively tlluminated objects), whereas the lower region of a corresponding
captured composite image may be used to identify objects {¢.g., by a processor executing an
object identification algorithm) having higher relative luminance values {¢.g., actively

itluminated objects).
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{60151} In alternate embodiments, the independent sensor regions may be arranged on
left and night, rather than top and bottom. In still other embodiments, there may be more than
two independent sensor regions. For example, i one embodiment, there may be four
independent sensor regions: one independent sensor region without a neutral-density filter,
one independent sensor region covered by one neutral-density filter {e.g., an ND8 neutral-
density filter), one independent sensor region covered by another neutral-density filter {c.g.
an ND 128 neutral-density filter), and one independent sensor region covered by yet another
neutral-density filter {¢.g.. an ND4096 neutral-density filter}.

{66152} Figure 6A is an tHustration ot a camera system 400, according to example
embodiments. The camera system 400 may be the same camera system 400 illustrated in
Figure 4A, for example. In Figure 6A, the camera system 400 is being used to capture images
of a scene 600. As with the camera system 400 illustrated in Figure 44, the first image sensor
410 and the second image sensor 420 may be vertically offset from one ancther by some
distance. As such, the perspective of the first image sensor 410 relative to the scene 600 may
be different than the perspective of the second fmage sensor 420 relative 1o the scene 600, In
some crmbodiments, the camera system 400 may also mehude a processor (e.g., analogous to
the processor 430 illustrated in Figure 4A) that is communicatively coupled to the first image
sensor 410 and the second tmage sensor 420 and configured to perform object recognition
{c.z., by exccuting instructions stored within a memory).

[68153] Becanse the image sensors are at different perspectives relative to the scene
600, images captured by the respective image sensors may appear differently. For example, a
first image 610 of the scene 600 captured by the first image sensor 410 15 Hlustrated in Figure
6B. Sinularly, a second image 620 of the scene 600 captured by the second image sensor 420
ig iflustrated in Figure 6C. As illustrated by the dotted Hine in Figure 6A, as well as the
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difference between the first image 610 and the second image 620 of Figures 6B and 6C,
respectively, some objects in the scene 600 may not be observable from all perspectives. For
example, the squirrel in the scene 600 is not observable by the first image sensor 410, but is
observable by the second image sensor 420.

[80154] Further, if an object in the scene 600 has a luminance value that is within both
the first dynamic range 414 and the second dvnantic range 424, images captured by both
image sensors can be used to identity the object (e.g., by an object identification algorithm
executed by a processor), if the object 1s present within a respective perspective of the scene
600 for a respective image sensor 410/420.

{60155 Because the object is identifiable within images recorded by the first image
sensor 410 and the second tmage sensor 420, the object identification may include error
correction and redundancy. For example, two image sensors each at a different perspective
relative to a scone can be used to correct for stray light and scatter due to artifacts within the
scene. If a bright object, such as the sun, is directly behind an object to be identified, that
object nught be blown out, overexposed, distorted, or saturated in one of the two images
captured by the first tmage sensor 410 and the second image sensor 420, respectively, due to
the presence of the sun. However, in the other of the two images, the sun may be positioned
differently with respect to the object to be identified, thus obviating issues of blown out
features, over-exposure, distortion, and/or saturation issue. Hence, the image in which the sun
is not positioned directly behind the object to be identified may be used {¢.g., by a processor
executing an object-identification algorithm stored within a memory) to wdentify the object.
Additional or altemative types of stray hght, scatter, and/or occlusion may be accounted for
using image sensors at multiple perspectives (¢.g.. louvers from actively tlluminated light

SOUICEs).
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{60136} Using the example of Figure 6A, if the first image sensor 410 captares the first
image 610, the processor may analyze the first image 610 and not identify a squurrel becanse
the squirrel is not present in a ficld of view of the first image sensor 410. However, using the
second image 620 captured by the second image sensor 420, the processor may identify a
squirrel near the stop sign because the squirrel is present in a field of view of the second
image sensor 420, Further, even though the squirrel was only identified in one of the images,
a corresponding control system could still account for the presence of the squirrel in its
respective location within the scene {e.g., by avoiding the squirre] using the steering unit
132).

160157} Further, if a given object is in the perspective of both the first image sensor
410 and the second image sensor 420, unlike in Figure 6A, and the object has huminance
value within both the first dynamic range 414 and the second dvnamic range 424, the object
should be identifiable within images captured by both the first image sensor 410 and the
second image sensor 420, However, if the object is only identified in one of the two images
or identified to be a different object within the two images, a corresponding computing
device performing obicct identification may rectity this in a varety of ways. For example, a
voting system {¢.g., based on confidence levels identified for a given object identification)
may be implemented to determine whether the object was actually present in the scene or
which of the two dentified object possibilitics is more likely to be accurate (if an object was
wdlentified to be a different object within the two images). Further, if an object is only
identifiable in images captured by one of the sensors, the dynamic range of the sensor {e.g.,
the first dynamic range 414 or the second dynamic range 424) in which the object is
identifiable could be used to identity a luminance range of the object,

{60158} If an object is unidentified or misidentified by a computing device, the
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computing device may output an alert that the image sensor corresponding to the image
where the misidentification or lack of identification occurred is dysfunctional. Additionally or
alternatively, the computing device and/or a corresponding control system may perform an
action to attempt to correct the dysfunction (e.g., clean a lens by clearing debns with a wiper
blade and/or applyving cleaning fluid or apply a corrective calibration factor in the object
identification algorithm).

{60159 In addition, redundancy and error correction may be based on differences
within the captured images other than differences in identified objects. For example, the
sharpness between an image captured by the first image sensor 410 and an image captured by
the second image sensor 420 may be compared. If one of the captured images is less sharp, an
occlusion in the optical path of the second image sensor 420 and/or a misalignment of the
second image sensor 420 may be detected. Such an occlusion may include debris on the
second image sensor 420 or an associated lens or a smudge on a lens of the second image
sensor 420, for example. Other differences besides sharpness may also be compared in
various embodiments. For example, contrast can also be compared. Additionally or
alternatively, scvere occlusion could also be identified {¢.g., 1f 30% or more of one image
sensor is occluded by debris}.

{60166} In still other embodiments, error checking and/or error correction may be
performed by comparing contents of enfire images. In some embodiments, a gradient or a
gradient sum computed across all pixels within an image can be compared between images.
For example, if a traffic light (or other actively illuminated object} is present within images
captured by the first image sensor 410 and the second image sensor 420, pixels corresponding
to the traffic light may correspond to a sharp increase in brightness value relative to the pixels
surrounding the traffic light. This sharp increase in brightness values may be present in both
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images, possibly irrespective of the raw brightness values of the pixels corresponding to the
traffic light in both images. Hence, brightness gradient sums computed across both images
can be compared to confirm that such a traffic light is in fact present in both images. Other
statistics, besides brightness gradient sums, computed across entire images can also be
cormpared for the purpose of error checking and/or error correction. For example, sharpness
gradient sums, color gradient sums, hue gradient sums, ¢tc. could be compared.

{60161} Figure 7 tllustrates a camera system 700. In some embodiments, the camera
svstem 700 may be mounted on an autonomous vehicle and used for object detection and
avoidance, as well as navigation. The camera system 700 may be analogous to the camera
system 400 dlustrated in Figure 4A. For example, the camera system 700 may inclade a first
image sensor 710 and a second image sensor 720, and the second image sensor 720 may
receive light from the scene 402 via a neutral-density filter 722 or similar mechanism. Unlike
the camera system 400 of Figure 4, however, the camera systema 700 lustrated in Figure 7
includes a first lens 714 and a second lens 724, somewhat analogous to the first lens 514 and
the second lens 524 Hustrated in Figure 5. Tn alternate emboduments, the first image sensor
710 may also receive light from the scene 402 via a neutral-density filter. In still other
embodiments, neither the first image sensor 710 nor the second image sensor 720 may
receive light from the scene 402 via a neutral-density filter. In some embodiments, the
camera svstem 700 may also mclude a processor {(¢.g., analogous to the processor 430
illustrated in Figure 4A) that is communicatively coupled to the first image sensor 710 and

the second image sensor 720 and configured to perform object recognition (e.g.

=0

bv executing
instructions stored within a memory).

{60162} Further, in various embodiments, the first image sensor 710 and/or the second
image sensor 720 may have variable exposure settings {¢.g., that are adjustable by a camera
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controfler based on illuminance values sensed by the first image sensor 710 and/or the second
image sensor 720). Additionally or alternatively, the first image sensor 710 and/or the second
image sensor 720 may have fixed exposure settings.

{66163 The first lens 714 directs hight from the scene 402 to the first image sensor
710, and the second lens 724 directs light from the scene 402 to the second image sensor 720
In alternate embodiments, there may be more than one lens/optical element ditecting light
from the scene 402 to the image sensors. For example, one or more misrors may be included
within the camera system 700 to direct the light from the scene 402,

{60164} As tllustrated, the first lens 714 and the second lens 724 may have different
focal lengths. In some embodiments, the focal length of the first lens 714 may be greater than
the focal length of the second lens 724. In other embodiments, the focal length of the first
tens 714 may be less than the focal length of the second lens 724. In still other embodiments,
the first lens 714 and the second lens 724 may bave the same focal length.

[60165] In some embodiments, because the focal length and/or position of best focus
of the first lens 714 and the second lens 724 are different, images captured by the first image
sensor 710 may have a different zoom level than tmages captured by the second image sensor
720. Additionally or alternatively, because the focal length of the first lens 714 and the
second lens 724 are different, an image of the scene 402 captured by the first image sensor
710 may have different objects in focus than an image of the scene 402 captured by the
second image sensor 720. For example, if the first lens 714 has a smaller focal length than the
second lens 724, an object in the foreground of the scene 402 may be in focus for images
captured by the first image sensor 710 whereas objects in the background of the scene 402
may be 1 focus for images captured by the second image sensor 720. Which objects are in
focus may be independent of focal lengths of the first lens 714 / second lens 724, in some
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embodiments. Further, which objects are in focus may be adjustable by modifying other
optical characteristics associated with the image sensors besides focal length.

160166 Because images captured by the first image sensor 710 and images captured
by the second image sensor 720 may have different objects in and out of focus, the
combination of images stimultancously captured by each of the image sensors may be used to
determine depth. For instance, assuming an object is within the dvnamic range of both the
first image sensor 710 and the second image sensor 720, the object can be identified within
images captured by both the first image sensor 710 and the second tmage sensor 720 {e.g.,
using an object identification algorithm cxecuted by a processor coupled to the camera
system 700} if the object is property in focus. However, if the identifiable object 1s in the
foreground or the background of the scene 402, given the difference in focal lengths between
the first lens 714 and the second lens 724, the object may only be properly in focus n an
image captured by the first image sensor 7190 or an mmage captured by the second image
sensor 720 {not in images captured by both).

{66167} Based on the associated focal length of the lens for the umage sensor that
captured the image in which the object 1s identified, a distance between the identified object
within the scene 402 and the camera system 700 may be determined or estimated. A
determination of the distance between the object within the scene 402 and the camera system
700 may be based on the first focal length, the second focal length, a focus of the object
within the first image of the scene 402, and/or a focus of the object within the second image
of the scene 402. In alternate embodiments, rather than two image sensors sach having a
respective lens with a respective focal length, the camera system 700 may include an array of
a plurality of image sensors, cach having a respective lens that has a unique focal length with

respect to the other lenses within the array.
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{68168} In addition to determining a distance to an identified, in-focus object based on
a focal length of an associated lens, distances to objects that are out of focus in both images
may be calculated. For example, assuming an object is within the dynamic range of both the
first image sensor 710 and the second image sensor 720, the object can be captured within
wmages captured by both the first image sensor 710 and the second image sensor 720. Even
though the object might vot be identifiable n a given tmage (¢ .g., using an object-
identification algorithm), a distance to the object might still be deternuinable in such images
{e.g., using a localization algorithm).

{60169 A processor executing an object-recognition algorithm {(¢.g., a machine-
learned object recognition algorithm} may be able, in addition to identifving objects that are
in focus, to identify objects that are out of focus. For example, a processor executing an
object recognition algorithm may be able to detect a stop sign within images of the scene 402
captured by both the first image sensor 710 and the second image sensor 720, even if the stop
sign is not in focus for either of the captured images. Based on how out of focus the stop sign
is in cach of the captured 1mages, the processor executing the object-recognition algorithm
may be able to determine a distance from the camera svstem 700 to the stop sign.
Alternatively, the processor could identify a difference i sharpness between the stop sign in
each of the tmages, based on how out of focus the stop sign s in cach of the captared images.
This difference in sharpness could be used to deternune a distance from the camera system
700 to the stop sign.

{60176 In addition to determining the distance from the camera system 700 to an
object, a processor assoctated with the camera system 700 may execute nstructions stored
within a memory to gencrate a composite image based on an image captured by the first
image sensor 710 and an image captured by the second tmage sensor 720. The composite
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image may be an image that has all objects within the scene, each object at a respective
depth, in focus or approximately in focus. For example, the processor executing the
instructions may extract regions from an image captured by the first image sensor 710 that
correspond to objects in the foreground of the scene 402, because the first lens 714 has a
shorter focal length than the second lens 724. Similarly, the processor executing the
instructions may extract regions from an image captured by the sccond image sensor 720 that
correspond to objects in the background of the scene 402, because the second lens 724 has a
longer focal length than the first lens 714, The processor executing the instructions may then
combine these regions nto a single composite image that represents muldtiple focal lengths.
160171} Additionally or alternatively, a processor associated with the camera system
700 may execute nstructions stored within a memory to generate one or more images with
simuilated focal depths and/or simulated lenses with simulated focal lengths. For example, an
image of the scene 402 captured by the first image sensor 710 of the scene 402 may
correspond to a mimmnum focal length {e.g., based on the focal length of the first lens 714)
and an wmage of the scene 402 captured by the second mmage sensor 720 may correspond to a
maximum focal length (e.g., based on the focal fength of the sccond lens 724). Using these
two images to define the edges of a range of potential focal lengths, the processor executing
the instructions may stmulate {¢.g., generate, store, and/or transmit) images having
wtermediate focal lengths between the nuinimuin focal length and the maximum focal length.
Altematively, using these two images, the processor executing the instructions may sinulate
{c.g., generate, store, and/or transmit) images having various focal depths. This may be done
by sharpening certain regions of either of the images. blurring certain regions of either of the
images, and/or compositing the original, the sharpened. or the blurred regions of either of the
images.
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{60172} In some embodiments, rather than using separate lenses {¢.g., a first lens 714
and a second lens 724), a single, astigmatic lens may be used 1o provide light from the scene
402 to both the first image sensor 710 and the second image sensor 720. Because the first
image sensor 710 and the second image sensor 720 may be offset from one ancther by a
distance, the astigmatic lens could provide light from the scene to each of the image sensors
at different focal lengths. In an alternative embodiment, cach timage sensor, mdividually,
could have a respective astigmatic lens {(e.g.. a first astigmatic lens for the first image sensor
710 and a second astigmatic lens for the second image sensor 720). In this way, an image
captured by the first tmage scusor 710 and/or an image captured by the second image sensor
720 could, tself, contain various regions of the scene 402 captured at different focal lengths.
The astigmatic lenses could also be translated or rotated with respect to the respective image
sensors, resulting in additional focal lengths captured by the respective image sensor.
{60173 In addition to or alternative to having lenses of different focal lengths, in some
embodiments, the first image sensor 710 and the second image sensor 720 may each have
associated apertures of differing sizes. Such apertures may be adjustable in size {e.g., by a
controlier), in some embodiments. In other embodiments, such apertures may be fixed in size.
of field. Differing depths of field may be used (¢.g., by a processor coupled to the camera
systern 700 executing nstructions stored within a memory) to determine distances of an
object relative to the camera system 700 and/or to simulate images of the scene 402 with a
variety of depths of field and/or focal lengths.

{60174} Further, in addition o or altemative to lenses and apertures, other optical
clements may disposed in front of the first image sensor 710 and/or the second tmage sensor
720. The other optical elements could be used to evaluate/study other features of the scene
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4902 {c.g., color using chromatic filters or polarization using polarizing filters).

{66175} Figure 84 illustrates a camera system 800, In some embodiments, the camera
system 800 may be mounted on an autonomous vehicle and used for object detection and
avoidance, as well as navigation. The camera system 800 may include a first image sensor
810 and a second image sensor 820 that recetves light from the scene 402 via a neutral-
density filter 822 analogous to the camera system 400 tllustrated in Figure 4A. Unlike the
camera system 400 of Figure 4, however, the camera system 800 llustrated in Figure 8A may
also mclude a third smage sensor §30. In alternate embodiments, the first image sensor §10
and/or the third image sensor 830 may also receive light from the scene 402 via a neutral-
density filter. In still other embodiments, none of the first image sensor 810, the second
image sensor 820, or the third image sensor 830 may receive light from the scene 402 viaa
neutral-denaity filter. Other combinations of image sensors with newtral~density filters are
also possible. In some embodiments, the camera systern 2800 may also include a processor
{e.g., analogous to the processor 430 llustrated in Figure 4A) that s communicatively
coupled to the first image sensor 810, the second image sensor 820, and the third image
sensor 830 and configured to perform object recognition {e.g., by cxecuting instructions
stored within a memory).

[66176] Similar to the first image sensor 410 described above with respect to Figure
4A, in some embodiments, the first image sensor 810 may be adjusted based on the
composite luminance level of the scene 402, For example, the first image sensor 810 may
sense an lluminance value on the first image sensor 810, and transmit the iluminance value
1o a controller of the first image sensor 810, Based on the illuminance value, the controller
may modify exposure settings corresponding to the first tmage sensor 810 {¢.g., exposure
duration / shutter speed, aperture size, focal length of one or more lenses, 1SO sensitivity of
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the image sensor, etc.) untd the Hllumimance value on the first image sensor 810 is within a
threshold acceptable range. In this way, the first image sensor 810 may have a vanable
exposure that is adjusted by a controller based on lluminance value. This may be analogous
to an “automatic exposure” setting in some cameras (e.g., a DSLR camera}.

{88177} Addiionally or alternatively, the third tmage sensor 830 may be adjustable
based on the composite luminance level of the scene 402, in some emboduments. For
example, the third image sensor &30 may sense an illuminance value on the third image
sensor 830, and transmit the luminance value to a controller of the third image sensor 830,
The controller of the third image sensor 830 may be the same controlier as the controller of
the first image sensor 810 or a different controller, in various embodiments. Regardless, the
third image sensor 830 may be controlled independently of the first image sensor 810. Based
on the illuminance value on the third image sensor 830, the controller of the third image
sensor 830 may modify exposure settings corresponding to the third image sensor 830 (c.g.,
exposure duration / shutter speed, aperture size, focal length of one or more lenses, (SO
sensitivity of the tmage sensor, etc.} until the illuminance value on the third image sensor 830
is within a threshold aceeptable range for illuminance.

160178} The threshold acceptable range for illuminance for the third image sensor 8390
may be different than the threshold acceptable range for thhuninance for the first image sensor
810, in some embodiments. For example, the threshold acceptable range for illuminance on
the third image sensor 830 may include a plurality of illuminance values that are lower than
any lluminance values within the threshold acceptable range for Hluminance on the first
image sensor 810. In such an embodiment, the exposure level of the third image sensor §30
may be higher than the exposure level of the first image sensor 810, thereby making the third
image sensor 83C more sensitive to low luminance objects in the scene 402 than the first
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image sensor 810,

{66179 Similar to the second image sensor 420 llustrated in Figure 44 and described
above, the second image sensor 820 may have fixed exposure settings {¢.g., based on
exposure duration / shutter speed, aperture size, focal length of one or more lenses, SO
sensitivity of the image sensor, etc.). In altemate embodiments, the first image sensor 810
and/or the third imagg¢ sensor 830 may also have fixed exposure settings (rather than variable
exposurc settings). Additionally or alternatively, in some embodiments, the second image

sensor 820 may instead have varnable exposure settings {e.g

fhd

controtled by a controller of the
second image scnsor §20).

1601306} As tllustrated in Figure 8B, a first dynamic range %14 may corresponding to
the first image sensor 810, a second dynamic range 824 may correspond to the second image
sensor §20, and a third dynamic range 834 may correspond to the third image sensor 830,
Also as illustrated, the collective dvnamic range spanned by a svstem including the first
dynamic range 814, the second dynamic range 824, and the third dypamic range 834 may be
larger than any of the dynamic ranges individually.

{60181} Each of the dynamic ranges 814/824/834 mav cormrespond to a range of
fominance levels within the scene {illustrated in Figure 8B using a logarithmic scale for
feminance). As illustrated m Figure 8B, the second dynamic range 824 may correspond to a
higher range of luminance levels than the first dynamic range 814 and the third dypamic
range 834. As such, the second image sensor 820 may be used to detect/identify objects
having a higher luminance than the first image sensor 810 and the third image sensor 830.
For example, an image captured by the second image sensor 820 may be used to identify a
street light (an actively illuminated object) whereas an image captured by the first tmage
sensor 810 may be used to identify a pedestrian {(a passively iHuminated object}.
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{63182} Simularly, as illustrated, the third dynamic range 834 may correspond to a
lower range of lununance levels than the first dynamic range 814 and the second dynamic
range 824. As such, the third image sensor 830 may be used to detect/identify objects having
a lower luminance than the first image sensor 810 and/or the second image sensor 820. For
example, if an image captured by the second image sensor 820 15 used to identify a street
light, and an umage captured by the first image sensor 810 is used to identify a pedestrian, an
image captured by the third image sensor 834 may be used to identify a black cat in a shadow
of a building {a passively illuminated object). In some embodiments, a portion of the third
dynamic range 834 may overlap or encompass the entirety of the first dynamic range 814
Additionally or alternatively, a portion of the third dynamic range 334 may overlap or
encompass the entirety of the second dynamic range 824

{66183} As illustrated by the arrows extending from the first dynamic range 814,
because the first image sensor 8§10 may adjust its exposure settings based on illuminance
sensed by the first image sensor #10, the corresponding first dynamic range 14 may be
varied to span higher or lower luminance values. Analogously, again ilfustrated by the arrows
extending from the third dynamic range 834, because the third image sensor 830 may adjust
its exposure settings based on illuminance sensed by the third image sensor 830, the
corresponding third dynamic range 834 may be varied to span higher or lower luminance
values. In alternate embodiments, the second image sensor 820 may also adjust its exposure
settings based on illuminance sensor by the second image sensor 828, In such embodiments,
the corresponding second dynamic range 824 may be varied to span higher or lower
lununance values.

{60184} Figure 9A illustrates a camera system 900, according to example

embodiments. As iflustrated, the camera system 900 may be disposed adjacent to {e.g.,

66



WO 2019/133177 PCT/US2018/063332

above) or be a part of a sensor unit 202 of a vehicle 200 (as ilhustrated in Figure 2). The
camera system 900 may include a plurality of camera sub-systems {(e.g., cach camera sub-
system being analogous to the camera systern 400 illustrated in Figure 4A). For example, the
camera system 900 may inchude a first camera sub-system 400A that faces forward and a
second camera sub-system 400B that faces backward, relative to the forward direction of
travel of the vehicle 200, The forward-facing camera sub-system 400A may receive light
from a first perspective 902 of a scene and the backward-facing camera sub-system 4008
may receive light from a second perspective 904 of the same scene. In some embodiments,
the camera system 900 may also include a processor (¢.g., analogous to the processor 430
itiustrated in Figure 4A) that is communicatively coupled to the image sensors in the first
camera sub-system 400A and/or the second camera sub-system 400B and configured to
perform object recognifion (¢.g., by executing mstructions stored within a memory).
{60185} In some embodiments, the first perspective 902 and the second perspective
904 may include different objects than one ancther (e.g., the first perspective 902 may
contain a tree while the second perspective 904 contains a stop sign). Additionally or
alternatively, the first perspective 902 may contain actively ithuminated objects and/or
passively illuminated objects. Similarly, the second perspective 904 may contain actively
illaminated objects and/or passively illominated objects. Using the camera system 900,
objects in multiple directions relative to the vehicle 2060 (Le., multiple perspectives based on
the field of view of cach of the image sensors of the camera systerm 900} may be captured and
identified.

[66186] Each of the plurality of camera sub-systemns 400A/400B may include a first
image sensor 4 10A/4198 and a second image sensor 420A/4208. Simular to the first image
sensor 410 and the second image sensor 420 illustrated in Figure 4A, the first image sensor

67



WO 2019/133177 PCT/US2018/063332

410A/410B in cach of the camera sub-systems 400A/4008 may have variable exposure
settings controlied by a controller and the second mmage sensor 420A/420B i each of the
camera sub-systems 400A/400B may receive light via a neutral-density filter 422A/422B and
have fixed exposure settings. Also, similar to the first image sensor 410 and the second image
sensor 420 illustrated m Figure 4A, the first image sensor 410A/410B and the second image
sensor 420A/4208 mn cach of the camera sub-systems 400A/4008B may be aligned vertically
with one another. In alternate embodiments, the first image sensor 410A/4108 and the second
image sensor 420A/420B may be aligned differently and/or at different distances with respect
to one another across the plurality of camera sub-systems 400A/400B within the camera
system 900,

{66187} Images captured by cach image sensor 410A/410B/420A/420B from each of
the camera sub-systems 400A/400B may be transmitted to a single computing device {e.g.,
including a processor configured to execute instructions stored within a memorv to perform
object identification}. Alternatively, images captured by each image sensor
410A/410B/420A/4208 from respective camera sub-systems 400A/4008 may be transmitted
to independent, respective computing devices.

60188} Regardless of whether a single computing device or a plurality of computing
devices is performing object recognition/identification, the computing device{(s) may attempt
to save computation time {¢.g., based on object-recogmition mstructions executed by a
processor and stored within a memory) by only searching for objects of a first type in tmages
captured by the first image sensors 410A/410B and only searching for objects of a second
type in images captured by the second image sensors 420A/420B. The first type of objects
may include actively illuminated objects having a slow or coraparable modulation time when
compared with shotter speeds / exposure durations of the first image sensors 410A/4108 and
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the second image sensors 420A/420B, passively illuminated objects, objects moving at high
velocities relative to the shutter speeds / exposure durations of the first image sensors
410A/410B and the second image sensors 420A/4208, or objects having a low luminance
when compared to the rest of the scene. The second type of objects may mclude actively
iHuminated objects having a fast modulation time when compared with shutter speeds /
exposure durations of the first image sensors 410A/410B and the sccond image sensors
420A/420B, objects moving at slow or comparable velocities relative to the shutter speeds /
exposure durations of the first image sensors 410A/410B and the second image sensors
420A/4208, or objects having a high luminance when compared to the rest of the scene.
160189} Figure 9B illustrates an alternative camera system 910 that includes a plurality
of camera sub-systems {cach camera sub-system including respective image sensors). The
camera system 910 may be mounted on a vehicle and images captured by the image sensors
of the camera system 910 may be used for object identification and avoidance and/or for
navigation. A potential direction of travel of a corresponding vehicle is illustrated in Figure
9B by a dashed arrow.

{60156} Figure 9B is a top view of the camera system 910. The camera system 910
itiustrated includes eight camera systems 400 as dlustrated in Figure 4A, spaced around the
periphery of the camera system 910 by angles of between 30° and 60°, for example. The
dashed lines in Figure 9B illustrate possible fields of view for the tmage sensors in the
respective camera systems 400. In some embodiments, the image sensors in the camera
systems 400 mayv have fields of view of between 80° and 100°. Thus, the fields of view of the
camera systems 400 may overlap. As illustrated, camera systems, and corresponding image
sensors, may be assembled 1o a ring formation. The ring formation may be designed such that
the angle and orientation of each individual camera system, and corresponding image sensors,
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is positioned correctly to eliminate blind spots. Thus, the camera systems may work together
1o form a cohesive, circular vision of the surrounding scene. In altermnate embodiments, the
fields of view for each of the camera systems 400 may be different (e.g., 15°, 30°, 45°, 60°,
75°.105°, 120°, 135°, 150°, 165°, 1807, 195°, 210°

2259, 240°, 255° 270°, 285°, 300°,

> >

313°, 3307, 345°, or 360°). In other embodiments, the camera svstems, and corresponding
image sensors, may be asscmbled in non-ring formations {e¢.g., with camera systems at the
corners of a vehicle’s roof).

{66191} Further, in some embodiments, multiple types of camera systems may be used
(c.g., rather than ¢ight instances of a single type of camcra systeny). The different camera
systems may each have different corresponding fields of view. Additionally, in alternate
embodiments, a minimum number of camera systems 400 may be used 1o span the periphery
of the vehicle. For exaraple, if the camera systems 400 used are all the same as one another,
as in Figure 9B, and cach includes image sensors that have a ficld of view between 80° and
100°, only four camera systems may be included in the camera system 910 {e.g., 360° divided
by 90° corresponds to four camera systems).

{66192} In some embodiments, it may be more crucial to detect and avoid objects in
front of the vehicle (i.e., in the direction of travel) rather than behind the vehicle or adjacent
to the vehicle (e.g., perpendicular to the direction of travel). As such, one example camera
systern 920, as dlustrated in Figure 9C, may include additional image sensors on the front-
facing portion of the camera system 920. As illustrated in Figure 9C, the three front-facing
camera sub-systems may each be the camera system 800 tllustrated in Figure 8A. As
ithastrated in Figure 8A, the camera systems 800 include three image sensors, one of which
may be configured to sense low-luminance objects {e.g., a black cat on at night). In this way,
the object detection and avoidance capabilities of the camera system 920 illustrated in Figure

70



WO 2019/133177 PCT/US2018/063332

9C may be improved when compared with the camera system 910 illustrated in Figure 9B.
{66193} Another possible embodiment in which additional image sensors are included
on the front-facing portion of the vehicle is a camera system 930 as llustrated Figure 9D, As
iliastrated, the front-facing portion of the camera system 930 imchudes additional camera sub-
systeras {¢.g., at angles of between 20° and 25° and between -20° and -25° in addition to at
angles between 407 and 507 and between -40° and -50°, relative to the direction of travel)
when compared with the camera systems 910, 920 illustrated in Figures 9B and 9C. Alsc as
ithastrated, 10 addition fo having additional front-facing camera sub-systems, the front-facing
camera sub-systens may include low-light image sensors {e.g., the third image sensor 830 in
the camera system 800 illustrated in Figare 8A). In alternate embodiments, rather than
additional camera systems 800 as illustrated i Figure 8A being mcladed in the front-facing
portion of the vehicle, additional camera systems 400 as iHustrated m Figure 4A and/or other

additional camera systems may be included in the camera system 930,

V. Example Processes

{60154} Figure 10 is a flowchart diagram of a method 1000, according to example
embodiments. The method 1000 may be used to detect and/or avoid one or more objects
within the environment of an autonomous vehicle using an image sensing system, for
example. The method 1000 may be performed using the camera system 400 illustrated in
Figure 4A, for example. In alternate embodiments, the method 1000 may be performed using
alternate camera systems.

{66195} At block 1002, the method 1000 includes capturing, by a first umage sensor
having a first dynamic range corresponding to a first range of luminance levels in a scene. a
first image of the scene.
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{60196} At block 1004, the method 1000 includes capturing, by a second image sensor
having a second dynamic range corresponding to a second range of luminance levels in the
scene, a second image of the scene. The second image sensor captures the second image of
the scene via a neutral-density filter. The second range of luminance levels includes
tuminance levels that are higher than the first range of luminance levels,

{60197} At block 1006, the method 1000 includes identifying, by a processor coupled
o the first image sensor and the second tmage sensor, a first object of a first object type in the
first image. The first object type has an expected lumuinance within the first range of
lununance levels.

160198} At block 1008, the method 1000 includes identifying, by the processor, a
second object of a second object type in the second tmage. The second object type has an

expected huminance within the second range of luminance levels.

V. Conclusion

{66199} The present disclosure is not to be imited n terms of the particular
embodiments described mn this application, which are intended as iHlustrations of various
aspects. Many modifications and variations can be made without departing from its spirit and
scope, as will be apparent to those skilled m the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated herein, will be
apparent to those skilled in the art from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the appended claims.

[6G200] The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. Inthe
Figures, similar symbols typically identity similar components, unless context dictates
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otherwise. The example embodiments described herein and in the Figures are not meant to be
limiting. Other embodiments can be utilized, and other changes can be made, without
departing from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
iliustrated 1n the Figures, can be arranged, substituted, combined, separated, and designed in a
wide variety of different configurations, all of which are explicitly contemplated herein.
{60201 The particular arrangements shown 1n the Figures should not be viewed as
himiting. It should be understood that other embodiments can include more or less of each
clement shown in a given Figure. Further, some of the illustrated clements can be combined
or omitted. Yet further, an example embodiment can inchude elements that are not illustrated
in the Figures.

{60202} While varnous aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of tlustration and are not intended to be

himiting, with the true scope being indicated by the following claims.
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