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exterior using the light ranging devices and comparing the
scans with the model of the vehicle previously constructed.
Upon detecting changes to the vehicle exterior, an appro-
priate response may be issued by the light ranging system.
[0013] In some embodiments, a computer can provide an
interactive user interface for tracking a group of vehicles on
which light ranging systems are installed. The interface can
be provided by a server computer or a client computer. A
computer can receive information about one or more risk
breaches determined using the light ranging systems. Meta-
data about the one or more risk breaches can be stored in a
driver’s profile. Such metadata can be displayed on a map in
association with an icon representing a vehicle of a particu-
lar driver.

[0014] In some embodiments, a computer system can
display a map of vehicles at corrected positions using light
ranging data collected from light ranging systems installed
on a group of vehicles. The light ranging data collected from
the light ranging systems installed on the group of vehicles
can be used to correct position data determined via a first
technique, e.g., GPS. For example, the light ranging data can
be aligned to a portion of a physical map to determine the
corrected position data for a vehicle.

[0015] Other embodiments are directed to systems and
computer readable media associated with methods described
herein.

[0016] A better understanding of the nature and advan-
tages of embodiments of the present invention may be
gained with reference to the following detailed description
and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0018] Illustrative embodiments are described with refer-
ence to the following figures.

[0019] FIG. 1 shows an exemplary light ranging system
having a scanning lidar device installed on top of a vehicle
according to some embodiments.

[0020] FIG. 2 shows an exemplary light ranging system
having a solid-state lidar device installed on top of a vehicle
according to some embodiments.

[0021] FIG. 3 shows a block diagram of an exemplary
lidar device for implementing various embodiments.
[0022] FIGS. 4A and 4B show an exemplary light ranging
system having three light ranging devices installed on a
vehicle according to some embodiments.

[0023] FIG. 5 shows a flowchart for calibrating a light
ranging system according to some embodiments.

[0024] FIG. 6 shows how a light ranging system on a
vehicle may survey an environment around the vehicle
according to some embodiments.

[0025] FIGS. 7A and 7B show flowcharts illustrating
methods of using a light ranging system of a vehicle to
detect a risk breach involving the vehicle according to some
embodiments.

[0026] FIG. 8 shows a flowchart for detecting changes to
a vehicle using a light ranging system according to some
embodiments.
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[0027] FIG. 9 illustrates an exemplary website dashboard
with data of one or more drivers’ usage of a vehicle
displayed via a user interface according to some embodi-
ments.

[0028] FIG. 10 illustrates examples of safety events by
category that combine to create the overall driving score of
a driver and of a fleet according to some embodiments.
[0029] FIG. 11 illustrates examples safety breakdown sec-
tion of the dashboard in an alternate view according to some
embodiments.

[0030] FIGS. 12-13 illustrate similar dashboard informa-
tion illustrated in FIGS. 9-11 but for a particular user
according to some embodiments.

[0031] FIG. 14 illustrates an example driving log for a
particular user according to some embodiments.

[0032] FIG. 15 illustrates a live view routes page for a
particular driver according to some embodiments.

[0033] FIGS. 16-17 illustrate another example feature for
viewing a specific safety event for a particular user accord-
ing to some embodiments.

[0034] FIG. 18 is a flowchart illustrating a method for
using ranging data collected from a light ranging system
installed on a vehicle according to embodiments of the
present disclosure.

[0035] FIG. 19 illustrates a live view of a vehicle moni-
toring system according to some embodiments.

[0036] FIG. 20 illustrates an example live view having a
visualization of all fleets displayed on a map according to
some embodiments.

[0037] FIG. 21 is a flowchart illustrating a method for
using light ranging data collected from light ranging systems
installed on a group of vehicles according to some embodi-
ments.

[0038] FIG. 22 is a flowchart of a method for using light
ranging data collected from light ranging systems installed
on a group of vehicles according to some embodiments.
[0039] FIG. 23 shows a vehicle monitoring system accord-
ing to some embodiments.

[0040] FIG. 24 shows a block diagram of exemplary
computer system for implementing various embodiments.

TERMS

[0041] The following terms may be helpful for describing
embodiments of the present technology.

[0042] The term “ranging,” particularly when used in the
context of methods and devices for measuring an environ-
ment and assisting with vehicle operations, may refer to
determining a 2D or 3D distance or a distance vector from
one location or position to another location or position.
“Light ranging” may refer to a type of ranging method that
makes use of electromagnetic waves to perform ranging
methods or functions. Accordingly, a “light ranging device”
may refer to a device for performing light ranging methods
or functions. “Lidar” or “LIDAR” may refer to a type of
light ranging method that measures a distance to a target by
illuminating the target with a pulsed laser light, and there-
after measure the reflected pulses with a sensor. Accord-
ingly, a “lidar device” or “lidar system” may refer to a type
of light ranging device for performing lidar methods or
functions. A “light ranging system” may refer to a system
comprising at least one light ranging device, e.g., a lidar
device. The system may further comprise one or more other
devices or components. in various arrangements.

27



US 2019/0178998 Al

[0043] “Location” and “position” may be used synony-
mously to refer to a point in two or three-dimensional space
that may be represented as having an X, y, and z coordinate.
In certain contexts, a location or position can be temporal as
opposed to physical.

[0044] “Scan” and “scanning” may refer to performing
one or more measurements of an object or an environment
from one or more locations using a light ranging device. A
scan may be of a vehicle’s exterior. A “vehicle exterior” or
“the exterior of a vehicle” may refer to the outermost surface
of the vehicle.

[0045] A “model” may be a digital representation of a
physical object. For example, a model of a vehicle exterior
may be a digital representation of the exterior of the vehicle,
such as a three-dimensional or two-dimensional visual rep-
resentation. The visual representation may take the form of
a collection of points having positions in a two-dimensional
or three-dimensional space, or a mesh having vertices at
various positions in a two-dimensional or three-dimensional
space. The representation may further be displayed and
viewed by a user.

[0046] A “proximity” or a “proximity value” may refer to
a type of risk value that relates to the potential for an
environmental object to collide with the vehicle. It may be
a function of various factors including the distance between
the environmental object and the vehicle, the velocity of the
environmental object relative to the vehicle, the direction in
which the environmental object may be travelling relative to
the vehicle, and any other factors that may be relevant to the
risk of a potential collision between the vehicle and the
environmental object.

[0047] A “risk value” may refer to a derived value that
relates to a risk of potential harm to the vehicle or the driver
of the vehicle. One example of a risk value may be a
proximity value as described above, which relates to the
potential for vehicle collisions with environmental objects.
Other examples of risk values may include values that relate
to the likelihood that the vehicle might tip over as a result of
turning too quickly, that the driver might be distracted while
driving the vehicle, or any other risks that may be deter-
mined based on data collected by the light ranging system as
described in embodiments of the present technology. The
risk value may be determined based on data, such as ranging
data, collected by components of the light ranging system,
such as one or more light ranging devices and any calibra-
tion devices. While embodiments may be described herein
with respect to using proximity values, it is understood that
other types of risk values may also be used to implement
various alternative embodiments of the present technology.
[0048] A “coordinate frame” may refer to a three-dimen-
sional coordinate system having an X, y, and z dimension
that may be used to define data points in a model of the
vehicle exterior and/or additional environmental structures
around the vehicle, wherein the model of the vehicle exterior
may be in the form of a mapping comprising a plurality of
data points corresponding to points on the vehicle exterior
and/or the surfaces of environmental structures.

DETAILED DESCRIPTION

[0049] According to certain embodiments, methods and
systems disclosed herein relate to calibrating and using a
light ranging system to assist with operating a vehicle. The
following sections of the detailed description will discuss
the architecture of the light ranging system, how the light
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ranging systems may be calibrated by a user, and how the
system may be used to track environmental objects while the
vehicle is in motion, detect changes in the vehicle’s exterior,
and perform other functions to facilitate vehicle operations.
[0050] In embodiments, the light ranging system may be
completely independent from the vehicle’s systems with the
exception of receiving power from the vehicle. Rather than
using data supplied by the vehicle, the light ranging system
may perform its sensing, analytical, and other processing
functions solely based on data collected by light ranging
devices comprised within the light ranging system. There-
fore, a light ranging system may not be connected to the
vehicle controller area network (CAN) bus. This kind of
independence may allow the light ranging system to be
easily adapted to any vehicle using the calibration methods
described in this application.

1. EXEMPLARY LIGHT RANGING DEVICE

[0051] FIGS. 1-2 show automotive light ranging devices,
also referred to herein as LIDAR systems, according to some
embodiments. The automotive application for the LIDAR
systems is chosen here merely for the sake of illustration and
the sensors described herein may be employed in any
vehicle or fleet of vehicles, e.g., boats, aircraft, trains, etc.,
or in any application where 3D depth images are useful, e.g.,
in medical imaging, geodesy, geomatics, archaeology, geog-
raphy, geology, geomorphology, seismology, forestry, atmo-
spheric physics, laser guidance, airborne laser swath map-
ping (ALSM), and laser altimetry. According to some
embodiments, a LIDAR system, e.g., scanning LIDAR
system 101 and/or solid state LIDAR system 203, may be
mounted on the roof of a vehicle 105 as shown in FIGS. 1
and 2.

[0052] The scanning LIDAR system 101 shown in FIG. 1
can employ a scanning architecture, where the orientation of
the LIDAR light source 107 and/or detector circuitry 109
can be scanned around one or more fields of view 110 within
an external field or scene that is external to the vehicle 105.
In the case of the scanning architecture, the emitted light 111
can be scanned over the surrounding environment as shown.
For example, the output beam(s) of one or more light
sources (such as infrared or near-infrared pulsed IR lasers,
not shown) located in the LIDAR system 101, can be
scanned, e.g., rotated, to illuminate a scene around the
vehicle.

[0053] In some embodiments, the scanning, represented
by rotation arrow 115, can be implemented by mechanical
means, e.g., by mounting the light emitters to a rotating
column or platform. In some embodiments, the scanning can
be implemented through other mechanical means such as
through the use of galvanometers. Chip-based steering tech-
niques can also be employed, e.g., by using microchips that
employ one or more MEMS based reflectors, e.g., such as a
digital micromirror (DMD) device, a digital light processing
(DLP) device, and the like. In some embodiments, the
scanning can be effectuated through non-mechanical means,
e.g., by using electronic signals to steer one or more optical
phased arrays.

[0054] FIG. 2 shows an exemplary light ranging system
having a solid-state lidar device installed on top of a vehicle
according to some embodiments. For a stationary architec-
ture, like solid state LIDAR system 203 shown in FIG. 2,
one or more LIDAR flash LIDAR subsystems (e.g., 203a
and 2035) can be mounted to a vehicle 205. Each solid state
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LIDAR unit can face a different direction (possibly with
partially and/or non-overlapping fields of views between
units) so as to capture a composite field of view that is larger
than each unit is capable of capturing on its own.

[0055] In either the rotating or stationary architectures,
objects within the scene can reflect portions of the light
pulses that are emitted from the LIDAR light sources. One
or more reflected portions then travel back to the LIDAR
system and can be detected by the detector circuitry. For
example, in FIG. 1, reflected portion 117 can be detected by
detector circuitry 109. The detector circuitry can be disposed
in the same housing as the emitters. Aspects of the scanning
system and stationary system are not mutually exclusive and
thus can be used in combination. For example, the individual
LIDAR subsystems 203a and 2035 in FIG. 2 can employ
steerable emitters such as an optical phased array or the
whole composite unit may rotate through mechanical means
thereby scanning the entire scene in front of the LIDAR
system, e.g., from field of view 219 to field of view 221.

[0056] FIG. 3 illustrates a more detailed block diagram of
a rotating LIDAR system 301 according to some embodi-
ments. More specifically, FIG. 3 optionally illustrates a
rotating LIDAR system that can employ a rotary actuator on
a rotating circuit board, which receives power and transmits
and receives data from a stationary circuit board.

[0057] LIDAR system 301 can interact with one or more
instantiations of user interface hardware and software 315.
The different instantiations of user interface hardware and
software 315 can vary and may include, e.g., a computer
system with a monitor, keyboard, mouse, CPU and memory;
a touch-screen in an automobile; a handheld device with a
touch-screen; or any other appropriate user interface. The
user interface hardware and software 315 may be local to the
object upon which the LIDAR system 301 is mounted but
can also be a remotely operated system. For example,
commands and data to/from the LIDAR system 301 can be
routed through a cellular network (LTE, etc.), a personal area
network (Bluetooth, Zigbee, etc.), a local area network
(WiFi, IR, etc.), or a wide area network such as the Internet.

[0058] The user interface hardware and software 315 can
present the LIDAR data from the device to the user but can
also allow a user to control the LIDAR system 301 with one
or more commands. Example commands can include com-
mands that activate or deactivate the LIDAR system, specify
photo-detector exposure level, bias, sampling duration and
other operational parameters (e.g., emitted pulse patterns
and signal processing), specify light emitters parameters
such as brightness. In addition, commands can allow the
user to select the method for displaying results. The user
interface can display LIDAR system results which can
include, e.g., a single frame snapshot image, a constantly
updated video image, an accumulated image of data over
time into a map, a simplified projected view of a three-
dimensional environment around a vehicle, associated data
overlaid on the lidar data like color or texture, and/or a
display of other light measurements for some or all pixels
such as ambient noise intensity, return signal intensity,
calibrated target reflectivity, target classification (hard tar-
get, diffuse target, retroreflective target), range, signal to
noise ratio, target radial velocity, return signal temporal
pulse width, signal polarization, noise polarization, and the
like. In some embodiments, user interface hardware and
software 315 can track distances of objects from the vehicle,
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and potentially provide alerts to a driver or provide such
tracking information for analytics of a driver’s performance.
[0059] In some embodiments, the LIDAR system can
communicate with a vehicle control unit 317 and one or
more parameters associated with control of a vehicle can be
modified based on the received LIDAR data. For example,
in a fully autonomous vehicle, the LIDAR system can
provide a real time 3D image of the environment surround-
ing the car to aid in navigation. In other cases, the LIDAR
system can be employed as part of an advanced driver-
assistance system (ADAS) or as part of a safety system that,
e.g., can provide 3D image data to any number of different
systems, e.g., adaptive cruise control, automatic parking,
driver drowsiness monitoring, blind spot monitoring, colli-
sion avoidance systems, etc. When a vehicle control unit 317
is communicably coupled to light ranging device 310, alerts
can be provided to a driver or a proximity of an object (e.g.
a shortest distance between the object and the vehicle
exterior) can be tracked, such as for evaluating a driver.
[0060] The LIDAR system 301 shown in FIG. 3 includes
the light ranging device 310. The light ranging device 310
includes a ranging system controller 350, a light transmis-
sion (Tx) module 340 and a light sensing (Rx) module 330.
Ranging data can be generated by the light ranging device by
transmitting one or more light pulses from the light trans-
mission module 340 to objects in a field of view surrounding
the light ranging device. Reflected portions of the transmit-
ted light are then detected by the light sensing module 330
after some delay time. Based on the delay time, the distance
to the reflecting surface can be determined. Other ranging
methods can be employed as well, e.g. continuous wave,
Doppler, and the like.

[0061] The Tx module 340 includes an emitter array 342,
which can be a one-dimensional or two-dimensional array of
emitters, and a Tx optical system 344, which when taken
together can form an array of micro-optic emitter channels.
Emitter array 342 or the individual emitters are examples of
laser sources. The Tx module 340 further includes optional
processor 345 and memory 346, although in some embodi-
ments these computing resources can be incorporated into
the ranging system controller 350. In some embodiments, a
pulse coding technique can be used, e.g., Barker codes and
the like. In such cases, memory 346 can store pulse-codes
that indicate when light should be transmitted. In one
embodiment the pulse-codes are stored as a sequence of
integers stored in memory.

[0062] The Rx module 330 can include sensor array 336,
which can be, e.g., a one-dimensional or two-dimensional
array of photosensors. Each photosensor (also just called a
sensor) can include a collection of photon detectors, e.g.,
SPADs or the like, or a sensor can be a single photon
detector (e.g., an APD). Like the Tx module 340, Rx module
330 includes an Rx optical system 337. The Rx optical
system 337 and sensor array 336 taken together can form an
array of micro-optic receiver channels. Each micro-optic
receiver channel measures light that corresponds to an image
pixel in a distinct field of view of the surrounding volume.
Each sensor (e.g., a collection of SPADs) of sensor array 336
can correspond to a particular emitter of emitter array 342,
e.g., as a result of a geometrical configuration of light
sensing module 330 and light transmission module 340.
[0063] In one embodiment, the sensor array 336 of the Rx
module 330 can be fabricated as part of a monolithic device
on a single substrate (using, e.g., CMOS technology) that
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includes both an array of photon detectors and an ASIC 331
for signal processing the raw signals from the individual
photon detectors (or groups of detectors) in the array. As an
example of signal processing, for each photon detector or
grouping of photon detectors, memory 334 (e.g., SRAM) of
the ASIC 331 can accumulate counts of detected photons
over successive time bins, and these time bins taken together
can be used to recreate a time series of the reflected light
pulse (i.e., a count of photons vs. time). This time-series of
aggregated photon counts is referred to herein as an intensity
histogram (or just histogram). In addition, the ASIC 331 can
accomplish certain signal processing techniques (e.g., by a
processor 338), such as matched filtering, to help recover a
photon time series that is less susceptible to pulse shape
distortion that can occur due to SPAD saturation and
quenching. In some embodiments, one or more components
of the ranging system controller 350 can also be integrated
into the ASIC 331, thereby eliminating the need for a
separate ranging controller module.

[0064] In some embodiments, one or more of the indi-
vidual components of the Rx optical system 337 can also be
part of the same monolithic structure as the ASIC, with
separate substrate layers for each receiver channel layer. For
example, an aperture layer, collimating lens layer, an optical
filter layer and a photo-detector layer can be stacked and
bonded at the wafer level before dicing. The aperture layer
can be formed by laying a non-transparent substrate on top
of a transparent substrate or by coating a transparent sub-
strate with an opaque film. In yet other embodiments, one or
more components of the Rx module 330 may be external to
the monolithic structure. For example, the aperture layer
may be implemented as a separate metal sheet with pin-
holes.

[0065] In some embodiments, the photon time series out-
put from the ASIC is sent to the ranging system controller
350 for further processing, e.g., the data can be encoded by
one or more encoders of the ranging system controller 350
and then sent as data packets via the optical downlink.
Ranging system controller 350 can be realized in multiple
ways including, e.g., by using a programmable logic device
such an FPGA, as an ASIC or part of an ASIC, using a
processor 358 with memory 354, and some combination of
the above. The ranging system controller 350 can cooperate
with a stationary base controller or operate independently of
the base controller (via pre-programed instructions) to con-
trol the light sensing module 330 by sending commands that
include start and stop light detection and adjust photo-
detector parameters.

[0066] Similarly, the ranging system controller 350 can
control the light transmission module 340 by sending com-
mands, or relaying commands from the base controller, that
include start and stop light emission controls and controls
that can adjust other light-emitter parameters such as emitter
temperature control (for wavelength tuning), emitter drive
power and/or voltage. If the emitter array has multiple
independent drive circuits, then there can be multiple on/off
signals that can be properly sequenced by the ranging
system controller. Likewise, if the emitter array includes
multiple temperature control circuits to tune different emit-
ters in the array differently, the transmitter parameters can
include multiple temperature control signals. In some
embodiments, the ranging system controller 350 has one or
more wired interfaces or connectors for exchanging data
with the light sensing module 330 and with the light trans-
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mission module 340. In other embodiments, the ranging
system controller 350 communicates with the light sensing
module 330 and light transmission module 340 over a
wireless interconnect such as an optical communication link.
[0067] The electric motor 360 is an optional component
needed when system components, e.g., the Tx module 340
and or Rx module 330, need to rotate. The system controller
350 controls the electric motor 360 and can start rotation,
stop rotation and vary the rotation speed.

II. INSTALLATION AND OPERATION OF
LIGHT RANGING SYSTEM

[0068] One or more light ranging devices, such as the
exemplary light ranging device described above with respect
to FIGS. 1-3, may form a light ranging system that may
perform machine vision functions to assist with the opera-
tions of a vehicle. The light ranging system may further
comprise other types of components such as interfaces for
interacting with a user, computer systems for processing
data, other types of sensing devices for collecting data,
communication channels for transferring data between sys-
tem components, and other components that may support the
functionality of the light ranging system.

[0069] FIG. 4A illustrates an exemplary light ranging
system 400 that provides ranging functionality and can assist
with the operation of a vehicle 410, such as a waste truck as
depicted in FIGS. 4A and 4B, according to embodiments of
the present technology. The light ranging system 400 may
comprise three light ranging devices 430 that may be
installed on the vehicle 410 and a control unit 420 that may
process the data collected by the three light ranging devices
430. The location of light ranging devices 430 are for
illustrative purposes only and that in some instances the
devices can be mounted in a recess or similar cavity of the
vehicle so that appear flush or near flush with one or more
exterior surfaces of the car, thereby providing an attractive
aesthetic appearance.

[0070] A. Light Ranging Devices

[0071] The three light ranging devices 430a-430¢ may be
lidar devices, such as the device previously described with
respect to FIGS. 1 and 2. It is understood that any number
of light ranging devices 430 may be installed on the vehicle
410 and that the light ranging devices 430 may be arranged
in a variety of configurations on the vehicle 410 in alterna-
tive embodiments. For example, a light ranging system 400
may comprise only one light ranging device 430 placed on
top of a vehicle 410 as depicted in FIG. 1. In a light ranging
system 400 having multiple light ranging devices 430, the
light ranging devices 430 may be placed around the vehicle
410 as to maximize the amount of the environment sur-
rounding the vehicle the light ranging devices may collec-
tively sense. In other words, the light ranging devices 430
may be placed around the vehicle 410 as to maximize a
coverage area of the light ranging system 400.

[0072] In one embodiment, a first light ranging device
430a may be installed at waist level at a front-left corner of
the vehicle 410 with respect to a top-down view of the
vehicle 410 as shown in FIG. 4A. Similarly, a second light
ranging device 4305 may be installed at waist level at a
front-right corner of the vehicle 410 as shown in FIGS. 4A
and 4B. A third light ranging device 430¢ may be installed
on top and towards the back of the vehicle 410 as shown in
FIGS. 4A and 4B. Using this arrangement, the light ranging
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devices 430 are able to provide good coverage over the
environment surrounding the vehicle 410 with minimal
blind spots.

[0073] Generally, the first light ranging device 430a may
primarily sense parts of the environment to the front and left
sides of the vehicle 410; the second light ranging device
4305 may primarily sense parts of the environment to the
front and right sides of the vehicle 410; and the third light
ranging device 430¢ may primarily sense parts of the
environment above and behind the vehicle 410. However,
there may be substantial overlap between the coverage areas
of the three light ranging devices 430. Furthermore, there
may be regions of the environment that cannot be sensed by
any of the light ranging devices 430, such regions under the
vehicle 410 or immediately behind the vehicle 410 since the
body of the vehicle 410 may block the field of view or line
of sight of one or more light ranging devices 430.

[0074] FIG. 4B illustrates a side view of the vehicle 410
and the light ranging system 400 from FIG. 4A. As seen in
FIG. 4B, the first light ranging device 430a and the second
light ranging device 4305 are positioned at the front of the
truck at about waist level as depicted in FIG. 4B, although
aview of the first light ranging device 430a is blocked by the
second light ranging device 4305. The light ranging devices
430a-430c may comprise one or more laser emitters and
sensors that are able to spin around a vertical axis. In this
way, the light ranging devices 430a and 4305, given their
positions on the vehicle 410, may be able to scan the sides
of the vehicle 410, the front of the vehicle 410, a 270 degree
view of the surrounding environment, and anything else
that’s unobstructed and within the light ranging devices’ 430
field of view, as represented by the dashed lines in FIG. 4B.

[0075] Similarly, the third light ranging device 430c may
be positioned at the top-back portion of the vehicle 410 as
shown in FIG. 4B. Given its positioning and orientation at
an angle, it is able to see both the back and the top of the
vehicle 410 as represented in FIG. 4B by the dashed lines.
Given this set up of the light ranging devices 430, blind spots
may include the regions directly behind the base of the
vehicle 410 and directly under the vehicle 410 as previously
discussed.

[0076] B. Control Unit

[0077] The light ranging devices 430a-430c may survey
(i.e., performing ranging measurements) the environment to
collect ranging data and transfer the ranging data to a control
unit 420. The ranging data may then be processed and
analyzed by the control unit 420. The transfer of the ranging
data may be conducted via a communication channel, which
may be a wired communication channel comprising a cable
that connects the light ranging devices 430 to the control unit
420. Alternatively, the control unit 420 may also be a
wireless communication channel such as Bluetooth or Wi-
Fi. It is understood that the ranging data may also be
processed and analyzed on the light ranging device 430
without having to transfer the ranging data to a separate
control unit 420 or device in alternative embodiments. The
ranging data or processed information (e.g., information
about a breach or other event) can be transmitted wireless to
a vehicle monitoring system 450, e.g., using any suitable
radio technology. In some implementations, vehicle moni-
toring system 450 can communicate with various light
ranging systems on other vehicles, e.g., as described in
section V1.
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[0078] The control unit 420 may be a waterproof computer
that may be installed in the driver’s cabin, such as on the
dashboard. The control unit 420 may comprise a computer
system having a processor and memory for performing
various computational functions, a communicator for inter-
facing and communicating with other devices within or
external to the light ranging system 400, and interface
elements such as a graphical display, speakers, and a camera
for interacting with a driver of the vehicle 410 or any other
users of the light ranging system 400.

[0079] In one embodiment, the control unit may be a
laptop that is attached to the driver’s dashboard. Alterna-
tively, the control unit may also be hardware that is built into
the dashboard of the car in alternative embodiments. In yet
another embodiment, the core processing components of the
control unit 420 may be in a separate device from the
interface elements. For example, the core processing com-
ponents may be in a device that is mounted on top of the
vehicle leaving only the interface elements on the driver’s
dashboard. It is understood that other configurations of the
control unit 420 and its components may be possible in
alternative embodiments.

[0080] The camera of the control unit 420 may be used to
record a video of the driver while the vehicle is in operation.
The camera may further collect visual data that may be used
to track the driver’s gaze and generate a log of eye-tracking
data. The control unit may use the eye-tracking data or
measure head orientation to detect when a driver is dis-
tracted and provide an alert to the driver in such events. The
eye tracking and/or head orientation data may further be
used by a manager to supervise drivers’ performance.
[0081] C. Calibration Device

[0082] The light ranging system 400 may further comprise
a calibration imaging device 440 that may be used to
calibrate the light ranging system 400 by performing a full
body (360-degree) scan of the vehicle 410 to generate a
digital model of the vehicle 410 exterior. For example, a user
may walk around vehicle 410 to obtain a relatively complete
scan of the vehicle’s exterior. The model may be used to
assist with proximity detection as will be described in
greater detail with respect to FIG. 7A.

[0083] The calibration imaging device 440 may be a light
ranging device and may be the same type of light ranging
device, such as a lidar device, as the three light ranging
devices 430a-430c installed on the vehicle 410. It is under-
stood that the calibration imaging device 440 may also be
any device that is capable of performing a scan of the vehicle
410 to produce imaging data (e.g., ranging data) that may be
used to construct a digital model of the vehicle exterior.
[0084] The calibration imaging device 440 may further
comprise a computing system having a processor, a memory,
a touch screen for interacting with a driver or user, and a
communicator, such as a Bluetooth or Wi-Fi transceiver, for
communicating with the control unit 420. For example, the
calibration imaging device 440 may be a tablet device
having the above mentioned components as well as a built-in
lidar sensor. In one embodiment, the processor and memory
of the calibration imaging device 440 may process the
imaging data collected by the built-in lidar sensor and
generate the model of the vehicle 410 exterior. The com-
municator of the calibration imaging device 440 may then
send the model of the vehicle 410 exterior to the control unit
420 for use in proximity detection as will be discussed in
greater detail with respect to FIG. 7A.
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[0085] In an alternative embodiment, the communicator
may send the collected imaging data to the control unit 420
wherein the imaging data is used by the control unit 420 to
generate the model of the vehicle 410 exterior. In yet another
alternative embodiment, the communicator may send the
collected imaging data to a remote server wherein the
imaging data is used by the server to generate the model of
the vehicle 410 exterior wherein the model may then be
transmitted back to the control unit 420.

III. CALIBRATING A LIDAR SENSOR SYSTEM

[0086] The light ranging system 400 described with
respect to FIG. 4 may be calibrated by scanning the vehicle
410 and the light ranging devices 430 installed in the vehicle
410 with a calibration imaging device 440. The scan may
produce imaging data that may be processed and used to
construct a model of the vehicle 410 exterior. The model
may then be subsequently used to detect when something in
the environment may be getting too close to the vehicle 410
exterior.

[0087] FIG. 5 illustrates an exemplary method for cali-
brating a light ranging system of the vehicle according to
embodiments of the present technology. Each step of this
method may be performed using various components of the
light ranging system 400. In addition, the steps may be
automatically initiated at components within the light rang-
ing system 400 or initiated by a user. It is further understood
that one or more steps for calibrating a light ranging system
may not be necessary in alternative embodiments. For
example, the scanning of the vehicle 410 at step 504 and/or
constructing a model of the vehicle 410 at step 506 may be
omitted. Instead, a predefined model of the vehicle may be
loaded from memory. The loaded model may accurately
represent the positioning of the light ranging devices 430 if
the light ranging devices 430 are placed precisely at desig-
nated positions around the vehicle 410.

[0088] A. Install Sensors

[0089] At step 502, a user, such as a driver of the vehicle
410, may install one or more light ranging devices (e.g., 430)
on a vehicle (e.g., 410). Each light ranging device can
include a laser source (e.g., an emitter or an array of
emitters) and a photosensor, which may be part of a sensor
array. Accordingly, a user may install three light ranging
devices 430a-430c¢ into their respective positions as depicted
in FIGS. 4A and 4B. The light ranging devices 430 may be
attached onto the vehicle 410 using tape, screws, or any
other method of attachment. The vehicle 410 may also have
docking stations, mounted onto the vehicle at predetermined
physical positions, for receiving the light ranging devices
430 such that the light ranging devices 430 may easily clip
or slide into their respective docking stations. This may help
to ensure that the light ranging devices 430 are placed into
specific positions that may maximize sensor coverage.
[0090] B. Scan Vehicle

[0091] At step 504, a driver or any other personnel may
use the calibration imaging device 440 to scan the vehicle
410, according to embodiments of the present technology. In
some embodiments, the calibration imaging device 440 and
the light ranging devices 430 mounted on the vehicle 410
may also collect information about the environment to assist
with the calibration process using environmental cues and
reference points. The scanning process may be three-dimen-
sional in nature and the data collected through the scanning
processing may be used to construct a three-dimensional

Jun. 13,2019

model of the vehicle. The scanning process may also gen-
erate data that is used to construct a two-dimensional model
of the vehicle in alternative embodiments.

[0092] A user may use the calibration imaging device 440
to scan the vehicle 410, e.g., through the use of a lidar device
built into the calibration imaging device 440 as previously
discussed. The user may further orient the calibration imag-
ing device 440 at the vehicle to perform a plurality of
measurements of the vehicle 410 exterior while walking all
the way around the vehicle so that a full body (360-degree)
scan of the vehicle may be performed. The user may further
raise the calibration imaging device 440 to a level above or
lower the calibration imaging device 440 to a level below the
vehicle 410 to scan the top and bottom exterior surfaces of
the vehicle. By scanning the vehicle 410 using the calibra-
tion imaging device 440, the calibration imaging device 440
may generate imaging data that may be used to construct a
model of the vehicle 410. The calibration imaging device
440 may be installed in or on a cart that has wheels, thereby
allowing easy movement around the vehicle.

[0093] In one embodiment, as the user moves around the
vehicle with the calibration imaging device 440, the cali-
bration imaging device 440 may determine its own trajec-
tory, and/or position while simultaneously collecting data
and building a three-dimensional model of the environment
comprising the vehicle 410 exterior. The vehicle model can
be obtained by discarding points outside of a loop formed
from the calibration device’s trajectory, as well as the
ground plane.

[0094] Accordingly, the calibration imaging device 440
may collect a sequence of imaging data that is collected over
time and along a trajectory in three-dimensional space. The
calibration imaging device 440 may further receive a stream
of data from the light ranging devices 430 mounted on the
vehicle 410 in a similar format of a continuous sequence of
data collected over time and along a trajectory in three-
dimensional space. The calibration imaging device 440 may
then determine a best fit between the of data received from
the light ranging devices 430 and the calibration imaging
device’s 440 own data sequence that it has collected through
the scanning process. The best fit may be determined using
an iterative closest point algorithm or a variation of the
algorithm as known in the art.

[0095] By determining the best fit across data from the
calibration imaging device 440 and the light ranging devices
430, the calibration imaging device 440 may combine all of
that data into one spatial coordinate system and construct a
model within this coordinate system that would comprise
representations of the vehicle envelope as well as any
environmental structures that the calibration imaging device
440 and the light ranging devices 430 may have scanned and
collected data about as well. Incorporating data about addi-
tional structures in the environment may help improve the
calibration process by using these additional structures as
points of reference in the environment to combine multiple
sensory data streams. This may result in a calibrated model
of the vehicle exterior that is a more accurate representation
of the vehicle exterior. These processes of converting a time
series of imaging data into a three-dimensional map of
points may be performed using a simultaneous localization
and mapping (SLAM) algorithm as known in the art. In
alternative embodiments, these processes may also be per-
formed remotely on a server to reduce computation time or
improve accuracy.
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[0096] Upon scanning the vehicle 410 and the surrounding
environment and constructing a model to represent the
vehicle 410 and the surrounding environment, the model
may be segmented into various components. This may be
done using the calibration imaging device 440, the remote
server, a combination of both, or either device with aid from
an operator. In one embodiment, where the model comprises
the vehicle 410 exterior and a ground plane that the vehicle
410 is on top of, this segmentation process may be per-
formed automatically by incorporating knowledge of gravity
vectors into the model to identify the ground plane.

[0097] Based on the identified ground plane, the three-
dimensional points in the model that exist above the ground
plane may be segmented as being the vehicle envelope.
Additional accuracy may be achieved by providing the
system with a guess about the approximate size, shape, and
location of the vehicle envelope in the accumulated map
either through operator input or through a preloaded three-
dimensional model of the vehicle envelope acquired from
the vehicle manufacturer, from a scan of a previous, but
similar vehicle, or from some other source. As previously
mentioned, the model may also comprise environmental
structures surrounding the vehicle 410. Once the ground
plane and the vehicle 410 are segmented, what remains in
the model may be segmented as being part of the environ-
ment, and may be used later in the calibration process.
Overall, this process may allow the vehicle exterior segment
to be isolated from other elements that may be incorporated
into the model as part of the scanning process.

[0098] In another embodiment, the calibration imaging
device 440 may generate a set of imaging data each time it
performs a measurement of the vehicle 410 exterior at a
particular location. Accordingly, each set of imaging data
may comprise a location of the calibration imaging device
440, a plurality of points on surfaces scanned by the cali-
bration imaging device 440, a distance measure between the
calibration imaging device 440 and each point, and an
angular direction for each point relative to the calibration
imaging device 440.

[0099] In one embodiment, when the calibration imaging
device 440 begins the scanning process, it may set its current
location as an origin position and initialize an X, y, and z axis
to function as references for subsequent position measure-
ments. Accordingly, the current location of the calibration
imaging device 440, being at the origin position, may be
presented as having X, y, and z coordinates of 0,0,0, corre-
sponding to the calibration imaging device’s 440 position in
three-dimensional space relative to the origin position. The
calibration imaging device 440 may then begin to scan the
vehicle 410 by performing a series of measurements of the
vehicle 410 surface as the calibration imaging device 440 is
moved around the vehicle 410 so that measurements at
different angles may be performed. As the calibration imag-
ing device 440 is moved, the calibration imaging device 440
may track its change in position relative to its starting
position (origin position). Thus, for each additional set of
measurements at a new position, the calibration imaging
device 440 may compute a new set of X, y, and z coordinates
for the new position to correspond to a set of imaging data
produced by the measurements of the vehicle 410 exterior at
the new position. It is understood that the calibration imag-
ing device 440 may also measure its location independently
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from an origin position, such as by using a GPS device or
inertial measurement unit (IMU), in alternative embodi-
ments.

[0100] During each measurement of the vehicle exterior,
the calibration imaging device 440 may further measure a
distance vector between points on a surface of the vehicle
410 exterior and the calibration imaging device 440. A
distance vector may be measured for each point that is
within the calibration imaging device’s field of view and
therefore detectable by the calibration imaging device 440.
The distance vector may include both how far the point is
from the calibration imaging device 440 and also the angular
direction of that point relative to the calibration imaging
device 440.

[0101] Accordingly, a measurement of the vehicle 410
exterior may generate imaging data comprising a model
position (ideally corresponding to the physical position) of
the calibration imaging device 440 as well as one or more
distance vectors corresponding to each point on vehicle 410
exterior that has been detected by the calibration imaging
device 440. This imaging data may be stored in an array or
any other suitable data structure. A complete scan of the
vehicle 410 involving multiple measurements of the vehicle
410 exterior from different sensor positions may thus gen-
erate multiple sets of imaging data corresponding to differ-
ent measurements, wherein each set of imaging data com-
prises a position of the calibration imaging device 440 and
multiple distance vectors.

[0102] C. Construct Vehicle Model

[0103] At step 506, the previously generated imaging data
may be processed and used to construct a three-dimensional
model of the vehicle, herein referred to as the primary
model, according to an embodiment. Once the vehicle and
the surrounding area has been scanned and accumulated into
a map, the calibration imaging device 440, the remote server,
a combination of both, or either device with aid from an
operator may segment the map into the vehicle envelop, or
primary model, and the surrounding environment. This step
may be performed automatically by using knowledge of the
earth’s gravity vector in the map coordinate frame to iden-
tify the ground plane, and based on the ground plane, extract
all of the three-dimensional points from the imagery that
exist above the ground plane in the z direction, e.g., lying
within a loop trajectory taken by the calibration imaging
device 440. These points in aggregate are assumed to be the
vehicle envelope. Additional accuracy may be achieved by
providing the system with a guess about the approximate
size, shape, and location of the vehicle envelope in the
accumulated map either through operator input or through a
preloaded three-dimensional model of the vehicle, or from
some other source.

[0104] The primary model may have a coordinate system
and an origin or origin position having x, y, and z coordi-
nates of 0, 0, 0. It is understood that the primary model may
be combined with other models, such as partial, secondary,
and additional models of the vehicle or environment, such
that all the models are merged into the coordinate system of
the primary model so that all the models effectively share the
same origin position. Thus, each of the separate models can
have their own origin within that particular model, but a
translation vector between the coordinate systems effec-
tively makes them have a same origin.

[0105] It is further understood that other approaches to
modelling the vehicle 410 may also be possible in alterna-
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tive embodiments. For example, a two-dimensional model
of a top-down view of the vehicle 410 may be constructed
to represent the outermost lateral boundaries of the vehicle
410. Accordingly, this two-dimensional model may be used
to detect a proximity breach such as whenever an environ-
mental object gets too close to the outer boundaries of the
model, as will be discussed in further detail with respect to
FIGS. 6 and 7. In addition, the two-dimensional model may
further comprise a height measurement of the vehicle 410 to
assist with detecting a proximity breach such as whenever an
environmental object above the vehicle 410 gets too low as
to potentially collide with the vehicle 410.

[0106] Inone embodiment, step 506 may be performed by
a processor in the calibration imaging device 440 and
thereafter transferred to the control unit 420 via a commu-
nication channel. The communication channel may wireless,
such as Bluetooth or Wi-Fi. Alternatively, in another
embodiment, the communication channel may be through a
wired connection. In another embodiment, the imaging data
may also be transferred from the calibration imaging device
via a wireless or wired communication channel and there-
after processed by the control unit 420 to construct the
primary model.

[0107] In one embodiment, the imaging data may be sent
from the calibration imaging device 440 to the control unit
420, which then uses the imaging data to construct the
primary model of the vehicle 410. For example, the control
unit 420 may calculate a position for each point on the
vehicle 410 exterior that was previously measured by the
calibration imaging device 440. The position for each point
may be calculated based on the position of the calibration
imaging device 440, and the distance vector measured for
that point. This calculation may be performed using vector
operations. For example, a first distance vector may be
between an origin position and a position of the calibration
imaging device 440 where a particular measurement of the
vehicle 410 exterior was made. The first distance vector may
then be added to a previously measured second distance
vector between the measured point and the calibration
imaging device 440 to compute a third distance vector
between the point and the origin position, thereby generating
a set of positions.

[0108] Accordingly, the control unit 420 is able to gener-
ate a data set comprising the coordinates of each point
captured in the set of imaging data. Based on this data set of
coordinates, the control unit 420 may then construct a
three-dimensional model to represent the outer surface of the
vehicle 410 by connecting the points together. Each scan and
each corresponding set of imaging data can capture a large
number of points in order to ensure that the resolution of the
primary model is sufficiently high as to be a precise repre-
sentation of the vehicle 410 exterior.

[0109] In one embodiment, the primary model of the
vehicle 410 may be constructed by the calibration imaging
device 440 in real time while the user is using the calibration
imaging device 440 to scan the vehicle 410. The primary
model may further be displayed on a screen of the calibra-
tion imaging device 440 in real time to provide feedback to
the user during the scanning process. Based on the display
of the constructed primary model, the user may be able to
see which parts of the vehicle 410 he has already scanned
and which parts has yet to be scanned. In addition, the user
may also be able to see whether a portion of the scan has a
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low resolution or was scanned improperly and may then
respond by scanning that corresponding portion of the
vehicle 410 again.

[0110] In the course of determining the primary model of
the vehicle, the calibration imaging device 440 may also
capture imaging data of the environment surrounding the
vehicle, which is also accumulated in the map. Once the
primary model is extracted/segmented, the remaining data
may be considered as being the environment and may be
saved on the calibration imaging device 440, on the control
unit 420, or on an external server to be used to determine
sensor positions.

[0111] D. Estimate Sensor Positions

[0112] At step 508, an estimate of the model positions of
each light ranging device 430 may be determined. In one
embodiment, default positions may be used as the estimated
positions or an initial guess for where the light ranging
devices 430 may be. The initial guess may then be subse-
quently refined to determine the actual positions (i.e., physi-
cal positions) of the light ranging devices 430. In one
embodiment, the estimated positions may be determined
based on user input. For example, the calibration imaging
device 440 may comprise a touchscreen that displays a
constructed model of the vehicle 410 to the user, who may
then indicate on the touchscreen the approximate positions
for where the light ranging devices 430 are positioned on the
vehicle 410. The estimate can ensure that the model posi-
tions are corresponding to the physical positions of the light
ranging devices.

[0113] In another embodiment, the estimated positions
may be automatically determined by a processor, either on
the calibration imaging device 440 or the control unit 420 or
an external server. For example, a control unit 420 may
know the housing dimensions of the light ranging device
430 and determine where the housing dimensions of the
light ranging device 430 matches (aligns) with what appears
to be a light ranging device 430 on the primary model. The
one or more housing dimensions can include any combina-
tion of length, width, and height, as well as shape. Upon
finding one or more successful matches on the primary
model with the preconfigured model of the light ranging
device 430, the positions for where the match took place
may be set as the estimated positions for the one or more
light ranging devices 430.

[0114] Accordingly, such extrinsic calibration of each
light ranging device can be obtained by aligning its output
with the primary model and/or with the environment. Since
this alignment process can use an initial guess in order to
converge, embodiments can use a method similar to random
sample consensus. For example, random orientations and
positions (up to 100,000 times) can be selected until a large
majority of points are well-aligned. Points similar to those
that are well-aligned (e.g., minor offsets with the random
number) can be selected so as to refine the search near the
well-aligned points, thereby focusing the search.

[0115] E. Refine Calibration

[0116] At step 510, additional scans of the vehicle 410
may be performed using the installed light ranging devices
430. In one embodiment, these scans may produce imaging
data in a similar format as discussed above with respect to
scans using the calibration imaging device 440.

[0117] At step 512, additional secondary models of the
vehicle 410 may be constructed based on the imaging data
produced from these scans. In one embodiment, these sec-
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ondary models may be partial models of the vehicle 410
given that the light ranging devices 430 are stationary and
mounted on the vehicle 410 such that they may only have a
partial view of the vehicle 410. In one embodiment, these
secondary models may be combined into a single composite
model by stitching these secondary models together. For
example, this may be done by merging the secondary models
at the regions in which the models and the fields of view of
the corresponding light ranging devices overlap. In another
embodiment, these secondary models may also be handled
separately.

[0118] At step 514, the secondary models may be put into
the same coordinate system as the primary model and
overlaid onto the primary model. In one embodiment, each
secondary model comprises a position of the light ranging
device that generated the secondary model, i.e. a model
position of the light ranging device. Accordingly, each
secondary model may be overlaid onto the primary model
such that the model position of the corresponding light
ranging device on the secondary model aligns with the
estimated position of that same light ranging device on the
primary model.

[0119] At step 516, an error may be computed to measure
how much the secondary model deviates from the primary
model. In one embodiment, this may be computed by
summing a shortest distance from each point on the second-
ary model to a corresponding point on the primary model
across all points of the secondary model. The secondary
model may then be spatially rotated and translated around
the model position of the calibration imaging device 440 on
the secondary model so that the error between the secondary
model and the primary model may be minimized. This may
involve multiple iterations of rotating and translating the
secondary model and computing the error to determine
whether the error is decreased as a resolution of the rotation.
[0120] At step 518, the calculated error may be used to
perform a series of steps that further refines the positions of
the light ranging devices 430 on the primary model. This
may involve iteratively moving the estimated position of a
light ranging device 430, overlaying the secondary model
over the primary model once again at the new estimated
position, and computing a new error value between the
secondary model and primary model. The new error value
corresponding to the new estimated position of the second-
ary model may be compared to a previous error value
corresponding to a previous estimated position to determine
whether there has been an increase or decrease in the error.
The estimated position of the light ranging device 430 may
then be once again moved in the same direction if there was
a decrease in the error, or in a different direction if there has
been an increase in the error or in a direction determined by
evaluating the local gradient of the underlying optimization
problem. These steps may be repeated until the error has
been minimized, at which point the last estimated location
for the light ranging device 430 may be set as the finalized
position for the light ranging device 430.

[0121] In this way, the space of possible estimated posi-
tions may be explored to determine the position that mini-
mizes the error. Solving for the absolute minimum of the
solution space may use various optimization techniques,
such as steepest descent, conjugate gradient, or quasi-New-
ton methods.

[0122] Once the positions of the light ranging devices 430
have been finalized, the secondary models may then be used
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to further refine the rest of the primary model. In one
embodiment, the secondary models may be used to correct
deficiencies in the primary model. For example, if there is
consensus between two light ranging devices 430 on the
correct contours of the exterior of the vehicle 410 at a region
in which the fields of view of the two light ranging devices
430 overlap, and the deviations between the secondary
models and the primary model is relatively small (e.g.,
below a certain predetermined threshold), then the primary
model may be updated to match the secondary models in
those regions in which the primary model deviates from the
secondary models. In another embodiment, the secondary
models may also be used to provide an alert to the user if a
scanning error is suspected in a region of the primary model.
For example, if there is a large deviation from a secondary
model relative to a primary model, then an alert may be
issued to the user to inspect that region to ensure that the
calibration measurements were done properly.

[0123] In one embodiment, the positions of the light
ranging devices 430 and the primary model of the vehicle
410 may be refined at the calibration imaging device 440 and
thereafter sent to the control unit 420. In an alternative
embodiment, the unrefined primary model and positions of
the light ranging devices 430 may be sent to the control unit
420 where the refining procedures take place. In a further
embodiment, the unrefined primary model and secondary
models may be sent to an external server where the refining
procedures take place and then transmitted back to the
control unit 420 and calibration imaging device 440 for
review and operation. It is understood that the processes
involved in calibrating the light ranging system 400 may be
allocated in other ways between calibration imaging device
440, control unit 420, and any other components of the light
ranging system 400 in alternative embodiments.

[0124] At step 520, the light ranging system 400 may
further verify that the calibration of the light ranging system
400 is accurate. In one embodiment, this may be performed
manually, by having the user walk up to the vehicle 410 and
use their hand to touch the vehicle’s 410 exterior to ensure
that the light ranging system 400 is able to detect that the
distance between the hand or wand and the vehicle 410
exterior has passed a predetermined threshold, as will be
described in further detail with respect to FIGS. 6 and 7. It
is understood that other automated methods may also be
implemented for verifying a calibration of the light ranging
system 400 in alternative embodiments.

IV. TRACKING ENVIRONMENTAL OBJECTS

[0125] Once the light ranging system, including the pri-
mary model of the vehicle and the positions of the light
ranging devices on the primary model, has been calibrated,
the light ranging system may be use used to assist with
operating the vehicle. For example, the light ranging system
may detect when objects or surfaces in the environment are
getting too close to the vehicle or when the objects are
moving towards the vehicle at a high velocity. The light
ranging system may then further help a driver of the vehicle
avoid potential collisions. Similarly, the light ranging system
may also detect when the vehicle is turning too quickly and
thereby assist the driver with controlling the vehicle to
prevent the vehicle from rolling over. How a light ranging
system uses the primary model of the vehicle for tracking
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environmental objects and surfaces and assisting with
vehicle operations is discussed herein with respect to FIGS.
6 and 7.

[0126] A. Illustrative Scenario

[0127] FIG. 6 illustrates an exemplary scenario where a
driver may be driving a vehicle 600 installed with a light
ranging system (e.g., light ranging system 400 of FIG. 4).
The vehicle 600 may be in an environment, such as a section
of road near a pedestrian crosswalk. The environment may
further include one or more environmental objects 620a-
620d, such as a tree, a pedestrian, a car, or a cyclist. These
objects may further comprise environmental surfaces that
may potentially come into contact with the vehicle 600 if
they get too close to the vehicle 600.

[0128] As shown in FIG. 6, the vehicle 600 may be
installed with three light ranging devices 630a-630c. These
light ranging devices may survey the environment around
the vehicle 600 and generate ranging data. The ranging data
may be sent to a control unit (e.g., installed on the dashboard
of the vehicle 600) where the ranging data may be pro-
cessed. The control unit (e.g., control unit 420 in FIG. 4) of
the light ranging system may maintain a primary model of
the vehicle 600 generated during the calibration process
discussed with respect to FIG. 5, wherein the primary model
includes the positions of the three light ranging devices.
[0129] The control unit may define a vehicle coordinate
frame, having an origin at the position of the first light
ranging device 630a with origin at X, y, and z coordinates of
0,0,0 and orientation alpha, beta, gamma (0,0,0) defined
along the primary axes of the first light ranging device 630a
such that all other positions and measurements (e.g., mea-
surements made by the second light ranging device 6305 and
the third light ranging device 630c¢) are defined relative to
the vehicle coordinate frame. Additionally, the primary
model of the vehicle envelope would be translated into the
vehicle coordinate frame. The ranging data collected by the
light ranging devices may be used to compute proximity
values for points on environmental objects and surfaces
relative to the primary model of the vehicle 600. A proximity
value, may refer to the extent in which environmental
objects or surfaces are physically and geometrically
approaching the vehicle as to place the vehicle at risk of
collision. In alternative embodiments, a more generalized
risk value may also be determined to measure the likelihood
of other dangers relating to the operation of the vehicle, such
as whether a vehicle may be turning too quickly such that it
has a risk of tipping over. A risk value may be determined
based on additional measurements and derived measure-
ments about a vehicle’s trajectory, such as a vehicle’s
rotational velocity that may be determined based on changes
to reference points in the environment within a coordinate
frame of a model of the vehicle and the environment, or
determined by simultaneous localization and mapping tech-
niques that may be used for estimating vehicle odometry.
[0130] The proximity of environmental objects and sur-
faces may be compared with a threshold proximity value to
determine when there may be a risk that environment objects
and surfaces may collide with the vehicle 600. In one
embodiment, proximity of environmental objects and sur-
faces may be defined based on the distances of the environ-
mental objects and surfaces such that the system may detect
when environmental objects and surfaces are getting too
close to the vehicle 600 when the proximity of the environ-
mental objects and surfaces satisfy the proximity threshold.
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Accordingly, the threshold proximity value may be repre-
sented as a threshold distance and applied to the primary
model so that the control unit may construct a proximity
shell 610 around the primary model to represent a region
around the vehicle exterior where the proximity threshold
may be breached.

[0131] It is understood that proximity may also be defined
based on other factors, such as a function of the distance and
relative velocity between an environmental object and the
exterior of the vehicle. For example, an environmental
object may be located at a substantial distance away from the
vehicle 600, such as being 10 meters away from the vehicle,
but have a relative velocity that is moving quickly towards
the vehicle, such as a relative velocity towards the vehicle
600 of 20 meters per second. The velocity can be determined
using changes over time in the distance vector from a light
ranging device to a particular environmental object (sur-
face). A function may then be applied to the distance and
relative velocity of the object to determine an overall
proximity value corresponding to the environmental object
wherein the overall proximity value may exceed a proximity
threshold. For instance, a time-to-contact value can be
calculated for all points in the environment using the esti-
mated velocity and position of every point with respect to
the vehicle.

[0132] B. Tracking Vehicle Trajectory (Odometry)
[0133] As mentioned above, a risk value may be deter-
mined based on additional measurements and derived mea-
surements about a vehicle’s trajectory. Once the light rang-
ing system (potentially including the primary model of the
vehicle and the model positions of the light ranging devices)
has been calibrated, the light ranging system may be use
used to assist with operating the vehicle. In one example, the
light ranging system can detect, using image data, where the
vehicle is at a given location relative to the ground or where
the vehicle is at a given location relative to stationary objects
in its environment, e.g., obtaining a trajectory of the vehicle.
[0134] The odometry techniques, also known as “open-
loop SLAM”, can iteratively perturb or update the trajectory
using sensor data (e.g., ranging data) such that sensor data
is locally consistent, so as to recover a best estimate of
vehicle trajectory given the sensor data. For example, a set
of points previously sampled by light ranging may be
considered locally consistent if, after the points have been
transformed according to the ftrajectory, the distance
between every point to one or more spatially proximal other
points (sampled at a later time) is minimized for a majority
of said subset. The points within the majority (inliers) may
be assumed to correspond to static objects in the environ-
ment, and the remainder points may be assumed to corre-
spond to moving objects or outliers caused by sensor noise,
atmospheric effects, and so on. The inlier set (i.e., data points
for static objects) may be stored for use in determining one
or more variables (e.g., speed, velocity, acceleration, etc.)
and one or more risk values.

[0135] Motion distortion can arise when a lidar system and
other sensors continuously output data (e.g. by scanning at
a high rate) or by outputting data at different rates relative to
one another, so that within the duration of one frame (e.g. 0.1
seconds), various data sampled at different times within the
frame may correspond to different vehicle positions when
the vehicle is moving. Some embodiments can partially
compensate for motion distortion using an external pose
source, such as an inertial navigation system or visual
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odometry, and then treat the point clouds rigidly. In such
methods, inevitable drift in motion estimates can cause each
point cloud to remain slightly warped, hampering registra-
tion accuracy. To achieve the best accuracy, the vehicle’s
trajectory can be solved directly using the lidar point cloud.

[0136] Every point in a current frame can be associated
with the nearest point from the previous frame. Sparsity and
sampling patterns by a lidar can bias the result, and the large
number of points produced by a typical lidar makes real time
performance challenging. Feature extraction can be used to
decimate points for computational efficiency and also to
avoid the influence of sampling bias.

[0137] The literature on rigid point set registration algo-
rithms is largely covered by reviews by Tam et al and
Pomerleau et al. The most well-known of these is iterative
closest point (ICP), and, more recently, generalized ICP and
normal distributions transform. Variants of rigid ICP can
have point clouds preprocessed assuming constant motion
from the previous frame, and then registered. Other imple-
mentations can preprocess point clouds with the motion
estimate from an unscented Kalman filter, then rigidly
registers them with correlative scan matching.

[0138] At the cost of additional complexity, solving for the
vehicle’s continuous motion directly using nonlinear meth-
ods tends to be more accurate than the two-step approach of
de-warping and rigid registration. Among continuous time
methods, two primary techniques are the non-parametric
approach of Gaussian processes and the parametric approach
of interpolating between a discrete set of control poses with
splines or piecewise linear functions. In some embodiments,
a trajectory can be represented as a collection of discrete
samples at an arbitrary rate, which may not be at the same
rate as the frame rate of sensors.

[0139] Parametric approaches can use B-splines or piece-
wise linear functions to interpolate between a discrete set of
control poses, or spline knots. Bibby and Reid proposed
using cubic B-splines to represent 2D rigid motion. Alismail
et al proposed continuous ICP, which models 3D rigid
motions with a cubic B-spline in the six-dimensional space
consisting of a Gibbs rotation vector and xyz translation.
Zhang et al proposed a method which uses a piecewise linear
interpolation in the space of Euler angles and xyz translation
(the paper claims to use the angle-axis representation but the
source code uses Fuler angles) to coarsely estimate the
vehicle’s motion via dead reckoning in the frontend, and
then uses rigid ICP-like registration to correct for drift. Zlot
and Bosse use quaternions and xyz for their rigid body
parametrization, and their algorithm is also divided into a
frontend and a backend, with piecewise linear functions for
the frontend sliding window filter and cubic B-splines for a
batch optimization in the backend. Dube et al modify the
front end of the algorithm of Zlot and Bosse to use non-
uniform knot spacing between piecewise linear interpola-
tion. This results in a more computationally efficient open
loop front end.

[0140] Spline representations of 3D rigid motions are
challenging because it is difficult to rigidly transform
smooth splines, and rigid motion parametrizations become
ambiguous or singular for large rotations. Anderson and
Barfoot sidestep the issue by modelling the velocity instead
of the pose with cubic B-splines in se (3) space, the Lie
algebra associated with rigid motions. A drawback is that
numerical integration is needed to recover the pose from the
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velocity spline. Small errors in any spline knot may lead to
a large difference in pose in the future.

Method Pose Trajectory
Moosmann Axis-angle + xyz Rigid
Zhang Euler angles + xyz Linear; Rigid

Alismail Gibbs vector + xyz
Zlot Quaternions + xyz

Cubic B-splines
Linear; Cubic B-splines

Anderson se (3) (velocity) Cubic B-splines
Kohler Axis-angle + xyz Rigid with UKF; Rigid
Dubé Axis-angle + xyz Linear (non-uniform)

Table 1: Summary of approaches to lidar pose estimation.
Some methods use different trajectory representations for
the frontend and backend, here separated by a semicolon.
For interpolation-based methods, unless otherwise specified,
control pose spacing is uniform in time.

[0141] By using trajectory parametrization based on com-
posing a plurality of B-splines in 6-dimensional se (3)
space, the vehicle’s motion can be determined. In one
example, the light ranging system can detect vehicle posi-
tion in a busy urban environment.

[0142] The odometry techniques can use light image data
from a light imaging system and estimate the change in the
data over time (e.g., the change in distance vectors over
time). A light ranging system can detect a position of a
vehicle equipped with the light ranging system in real time
using a spinning lidar sensor by directly estimating the
vehicle’s continuous trajectory. In one example, the odom-
etry data collected by the light ranging system can be
supplemented with GPS data to more accurately determine
a position of the car in real time.

[0143] Inone example, the light ranging system can detect
and approximate a surface environment around the vehicle.
The light ranging system can detect which types of surfaces
detected are static surfaces and which types of surfaces
detected are dynamic or moving surfaces. In one example,
the light ranging system can color code objects that the light
ranging system detects are moving objects, stationary
objects, the ground, and humans into different colors.

[0144] In one example, the light ranging data used to
estimate the vehicle’s continuous trajectory can be used as
a factor in determining a breach of risk based on a certain
threshold value of risk. In one example, risk values deter-
mining how much risk is involved in when a vehicle is
operated in a certain way can be more accurate.

[0145] For example, a light imaging system can detect a
stop sign or a traffic light on the road when the vehicle is
operational. When the light imaging system also determines
from map data that there is indeed a stop sign at a given
location, the light imaging system can more accurately
determine if a certain risk or amount of risk was taken when
operating the vehicle at a location generally around the stop
sign. The same SLAM technique used in section III. B can
be the same as used for odometry.

[0146] C. Survey Environment

[0147] FIG. 7A shows a flowchart illustrating a method
using a light ranging system of a vehicle to detect a risk
breach involving the vehicle according to embodiments of
the present technology. As examples, the risk breach can
involve a proximity breach of an object with the vehicle
and/or a breach involving the risk of operation of the vehicle
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as measured by the light ranging system, e.g., using a
trajectory of the vehicle, as may be determined using odom-
etry techniques.

[0148] At step 702, the control unit (e.g., 420 in FIG. 4) of
the vehicle may load the previously constructed and refined
digital model (e.g., the primary model) of the vehicle into
memory. It is understood that step 702 may not need to be
performed in alternative embodiments. For example, the
primary model may already be in memory. Alternatively, the
control unit may also access a primary model of the vehicle
by retrieving it from remotely located device or system, such
as a cloud storage, via a wired or a wireless communication
channel.

[0149] At step 704, the control unit loads the previously
calibrated positions of the three light ranging devices (e.g.,
430 in FIG. 4) on the primary model into memory. Similar
to step 702, step 704 may not need to performed in alter-
native embodiments, such as where the control unit may
access the primary model of the vehicle by retrieving it from
a remotely located storage, such as a cloud storage, using a
wireless communication channel.

[0150] At step 706, the light ranging devices may con-
tinuously survey the environment surrounding the vehicle to
generate ranging data that may be sent to the control unit for
processing. Many measurements of the environment may be
performed every second so that a time sequence of ranging
data may be generated to have sufficient temporal resolution
to capture incremental changes in position for fast moving
objects and surfaces in the environment. In one embodiment,
for example, a high number of scans may be performed
every second so that multiple measurements of an environ-
mental object may be made while the object travels. Mul-
tiple measurements may be made over a short period of time
s0 as to detect a breach within a threshold proximity value,
even when the vehicle is traveling at a speed of over 160
miles per hour.

[0151] The ranging data collected by each of the light
ranging devices may comprise the position of the light
ranging device generating the ranging data. In one embodi-
ment, the position of the light ranging device may be set as
an origin position having x, y, and z coordinates of 0, 0, O,
wherein the origin position may be used as a reference point
for further measurements collected by the light ranging
device. Alternatively, the position of the light ranging device
as represented in the ranging data may have the same
coordinates as the position of the light ranging device as
represented by the primary model of the vehicle.

[0152] In yet another embodiment, the position may also
be defined as a distance vector from an origin position,
wherein the origin position may further correspond to the
origin of the primary model. The ranging data may further
comprise a plurality of distance vectors corresponding to a
plurality of points on objects and surfaces in the environ-
ment. The distance vectors may be defined relative to the
position of the light ranging device generating the ranging
data comprising the distance vectors. A memory can store an
origin position for the primary model, where the one or more
model positions are defined relative to the origin position.
The common coordinate frame can allow the distance vec-
tors to be defined relative to the one or more model positions
of the one or more light ranging devices.

[0153] In addition to surveying the environment around
the vehicle, the control unit may also run a real-time
odometry algorithm, such as a real time simultaneous local-
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ization and mapping (SLAM) algorithm or statistical filter or
some combination thereof, which combines LIDAR data
with any of the following—GPS, IMU, camera and other
vehicle sensor data to estimate the current six degree of
freedom for velocity, acceleration, and position of the
vehicle in the environment. This real time vehicle state
information may be fed into any downstream algorithms that
require knowledge of the current vehicle state (e.g., velocity,
acceleration, etc.) to calculate some types of risk values.
[0154] D. Analyze Ranging Data

[0155] At step 708, the control unit may analyze the
ranging data, which may be in the form of imaging data,
received from the light ranging devices. In one embodiment,
a time sequence of ranging data comprising sets of distance
vectors between a surface of an object and a particular
ranging device at different moments in time may be analyzed
to determine the movement patterns of objects and surfaces
in the environment, while accounting for any movement of
the vehicle. These movement patterns may include informa-
tion about changes in the positions of environmental objects
and surfaces and their velocity, direction, accelerations and
other similarly measures relating to the movement patterns
of environmental surfaces of objects. The control unit may
then use such movement pattern data along with the distance
vectors and positions of points in the environment to gen-
erate projected positions of points in the environment cor-
responding to where the points are predicted to move to after
a predetermined time segment. This predetermined time
segment may, for example, be set to 0.2 seconds, corre-
sponding roughly to a typical reaction time for human
drivers.

[0156] At step 710, the control unit may determine one or
more risk values (e.g., proximity or trajectory values) using
the model of vehicle and all or some points in the environ-
ment, e.g., a reduced set of points. For instance, the location
of clusters of points having a similar distance can be
identified as corresponding to a same environmental surface.
A distance vector can be determined to the geometric
centroid of a cluster of points that have determined to be
associated with one another. The risk value may be a
function of distances or relative velocities between the
vehicle exterior and points in the environment, or any other
measurements derived from the ranging data collected by
the light ranging devices, or any combination of the above,
e.g., to determine a trajectory of the vehicle.

[0157] In one embodiment, the risk values may corre-
spond to distances (e.g., a shortest distance) between points
in the environment and the vehicle exterior. In this embodi-
ment, the ranging data received by the control unit from the
light ranging devices may comprise distance vectors
between points in the environment and the light ranging
devices generating the ranging data. The control unit may
then convert these distance vectors to other distance vectors
that measure shortest distances between all measured points
in the environment and the vehicle exterior as represented by
the primary model. The control unit may also determine
distance vectors that measure shortest distances between the
vehicle exterior as represented by the primary model and the
projected positions of all points in the environment that were
calculated from step 708.

[0158] In other embodiments, the control unit may also
directly determine shortest distances, rather than distance
vectors, between points in the environment and the vehicle
exterior. The shortest distances may be calculated based on

38



US 2019/0178998 Al

the primary model of the exterior of the vehicle and distance
vectors between points in the environment and the light
ranging devices. For example, the distance vectors collected
by the light ranging devices may be defined relative to an
origin position corresponding to the position of the first light
ranging device (e.g., 430a) on the vehicle exterior. The
position of the first light ranging device on the vehicle
exterior can then be matched with the position of the first
light ranging device on the primary model to determine an
X, y, and z coordinate for each point in the environment
using the distance vector corresponding to the point in the
environment. Accordingly, a distance between a point in the
environment and a point on the vehicle exterior may be
determined using the x, y, and z coordinates of the points in
the environment and on the vehicle exterior.

[0159] For each point on the vehicle 410 exterior, a
distance between the point on the vehicle exterior may then
be determined with a closest point in the environment. A
binary search tree, such as a K-D tree may be used to
determine the closest point in the environment to the point
on the vehicle. The distance may then be used as a factor for
calculating the risk value. Other factors, such as relative
velocity and acceleration may also be considered when
calculating the risk value as previously discussed.

[0160] A risk may be defined to encompass other types of
risks relating to the operation of the vehicle. For example, a
rotation velocity for the vehicle may be computed based on
the ranging data collected by the light ranging devices and
used to compute a risk value. The risk value that was
calculated based on the rotation velocity of the vehicle may
be used to detect when the vehicle is at risk of rolling over
when the risk value satisfies a risk threshold. Other motion
variables of a vehicle can also be determined, e.g., velocity
straight ahead or an acceleration.

[0161] In other examples, odometry data may be used, as
determined based on the changes in the distance vectors to
the environmental surfaces. For example, an environmental
surface can be identified as being stationary (static), e.g., by
comparing relative positions of the surfaces to each other at
different times. If two surfaces are static, they will stay at the
same relative positions to each other, whereas a moving
object will become closer or further away from a static
object. Examples of a static surface can be a line marking on
a road. As an alternative, moving objects can be identified,
and then removed, thereby leaving static objects.

[0162] Once static surfaces are identified, changes over
time of the distances vectors to these respective environ-
mental surfaces can provide motion variables, such as veloc-
ity and acceleration. Such motion variables can be deter-
mined in various ways, as described herein. In some
examples, the motion variables can be determined by sub-
tracting the components (i.e., for different ones of three
dimensions) of the distance vectors and determining a
change per unit time, e.g., as a rate, such as speed or velocity.
Differences in such rates can be used to determine an
acceleration. A trajectory of the vehicle can be determined
by determining a relative position compared to stationary
surfaces at each time step. Some stationary surfaces will
move out of range, while other ones will appear, with a
sufficient time overlap to have a common reference frame.
[0163] Some embodiments can assume that a majority of
points in a scene are stationary. Such an assumption would
generally be true, e.g., as the ground and most objects at the
sides of a road would be stationary. A map determined from

Jun. 13,2019

the measurements of the objects in the environment can be
aligned to determine a movement of the vehicle during the
time period between measurements. As an alternative to
using a map determined from the lidar measurements, some
embodiments can localize (align) on a precomputed or
pre-collected static map of the environment, which may be
determined using similar techniques as the map determined
using the vehicle’s lidar. Thus, instead of matching to the
previous couple images from the lidar system, the system
can match its data to the 3D map that is already loaded in
memory. Localizing to a map can be a robust approach that
can provide global positioning information if the map has
been computed into a global frame of reference, as is
discussed in more detail later.

[0164] Accordingly, the calculation of the one or more risk
values can include determining changes over time of the
distance vectors to respective environmental surfaces of the
plurality of environmental surfaces. At least one of the one
or more risk values can correspond to a speed, velocity, or
an acceleration of the vehicle, or combination thereof. For
instance, a risk value can be speed, velocity, or an accel-
eration, or some function thereof. Such a function could be
a weighted sum or average of various motion variables, such
as a speed, a velocity, or an acceleration.

[0165] E. Detect Risk Breach

[0166] At step 712, the control unit 420 may compare the
one or more risk values discussed in step 710 to a risk
threshold to determine whether a risk value exceeds the risk
threshold. Accordingly, a risk breach can be detected based
on a risk value of the one or more risk values exceeding a
threshold value. In various embodiments, a breach detection
might require multiple risk values to exceed respective
thresholds, and other criteria may be used as well.

[0167] There may be different types of risk thresholds
including those based on distance or velocity. For example,
the value of the risk threshold (also referred to as the
threshold value) may be set to 30 centimeters. In such an
example, a risk breach can occur when the risk value is
below the risk threshold. When the risk value relates to a
velocity, the breach may occur when the risk value is greater
than the risk threshold.

[0168] Shortest distances between points in the environ-
ment and the exterior of the vehicle 410 may be extracted
from a set of distances determined from the vehicle’s
exterior to an environmental point. The shortest distance
values may then be compared with the risk threshold (e.g.,
a proximity threshold) to determine whether there is a risk
breach (e.g., a proximity breach). For example, a point on an
object or surface in the environment, such as the branch of
a tree 620a as depicted in FIG. 6, may approach the vehicle
600 and come within 30 centimeters of the vehicle’s exte-
rior. In such an event, the control unit can determine that the
shortest distance between the point on the tree branch and
any point on the vehicle’s exterior (i.e., corresponding to the
primary model) is below the proximity threshold of 30
centimeters and determine that a proximity breach has
occurred.

[0169] It is understood that the threshold value may also
be determined based on additional factors other than dis-
tance in other embodiments, such as a relative velocity or a
relative velocity vector between points in the environment
and the vehicle. For example, if a point on an environmental
surface is moving at a higher relative velocity towards the
vehicle exterior, then the threshold value may be set to be

39



US 2019/0178998 Al

higher than 30 centimeters to provide more of a buffer zone
to allow the control unit to generate a timely response.
[0170] Accordingly, a risk breach can be detected based on
a risk value exceeding a threshold value. In some imple-
mentations, multiple risk values may need to exceed respec-
tive threshold values for a risk breach to be detected. Other
criteria can also be used to detect a risk breach, in addition
to one or more risk values exceeding one or more threshold
values. Examples of such additional criteria can include how
recent another risk breach was detected, road conditions,
time of day, and the like. If the one or more other criteria are
not satisfied, the system can determine that a risk breach did
not occur. Other criteria can include situational information,
e.g., that another car moved suddenly toward the vehicle
thereby causing the driver to suddenly stop or accelerate
away. An abrupt change in the motion of another object can
cause a breach to not be detected or recorded.

[0171] At step 714, if a risk breach is detected, the control
unit may determine a response, such as if a risk value
exceeds a risk threshold (e.g., any of the distance vectors fall
exceed the threshold value). The response may be to gen-
erate an alert to the driver of the vehicle. An alert may be an
audio alert, visual alert, or haptic alert, or any other types of
notifications to a driver or user. A notification may also be
sent to a remotely located computer system to be displayed
to a manager or supervisor. The response may also involve
an automated effect on the operations of the vehicle, such as
changing control of the vehicle. For example, the control
unit may respond by braking and slowing the vehicle down.
The control unit may also brake quickly to stop the vehicle
where appropriate. The control unit may also employ more
advanced control systems that involve steering the vehicle to
avoid obstacles. It is understood that other types of
responses may be utilized in alternative embodiments.
[0172] Multiple proximity thresholds may also be config-
ured to detect different levels of proximity, wherein breach-
ing different threshold levels may trigger different
responses. For example, a first threshold may be set at 50
centimeters wherein detected points in the environment and
calculated projected points that breach such a threshold may
trigger a warning to the driver. A second threshold may
further be set at 30 centimeters where a breach of such a
threshold may trigger some intervention by the control unit
on the operations of the vehicle.

[0173] The extent to which the proximity threshold is
exceeded may also determine an intensity of a response. For
example, where a proximity threshold is set as a distance of
5 meters, exceeding the proximity threshold by 1 meter or
less may trigger a response of applying the brakes of the
vehicle lightly, such as at 20% of maximum. In contrast,
where a proximity threshold is exceeded by 3 meters or
more, the control unit may respond by applying the brakes
at 100% of maximum. As another example, the volume or
repetition rate of an audible alert or the size, color and
brightness of a visual alert may be tuned based on the
severity of the risk. A continuous function may also be used
to map the intensity of a proximity event to the intensity of
a system response, instead of applying discrete thresholds.
[0174] The light ranging system may further detect colli-
sions when a measured proximity reaches a value of zero
such that an environment object or surface makes contact
with the vehicle exterior as represented by the primary
model. In such an event, the light ranging system may
categorize this event as a collision. In response, the light
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ranging system may log the event as well as all data and
analytics performed within a time segment leading up to and
following the event. Such a log may be used subsequently
for evaluating the driver’s performance or diagnosing what
took place, such as for legal or insurance purposes. The
system may log data in response to other predefined risk
events or any other criteria as well.

[0175] The light ranging system may also know when to
suppress a risk breach determination or a response to a
detected risk breach. For example, based on detecting that
the vehicle’s doors are open, such as using the methods
described with respect to FIG. 8, the light ranging system
may determine that the proximity of the vehicle door should
not trigger a proximity breach determination even though it
is below a proximity threshold. Similarly, the light ranging
system may have a connection to the power of the vehicle
and know whether the vehicle is powered on or off. Accord-
ingly, the light ranging system may suppress all risk breach
determinations and associated responses when the vehicle is
powered off. This may help to avoid draining the battery of
the vehicle.

[0176] Responses may also be defined in the event that
one of the light ranging devices goes offline, such as due to
a malfunction. When this happens, the light ranging system
may send an alert to the driver, instruct the driver to use
manual controls and shut off the light ranging system, or
proceed using the remaining light ranging devices that are
still online. It is understood that other responses may also be
used in alternative embodiments.

[0177] In one embodiment, the light ranging system may
provide additional functionality to assist with vehicle opera-
tions based on the data generated by processes involved in
risk detection. For example, the ranging data, the model of
the vehicle, and the calculated risk breaches may be dis-
played to a user on a display of the control unit in the vehicle
dashboard. In the event of a risk breach, the display may
indicate to the user where on the model of the vehicle the
risk breach was detected. Similarly, the light ranging devices
may also provide 360-degree views of the environment in
real time, including functioning as a backup camera when
the vehicle is driven in reverse.

[0178] F. Breach Detection Using Odometry

[0179] FIG. 7B shows a flowchart illustrating a method
using a light ranging system of a vehicle to detect a risk
breach involving the vehicle according to embodiments of
the present technology. The risk breach can involve the risk
of operation of the vehicle as measured by the light ranging
system, e.g., using a trajectory of the vehicle, as may be
determined using odometry techniques.

[0180] At step 722, the light ranging devices may con-
tinuously survey the environment surrounding the vehicle to
generate ranging data that may be sent to the control unit for
processing. The environment can comprise a plurality of
environmental surfaces, and the ranging data can comprise
distance vectors between the one or more light ranging
devices and the plurality of environmental surfaces. Many
measurements of the environment may be performed every
second so that a time sequence of ranging data may be
generated to have sufficient temporal resolution to capture
incremental changes in position for fast moving objects and
surfaces in the environment. Step 722 may be done in the
same way as step 706 from FIG. 7A.

[0181] At step 724, the distance vectors of the ranging data
are analyzed to determine changes over time of the distance
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vectors to respective environmental surfaces of the plurality
of environmental surfaces. The analysis can be performed as
described above in relation to FIG. 7B.

[0182] Atstep 726, one or more risk values are determined
based on the changes over time of the distance vectors to the
respective environmental surfaces. Step 726 may be done in
the same way as step 710 from FIG. 7A. For example, at
least one of the one or more risk values can correspond to a
speed, velocity, or an acceleration of the vehicle.

[0183] At step 728, a risk breach can be detected based on
a risk value of the one or more risk values exceeding a
threshold value. Step 728 may be done in the same way as
step 712 from FIG. 7A.

[0184] At step 730, if a risk breach is detected, a control
unit may determine a response. Step 730 may be done in the
same way as step 714 from FIG. 7A. For example, one or
more alerts may be generated in response to detecting the
risk breach. As another example, a control of the vehicle can
be changed in response to detecting the risk breach.

V. DETECTING CHANGES TO THE VEHICLE
EXTERIOR

[0185] Another exemplary function of a light ranging
system during the operations of a vehicle may be to detect
changes to the vehicle exterior. These changes may include
a movement in a movable component of the vehicle, such as
a door, an arm of a waste truck, or a hood of a convertible
car. These changes may also include a shift in a position of
a light ranging device on the vehicle exterior or a dent or
other kind of damage to the vehicle exterior.

[0186] A. Scanning Vehicle During Operation

[0187] FIG. 8 shows an exemplary method for detecting
changes to the vehicle 410 exterior. At step 802, a control
unit (e.g., 420 of FIG. 4) may load a digital model including
the positions of the light ranging devices (e.g., 430a-c of
FIG. 4) of the vehicle into memory. This may be done in the
same way as steps 702 and 704 from FIG. 7A.

[0188] At step 804, one or more light ranging devices
installed on the vehicle 410 may perform one or more
measurements of the exterior of the vehicle to generate
ranging data, similar to step 706 previously described with
respect to FIG. 7A.

[0189] At step 806, partial secondary models of the
vehicle may be constructed using the ranging data generated
from step 804. This may be performed using a similar
method as step 506 for constructing the model as previously
described with respect to FIG. 5. In one embodiment, the
primary model and the secondary models may all be defined
relative to an origin position equal to the position of a first
light ranging device (e.g., 430a of FIG. 4) and share the
same X, y, and 7 axes.

[0190] At step 808, the secondary models may be overlaid
onto the primary model by placing the secondary models
into the same coordinate system as the primary model and
aligning the origin position of the secondary models with the
origin position of the primary model. The alignment may be
further refined by computing an error corresponding to the
difference between the secondary models and the primary
model and iteratively readjusting the orientation of the
secondary models to minimize the error. The error may be
computed using a variety of algorithms known in the art.
[0191] At step 810, the secondary models are compared
with the primary model. This may be done by associating
each point in the secondary model with the closest point on
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the primary model and computing a distance vector between
those points. Accordingly, a set of distance vectors may be
generated wherein each distance vector corresponds to a
point on the primary model and a point on the secondary
model.

[0192] B. Vehicle Defects

[0193] At step 812, the control unit may analyze the set of
distance vectors representing the differences between the
primary and secondary models to detect and categorize
changes to the vehicle’s exterior. Based on these differences
between the primary and secondary models, the control unit
may determine that there is some change, such as a dent, to
the vehicle exterior. This may be determined based on
finding that distance vectors are all below a threshold except
with respect to a small, localized region. Such a scenario
suggests that the ranging device has an accurate estimated
position since the error is small for much of the vehicle,
except in localized area.

[0194] At step 814, the control unit may then respond by
recording and notifying a user with an indication of where
that defect in the vehicle exterior may be. Alternatively, the
system may upload this information to a server and generate
a standard report that satisfies any number of existing
regulations for pre- and post-drive vehicle inspections. The
defect or dent may be very small and difficult or time-
consuming for a human to inspect. Thus, automatically
detecting defects in the vehicle exterior using a light ranging
system may save from having to make regular manual
inspections and help the user identify problems with the
vehicle early on.

[0195] C. Shifts in Light Ranging Devices

[0196] As previously discussed with relation to FIG. 4,
changes to the vehicle exterior may also include a shift in the
positions of one or more of the light ranging devices over
time from an initial position (e.g., by getting physically
knocked). For example, the control unit may detect a shift in
position of first light ranging device if the differences
detected by second light ranging device are localized around
the position of the first light ranging device. Such a shift can
be confirmed by significant errors in the secondary model
determined by first light ranging device relative to the
primary model. In alternative embodiments, where the pri-
mary and secondary model may comprise environmental
structures in addition to the vehicle exterior, these shifts may
also be detected based on the alignment of reference points
in the environmental structures using similar methods pre-
viously described with respect to the calibration process.
Accordingly, the one or more changes can comprise a
change in a physical position of a light ranging device on the
exterior of the vehicle, such that the light ranging device has
a new physical position on the exterior of the vehicle.
[0197] As described above for step 814, the control unit
may determine a response to the detected change in the
positions of the light ranging devices. The response may be
a warning to the driver of the vehicle that the light ranging
system should be recalibrated. Accordingly, one or more
alerts can be generated in response to detecting the one or
more changes. Alternatively, in response to a shift in the
light ranging devices, the system may choose to automati-
cally recalibrate the positions of the light ranging devices.
[0198] To recalibrate the position of a first light ranging
device (e.g., 430a) that has shifted, the control unit may
match the housing dimensions of the first light ranging
device with a secondary model from a second light ranging
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device (e.g., 4305) that has the first light ranging device in
its field of view to determine a new position for the first light
ranging device. The control unit can then update the position
of the light ranging device in the primary model with the
new position. Accordingly, the model position of the light
ranging device on the primary model can be recalibrated so
that the model position more closely matches the new
physical position of the light ranging device on the exterior
of the vehicle.

[0199] Alternatively, recalibration may be performed by
having the light ranging devices survey the environment to
generate ranging data of the environment. The ranging data
from each light ranging device may comprise the position of
the light ranging device and a set of distance vectors for
points detected in the environment. The control unit may
then compare and merge the ranging data between a primary
light ranging device (e.g., 430a) with each of the two other
secondary light ranging devices (e.g., 4305 and 430c¢) based
on matching the relative arrangement of the points in the
region where the fields of view of primary and secondary
light ranging devices overlap. Once the merge is complete,
the control unit may then determine a transformation matrix
or a coordinate frame transformation between a secondary
light ranging device and the primary light ranging device
and thereby update the position of the secondary light
ranging device on the primary model using the transforma-
tion matrix or the coordinate frame transformation.

[0200] D. Movable Components

[0201] The control unit may also detect when movable
components of the vehicle move and change position. These
movable components may include the arm of a waste truck
or a vehicle door. The control unit may have preloaded data
that provides the control unit with understanding of these
movable components. For example, the control unit may
understand the shape, housing dimensions, and orientation
of these components, the positions and axes of rotation and
movement, and the degrees of freedom of each movable
piece. This preloaded data may be considered to assist the
control unit with detecting and predicting how these com-
ponents may move.

[0202] In response, the control unit may elect to recali-
brate and update the primary model of the vehicle so that it
can further detect the proximity of environmental objects
and surfaces to these movable components in their new
positions after they have moved. The control unit may
similarly generate warnings to the driver that a door is open
or that an arm of the vehicle is being raised. Further, the
control unit may also respond by suppressing any proximity
breach warnings that may be triggered by these movable
components, which may be picked up by the light ranging
devices as being too close to the rest of the vehicle exterior.

VI. DISPLAYING DATA ON A USER
INTERFACE

[0203] Telematics data and image data can be collected,
processed and displayed on an application via a user inter-
face. Such an application can be used for monitoring a
particular vehicle or fleet of vehicles. For example, telem-
atics data and image data can be collected when a vehicle
equipped with the light ranging system is operational. The
telematics data and image data can be stored in a local server
of a light ranging system or in a database stored of server
that is connected to the light ranging system of a particular
vehicle. The light ranging system can determine the vehi-
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cle’s movements based on odometry and/or proximity of
objects. One or more events logged by the light ranging
system or vehicle monitoring system can be triggered by the
odometry or proximity breaching a certain threshold prede-
termined by the vehicle monitoring system.

[0204] The telematics data and image data gathered and
processed by the light ranging system can be used for
monitoring a driver’s usage based on the movements of the
vehicle. A vehicle monitoring system (e.g., system 450 in
FIG. 4) can connect and compile light ranging data or
odometry data from a group of vehicles equipped with the
light ranging system. Such a vehicle monitoring system can
monitor a network of vehicles that span across a geographi-
cal region. The light ranging data and odometry data can be
stored locally in the light ranging system equipped to the
individual vehicle. Alternatively or in addition, the light
ranging data and odometry data can be uplinked to a server
or a cloud network that the vehicle monitoring system can
access and process.

[0205] Features and data points processed by the light
ranging systems can be displayed on an application via a
user interface. The information on a driver’s usage provided
by the light ranging data can generally indicate a driver’s
behavior.

[0206] In one example, a general application to using a
vehicle monitoring system for vehicles equipped with light
ranging systems would be for a company that manages a
fleet of commercial vehicles in a particular geographic
region. Typically, a company that enlists a number of drivers
to drive certain vehicles for their jobs, such as garbage truck
drivers or delivery truck drivers, may generally operate a
fleet of trucks every day. The employer of the drivers or the
drivers themselves would benefit from seeing a driver’s data
relating to usage, particularly if the data can help lowering
the risk of collisions due to poor driving behavior.

[0207] The following sections illustrate an example appli-
cation with multiple features depicting a manager of a fleet
of vehicles that have a light ranging system registered to
each vehicle. In this example, each light ranging system can
be connected to a network (e.g., cellular towers) or to each
other as part of a mesh network and can be viewed and
monitored in real time by the vehicle monitoring system.
The manager of the fleet can view various points of data
processed by the vehicle monitoring system based on the
light ranging data of the fleet of vehicles. The application
displayed to the user such as the fleet manager from the
vehicle monitoring system can be executed on a website
application, and the light ranging data from the fleet of
vehicles can be gathered and processed by a cloud server.

[0208] A. Dashboard on a Fleet of Vehicles

[0209] FIG. 9 illustrates an exemplary website dashboard
900 with data of one or more drivers’ usage of a vehicle
displayed via a user interface according to some embodi-
ments. In one example, a particular fleet’s overall driving
score 905 can be displayed. The range of overall driving
scores can be an arbitrary number preset by the vehicle
monitoring system. The fleet’s driving score of a particular
driver’s driving score can indicate a safety score of the
particular fleet or the particular driver. A high score can
relate to an overall safe driving fleet or driver, and a low
score can indicate an unsafe or reckless driving fleet or
driver. In one example, an overall score of 100 indicates the
best score.
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[0210] The overall driving score 905 can represent one or
more safety events (e.g., risk breaches) that can be ranked by
a number and compiled into an overall number. The safety
events can be factors relating to driving behavior that can be
determined based on a light ranging data. For example, the
light ranging system can detect the proximity of an envi-
ronmental object as it gets closer or farther away from an
exterior point of the vehicle. As described in an earlier
section, if the vehicle reaches a certain proximity level (e.g.,
the vehicle’s proximity to the environmental object is too
close), an alert can be given to the driver or displayed to the
manager of the fleet. This trigger of the alert can trigger a
safety event that can be logged by the vehicle control
monitor.

[0211] Inoneexample, every driver’s profile can start with
a score of 100 when each driver begins his or her route. Each
safety event that is logged can trigger a certain cost that
deducts an amount from the overall starting score of 100.
For example, for each safety event, a penalty of a loss of
points can be applied to each driver or the fleet overall,
thereby lowering the fleet’s overall score. The application,
via the user interface, can display a leaderboard that can
show either the highest ranking drivers’ profiles of a par-
ticular fleet or the lowest ranking drivers’ profiles of that
particular fleet. As shown, the dashboard 900 can display
information on a particular fleet such that the leaderboard
are of high ranking drivers’ profiles 910 and low ranking
drivers’ profiles 920. In another example, the dashboard can
display information about multiple fleets instead of one
particular fleet. In this configuration of the dashboard, the
leaderboard visualization can display a high ranking fleets’
profiles and low ranking fleet’s profiles, along with each
fleet’s overall driving scores.

[0212] The methods of calculating the overall driving
scores of each fleet can be similar to that of calculating the
overall driving scores of each individual driver. In one
example, the overall safety score of a fleet can represent the
average score of the total number of routes taken by a fleet
for a given day, week, or month, depending on the range of
time to be displayed determined by the vehicle monitoring
system.

[0213] A manager, individual driver, or both can have
access to the dashboard. Different permissions and privi-
leges for accessing multiple fleet information, specific fleet
information, or individual driver information can be granted
to different accounts such as that of region managers, fleet
managers, or individual drivers.

[0214] The particular parameters for choosing safety
events can help a manager or a system identify which
particular fleet’s or which particular drivers engage in risky
driving. These safety events can be triggered by parameters
such as vehicle contact with an object or a near miss. In one
example, the application can display a particular portion of
the exterior of the vehicle that collided with an environmen-
tal object or the particular portion of the exterior of the
vehicle that triggered a near miss. The vehicle monitoring
system can thus detect which particular driver engages in
frequent accidents or unsolicited near misses and display
such information in a simple form via a user interface.
[0215] In one example, the safety events can be general-
ized into categories, and then each category of safety events
can be compiled to form an overall safety score. The
dashboard can display one or more categories of safety
events on the user interface, and each category of safety
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events can include a visualization of the particular safety
events. The user can select each particular safety event on
the visualization, and the dashboard can display the visual-
izations in more detail.

[0216] FIG. 10 illustrates examples of safety events by
category that combine to create the overall driving score of
a driver and of a fleet according to some embodiments. As
shown, example categories of safety events include near
collision events 1005, fundamental driving errors 1010,
distracted driving 1015, and collisions 1020. Each of these
categories have subcategories listed. Different weights can
be applied to events of different categories and subcatego-
ries, where such weights can be specified by a user of the
software application. The example types of safety event are
described in the following sections.

[0217] 1. Near Collision Events

[0218] Near collision events can relate to driving events
during a driver’s route that indicate a possible collision had
a higher probability than desired, e.g., where the distance
between a portion of the exterior of the vehicle is too close
to an environmental object. As shown, examples of such
events include proximity events, crossed median, and ran off
road. Such types of events can be determined by a light
ranging system on a vehicle.

[0219] A proximity event can be based on a proximity
threshold being reached. In some embodiments, the prox-
imity threshold can be set by a user of the dashboard, which
can cause settings at a client, server, or a light ranging device
to be configured with that proximity threshold for determin-
ing this type of safety event. Example proximity events
include when the light ranging system detects a distance
between a portion of the exterior of the vehicle being too
close to an environmental object, the relative speed of the
exterior of the vehicle compared to that of another object
being too large (high), or a combination of both.

[0220] For a crossed median event, the light ranging
system can detect that the vehicle has crossed a median that
separates the road or separates two roads from each other.
Such an event can be detected by a light ranging system that
identifies line markings of a media using an intensity of
reflections. In one example, the light ranging system can
detect a crossed median with computer vision, e.g., using
cameras of a system installed on the vehicle.

[0221] An off road event can be detected when the vehicle
has gone off road when it should not have left the road. The
light ranging system can detect a crossed median using
odometry and calculating a position of the vehicle relative to
a portion of the road having one or more lanes. The edges of
a road can be identified using cameras and/or a light ranging
system, or using a pre-computed map of the area that
contains lane information.

[0222] 2. Fundamental Driving Errors

[0223] Fundamental driving errors can relate to driving
behavior on a road that is against normal driving behavior.
Examples of such events include unsafe braking, not obey-
ing traffic, unsafe following, speeding, and harsh turning or
a harsh acceleration. Such types of events can be determined
by a light ranging system on a vehicle. For example,
speeding can be calculated by the light ranging system using
odometry techniques described herein.

[0224] Unsafe braking can be determined based on
changes in distances to stationary objects or to another
vehicle. The rate in change of distance vectors can be
determined and compared to a threshold. As with other
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thresholds, they can be set by a user of the system (e.g., via
a website that sends networking commands to the light
ranging systems) or be set by default.

[0225] Unsafe following (e.g., tailgating) can be identified
as a safety event when a forward proximity threshold is
triggered on a first vehicle relative to another moving
vehicle in front of the first vehicle on the road. It can be
required for the vehicle to be too close for at least a specified
amount of time. Triggering of such a forward proximity
threshold can be detected using distances measured over a
particular field of view, e.g., by specific solid-state sensors
pointed in a particular direction or certain angles of a
scanning device. The thresholds used to determine a prox-
imity event for a near collision can be different than used for
unsafe following. And, these separate safety events can
result in different costs or deductions to a driver’s overall
safety score.

[0226] In some embodiments, not obeying traffic laws
may be detected either through real-time monitoring of road
markings and traffic signs, or through information of these
features stored in a precomputed map existing on the
vehicle. In conjunction with high accuracy map-based local-
ization using the lidar sensors, it is possible to detect
granular traffic infractions or driver skill, e.g., how closely
a driver stops to the white line by a stop sign or how close
to the center of a lane the driver follows.

[0227] In various embodiments, the difference between
the thresholds for different safety events can be defined by
distance or the time the driver’s vehicle is within a certain
distance from another moving object. Also, the size, enve-
lope, speed of the vehicle can be factors considered for
triggering the safety event for proximity. In one example, the
calibration of the vehicle for determining proximity thresh-
olds can be set manually. In one example, the calibration of
the vehicle’s proximity thresholds can be automatically
determined based on a table of predetermined thresholds
assigned to different types of vehicles’ envelopes, weights,
size, and other factors.

[0228] The threshold at which a fundamental driving error
is set can be predetermined by the vehicle monitoring
system or embedded in a memory of the light ranging system
and can be updated via a network connection to the internet.
As another example, the threshold may be tuned by the fleet
manager via the dashboard. In one example, different thresh-
olds for triggering safety events can be assigned to different
types of vehicles. The assignments of thresholds can be
predetermined by the light ranging system. For example, a
delivery truck may have different parameters that trigger an
unsafe following safety event than that of a smaller taxi
sedan because the amount of distance required for emer-
gency braking would be different for vehicles having dif-
ferent weight and envelope. These parameters can be pre-
determined and updated from a computer.

[0229]

[0230] Distracted driving can relate to a driver’s physical
behavior or movements while operating a vehicle in the
fleet. Examples of such events include looking at phone,
texting, dozing off, or eating/drinking.

[0231] For a user looking at a phone, this can be deter-
mined by having one or more driver-facing dash cams as
part of the light ranging system and linked to the vehicle
monitoring system. Such a dash cam or lidar sensor can also
be used to determine when a driver is texting.

3. Distracted Driving
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[0232] Besides dozing off, examples can include when a
driver is not paying attention to the road or when the driver’s
hands are either not engaged with the steering wheel of the
vehicle or not exerting enough control over the steering
wheel. As for eating or drinking, the determination of a
safety event can depend on how long the driver’s hands are
disengaged from the steering wheel.

[0233] The threshold at which a distracted driving safety
event is triggered for a fleet’s overall driving score can be
predetermined by the vehicle monitoring system. For
example, a driver removing his hand from a steering wheel
for given amount of time may not necessarily mean that the
driver is distracted, such as dozing off or texting. In that
event, a distracted driving safety event should not be trig-
gered. The thresholds can be determined based on time such
as when the driver facing dash cam determines that the
driver’s hands are off the steering wheel for a time too long
for any non-distracting operations. The thresholds can also
be based on the dash cam visually detecting specific items
that would automatically trigger a distracted driving safety
event, such as the detection of a phone.

[0234] 4. Collisions

[0235] Collisions can relate to any type of vehicle exterior
making physical contact with a physical object. For
example, a collision safety even can occur when the vehicle
equipped with the light ranging system makes physical
contact with a fixed object or nonmoving object, or with
another vehicle. Particular subcategories can become more
specific, such as detecting collisions with a pedestrian or
with a cyclist. In one example, the vehicle monitoring can
detect when a collision is a result of the driver’s moving
vehicle colliding with a stationary object, when a collision
is a result of an environmental object colliding with a
stationary driver’s vehicle, or when a collision is a result
both the driver’s vehicle moving and the environmental
object moving relative to the ground.

[0236] For a collision, the vehicle monitoring system
determines a collision safety event when the light ranging
system detects a breach of a proximity threshold. The
proximity threshold in some examples does not necessarily
have to be the exact envelope of the vehicle. In some
examples, the proximity threshold can be intentionally set to
an area that is certain distance away and outside of the actual
vehicle envelope. For example, while a shape, design, and
dimensions of a physical delivery truck is absolute, the light
ranging system can define the vehicle envelope as a space
that is 6 inches away from all surfaces of the actual delivery
truck. In one example, the light ranging system can define a
first vehicle envelope having a shape, design, and dimen-
sions of the actual truck and can separately define a second
vehicle envelope having a shape, design, and dimensions
that is 6 inches away from all surfaces of the actual truck.
The vehicle monitoring system can then define the proximity
threshold based on the vehicle envelope that is 6 inches
away from all surfaces of the actual truck such that a
collision safety event can be triggered by breaching the
proximity threshold and not by an actual physical collision.
In another example, the proximity threshold can be based on
any set envelope relative to the size of vehicle envelope.
[0237] In one example, a safety event can be triggered on
a combination of different detections by the light ranging
system. For example, a stop-and-go safety event can be
triggered based on the light ranging system detecting that the
car is currently engaged in stop-and-go traffic, the vehicle
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cannot stop without collision if it breaks a threshold accel-
eration in the traffic, and the driver is currently looking at the
driver’s phone during the stop in the stop-and-go traffic.
[0238] In one example, the cost or deduction value asso-
ciated with each safety event are different. For example,
generally, a collision safety event triggered can be associated
with a greater penalty leading to a greater deduction of an
overall safety score compared to a crossed median safety
event triggering.

[0239] 5. Visualizations

[0240] In some embodiments, the dashboard can display
the safety breakdowns having one or more categories of
safety events with one or more visualizations. The visual-
izations can represent a number of times a particular safety
event was triggered for a driver or a fleet. For instance, the
visualization of the particular events can be represented in a
bar chart such that a bar chart of each particular safety event
is presented in each category. For example, if there are four
categories of safety events to be presented on a particular
fleet, four sets of bar charts can be displayed to represent
each category of safety events. A user can then select each
particular event within each bar chart to see the safety
breakdown of that particular safety event in more detail.
[0241] FIG. 11 illustrates examples safety breakdown sec-
tion of the dashboard in an alternate view according to some
embodiments. For example, under the safety breakdown
section of the dashboard, a fleet manager can view that Fleet
A has experienced 10 unsafe braking safety events during
the week that the vehicle monitoring system has recorded.
The fleet manager can select the unsafe braking component
of the bar chart in the fundamental driving error visualiza-
tion. The dashboard can then present details of the fleet’s
unsafe braking safety events such as when each of the
particular unsafe braking safety events occurred during the
week, by which driver was the unsafe braking safety event
triggered, the location of the safety event, or a combination
thereof.

[0242] When the dashboard is presenting information
about a specific user and not a fleet, the safety breakdown
section of the user interface can present data on a particular
user and each visualization of the specific categories of
safety events triggered presented by bar charts can represent
data of that particular user.

[0243] The dashboard of FIGS. 9-10 can also display a
visualization of improvements of the fleet alongside the
visualization of the overall driving score. The improvements
can be represented by the number of total collisions or
broader safety events triggered in the currently displayed
month compared to that of the previous month. The
improvements can also be represented by a percentage of
fewer collisions or broader safety events triggered in the
currently displayed month compared to that of the previous
month. The visualization can display the overall driving
score, the percentage of improvements, the number of fewer
safety events triggered, and the number of the specific
number of collision safety events triggered in one section of
the user interface.

[0244] As another example, the dashboard of FIGS. 9-10
can display a visualization of highlighted details of driving
improvements or particular safety events triggered. The
highlighted details can be displayed in a separate section of
the user interface. In various implementations, the high-
lighted details can be details of particular safety events
triggered by a particular driver, the total number of safety
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events triggered by a particular driver, and/or the total
number of safety events of particular type triggered at a
particular location in each driver’s route. For example, if a
significant portion of the fleet had a particular safety even
triggered on Route #351 or a specific safety event is not or
seldom triggered only on Route #351, the detail can be a
highlighted detail displayed on the visualization. The user
can then select each highlighted detail individually on the
dashboard to view specific data on the individual highlighted
details.

[0245] A visualization of the highlighted details can also
be used for benchmarking a particular fleet or user to another
fleet or user. The highlighted details can be displayed based
on a triggering threshold. For example, while many near
miss safety events can be stored for each particular user
(driver), only near miss safety events that happen over ten
times for a particular driver may be displayed in the high-
lighted details visualization. In one example, the highlighted
details section of the visualization are part of an insights
section of the dashboard.

[0246] Referring back to FIG. 11, examples of a safety
breakdown section of the dashboard is shown in an alternate
view. In one example, the safety breakdown can display a
visualization of a fleet’s safety events triggered based on a
user specified window of time. For example, a user can
select the ‘over time’ feature 1110 on the safety breakdown
section of the user interface, and the user interface can
display a visualization of a category of safety events trig-
gered for a period of time. In one example, the user can set
the period of time to a week. The visualization of the number
of safety events triggered for a given category in that week
can be represented by a bar chart. Each bar can represent the
number of safety events triggered for that particular day for
a total of 7 bars. In another example, specific safety break-
downs for each category displayed can be filtered out.

[0247] The example in FIG. 11 illustrates the overall
safety breakdown for fleet A over a given week. Specifically,
FIG. 11 illustrates the number of total near collision-type
safety events 1120 that was logged by the vehicle monitor-
ing system from December 4 to December 10 in a bar chart.
In one example, the user can filter the specific safety events
displayed in the bar chart such that if the user only wants to
see the number of crossed median type 1121 near collisions
from December 4 to December 10, the user can select to only
show a bar chart representing crossed median type near
collisions. In one example, the user can hover or select a
specific bar of the bar chart, and the dashboard can display
a breakdown of specific driver profile names who contrib-
uted to the total number of safety events of that particular
bar. In another example, the dashboard can display the
individual’s overall driving score next to the name of the
specific driver in this visualization.

[0248]

[0249] The light ranging data and odometry data used to
determine each safety event can be stored in each light
ranging system installed on the individual vehicles. The
calculation of the safety events based on the light ranging
data and odometry data can be processed by the vehicle
monitoring system once it retrieves the data. In another
example, the calculation of the safety events can be per-
formed within each local light ranging system, including a
computer for processing calculations. Thus, in some imple-
mentations, the vehicle monitoring system can pull the

B. Determination of Safety Events
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safety event data and display it on the user interface without
processing the light ranging data and odometry data.
[0250] The types of safety events processed and the scores
calculated from the safety events can be stored in a database
connected to the vehicle monitoring system. The specific
odometry and light ranging data that will trigger the safety
events can be specified in a program with precomputed logic
that identifies safety events by crawling through the data
looking for specific data points. Thus, the vehicle monitor-
ing system can run the light ranging data and odometry data
through the program and output the safety events to be
displayed on the user interface. In another example, the
odometry data itself can be processed in the database to
determine whether a safety event has occurred.

[0251] In one example, the odometry data can be orga-
nized by storing the odometry data of each driver or each
identified vehicle in individual tables. The tables can be
separated into sections based on the type of information that
is being calculated or processed. In one example, the odom-
etry data is organized by fleets, then by vehicle VIN num-
bers, and then by specific shifts identified by specific driv-
ers’ names, and then at the time of the shift.

[0252] C. Dashboard on an Overall Individual Driver
[0253] FIGS. 12-13 illustrate similar dashboard informa-
tion illustrated in FIGS. 9-11 but for a particular user. In one
example, a driver’s profile can be displayed at the top of the
dashboard in a section. The section can also include a picture
or avatar of the driver, the fleet name or number that the
driver is part of and the total number of hours driven for a
particular period of time. An icon showing the live status
1210 of the driver can be displayed in the same top section
of the page. The status can indicate whether the driver is
moving, idle, on a break, or not engaging in any route. FI1G.
13 shows a similar breakdown as FIG. 11.

[0254] FIG. 14 illustrates an example driving log for a
particular user. In one example, a driver’s total number of
safety events can be displayed in a drop down list sorted by
specific days. Each row in the drop down list can be
expanded on the same driving log page to provide details to
the total number of specific safety events triggered on that
specific day.

[0255] For example, a driving log page of a particular user
can show a list of rows of dates ranging from November 10
at the bottom of the list all the way to November 25 at the
top of the list. Each row can also display the total number of
safety events logged about the driver that day and the name
or type of route taken. Each row can also be expanded when
selected and then break down each specific type of safety
events logged for that day and display the safety events and
number of times logged.

[0256] FIG. 15 illustrates a live view routes page for a
particular driver (same as the description for FIG. 18,
described below).

[0257] D. Viewing a Specific Safety Event (Accident
Reconstruction)

[0258] In one example, a user can access information
about a specific safety event from a dashboard page showing
information about an overall fleet as described in FIGS. 9-11
or an individual driver as described in FIGS. 12-15. Each of
these dashboard pages can display a specific incident of a
safety event. For example, the dashboard can display a detail
on the driver having a near miss safety event. When the user
selects details of the safety event, the user can be taken to a
page that specifically illustrates details about the near miss
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safety event. For example, the page can include at the top of
the page, the type of safety event (e.g., a proximity event),
a timestamp of the event, a neighborhood or intersection of
the event, and local region where the event was logged.
[0259] FIGS. 16-17 illustrate another example feature for
viewing a specific safety event for a particular user accord-
ing to some embodiments. In this example, when specific
safety event is detected and logged, data associated with the
risk breach can be recorded. For example, the ranging data,
odometry data, metadata, and camera (image) data can be
recorded. The data can be uploaded to a server that can be
accessed by the vehicle monitoring system and displayed on
the user interface. The data associated with the risk breach
can be obtained by caching the light ranging data continu-
ously as the vehicle is operated. The cached light ranging
data can be stored on a computer in the vehicle ranging
system, or uploaded to a server over a network. When a risk
breach is detected, ranging data within a specified amount of
time before and/or after the risk breach can be retrieved and
store in a permanent location or transmitted. In some
embodiments, the data associated with a particular breach
(e.g., an accident) can be uploaded in response to a breach,
as opposed to being uploaded later during a batch uploading
for multiple breaches or with other ranging data.

[0260] As shown, the safety event is a near collision 1610.
The light ranging system can upload all of the data recorded
a specified number (e.g., 10) of seconds before the safety
event, during the safety event, and after the safety event. The
light ranging system can create a point cloud or a set of point
clouds (reconstructed model) of the environment around a
moving vehicle in a series of images (ranging data stream)
across a span of time around the detection of the safety
event, as shown in window 1615. The point clouds associ-
ated with the safety event can be uploaded to the server for
the vehicle monitoring system to access.

[0261] The light ranging system can upload all of the
image data gathered near the time of the safety event
recorded. For example, a front camera and a driver camera
can also upload the images or video (video data stream)
captured in the span of time around the detection of the point
cloud. Images from such cameras are shown in windows
1621 and 1622. A map of locations covered by the vehicle
over the span of time can be displayed in a map 1623 as if
it were a live view. The locations can be received as position
data for the vehicle during a time interval associated with the
risk breach.

[0262] Odometry data, distance data, and other metrics
(e.g., distraction as measured from images) can be provided
as continuous values 1605 over time, e.g., in window 1630.
Such data can correspond to parameters such as speed,
distraction, and close proximity used to calculate the near
miss safety event. A sliding bar (e.g., vertical) can move
across these continuous values to illustrate a current time
that corresponds to the images shown in windows 1615,
1621, and 1622.

[0263] The data can be played back together, e.g., as a
single file (including videos, point cloud, and other data) that
runs from 10 seconds before the near miss, during the near
miss, and 10 seconds after the near miss. The single file can
have markers for where each data stream is located. The
software of the playback system can include multiple ren-
dering engines for generating images for each of the data
streams. To establish and maintain synchronization, the data
streams can include time stamps. The engines can commu-
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nicate with each to determine a current time stamp (e.g., of
a current or most recent image), so that a rendering engine
can speed up or slow down to keep synchronization.
[0264] The user (e.g., the fleet manager) can access such
a playback from a computer connected to the server where
the video of the near miss is stored, which could be in a
server connected to a cloud network, or the locally on the
vehicles light ranging system. The user can provide user
input to start playback in a variety of ways, e.g., via a button,
a voice command, a gesture on a touch screen, and the like.
[0265] Inone example, the point cloud visualization of the
specific safety event can be interactive with the user. The
user can select the point cloud visualization and change the
view of the visualization such that the particular data played
for the particular safety event logged and recorded does not
necessarily have to be the default ones (e.g., as shown in
FIG. 16) or the default perspective, or the default arrange-
ment. For example, while the page detailing the specific
safety event has a video of approximately 20 seconds of
LIDAR images, the orientation and perspective view of the
LIDAR images can be changed by the user during the 20
seconds playback. Further, color information can be overlaid
on the point cloud visualizations to simplify the interpreta-
tion of the scene or highlight the location of the event. For
instance, different colors can be used for ground (e.g., blue),
environmental objects (e.g., yellow), other vehicles (e.g.,
red), and people (e.g., green). In addition, an idealized 3D
model of the vehicle or the 3D scan of the primary model of
the vehicle may be incorporated into the 3D visualization to
provide additional context about the event.

[0266] In the event of detecting a collision, the light
imaging system can save the data immediately before the
collision, during the collision, and after the collision, and
automatically upload the data to central server or vehicle
monitoring system that oversees a network of light imaging
systems equipped to individual vehicles. In this manner,
evidence of an accident can be preserved for ready access,
e.g., to determine fault. And, as ranging data (as well as data
determined from ranging data, such as odometry data) can
be displayed in synchronization with video and/or point
cloud reconstruction, a user can have an creased ability to
determine a cause of an accident.

[0267] Accordingly, the series of point clouds, the video
from the front camera, the video from the driver camera, and
the route that was displayed in a live view mode of the
particular vehicle on the map can be displayed together on
the dashboard. This visualization can be linked to any part
of the dashboard that displays information about the par-
ticular safety event. For example, when a user on a more
general page in the dashboard clicks on the specific safety
event, the user can see details of that specific safety event.
The time frame for a safety event can be a specified time
(e.g., a small length of time, such as a few minutes or
seconds), where the time periods before, during, and after
can differ. In another example, the specific thresholds and
parameters used to determine if a safety event is triggered
can be logged and displayed in the same way as the videos
described above, e.g., as depicted by continuous values
1605.

[0268] FIG. 17 shows past events of a particular category
as can be accessed from the page shown in FIG. 16 accord-
ing to some embodiments. In one example, the user’s past
safety events of the particular type or of that broader
category can be displayed in a visualization in the same page
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or a on a different page. As shown, the visualization is in the
form of bar charts detailing the number of safety events
triggered for time period. These features can be saved in a
server so that the user, such as the fleet manager, can access
details of the by clicking on the specific safety event (as
discussed in previous sections) at any time on the user
interface.

[0269] FIG. 18 is a flowchart illustrating a method for
using ranging data collected from a light ranging system
installed on a vehicle according to embodiments of the
present disclosure. The method may be performed by a
computing system, such as a client computer or a server
computer, which may provide a website to clients.

[0270] At step 1802, sensor data corresponding to a risk
breach for the vehicle is received. The sensor data can be
determined using the light ranging system of the vehicle.
The sensor data can include (1) a ranging data stream
measured by the light ranging system of an environment
around the vehicle and (2) a video data stream obtained from
a camera installed on the vehicle. The ranging data can be as
described herein, e.g., a series of measurements of depths at
one or more pixels, as may be measured using a lidar system.
The system can also include cameras for obtaining video
data. One or more cameras may be positioned as described
above for FIG. 16. Data from other sensors may also be used
in addition or instead of the video data.

[0271] At step 1804, the ranging data stream and the video
data stream are synchronized by determining a time in the
ranging data stream that corresponds to a time in the video
data stream. The synchronization may be performed in a
variety of ways. For example, a common clock signal can be
provided to the ranging devices (light ranging devices 430 of
FIG. 4) and to the camera(s). The common clock can be
located in any of the devices that comprise the light ranging
system, e.g., in a control unit, the ranging devices, or a
camera.

[0272] The light ranging devices and the camera(s) can
time stamp the data, so that ranging data corresponding to
certain video data can be identified. In some embodiments,
the resolution of the time stamps for each device can vary.
For example, a scanning ranging device can time stamp each
measurement at a new angular position, thereby having a
360° depth image have a range of time stamps. Or, a single
time stamp can be used, e.g., the start time of the image, the
end time, a median time, or other value. The synchronization
can match ranging data and video data that have a closest
time stamp.

[0273] At step 1806, user input indicating that a recon-
struction of the risk breach is to be played is received. The
user input can be received at a user interface, e.g., as shown
in FIG. 16. For example, a manager of a fleet of vehicles or
an insurance adjuster may want to playback the reconstruc-
tion on an office computer at a later time. The user interface
can be configured to allow forward and reverse playback,
e.g., with a toggle that allows the user to control the
sequence of images to be displayed.

[0274] At step 1808, in response to the user input, the
ranging data stream can be displayed as a reconstructed
model of the environment around the vehicle. The recon-
structed model can be displayed in a first window (e.g., 1615
in FIG. 16) of the user interface. The reconstructed model
can depict a two-dimensional or three-dimensional model of
the environment as measured at a time resolution for a
ranging device. For example, the first window can refresh at
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a rate equal to the rate that a 360° depth image is taken. Such
images can be less than 360°, and can use ranging devices
that do not rotate or otherwise scan.

[0275] At step 1810, in response to the user input, the
video data stream is displayed in a second window of the
user interface. For example, video stream data can be
displayed in windows 1621 and/or 1622. The data streams
can be displayed side-by-side so that a viewer can identify
specific positions of objects (e.g., another vehicle) in the
environment at a specific time that also shows video images,
e.g., of the driver. In some embodiments, the user interface
can include an interface element (e.g., a slider bar) that
allows the user to move time forward and backward such
that the reconstructed model of the environment around the
vehicle displayed in the first window and the video data
stream displayed in the second window are played forward
and backward in synchronization.

[0276] Besides ranging data and video data, the sensor
data can include position of the vehicle, e.g., a GPS position
or a position determined from aligning a first map (e.g., as
determined from the ranging data) to a stored map. Thus,
position data for the vehicle during a time interval associated
with the risk breach can be received. then, in response to the
user input, a third window of the user interface can display
positions of the vehicle on a map. The position at an instant
in time can be synchronized with the ranging data stream
and the video data stream.

[0277] As another example of sensor data, variables such
as speed, distraction, and closest proximity to another device
can be obtained. A series of values of a variable can be
determined from the ranging data stream or the video data
stream. The series of values span a time interval associated
with the risk breach. The series of values can be displayed
in a fourth window (e.g., 1630 of FIG. 4) of the user
interface. Such variables may include speed, velocity, or
acceleration, which may be obtained from a vehicle control
unit or the ranging data, as examples. In some embodiments,
a variable can measure distraction of a driver of the vehicle
and is determined using the video data stream. A distraction
measure can be based on a variety of factors, such as
whether eye lids are closed, how upright the head is, or
direction of the driver’s eyes.

[0278]

[0279] Besides accessing reports of driver activity deter-
mined using ranging data and reconstruction of events,
embodiments can provide live access to data, including
location and safety scores. The live data can be used to
manage a fleet of vehicles that are actively being used. For
example, locations of safety events for all or some drivers
can be identified, e.g., so routes can be modified or new
drivers assigned to a route. In addition, the view can provide
a fleet manager a way to quickly see many different issues
with a fleet. For instance, vehicles that are ahead of or
behind their typical schedules, that are off route, or have
idled too long could all be highlighted in different ways to
call attention to them.

[0280]

[0281] FIG. 19 illustrates a live view of a vehicle moni-
toring system according to some embodiments. A display of
the user interface of the live view is shown. Such a user
interface can be used by a vehicle fleet manager or regional
manager and can show the user telemetry and odometry data
about the fleet or region.

E. Live View of a Vehicle’s Geolocation

1. User Interface
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[0282] FIG. 19 shows a visualization of a fleet or group of
vehicles displayed on a map 1905. The map can feature
multiple vehicle icons 1910 that represent the vehicles in the
fleet. The map 1905 can also display solid lines 1915
associated with icons on the map that indicate the vehicle’s
current target route or past driving sessions. A user can select
which routes to display, e.g., by selecting a vehicle, and that
vehicle’s route can be displayed.

[0283] To obtain further information about a driver of a
particular vehicle, metadata 1920 about the driver can be
provided. For example, a user can hover a mouse or other
selection tool over a vehicle’s icon. The map 1905 can then
display a visualization presenting information about the
vehicle, the driver of the vehicle, the current route of the
vehicle, and the like.

[0284] In one aspect, the presented information can also
include the overall safety score of the driver (e.g., for the day
or average for a range of time), the number of safety events
triggered during the particular shift that is going on in real
time, and any metadata related to the vehicle or the route.
The presented information can indicate a status of the
vehicle such as if it is moving or it is currently stopped. The
presented information can include statistical values of a
driver’s driving characteristics, such as the frequency of
proximity events detected, frequency of fundamental driving
errors detected, and frequency of contact with an environ-
mental surface or collision detected.

[0285] The icons of each vehicle on the map can be
color-coded based on user’s current safety score. One icon
can be a first color (e.g., red) to indicate a low overall score.
A second color (e.g., blue) can indicate a high overall score.
For example, if a driver has an overall user score for the day
that is deemed low, a red color could be assigned to the
vehicle’s icon and displayed on the map with the vehicle
icon to indicate that the particular vehicle on the map is
being driven by a driver with a low overall score for that day
or whatever range of time the user wants to see.

[0286] In one example, a user of the map can see if the
specific route taken by the vehicle is the same specific route
that was predetermined as the route to take for a particular
route. A user can identify if the vehicle deviated from the
predetermined route by a little bit such as a few exits or took
an entire detour that is not within a geofence defined by the
vehicle monitoring system.

[0287] The live view can display in real time when a
vehicle in the fleet is engaged in a collision, such as
collisions described above for reconstruction. The display
can alert the user, such as a fleet manager, that a vehicle has
engaged in a collision in the live view page. When a
collision is detected and displayed on the live view visual-
ization, the user can report the collision, if it is a serious one,
to authorities local to where the collision took place. In one
example, the vehicle monitoring system can automatically
report the collision to the authorities and provide location
data and temporal data. The user can then review the
reconstructed data that has been sent to a cloud server and
retrieved by the user’s computer.

[0288] The visualization of the live view can also include
a side menu 1930 or a hamburger menu including a list of
other driver’s vehicles currently in the fleet or engaged in a
route. The side menu 1930 can include a list 1940 of
different kinds of live views.

[0289] The visualization can display all vehicles’ icons
currently within the size of the map displayed on the user
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interface. The user can filter the types of vehicles to be
displayed, such as by number of vehicles currently moving,
number of vehicles whose drivers are currently on a break,
based on the odometry of the vehicle, or only the vehicles
whose drivers have reached a certain number of safety
events triggered. The features can be modified based on the
user’s preferences. In one example, the filters can be
selected by specifically having the filters selectable on the
side menu.

[0290] In one example, the side menu 1930 can display a
list of drivers currently within the size of the map displayed
on the user interface. In another example, the side menu can
display the list of drivers in the particular fleet. Specific
features of the drivers can be indicated with visual cues in
the list on the side menu. In one example, the features can
indicate currently active drivers on a route or indicate the
number of safety events triggered on the particular route.
[0291] In one example, the locations of the vehicles dis-
played in the live view visualization can be determined by
global positioning systems (GPS). In another example the
locations of the vehicles can be further refined on the map
based on the ranging data (e.g., as a point cloud map)
collected from the light ranging system. The period of time
the GPS data or ranging data is collected and processed for
a particular driver can be equivalent to a time ranging from
the start of the route to the completion of the route.

[0292] Referring back to FIG. 15, a map display is shown
for a particular driver. A route is shown for the vehicle.
Metadata can be shown for the particular driver, as described
above for FIG. 19. Given that only one driver is shown on
the map, metadata for the driver can be shown automatically,
e.g., in window 1510. Particular data can be shown about a
driving pattern, e.g., a risk breach, such as speeding. Data
about risk breaches for the fleet can also be shown, e.g.,
regarding angular velocity around a corner. A link can
provide more information about a breach, e.g., proximity
breaches or even just average closest proximity throughout
a route.

[0293] 2. View Across Regions

[0294] FIG. 20 illustrates an example live view having a
visualization of all fleets displayed on a map according to
some embodiments. The map can represent a more zoomed
out region such that multiple fleets 2010 can be shown
across the map. In one example, the visual representation of
a fleets can be represented in a single icon for easier
visualization at such a zoomed out state, instead of having
to see many dots or individual vehicle icons at once, as
described in FIG. 20.

[0295] The icons for each fleet spread across the map can
have a number associated with the fleet such that the number
indicates the number of safety events triggered for a par-
ticular time that the user wants to see or the number of active
vehicles in that region. In one example, the time frame can
be for a single day where the live routes are being executed
across the region of the map. In another example, the icons
can be color-coded by a color scare indicating the number or
frequency of safety events recorded.

[0296] FIG. 20 illustrates the southwestern region of the
United States and features the number of live fleets in the
map. For example, a fleet can operate in the Los Angeles
area, another fleet in Arizona, another fleet in Texas, and
another fleet in Nevada. A user, generally a fleet manager or
general manager, can view all of these fleets in a single
display of the southwest region of the united states. If the
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live fleet operating in the Los Angeles area has accumulated
20 safety events, a number 20 and a color code can be
associated with the icon representing the live fleet in Los
Angeles.

[0297] Such a live view having a visualization of all fleets
displayed in the area selected by the user can have an
additional feature of an overlay of a live fleet count 2020.
The live fleet count can include a table showing the status of
each driver across the fleets in the selected region. The status
can be categorized by moving drivers, stopped drivers, idle
drivers, and off duty drivers. The overlay can display the
number of drivers currently identified by each category.
[0298] In one example, a user can select a particular fleet
in the regional view of fleets on the user interface. When the
user selects the particular fleet, the visualization can change
to that of the map visualization of that particular fleet, e.g.,
the view shown in FIG. 19.

[0299] 3. Flowchart

[0300] FIG. 21 is a flowchart illustrating a method for
using light ranging data collected from light ranging systems
installed on a group of vehicles according to some embodi-
ments. The method may be performed by a computing
system, such as a client computer or a server computer,
which may provide a website to clients. The computing
system can act as a vehicle monitoring system, e.g., of a fleet
of vehicles.

[0301] At step 2102, a vehicle monitoring system receives
position data for a group of vehicles (e.g., in a fleet), each
equipped with a light ranging system. Each vehicle can be
associated with a driver of a plurality of drivers in the fleet.
Each driver can have a profile. A profile can include infor-
mation as described above, e.g., for FIGS. 9-17. The profile
data can be determined from ranging data collected from a
vehicle that the driver was driving. An identifier for a driver
can be established for a session with the vehicle, e.g., by a
user logging into a control unit or through facial recognition
from a camera in the vehicle. When data is uploaded from
a control unit (e.g., that is in communication with a light
ranging system) to a server, the identifier can be used to store
the new data with existing data in that driver’s profile. The
profile can be established using historical data measured for
previous driving sessions, just for a current session, or
results for both can be provided.

[0302] At step 2104, the vehicle monitoring system
receives information about one or more risk breaches for
each of the plurality of drivers. Such risk breaches can be
determined using ranging data measured with a light ranging
system of a vehicle. For example, the risk breaches can be
determined as described in section IV. The risk breaches may
be determined by the light ranging systems, and information
about the risk breaches provide to the vehicle monitoring
system, e.g., via a network connection. Alternatively, some
or all of the ranging data or certain statistical values of the
ranging data (e.g., distances, distance vectors, speeds,
velocities, and accelerations) can be uploaded to the vehicle
monitoring system, which can analyze the data to determine
the one or more risk breaches.

[0303] At step 2106, the vehicle monitoring system gen-
erates metadata from the information about the one or more
risk breaches. The metadata can be stored in corresponding
driver’s profiles. As examples, the metadata can include one
of a performance score, a number of risk thresholds
breached, a vehicle identifier name, a route of a driver
associated with the driver’s profile (e.g., a route the driver is
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currently tasked), or a combination thereof. Other examples
of such metadata are provided herein, e.g., for FIGS. 9-17.
[0304] At step 2108, the vehicle monitoring system dis-
plays a map on an interactive user interface, where the map
includes one or more icons indicating each vehicle of the
group of vehicles. The icons can be located on the map based
on the position data for the group of vehicles. For example,
as shown in FIG. 19, vehicle icons 1910 are displayed on
map 1905. The user interface is interactive, e.g., vehicles can
be selected to view more information.

[0305] At step 2110, the metadata of a corresponding
driver’s profile can be displayed in association with at least
one of the icons. For example, the vehicle icons can be color
coded such that the color codes are associated with an
overall performance score of the driver’s profile associated
with the one or more vehicles. For instance, a first color code
(e.g., red) can indicate the overall performance score is
below a threshold, and a second color code (e.g., blue)
indicates the overall performance score is above the thresh-
old. The overall performance score of each driver can be
determined by the information about the one or more risk
breaches determined by the light ranging system. As another
example, numerical values (e.g., a score, number of safety
events, etc.) can be provided, e.g., as metadata 1920.
[0306] In some embodiments, the vehicle monitoring sys-
tem can include a user interface with a browsing page. On
the browsing page, a user can select specific analytics to be
displayed about data gathered and processed by the light
imaging systems of vehicles in the network. In one example,
a user can view data by drivers, by safety events, by routes,
by vehicle types or names, or by fleets. For instance, a page
showing data by drivers can display a list of drivers in rows
in alphabetical order and have fleet number information,
safety score, number of drivers in each fleet, and date of last
operating a vehicle in the row. In another example, the rows
can be ordered by the fleet name, safety scores, number of
drivers in a fleet, or date of last driven.

[0307] F. Correction of GPS Data with Lidar Data
[0308] Insome embodiments, the position of a vehicle can
be initially determined using GPS, and that initial position
can be corrected using lidar data. GPS data is often inaccu-
rate in cities, where signals can be blocked by buildings. In
such cases, the lidar data surveyed from the environment
(e.g., the buildings) can be used to identify a position more
accurately. For example, the points clouds from the lidar
measurements can be compared to known maps, thereby
allowing a position on the map to be identified. In another
embodiment, the vehicle can determine its location and
odometry directly in real-time using the lidar data and a
precomputed 3D map of the area that it downloaded from a
central server. Thus, GPS data or other initial position
measurement may not be needed.

[0309] FIG. 22 is a flowchart of a method for using light
ranging data collected from one or more light ranging
systems installed on one or more vehicles according to some
embodiments. The method may be performed by a computer
system, such as a client computer or a server computer,
which may provide a website to clients. The computing
system can act as a vehicle monitoring system, e.g., of a fleet
(group) of vehicles. In other embodiments, the computer
system can be installed on a vehicle, e.g., as a control unit
described herein or as part of the light ranging system.
[0310] At step 2202, position data is received for the one
or more vehicles. The position data can be received at a
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vehicle monitoring system, e.g., as described above, or at a
control unit, which may track a driving pattern of the vehicle
to provide analytics or alerts. Each vehicle can be associated
with a driver of a plurality of drivers. Each driver can have
a profile. The position data for a vehicle can be determined
using location circuitry, e.g., GPS. As other examples, this
position data can be determined using previous measure-
ments of the light ranging system of the vehicle (e.g., a
previous lidar-determined position) or a default position,
e.g., a general area so that a corresponding part of the
reference physical map can be used.

[0311] At step 2204, the light ranging data collected from
the light ranging systems installed on the group of vehicles
is received. The light ranging data can be in various forms,
e.g., point clouds taken at one or more times, just a portion
of a point cloud, or other data structure that includes
distances to one or more objects. The light ranging data may
be compressed, e.g., with changes from one point cloud to
another being transmitted. The light ranging data may be
received via a network.

[0312] At step 2206, the position data for the group of
vehicles is corrected using the light ranging data collected
from the light ranging systems installed on the group of
vehicles, thereby obtaining corrected position data. As an
example for such correcting, a portion of a first physical map
can be obtained based on an initial position (e.g., via GPS)
of a vehicle of the group of vehicles, and the light ranging
data can be aligned to the portion of the physical map to
determine the corrected position data. The aligning can
include generating a second physical map generated from
the light ranging data (e.g., from point clouds) and aligning
the second physical map to the first physical map. The
alignment can include determining pairs of positions in the
two maps that correspond with each other, e.g., corners of
objects. A distance between the same corner of the object in
one map relative to the other map can be minimized by
translating one of the maps. The shifting can continue to
minimize a sum of the errors (e.g., using least squares), e.g.,
the distance pairs of corresponding positions.

[0313] The corrected location can be determined as the
position of the vehicle in the second physical map. The
portion of the first physical map can be selected to be a
predetermined area (e.g., 1,000 meters) around the initial
position of the vehicle. Such a first physical map can be
stored locally or at a server that can provide maps (e.g., 3D
maps) as a service.

[0314] The map may be physical in that distances are
known from different positions to other positions. And,
positions of objects are known in the map. The objects can
be buildings, but can also be other stationary objects, such
as signs, newspaper racks, trees, etc. The first physical map
can be two- or three-dimensional. Such physical maps may
be obtained from past measurements of other vehicles in a
fleet.

[0315] At step 2208, the corrected position data is used by
the computer system. For example, if the computer system
is part of a vehicle monitoring system, a map can be
displayed on a display of the computer system, e.g., on a
screen of the computer. The map can include one or more
icons indicating one or more vehicles of a group of vehicles.
The icon(s) can be displayed at one or more locations on the
map based on the corrected position data for the group of
vehicles. In some embodiments, a light ranging system can
perform the correction, e.g., when the computer system is a
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control unit of the light ranging system. In such an embodi-
ment, the corrected locations can be sent to a vehicle
monitoring system, e.g., for displaying in an interactive user
interface, such as in FIG. 19.

[0316] In embodiments where the computer system is at
the vehicle, the system can determine the exact location in
real-time. Knowing the exact location in real time may allow
for better information and warnings for the driver. For
instance, by localizing in real time to a 3D map that also
contains information about the location of stop signs, the
system can provide warnings to a driver when they fail to
stop at a stop sign based on their location and odometry
information. Thus, the alert can be generated based on a
relative distance between the corrected position of the
vehicle and a known position of a sign on the first physical
map. Such odometry information can be determined from
the ranging data or sensors of the vehicle, either providing
information about a trajectory (e.g., speed, velocity, accel-
eration, etc.) of the vehicle.

[0317] In such an embodiment, it is possible for object
recognition to not be used. Thus, there may be no require-
ment that the system detect the stop sign in real time. The
same benefit can be true for lane departure warnings. The 3D
physical map can contain information about the exact loca-
tion of lane centerlines and edges and can provide departure
warnings to the driver, if the system is localizing to a map
that contains this information. This is an improvement on
systems that would traditionally try to detect lane lines in
real time which is a hard problem that does not work when
lane lines are not visible or do not exist.

[0318] G. Vehicle Monitoring System

[0319] FIG. 23 shows a vehicle monitoring system 2310
according to some embodiments.

[0320] Vehicle monitoring system 2310 can communicate
with vehicles 2320 that have light ranging systems installed
on them. Various data can be communicated from the light
ranging systems to vehicle monitoring system 2310 across a
network. For example, cellular channels, such as 3G, 4G,
LTE, and 5G may be used. In other examples, WiFi can be
used, e.g., when a vehicle is near a WiF1i hotspot the data can
be transferred, thereby transferring data collected since a last
transmission at a previous WiFi hotspot. Vehicle monitoring
system 2310 can include various software modules/engines.
For ease of illustration, particular data is shown being
communicated to a particular module, although such data
may be transmitted to a network interface and then internally
communicated to any modules as needed. In other embodi-
ments, all or parts of vehicle monitoring system 2310 can be
implemented at the vehicle, e.g., by a vehicle control unit, as
described herein.

[0321] Position correction engine 2311 can receive posi-
tion and ranging data from a vehicle. The position data can
correspond to GPS, e.g., as described in the section above.
Position correction engine 2311 can align the point clouds of
ranging data to physical maps 2316 to determine a correc-
tion to the position data. Alternatively, the corrected position
can be determined in real-time on the vehicle by sending the
map data for physical map(s) 2316 to the vehicle. Corrected
position data can then be sent to map engine 2314, which can
provide a map display, e.g., as described for FIGS. 15, 16,
and 19. Position correction engine 2311 and map engine
2314 can be used in the method of FIG. 22.

[0322] Breach analyzer 2312 can receiving ranging and/or
breach data. If a light ranging system detects breaches itself,
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the light ranging system can send data about a breach, e.g.,
a type of breach, its duration, specific odometry and prox-
imity values (e.g., velocity, acceleration, closest distance,
etc.) used to detect the breach. When ranging data is
received by breach analyzer 2312, it can perform an odom-
etry analysis or distance determination to determine whether
a breach has occurred. Breach analyzer 2312 can perform
such analysis over a driving session of a user and provide
metadata, including statistical values of the session (e.g.,
number of breaches, including of different types), and pro-
vide the metadata to database that stores driver profiles
2313. The metadata can be provided to map engine 2314
when requested, e.g., in real-time or when viewing historical
information about a driver and/or a session. Breach analyzer
2312 and map engine 2314 can be used in the method of
FIG. 21.

[0323] Breach reconstruction module 2315 can receive
various data for displaying information about a breach, e.g.,
as shown in FIG. 16. Such data can include ranging data
(e.g., to display point clouds in maps in window 1615,
odometry data (e.g., as continuous values 1605), and video
data (e.g., in windows 1621 and 1622). Breach reconstruc-
tion module 2315 can received such data directly from a
light ranging system, breach analyzer 2312, or entirely or
partially from other modules. Breach reconstruction module
2315 can save the various types of data together, so that
playback can be synchronized.

VII. EXAMPLE COMPUTER SYSTEM

[0324] Any of the computer systems (e.g., User Interface
Hardware & Software 315) mentioned herein may utilize
any suitable number of subsystems. Examples of such
subsystems are shown in FIG. 24 in computer system 10. In
some embodiments, a computer system includes a single
computer apparatus, where the subsystems can be the com-
ponents of the computer apparatus. In other embodiments, a
computer system can include multiple computer appara-
tuses, each being a subsystem, with internal components. A
computer system can include desktop and laptop computers,
tablets, mobile phones and other mobile devices.

[0325] The subsystems shown in FIG. 24 are intercon-
nected via a system bus 75. Additional subsystems such as
a printer 74, keyboard 78, storage device(s) 79, monitor 76,
which is coupled to display adapter 82, and others are
shown. Peripherals and input/output (I/O) devices, which
couple to I/O controller 71, can be connected to the com-
puter system by any number of means known in the art such
as input/output (I/O) port 77 (e.g., USB, FireWire). For
example, I/O port 77 or external interface 81 (e.g. Ethernet,
Wi-Fi, etc.) can be used to connect computer system 10 to
a wide area network such as the Internet, a mouse input
device, or a scanner. The interconnection via system bus 75
allows the central processor 73 to communicate with each
subsystem and to control the execution of a plurality of
instructions from system memory 72 or the storage device(s)
79 (e.g., a fixed disk, such as a hard drive, or optical disk),
as well as the exchange of information between subsystems.
The system memory 72 and/or the storage device(s) 79 may
embody a computer readable medium. Another subsystem is
a data collection device 85, such as a camera, microphone,
accelerometer, and the like. Any of the data mentioned
herein can be output from one component to another com-
ponent and can be output to the user.
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[0326] A computer system can include a plurality of the
same components or subsystems, e.g., connected together by
external interface 81, by an internal interface, or via remov-
able storage devices that can be connected and removed
from one component to another component. In some
embodiments, computer systems, subsystem, or apparatuses
can communicate over a network. In such instances, one
computer can be considered a client and another computer a
server, where each can be part of a same computer system.
A client and a server can each include multiple systems,
subsystems, or components.

[0327] Aspects of embodiments can be implemented in the
form of control logic using hardware circuitry (e.g. an
application specific integrated circuit or field programmable
gate array) and/or using computer software with a generally
programmable processor in a modular or integrated manner.
As used herein, a processor can include a single-core pro-
cessor, multi-core processor on a same integrated chip, or
multiple processing units on a single circuit board or net-
worked, as well as dedicated hardware. Based on the dis-
closure and teachings provided herein, a person of ordinary
skill in the art will know and appreciate other ways and/or
methods to implement embodiments of the present invention
using hardware and a combination of hardware and soft-
ware.

[0328] Any of the software components or functions
described in this application may be implemented as soft-
ware code to be executed by a processor using any suitable
computer language such as, for example, Java, C, C++, C#,
Objective-C, Swift, or scripting language such as Perl or
Python using, for example, conventional or object-oriented
techniques. The software code may be stored as a series of
instructions or commands on a computer readable medium
for storage and/or transmission. A suitable non-transitory
computer readable medium can include random access
memory (RAM), a read only memory (ROM), a magnetic
medium such as a hard-drive or a floppy disk, or an optical
medium such as a compact disk (CD) or DVD (digital
versatile disk), flash memory, and the like. The computer
readable medium may be any combination of such storage or
transmission devices.

[0329] Such programs may also be encoded and transmit-
ted using carrier signals adapted for transmission via wired,
optical, and/or wireless networks conforming to a variety of
protocols, including the Internet. As such, a computer read-
able medium may be created using a data signal encoded
with such programs. Computer readable media encoded with
the program code may be packaged with a compatible
device or provided separately from other devices (e.g., via
Internet download). Any such computer readable medium
may reside on or within a single computer product (e.g. a
hard drive, a CD, or an entire computer system), and may be
present on or within different computer products within a
system or network. A computer system may include a
monitor, printer, or other suitable display for providing any
of the results mentioned herein to a user.

[0330] Any of the methods described herein may be totally
or partially performed with a computer system including one
or more processors, which can be configured to perform the
steps. Thus, embodiments can be directed to computer
systems configured to perform the steps of any of the
methods described herein, potentially with different compo-
nents performing a respective step or a respective group of
steps. Although presented as numbered steps, steps of meth-
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ods herein can be performed at a same time or at different
times or in a different order. Additionally, portions of these
steps may be used with portions of other steps from other
methods. Also, all or portions of a step may be optional.
Additionally, any of the steps of any of the methods can be
performed with modules, units, circuits, or other means of a
system for performing these steps.

[0331] The specific details of particular embodiments may
be combined in any suitable manner without departing from
the spirit and scope of embodiments of the invention.
However, other embodiments of the invention may be
directed to specific embodiments relating to each individual
aspect, or specific combinations of these individual aspects.
[0332] The above description of example embodiments of
the invention has been presented for the purposes of illus-
tration and description. It is not intended to be exhaustive or
to limit the invention to the precise form described, and
many modifications and variations are possible in light of
the teaching above.

[0333] A recitation of an” or “the” is intended to
mean “one or more” unless specifically indicated to the
contrary. The use of “or” is intended to mean an “inclusive
or,” and not an “exclusive or” unless specifically indicated
to the contrary. Reference to a “first” component does not
necessarily require that a second component be provided.
Moreover reference to a “first” or a “second” component
does not limit the referenced component to a particular
location unless expressly stated. The term “based on” is
intended to mean “based at least in part on.”

[0334] All patents, patent applications, publications, and
descriptions mentioned herein are incorporated by reference
in their entirety for all purposes. None is admitted to be prior
art.
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What is claimed is:
1. A method for calibrating a light ranging system includ-
ing a control unit and one or more light ranging devices, the
method comprising:
scanning, by a calibration imaging device, a vehicle and
the one or more light ranging devices installed on the
vehicle to produce imaging data, each light ranging
device including a laser source and a photosensor;

computing a primary model of an exterior of the vehicle
based on the imaging data, the primary model including
a coordinate frame;

determining one or more model positions of the one or
more light ranging devices on the primary model
relative to the coordinate frame of the primary model,
the one or more model positions corresponding to
physical positions of the one or more light ranging
devices on the exterior of the vehicle; and

outputting the primary model of the exterior of the vehicle

and the one or more model positions of the one or more
light ranging devices on the primary model in a format
usable by the control unit to determine distances
between the exterior of the vehicle and one or more
environmental surfaces using measurements from the
one or more light ranging devices.
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2. The method of claim 1, wherein the primary model is
three-dimensional.

3. The method of claim 1, further comprising installing
the one or more light ranging devices on the vehicle.

4. The method of claim 1, wherein determining the one or
more model positions of the one or more light ranging
devices on the primary model comprises:

for each of the one or more light ranging devices:

estimating a starting position of the light ranging device
on the primary model;

loading one or more housing dimensions of the light
ranging device; and

determining the model position of the light ranging
device on the primary model based on matching the
one or more housing dimensions of the light ranging
device to a portion of the primary model comprising
the estimated starting position.

5. The method of claim 4, wherein the estimating the
starting position of the light ranging device on the primary
model is based on user input.

6. The method of claim 1, wherein the calibration imaging
device is of a same type as the one or more light ranging
devices.

7. The method of claim 1, further comprising:

measuring, using the one or more light ranging devices,

the exterior of the vehicle to construct one or more
partial models of the exterior of the vehicle, the one or
more partial models defined relative to the coordinate
frame of the primary model; and

refining the one or more model positions of the one or

more light ranging devices based on minimizing an
error between the primary model and the one or more
partial models.

8. The method of claim 1, further comprising:

surveying, using the one or more light ranging devices, an

environment around the vehicle, wherein the one or
more light ranging devices comprise a primary light
ranging device and one or more secondary light ranging
devices;

constructing a primary model of the environment based

on a first set of ranging data from the primary light
ranging device;

constructing one or more secondary models of the envi-

ronment based on one or more additional sets of
ranging data from the one or more secondary light
ranging devices; and

refining the one or more model positions of the one or

more light ranging devices based on minimizing an
error between the primary model and the one or more
secondary models.

9. The method of claim 1, wherein the calibration imaging
device is one of the one or more light ranging devices.

10. A method using a light ranging system of a vehicle, the
light ranging system comprising a control unit communica-
bly coupled with one or more light ranging devices installed
on the vehicle, the method comprising:

storing a primary model of an exterior of the vehicle in a

memory of the control unit, the primary model includ-
ing one or more model positions of the one or more
light ranging devices;

performing, using the one or more light ranging devices,

one or more measurements of the exterior of the vehicle
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to generate ranging data that includes distances from
the exterior of the vehicle to the one or more light
ranging devices;
constructing, by the control unit, one or more partial
models of the exterior of the vehicle using the ranging
data; and
comparing, by the control unit, the one or more partial
models with the primary model to detect one or more
changes in the exterior of the vehicle.
11. The method of claim 10, wherein the one or more
model positions are defined relative to a coordinate frame,
and wherein the one or more partial models are defined
relative to the coordinate frame of the primary model.
12. The method of claim 10, wherein comparing the one
or more partial models with the primary model includes:
overlaying a partial model of the one or more partial
models onto the primary model; and
determining a set of distance vectors representing differ-
ences between the primary model and the partial
model, thereby detecting the one or more changes in the
exterior of the vehicle.
13. The method of claim 10, further comprising:
recording the one or more changes in the exterior of the
vehicle for retrieval.
14. The method of claim 10, further comprising:
generating one or more alerts in response to detecting the
one or more changes.
15. The method of claim 10, wherein the one or more
changes comprise a change in a physical position of a light
ranging device on the exterior of the vehicle, such that the
light ranging device has a new physical position on the
exterior of the vehicle, the method further comprising:
recalibrating a model position of the light ranging device
on the primary model so that the model position more
closely matches the new physical position of the light
ranging device on the exterior of the vehicle.
16. A system for calibrating a light ranging system includ-
ing a control unit and one or more light ranging devices, the
system comprising:
a calibration imaging device configured to scan a vehicle
and the one or more light ranging devices installed on
the vehicle to produce imaging data, each light ranging
device including a laser source and a photosensor; and
a processor communicably coupled with the calibration
imaging device, wherein the processor is configured to:
compute a primary model of an exterior of the vehicle
based on the imaging data, the primary model
including a coordinate frame;

determine one or more model positions of the one or
more light ranging devices on the primary model
relative to the coordinate frame of the primary
model, the one or more model positions correspond-
ing to physical positions of the one or more light
ranging devices on the exterior of the vehicle; and
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output the primary model of the exterior of the vehicle
and the one or more model positions of the one or
more light ranging devices on the primary model in
a format usable by the control unit to determine
distances between the exterior of the vehicle and one
or more environmental surfaces using measurements
from the one or more light ranging devices.

17. The system of claim 16, wherein determining the one
or more model positions of the one or more light ranging
devices on the primary model comprises:

for each of the one or more light ranging devices:

estimating a starting position of the light ranging device
on the primary model;

loading one or more housing dimensions of the light
ranging device; and

determining the model position of the light ranging
device on the primary model based on matching the
one or more housing dimensions of the light ranging
device to a portion of the primary model comprising
the estimated starting position.

18. The system of claim 16, wherein the calibration
imaging device is of a same type as the one or more light
ranging devices.

19. The system of claim 16, wherein the processor is
further configured to:

measure, using the one or more light ranging devices, the

exterior of the vehicle to construct one or more partial
models of the exterior of the vehicle, the one or more
partial models defined relative to the coordinate frame
of the primary model; and

refine the one or more model positions of the one or more

light ranging devices based on minimizing an error
between the primary model and the one or more partial
models.

20. The system of claim 16, wherein the processor is
further configured to:

survey, using the one or more light ranging devices, an

environment around the vehicle, wherein the one or
more light ranging devices comprise a primary light
ranging device and one or more secondary light ranging
devices;

construct a primary model of the environment based on a

first set of ranging data from the primary light ranging
device;

construct one or more secondary models of the environ-

ment based on one or more additional sets of ranging
data from the one or more secondary light ranging
devices; and

refine the one or more model positions of the one or more

light ranging devices based on minimizing an error
between the primary model and the one or more
secondary models.
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