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MANAGING A FLEET OF VEHICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of the filing date of U.S. Patent Application
No. 15/921,907, filed March 15, 2018, the disclosure of which is hereby incorporated herein
by reference.

BACKGROUND

[0002] Autonomous vehicles, for instance, vehicles that do not require a human driver,
can be used to aid in the transport of passengers or items from one location to another. Such
vehicles may operate in a fully autonomous mode where passengers may provide some initial
input, such as a pickup or destination location, and the vehicle maneuvers itself to that location.
Thus, such vehicles may be used to provide transportation services.

[0003] Other systems which provide transportation services typically include drivers
or conductors who are tasked with making decisions about how to operate vehicles. Such
services may include some backend server systems which can dispatch vehicles to certain
locations to provide transportations services as well as provide fleet management and vehicle
staging instructions.

BRIEF SUMMARY

[0004] The present disclosure provides a method of determining a next vehicle task for
a vehicle of a fleet, comprising receiving, from the vehicle, vehicle data including one or more
of a vehicle charge status, a vehicle charge capacity, a vehicle location, a vehicle type, and a
current vehicle task; receiving charger data about at least one charger, the charger data
including one or more of a charger location, a charger availability, a charger type, and a charger
speed; receiving demand data about one or more of a current trip demand and a predicted future
trip demand; determining a next vehicle task for the vehicle based on the vehicle data, the
charger data, and the demand data, wherein the next vehicle task relates to charging the vehicle;
and directing the vehicle to the next vehicle task.

[0005] The method may further comprise determining an energy consumption rate of
the vehicle and predicting a future vehicle charge status after a trip based on the energy
consumption rate, wherein directing the vehicle to the next vehicle task includes directing the
vehicle to recharge after the trip when the predicted vehicle charge status after the trip is below

a threshold minimum. The energy consumption rate may be determined further based on
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weather conditions. The method may further comprise determining whether the vehicle charge
status is below a threshold absolute minimum, wherein directing the vehicle to the next vehicle
task includes directing the vehicle to recharge when the vehicle charge status is determined to
be below the threshold absolute minimum level.

[0006] The method may further comprise predicting a likelihood that a current energy
cost will be lower than a future energy cost, wherein determining a next vehicle task is further
based on the likelihood that a current energy cost will be lower than a future energy cost. The
method may further comprise determining one or more time windows with peak energy costs,
wherein directing the vehicle to the next vehicle task includes directing the vehicle not to
recharge during the one or more time windows with peak energy costs.

[0007] The method may further comprise selecting a suitable charger amongst the at
least one charger for recharging the vehicle based on at least one of the vehicle location, the
vehicle type, the charger location, the charger availability, the charger type, and the charger
speed, and wherein directing the vehicle to the next vehicle task includes directing the vehicle
to recharge at the suitable charger, when the next vehicle task is determined to be recharge.
The selecting a suitable charger may further be based on needs of other vehicles in the fleet to
recharge. The selecting a suitable charger may further be based on a distribution of where other
vehicles in the fleet are recharging. The method may further comprise predicting a future
charger availability based on the charger availability, the charger type, and the charger speed,
wherein selecting a suitable charger is further based on the future charger availability.

[0008] The method may further comprise determining an extent to recharge the vehicle
based on at least one of the vehicle charge status, the vehicle charge capacity, and the charger
speed; and directing the vehicle to continue recharge up to the extent, and wherein directing
the vehicle to the next vehicle task includes directing the vehicle to stop recharge when the
vehicle is recharged up to the extent. The determining the extent to recharge may further be
based on whether the vehicle charge status exceeds a threshold maximum level. The method
may further comprise adjusting the threshold maximum level when the current trip demand is
above a threshold peak demand. The determining the extent to recharge may further be based
on whether the vehicle charge status falls below a threshold minimum level, wherein the
threshold minimum level is based on a cost of traveling involved to reach a charger for
recharge. The determining the extent to recharge the vehicle may further be based on a

comparison between a current energy cost and a predicted future energy cost.
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[0009] The method may further comprise determining a suitable next trip based on at
least one of the vehicle type, a service type, and a number of passengers, and wherein directing
the vehicle to the next vehicle task includes directing the vehicle to service the suitable next
trip and to recharge after the suitable next trip.

[0010] The method may further comprise predicting a first vehicle location after the
current vehicle task, predicting a second vehicle location after a next trip based on the demand
data, and predicting a likelihood that the vehicle will be closer to an available charger upon
completing the current vehicle task than upon completing the next trip, wherein determining
the next vehicle task is further based on the likelihood that the vehicle will be closer to an
available charger upon completing the current vehicle task than upon completing the next trip.
[0011] The disclosure further provides for a system for determining a next vehicle task
for a vehicle of a fleet, comprising one or more processors of one or more server computing
devices, the one or more processors being configured to receive vehicle data about a vehicle in
a fleet, the vehicle data including one or more of a vehicle charge status, a vehicle charge
capacity, a vehicle location, a vehicle type, and a current vehicle task; receive charger data
about at least one charger, the charger data including one or more of a charger location, a
charger availability, a charger type, and a charger speed; receive demand data about one or
more of a current trip demand and a predicted future trip demand; determine a next vehicle task
for the vehicle based on the vehicle data, the charger data, and the demand data, wherein the
next vehicle task relates to charging the vehicle; and direct the vehicle to the next vehicle task.
The one or more processors may further be configured to determine an energy consumption
rate of the vehicle and predict a future vehicle charge status after a trip based on the energy
consumption rate, wherein directing the vehicle to the next vehicle task includes directing the
vehicle to recharge after the trip when the predicted vehicle charge status after the trip is below
a threshold minimum. The system may further comprise the vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGURE 1 is a functional diagram of an example vehicle in accordance with an
exemplary embodiment.

[0013] FIGURE 2 is an example external view of a vehicle in accordance with aspects
of the disclosure.

[0014] FIGURE 3 is a pictorial diagram of an example system in accordance with an

exemplary embodiment.
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[0015] FIGURE 4 is a functional diagram of the system of FIGURE 3 in accordance
with aspects of the disclosure.

[0016] FIGURES 5A-5C are example tables in accordance with aspects of the
disclosure.

[0017] FIGURE 6 is an example representation of data in accordance with aspects of

the disclosure.

[0018] FIGURE 7 is an example representation of data in accordance with aspects of
the disclosure.

[0019] FIGURE 8 is an example representation of data in accordance with aspects of
the disclosure.

[0020] FIGURE 9 is an example representation of data in accordance with aspects of
the disclosure.

[0021] FIGURE 10 is an example flow diagram in accordance with aspects of the
disclosure.

DETAILED DESCRIPTION

OVERVIEW

[0022] The technology relates to systems and methods of directing a fleet of vehicles.
For instance, a server system may be configured as a dispatch system to determine a next
vehicle task for a vehicle in the fleet based on vehicle data, charger data, and demand data. The
vehicle tasks may include, but are not limited to, recharging, continuing to recharge, stopping
recharging, powering off, or servicing a next trip. The vehicle data may include various types
of information about a vehicle in the fleet. For example, the vehicle data may include a vehicle
location and a vehicle type, which may be categorized by how energy is consumed, its size or
passenger capacity, or how the vehicle is being driven. In some instances, the vehicle data may
include information about the vehicle’s charge status and charge capacity. The vehicle data
may also include information about a current vehicle task. The charger data may include
information on various chargers that the vehicles in the fleet may use. The demand data may
indicate demands for trips by the vehicles of the fleet.

[0023] The dispatch system may make predictions based on the vehicle data. In
addition to the vehicle data, the dispatch system may also use other factors to predict the energy
consumption rate of the vehicle, such as route conditions, weather conditions, or a predicted

likelihood that a user may modify a trip. In addition to using the vehicle data, the dispatch
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system may also make predictions based on the charger data. Similarly, the dispatch system
may make predictions based on the demand data.

[0024] The dispatch system may use the vehicle data, the charger data, the demand
data, and predictions in combination with heuristic data to determine a next vehicle task for the
vehicle, which may include recharging, continue recharging, stop recharging, powering off, or
servicing a next trip. For example, as a safety measure, the dispatch system may use a heuristic
that identifies a threshold absolute minimum such that the vehicle must be directed to recharge
once the threshold absolute minimum is reached. In other embodiments, heuristics may be
designed based on predictions of a likelihood that the vehicle will be closer to an available
charger upon completing the current trip than upon completing the next trip. In other
embodiments, heuristics may be designed based on predictions of energy cost. In still other
embodiments, heuristics may be designed to determine a suitable charger, if the next vehicle
task is determined to be recharge. Other embodiments may have heuristics designed to
determine an extent to recharge the vehicle. In other embodiments, heuristics may be designed
to determine a suitable trip, if the next vehicle task is to service a trip. In still other
embodiments, heuristics may be designed as fleet-wide rules.

[0025] The fleet directing technology described herein may allow for the optimization
of scheduling of vehicle tasks for a fleet of vehicles used to provide transportation services.
This, in turn, may minimize empty mileage traveled by the vehicles in the fleet (in other words,
miles traveled by vehicles when not transporting passengers or cargo), minimize lost trips, as
well as reduce energy cost for the fleet. Further, the technology may also improve users’
experience with the transportation services, for example, fewer empty miles traveled may mean
shorter wait-times for users, fewer lost trips may mean that the requesting user is less likely to
be disappointed by a declined trip request, and reduced energy cost for the fleet may allow the
transportation services to be offered at more affordable prices.

EXAMPLE SYSTEMS

[0026] As shown in FIGURE 1, a vehicle 100 in accordance with one aspect of the
disclosure includes various components. While certain aspects of the disclosure are
particularly useful in connection with specific types of vehicles, the vehicle may be any type
of vehicle including, but not limited to, cars, trucks, motorcycles, buses, recreational vehicles,
etc. The vehicle may have a certain passenger capacity, for example, a minivan with up to 8

passengers, a sedan with up to five passengers, a bus with up to twenty passengers, a compact
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with up to five passengers, etc. The vehicle may be autonomous, semi-autonomous, or driven
by a human driver. The vehicle may be an electric vehicle, a hybrid vehicle, a gasoline vehicle,
a fuel cell vehicle, etc.

[0027] The vehicle may have one or more computing devices, such as computing
devices 110 containing one or more processors 120, memory 130 and other components
typically present in general purpose computing devices.

[0028] The memory 130 stores information accessible by the one or more processors
120, including instructions 132 and data 134 that may be executed or otherwise used by the
processor 120. The memory 130 may be of any type capable of storing information accessible
by the processor, including a computing device-readable medium, or other medium that stores
data that may be read with the aid of an electronic device, such as a hard-drive, memory card,
ROM, RAM, DVD or other optical disks, as well as other write-capable and read-only
memories. Systems and methods may include different combinations of the foregoing,
whereby different portions of the instructions and data are stored on different types of media.
[0029] The instructions 132 may be any set of instructions to be executed directly (such
as machine code) or indirectly (such as scripts) by the processor. For example, the instructions
may be stored as computing device code on the computing device-readable medium. In that
regard, the terms "instructions" and "programs" may be used interchangeably herein. The
instructions may be stored in object code format for direct processing by the processor, or in
any other computing device language including scripts or collections of independent source
code modules that are interpreted on demand or compiled in advance. Functions, methods and
routines of the instructions are explained in more detail below.

[0030] The data 134 may be retrieved, stored or modified by processor 120 in
accordance with the instructions 132. For instance, although the claimed subject matter is not
limited by any particular data structure, the data may be stored in computing device registers,
in a relational database as a table having a plurality of different fields and records, XML
documents or flat files. The data may also be formatted in any computing device-readable
format.

[0031] The one or more processor 120 may be any conventional processors, such as
commercially available CPUs. Alternatively, the one or more processors may be a dedicated
device such as an ASIC or other hardware-based processor. Although FIGURE 1 functionally

illustrates the processor, memory, and other elements of computing devices 110 as being within
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the same block, it will be understood by those of ordinary skill in the art that the processor,
computing device, or memory may actually include multiple processors, computing devices,
or memories that may or may not be stored within the same physical housing. For example,
memory may be a hard drive or other storage media located in a housing different from that of
computing devices 110. Accordingly, references to a processor or computing device will be
understood to include references to a collection of processors or computing devices or
memories that may or may not operate in parallel.

[0032] Computing devices 110 may include all of the components normally used in
connection with a computing device such as the processor and memory described above as well
as a user input 150 (e.g., a mouse, keyboard, touch screen and/or microphone) and various
electronic displays (e.g., a monitor having a screen or any other electrical device that is operable
to display information). In this example, the vehicle includes an internal electronic display 152
as well as one or more speakers 154 to provide information or audio visual experiences. In this
regard, internal electronic display 152 may be located within a cabin of vehicle 100 and may
be used by computing devices 110 to provide information to passengers within the vehicle 100.
[0033] Computing devices 110 may also include one or more wireless network
connections 156 to facilitate communication with other computing devices, such as the client
computing devices and server computing devices described in detail below. The wireless
network connections may include short range communication protocols such as Bluetooth,
Bluetooth low energy (LE), cellular connections, as well as various configurations and
protocols including the Internet, World Wide Web, intranets, virtual private networks, wide
area networks, local networks, private networks using communication protocols proprietary to
one or more companies, Ethernet, WiFi and HTTP, and various combinations of the foregoing.
[0034] In one example, computing devices 110 may be control computing devices of
an autonomous or semi-autonomous driving computing system incorporated into vehicle 100.
The autonomous or semi-autonomous driving computing system may be capable of
communicating with various components of the vehicle in order to control the movement of
vehicle 100 according to primary vehicle control code of memory 130. For example, returning
to FIGURE 1, computing devices 110 may be in communication with various systems of
vehicle 100, such as deceleration system 160, acceleration system 162, steering system 164,
signaling system 166, navigation system 168, positioning system 170, perception system 172,

and power system 174 (i.e. the vehicle’s engine or motor) in order to control the movement,



WO 2019/178197 PCT/US2019/022006

speed, etc. of vehicle 100 in accordance with the instructions 132 of memory 130. The power
system 174 may run on any of a number of different fuels. For example, the power system 174
may be powered by a battery, by a fuel cell, by a gasoline tank, or it may be a hybrid power
system. The power system 174 may further include a charging system for a battery or a fuel
cell. Again, although these systems are shown as external to computing devices 110, in
actuality, these systems may also be incorporated into computing devices 110, again as an
autonomous driving computing system for controlling vehicle 100.

[0035] As an example, computing devices 110 may interact with one or more actuators
of the deceleration system 160 and/or acceleration system 162, such as brakes, accelerator
pedal, and/or the engine or motor of the vehicle, in order to control the speed of the vehicle.
Similarly, one or more actuators of the steering system 164, such as a steering wheel, steering
shaft, and/or pinion and rack in a rack and pinion system, may be used by computing devices
110 in order to control the direction of vehicle 100. For example, if vehicle 100 is configured
for use on a road, such as a car or truck, the steering system may include one or more actuators
to control the angle of wheels to turn the vehicle. Signaling system 166 may be used by
computing devices 110 in order to signal the vehicle's intent to other drivers or vehicles, for
example, by lighting turn signals or brake lights when needed.

[0036] Navigation system 168 may be used by computing devices 110 in order to
determine and follow a route to a location. In this regard, the navigation system 168 and/or data
134 may store detailed map information, e.g., highly detailed maps identifying the shape and
elevation of roadways, lane lines, intersections, crosswalks, speed limits, traffic signals,
buildings, signs, real time traffic information, vegetation, or other such objects and information.
[0037] Positioning system 170 may be used by computing devices 110 in order to
determine the vehicle's relative or absolute position on a map or on the earth. For example, the
position system 170 may include a GPS receiver to determine the device's latitude, longitude
and/or altitude position. Other location systems such as laser-based localization systems,
inertial-aided GPS, or camera-based localization may also be used to identify the location of
the vehicle. The location of the vehicle may include an absolute geographical location, such
as latitude, longitude, and altitude as well as relative location information, such as location
relative to other cars immediately around it which can often be determined with less noise that

absolute geographical location.
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[0038] The positioning system 170 may also include other devices in communication
with computing devices 110, such as an accelerometer, gyroscope or another direction/speed
detection device to determine the direction and speed of the vehicle or changes thereto. By
way of example only, an acceleration device may determine its pitch, yaw or roll (or changes
thereto) relative to the direction of gravity or a plane perpendicular thereto. The device may
also track increases or decreases in speed and the direction of such changes. The device's
provision of location and orientation data as set forth herein may be provided automatically to
the computing devices 110, other computing devices and combinations of the foregoing.
[0039] The perception system 172 also includes one or more components for detecting
objects external to the vehicle such as other vehicles, obstacles in the roadway, traffic signals,
signs, trees, etc. For example, the perception system 172 may include lasers, sonar, radar,
cameras and/or any other detection devices that record data which may be processed by
computing device 110. In the case where the vehicle is a passenger vehicle such as a minivan,
the minivan may include a laser or other sensors mounted on the roof or other convenient
location. For instance, FIGURE 2 is an example external view of vehicle 100. In this example,
roof-top housing 210 and dome housing 212 may include a lidar sensor as well as various
cameras and radar units. In addition, housing 220 located at the front end of vehicle 100 and
housings 230, 232 on the driver’s and passenger’s sides of the vehicle may each store a lidar
sensor. For example, housing 230 is located in front of driver door 260. Vehicle 100 also
includes housings 240, 242 for radar units and/or cameras also located on the roof of vehicle
100. Additional radar units and cameras (not shown) may be located at the front and rear ends
of vehicle 100 and/or on other positions along the roof or roof-top housing 210.

[0040] The computing devices 110 may control the direction and speed of the vehicle
by controlling various components. By way of example, computing devices 110 may navigate
the vehicle to a destination location completely autonomously using data from the detailed map
information and navigation system 168. Computing devices 110 may use the positioning
system 170 to determine the vehicle's location and perception system 172 to detect and respond
to objects when needed to reach the location safely. In order to do so, computing devices 110
may cause the vehicle to accelerate (e.g., by increasing fuel or other energy provided to the
engine by acceleration system 162), decelerate (e.g., by decreasing the fuel supplied to the
engine, changing gears, and/or by applying brakes by deceleration system 160), change

direction (e.g., by turning the front or rear wheels of vehicle 100 by steering system 164), and
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signal such changes (e.g., by lighting turn signals of signaling system 166). Thus, the
acceleration system 162 and deceleration system 160 may be a part of a drivetrain that includes
various components between an engine of the vehicle and the wheels of the vehicle. Again, by
controlling these systems, computing devices 110 may also control the drivetrain of the vehicle
in order to maneuver the vehicle autonomously.

[0041] Computing device 110 of vehicle 100 may also receive or transfer information
to and from other computing devices, such as those computing devices that are a part of the
transportation service as well as other computing devices. FIGURES 3 and 4 are pictorial and
functional diagrams, respectively, of an example system 300 that includes a plurality of
computing devices 310, 320, 330, 340 and a storage system 350 connected via a network 360.
System 300 also includes vehicle 100, and vehicles 100A, 100B which may be configured the
same as or similarly to vehicle 100. System 300 further includes chargers 400, 400A, 400B,
which may be used by vehicles in the fleet. Although only a few vehicles, chargers, and
computing devices are depicted for simplicity, a typical system may include significantly more.
[0042] As shown in FIGURE 4, each of computing devices 310, 320, 330, 340, as well
as chargers 400, 400A, 400B may include one or more processors, memory, data and
instructions. Such processors, memories, data and instructions may be configured similarly to
one or more processors 120, memory 130, instructions 132, and data 134 of computing device
110.

[0043] The network 360, and intervening nodes, may include various configurations
and protocols including short range communication protocols such as Bluetooth, Bluetooth LE,
the Internet, World Wide Web, intranets, virtual private networks, wide area networks, local
networks, private networks using communication protocols proprietary to one or more
companies, Ethernet, WiFi and HTTP, and various combinations of the foregoing. Such
communication may be facilitated by any device capable of transmitting data to and from other
computing devices, such as modems and wireless interfaces.

[0044] In one example, one or more computing devices 310 may include one or more
server computing devices having a plurality of computing devices, e.g., a load balanced server
farm, that exchange information with different nodes of a network for the purpose of receiving,
processing and transmitting the data to and from other computing devices. For instance, one
or more computing devices 310 may include one or more server computing devices that are

capable of communicating with computing device 110 of vehicle 100 or a similar computing
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device of vehicle 100A, 100B, with chargers 400, 400A, 400B, as well as with computing
devices 320, 330, 340 via the network 360. For example, vehicles 100, 100A, 100B may be a
part of a fleet of vehicles that can be dispatched by server computing devices to various
locations. For example, chargers 400, 400A, and 400B may be some of the chargers available
for use by the fleet of vehicles dispatched by the server computing devices. In this regard, the
server computing devices 310 may function as a dispatch system.

[0045] As described in more detail below, the server computing devices 310 may be
configured to receive, update and use the vehicle data, the charger data, and demand data to
make predictions, and determine a next vehicle task for the vehicles in the fleet. The vehicle
tasks may include, but are not limited to, recharging, continuing to recharge, stopping
recharging, powering off, or servicing a next trip. The server computing devices 310 may be
further configured to determine a next vehicle task based on heuristics. The server computing
devices 310 may be configured to direct each of the vehicles in the fleet to a respective next
vehicle task.

[0046] In addition, server computing devices 310 may use network 360 to transmit and
present information to a user, such as user 322, 332, 342 on a display, such as displays 324,
334, 344 of computing devices 320, 330, 340. In this regard, computing devices 320, 330, 340
may be considered client computing devices. A user, such as user 322, 332, 342, may also
transmit information to the server computing devices 310. For example, computing devices
320, 330, 340 may be used to send a trip request to the server computing devices 310.

[0047] As shown in FIGURE 4, each client computing device 320, 330, 340 may be a
personal computing device intended for use by a user 322, 332, 342, and have all of the
components normally used in connection with a personal computing device including a one or
more processors (e.g., a central processing unit (CPU)), memory (e.g., RAM and internal hard
drives) storing data and instructions, a display such as displays 324, 334, 344 (e.g., a monitor
having a screen, a touch-screen, a projector, a television, or other device that is operable to
display information), and user input devices 326, 336, 346 (e.g., a mouse, keyboard,
touchscreen or microphone). The client computing devices may also include a camera for
recording video streams, speakers, a network interface device, and all of the components used
for connecting these elements to one another.

[0048] Although the client computing devices 320, 330, and 340 may each comprise a

full-sized personal computing device, they may alternatively comprise mobile computing
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devices capable of wirelessly exchanging data with a server over a network such as the Internet.
By way of example only, client computing device 320 may be a mobile phone or a device such
as a wireless-enabled PDA, a tablet PC, a wearable computing device or system, or a netbook
that is capable of obtaining information via the Internet or other networks. In another example,
client computing device 330 may be a wearable computing system, shown as a wristwatch as
shown in FIGURE 3. As an example the user may input information using a small keyboard,
a keypad, microphone, using visual signals with a camera, or a touch screen.

[0049] As also shown in FIGURE 4, each charger 400, 400A, 400B may have all of the
components normally used in connection with a computing device including a one or more
processors (e.g., a central processing unit (CPU)), memory (e.g., RAM and internal hard drives)
storing data and instructions, a display (e.g., a monitor having a screen, a touch-screen, a
projector, a television, or other device that is operable to display information), and user input
devices (e.g., a mouse, keyboard, touchscreen or microphone). The charger may also include
a camera, speakers, a network interface device, and all of the components used for connecting
these elements to one another.

[0050] As with memory 130, storage system 350 can be of any type of computerized
storage capable of storing information accessible by the server computing devices 310, such as
a hard-drive, memory card, ROM, RAM, DVD, CD-ROM, write-capable, and read-only
memories. In addition, storage system 350 may include a distributed storage system where
data is stored on a plurality of different storage devices which may be physically located at the
same or different geographic locations. Storage system 350 may be connected to the computing
devices via the network 360 as shown in FIGURES 3 and 4, and/or may be directly connected
to or incorporated into any of the computing devices 110, 310, 320, 330, 340, or chargers 400,
400A, 400B, etc.

[0051] Storage system 350 may store various types of information, including the
vehicle data, the charger data, and the demand data as described in more detail below. This
information may be retrieved or otherwise accessed by a server computing device, such as one
or more server computing devices 310, in order to perform some or all of the features described
herein. For instance, storage system 350 may store vehicle data on each vehicle of the fleet,
charger data of various chargers that the fleet may use, as well as demand data. As discussed

further below, FIGURE 5A is an example table for tracking the vehicles of the fleet. FIGURE

_12_



WO 2019/178197 PCT/US2019/022006

5B is an example table for tracking the chargers that can be used by the fleet. FIGURE 5C is
an example table for tracking demand for service by the fleet.

[0052] The vehicle data may include various types of information about a vehicle in
the fleet. FIGURE 5A is a table S00A showing some example vehicle data that may be sent
from vehicles 100, 100A, 100B, and 100C. As shown in the table, the vehicle data may include
a vehicle location, such as the vehicle’s GPS coordinates, for example, vehicle 100 is at GPS
coordinates [x1, y1], vehicle 100A is at GPS coordinates [x2, y2], vehicle 100B is at GPS
coordinates [x3, y3], and vehicle 100C is at GPS coordinates [x4, y4]. The vehicle data may
include vehicle type, which may be categorized by how energy is consumed, for example,
vehicle 100 is an electric vehicle, vehicle 100A is a hybrid vehicle, vehicle 100B runs on
gasoline, and vehicle 100C is a fuel cell vehicle. The vehicle may also be categorized by its
size or passenger capacity, for example, vehicle 100 is a sedan with a capacity of up to five
passengers, vehicle 100A is a minivan with a capacity of up to eight passengers, vehicle 100B
is a bus with a capacity of up to twenty passengers, and vehicle 100C is a compact vehicle with
a capacity of up to five passengers. The vehicle may also be categorized by how the vehicle is
being driven, for example, vehicle 100 and 100C are autonomous, vehicle 100A is semi-
autonomous, and vehicle 100B is operated by a human driver. In some instances, the vehicle
data may include information about the vehicle’s charge status, for example, vehicle 100 is half
charged at 50%, vehicle 100A is 70% charged, vehicle 100B is fully charged at 100%, and
vehicle 100C is 10% charged. The vehicle data may also include the vehicle’s charge capacity,
for example, vehicle 100 has a battery size of 90 kWh, vehicle 100A has a battery size of 30
kWh, vehicle 100B has a fuel tank size of 35 gallons, and vehicle 100C has a fuel cell size of
165 kWh. The vehicle data may also include a current vehicle task, for example, vehicle 100
is servicing a trip, vehicle 100A is charging, vehicle 100B is powered off, and vehicle 100C is
idling. The current vehicle task may further specify service type and number of passengers,
for example, vehicle 100 is currently performing a task including a carpool with four
passengers and two destinations.

[0053] The charger data may include information on various chargers that the vehicles
in the fleet may use. FIGURE 5B is a table S00B showing some example charger data that
may be sent from chargers 400, 400A, 400B, and 400C. As shown in the table, the charger
data for a charger may include a charger location, such as the charger’s GPS coordinates, for

example, charger 400 is at GPS coordinates [x5, y5], charger 400A is at GPS coordinates [x0,
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y6], charger 400B is at GPS coordinates [x7, y7], and charger 400C is at GPS coordinates [x8,
y8]. The charger data may include the charger’s availability for use, for example, chargers 400
and 400C are currently available, charger 400A is temporarily unavailable, and charger 400B
is out of service. The charger data may include a charger type, for example, chargers 400 and
400A are electric chargers, charger 400C is a fuel cell charger, and charger 400B is a gas
station. The charger type may further specity, for example, for an electric charger, such as
chargers 400 and 400A, whether inductive charging is enabled, such as charger 400A, and
whether automated connectors are enabled, such as both chargers 400 and 400A. The charger
data may include a charger speed, for example, for an electric charger, charger 400 is Level 2
(240 V AC, slow), charger 400A is Level 3 (fast charger), though not shown in FIGURE SA
here, an electric charger may also be Level 1 (household outlet style, slow). The charger data
may further include hours of operation for public chargers, for example, charger 400’s hours
of operation are 9 am — 10 pm, charger 400A’s hours of operation are 8 am — 8 pm, and chargers
400B and 400C are both open 24 hours.

[0054] The demand data may indicate current and/or expected demand for trips by the
vehicles of the fleet. For example, the demand data may include current demand for service,
or in other words, the number of trips that are currently in progress or being requested by users.
FIGURE 5C shows some example current demand data in a table S00C that may be sent from
users 322, 332, 342, 352. The demand data may specify service type requested, for example,
service type for users 322, 332, and 342 is taxi, service type for user 352 is car pool. The
demand data may further specify a number of passengers requesting the trip, for example, user
322 is requesting a trip for four passengers, user 332 is requesting a trip for one passenger,
while users 342 and 352 are each currently on a trip with another passenger. The demand data
may include pickup locations and destination locations, for example, user 322’s pickup location
is [x10, y10], and destination is [x11, y11], user 352’s carpool trip has two pickup locations
[x16, y16], [x18, y18], as well as two destinations [x17, y17], [x19, y19]. The demand data
may also specify the vehicle type requested, for example, user 322 requested an electric
autonomous sedan, user 332 requested a hybrid semi-autonomous minivan, user 342 is on a
trip in an electric semi-autonomous compact vehicle, and user 352 is on a trip in a fuel cell
autonomous compact vehicle. The demand data may be a map indicating distribution of low
and high demand locations within areas serviced by the fleet. As shown in FIGURE 6, a map
600 shows the demand distribution indicated by dotted concentric circles 610, 620, 630, the
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dotted concentric circles 610 that are more closely spaced indicate higher demand than the
dotted concentric circles 620, 630 that are less closely spaced. Instead of concentric circles,
the demand variations may be shown on the map in any of a number of ways, for example, by
different colors or symbols. Although not shown in the figures, the demand data may also
include predictions of future demand for trips, such as in the next 10 min, next 30 min, next
hour, or for a particular time on a particular day. Current and/or future demand data may be
predicted based on historical data collected for similar times and days.

[0055] The storage system 350 may also store map information for the areas that the
fleet serves, which may include road conditions (e.g. width, angle of turn, elevations, number
of lanes), traffic rules (e.g., one way, traffic lights, stop signs, speed limits, no U-turn), and
information on various establishments (e.g., parking lots, restaurants, gas stations). The storage
system 350 may overlay or otherwise cross-reference the vehicle data, the charger data, and
the demand data with respect to the map information. The storage system 350 may further
store information collected, received, or retrieved from external sources, for example, weather
reports from weather stations, energy cost and demand information from energy providers,
updated traffic conditions from local news, etc.

[0056] The server computing devices 310 may also store heuristics, such as those
discussed further below, which can be used to determine tasks for vehicles of the fleet. These
heuristics may be designed and fine-tuned to optimally manage the fleet. For example, certain
thresholds in the example heuristics described below may be manually adjusted based on actual
or expected demand for vehicle services. For another example, the various thresholds and
heuristics may be automatically adjusted, such as automatically decreasing target charging
levels in response to a real-time increase in demand or increasing target charging levels in
response to a real-time decrease in demand. As such, a model may be used to adjust certain
heuristics in order to automatically respond to changes in demand.

[0057] In order to provide transportation services to users, the information of storage
system 350 may include user account information such as credentials (e.g., a username and
password as in the case of a traditional single-factor authentication as well as other types of
credentials typically used in multi-factor authentications such as random identifiers,
biometrics, etc.) that can be used to identify a user to the one or more server computing devices.
The storage system 350 may also store information which can be provided to client computing

devices for display to a user.
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EXAMPLE METHODS

[0058] In addition to the systems described above and illustrated in the figures, various
operations will now be described. It should be understood that the following operations do not
have to be performed in the precise order described below. Rather, various steps can be handled
in a different order or simultaneously, and steps may also be added or omitted.

[0059] In one aspect, the server computing devices 310 may be configured as a dispatch
system that determines a next vehicle task for a vehicle in a fleet based on vehicle data, charger
data, and demand data. In order to do so, the server computing devices 310 may be receive
vehicle data, charger data, and demand data. The vehicle data may be sent from the computing
devices of the vehicles. For example, referring to FIGURES 1 and SA, computing devices 110
of vehicle 100 may have its vehicle type saved in data 134 of memory 130, such as that it is an
electric autonomous sedan having a passenger capacity of five, and send the vehicle type to the
server computing devices 310. Computing devices 110 of vehicle 100 may also have charge
status of 50% and charge capacity of 90 kWh saved in data 134 of memory 130. Computing
devices 110 of vehicle 100 may be in communication with positioning system 170, which
determines the vehicle location [x1, y1], the vehicle location may be saved in data 134 of
memory 130. For another example, computing devices 110 of vehicle 100 may also have the
current vehicle task, on a carpool trip with four passengers and two destinations saved in data
134 of memory 130. Computing devices 110 may update each of these vehicle data in data
134 of memory 130 as they change, and send them to the server computing devices 310
periodically or upon request.

[0060] The charger data may be sent from the computing devices of the chargers. For
example, referring to FIGURES 4 and 5B, charger 400 may have its location [x5, y5], that it is
an electric, Level 2 charger with automated connectors, and that its 9 am — 10 pm hours of
operation saved as data in its memory. The charger 400 may also store its availability
information as data in its memory, and update as the status changes. The charger 400 may
update each of these charger data in its memory as they change, and send them to the server
computing devices 310 periodically or upon request.

[0061] The demand data may be sent from the user computing devices. For example,
referring to FIGURES 4 and 5C, user 322 may enter a new trip request using user input devices
326 of client computing device 320, client computing device 320 then sends the trip request to

server computing devices 310. The client computing device 320 may send updates on the
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request to the server computing devices 310, for example, if user 322 is on the trip or if the trip
is eventually completed. The server computing devices 310 may aggregate requests from many
users to determine a current distribution of high and low demand areas or make projections of
future distribution of high and low demand areas. The server computing devices 310 may use
past demand data to build a future demand model based on parameters such as date and time.
The server computing devices 310 may use triangulating signals, such as traffic on the road or
events in the area, to predict future demand. The server computing devices 310 may also use
pre-demand signals, such as the number of people opening a trip-requesting app, to predict
future demand.

[0062] The server computing devices 310 may store the vehicle data, the charger data,
and the demand data in data 134 of memory 130 in the storage system 350. When the server
computing devices 310 receives new vehicle data, for example, a new vehicle location is
received from vehicle 100, the server computing devices 310 may update the corresponding
vehicle location for vehicle 100 in the storage system 350. If the server computing devices 310
receives new charger data, for example, charger 400 sends an updated availability status as out
of service, the server computing devices 310 may update the corresponding charger availability
for charger 400 in the storage system 350. Similarly, if the server computing devices 310
receive a new trip request, for example from user 332, the server computing devices 310 may
add the new trip request in the storage system 350.

[0063] The vehicle data, the charger data, and the demand data may be sent to and/or
updated the server computing devices upon request, or may be sent to the server computing
devices periodically, for example, every minute. As another example, the vehicle data may be
sent to the server computing devices each time the vehicle completes a trip.

[0064] The server computing devices 310 may make predictions using the vehicle data
of the storage system 350. For instance, the server computing devices 310 may make a
prediction or estimate for an energy consumption rate of a vehicle, such as any of vehicles 100,
100A-100C, expressed either on a per-mile and/or a per-hour basis. For instance, referring to
FIGURE 5A, the energy consumption rate for a given vehicle may be determined by the vehicle
type of the given vehicle. As some examples, an electric vehicle may consume energy faster
than a hybrid vehicle; a minivan may consume energy faster than a compact vehicle; and an
autonomous vehicle may consume energy faster than a semi-autonomous vehicle, etc. For

another instance, the energy consumption rate may be determined by the current vehicle task.
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As some examples, a vehicle that is idling, such as vehicle 100C, may consume energy slower
than while it was servicing a trip; a vehicle that is serving a car pool, such as vehicle 100, may
consume energy faster than when it was serving as a taxi; a vehicle that has four passengers
onboard, such as vehicle 100, may consume energy faster than when it only had one passenger
onboard, etc. The server computing devices 310 may further predict energy consumption rate
based on predicted fraction of time that a vehicle would likely be driving as compared to idling.
[0065] In addition to the vehicle data of storage system 350, the server computing
devices 310 may also use other factors to predict the energy consumption rate of a vehicle. For
example, a vehicle may consume energy faster or slower depending on route conditions, such
as variations in elevations and number of turns. As another example, complex routes may
require more computations for autonomous and semi-autonomous vehicles, such as vehicles
100, 100A, 100C, thereby increasing the energy consumption rate. Such route conditions may
be detected by the perception system 172 in communication with computing devices 110 of the
vehicle, or determined using the map information stored in the navigation system 168 in
communication with the computing devices 110 of the vehicle, or the map information stored
in the storage system 350. As yet another example, weather conditions may impact the energy
consumption rate of the vehicle, as HVAC and heating may be required. Such weather
conditions may be detected the perception system 172 in communication with the computing
devices 110 of the vehicle, or retrieved by the server computing devices 310 from a weather
station. The server computing devices 310 may also predict a likelihood that a user may modify
a trip, which may further impact the energy consumption rate.

[0066] The server computing devices 310 may also use the vehicle data of the storage
system 350 to predict when a vehicle will likely run out of charge. For instance, using the
predicted energy consumption rate as described above, the vehicle charge status, and the
vehicle charge capacity, the server computing devices 310 may predict when the vehicle will
likely run out of charge. For example, if the predicted energy consumption rate for a vehicle
is 0.3 kWh/mile for vehicle 100 of FIGURE 5A, the vehicle charge status is 50% charged, and
the vehicle charge capacity is 90 kWh, then the server computing devices 310 may predict that
the vehicle will likely run out of charge in the next 150 miles.

[0067] The server computing devices 310 may also predict a future vehicle charge
status after a vehicle has or will have completed a trip. For instance, this prediction may be

made using each of the predicted energy consumption rate, the vehicle charge status, and the
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vehicle charge capacity for a given vehicle as well as either a distance or a duration of the trip.
For example, if the predicted energy consumption rate is 0.3 kWh/mile for vehicle 100 of
FIGURE 5A, the vehicle charge status currently is at 50% charged, the vehicle charge capacity
is 90 kWh, and there is 30 miles remaining for the current trip, then the server computing
devices 310 may predict that, by the end of the trip, the vehicle charge status is likely 40%
charged.

[0068] The server computing devices 310 may also use the vehicle data of storage
system 350 to predict a location of a vehicle after the vehicle completes a task, such as a trip.
For instance, the vehicle location after a trip may be predicted using the current vehicle task.
For example, if a vehicle, such as vehicle 100 of FIGURE 5A, is completing a carpool trip with
two destinations, the vehicle location after the vehicle task would likely be one of the two
destinations of the carpool. The server computing devices 310 may further determine which
of the two destinations of the carpool would likely be the final destination, for example, based
on a sequence that produces the shortest traveling time. For another example, if the vehicle is
on route to recharge, the vehicle location after the vehicle task would likely be the nearest
charger.

[0069] In addition to using the vehicle data, the server computing devices 310 may also
make predictions based on the charger data of storage system 350. For instance, the server
computing devices 310 may determine a charger’s future availability based on the charger’s
current availability, the charger type, and the charger speed. For example, if a charger, such as
charger 400A of FIGURE 5B, is temporarily unavailable as the charger 400A is in use by
another vehicle, and the charger is a Level 3 fast electrical charger which will fully charge
vehicle 100A in 30 minutes, the server computing devices 310 may predict that charger 400A
will be available after 30 minutes or rather, at a time 30 minutes into the future. For another
instance, the server computing devices 310 may predict a distance between a vehicle, such as
vehicle 100 of FIGURE 5A, and an available charger, such as charger 400A of FIGURE 5B,
at a future time, for example 30 minutes from now, based on the charger location ([x6, y6]),
the predicted future charger availability (available in 30 min), and the predicted vehicle location
30 minutes from now (final destination of the car pool).

[0070] Similarly, the server computing devices 310 may also make predictions based
on the demand data of storage system 350. For another instance, the server computing devices

310 may predict a wait-time based on the demand data, the locations of the vehicles of the fleet,
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and the current vehicle tasks of various vehicles in the fleet. For example, referring again to
FIGURE 6, if three users 322, 332, and 362 are requesting a trip as shown near the center of
the map, and the system determines that, within a 5-mile radius, vehicle 100 is currently
completing a trip that will reach the destination in 10 minutes, and from that destination it will
take 5 minutes to reach one of users 322, 332, or 362, vehicle 100A is charging, which will
complete in 5 minutes, and it will take 2 minutes to reach one of users 322, 332, or 362, and
vehicle 100C is idle and can drive immediately to reach one of users 322, 332, or 362 in 5
minutes, the server computing devices 310 may determine the likely wait-times for each of the
3 requesting users after selecting the suitable trip for each user based on heuristics discussed in
detail below (for example, user 322 may be requesting a vehicle type that matches vehicle 100,
user 332 may be requesting a vehicle type that matches vehicle 100A, and user 362 may be
requesting a trip that ends near a suitable charger for vehicle 100C). For example, user 322
will have a predicted wait-time of 15 min for vehicle 100, user 332 will have a predicted wait-
time of 7 min for vehicle 100A, and user 362 will have a predicted wait-time of 5 min for
vehicle 100C.

[0071] The server computing devices 310 may use the vehicle data, the charger data,
and the demand data of storage system 350, in combination with the predictions and heuristics
of storage system 350 to determine a next vehicle task for a vehicle. Again, the vehicle tasks
may include, but are not limited to, recharging, continuing to recharge, stopping recharging,
powering off, or servicing a next trip. As an example, for any given set of vehicle data for a
particular vehicle, charger data, demand data and predictions, the server computing devices
310 may use the heuristics to determine whether the particular vehicle should next recharge,
continue to recharge, stop recharging, service a next trip, or power off.

[0072] At least some of these heuristics may be used to determine when a vehicle
should next recharge. For example, the server computing devices 310 may use a heuristic that
identifies a threshold absolute minimum level such that a vehicle must be directed to recharge
once the threshold absolute minimum level is reached. Referring to FIGURES SA, 5B, and 6,
vehicle 100C is idling with only 10% fuel, if the threshold absolute minimum level is set at
20%, the server computing devices 310 may direct vehicle 100C to drive to an available
charger, such as charger 400C, to be recharged. Such a heuristic requiring vehicles of the fleet
to not drive with very low fuel may increase safety because this gives the vehicles a margin to

handle unexpected situations, for example, if a vehicle only has 10% fuel left and needs 8% of
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the fuel to drive to a charger, but encounters traffic congestion on the way to the charger, the
unexpected delay may be enough to cause the vehicle to run out of charge in the middle of the
road. As another example charge heuristic, referring to FIGURES 5A, 5B, and 6, if the server
computing devices 310 determines that an electrical sedan in the fleet, such as vehicle 100, is
50% charged and is currently servicing a trip that will complete in the next 5 minutes, an
electrical charger, such as charger 400, within 1 mile radius from the destination of the trip is
likely available in 5 minutes, and that the demand for service is likely below a low demand
threshold in the next 5 minutes, the heuristic may require that the vehicle 100 to recharge at the
charger 400 after completing the current trip.

[0073] In still other embodiments, heuristics may be designed to select or identify a
suitable charger, if the next vehicle task is determined to be recharging. For example, the server
computing devices 310 may determine distances between the vehicle and various chargers
based on the vehicle location and the charger locations, and a heuristic may select the closest
available charger as the suitable charger. Referring to FIGURE 7, map 700 shows that charger
400 would be the closest available charger for vehicle 100D. Another heuristic may select a
suitable charger based on compatibility determined from the vehicle type and the charger type.
Referring to FIGURE 7 again, electrical vehicle 100D is compatible with chargers 400 and
400A.

[0074] In addition, when identifying a charger for a particular vehicle, the server
computing devices 310 may also consider needs of other vehicles in the fleet to recharge. In
this regard, a heuristic may require that vehicles in the fleet to charge at chargers in different
locations so that load-balance may be achieved, thereby avoid causing congestion or a price
surge in certain locations. For example, areas serviced by the fleet may be segmented into
various zones, and a heuristic may require that the number of vehicles charging at a given time
in each zone is below a threshold number for that zone, where the threshold number may be
determined based on the energy pricing in that zone at the given time.

[0075] In addition to determining a next vehicle task of charging, heuristics may be
designed to determine an extent to recharge the vehicle. The server computing devices 310
may use a heuristic that identifies a threshold maximum level of recharge and a threshold
minimum level of recharge. For example, the threshold maximum level of recharge may be
determined based on the vehicle charge status, the vehicle charge capacity, and the charger

speed. For instance, charging may be much faster for the vehicle from 0-80% than from 80-
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100%. Thus, a heuristic may identify the threshold maximum level of recharge as 80% so as
to avoid inefficiencies, for example, vehicle 100A of FIGURE 5A would be required to stop
charging once 80% is reached. For another example, a heuristic may identify an adjusted
threshold maximum level based on demand data (e.g. 50%), so that during times where demand
is above a threshold peak demand, the heuristic may require that the vehicle to never charge
above the adjusted threshold maximum level so as to better meet demands. On the other hand,
the threshold minimum level of recharge may be identified by a heuristic based on, for example,
a cost for the vehicle to travel from a previous location to the charger, such that heuristic
requires a vehicle to continue charging until the extent of recharge at least justifies the cost.
As yet another example, a heuristic may allocate an extent to recharge the vehicle now as
compared to at a later time based on a comparison of current energy cost and predicted future
energy cost.

[0076] As noted above, heuristics may be used to determine whether a vehicle should
continue recharging or stop recharging, if the vehicle is currently charging. For example, if a
vehicle, such as vehicle 100A, is currently at a charger and is recharged to 70%, and the server
computing devices 310 determines that demand is below a low demand threshold for a hybrid
semi-autonomous vehicle within a 5 mile radius of the location of vehicle 100A, then a heuristic
may require that vehicle 100A to continue recharging. For another example, if a vehicle, such
as vehicle 100A, is currently at a charger and is recharged to 70% when the server computing
devices 310 determines that demand is surging above a high demand threshold for a hybrid
semi-autonomous minivan within a 5 mile radius of the location of vehicle 100A, a heuristic
may require vehicle 100A to stop recharging and to service a trip, even if at that point vehicle
100A is not fully charged.

[0077] The heuristics may also be used to determine whether a vehicle should power
off. For example, referring to FIGURES 5A and 6, vehicle 100 is currently servicing a trip
with 50% charge remaining. If vehicle 100 completes the trip with 45% remaining charge, but
the server computing devices 310 determine that the demand is below a low demand threshold,
and that no chargers are within 1 mile radius from vehicle 100, a heuristic may require the
vehicle 100 to park and power off to conserve energy. In some embodiments, the heuristics
may dictate whether a next task for a particular vehicle will be recharging now or after a next
trip. Such heuristics may depend upon whether the particular vehicle will be closer to an

available charger upon completing the current trip than upon completing the next trip. FIGURE
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7 shows an electrical vehicle 100D that is on a current trip ending at D1, and after the first trip,
is directed to serve a next trip ending at D2. For example, even if the server computing devices
310 determines that vehicle 100D is unlikely to run out of fuel during the next trip ending at
D2, a heuristic may require vehicle 100D to recharge after the current trip ending at D1, when
the vehicle 100D is likely closer to an available electrical charger, charger 400, than after the
next trip ending at D2.

[0078] The server computing devices 310 may have a heuristic for selecting a suitable
next trip for a vehicle based on the destination of the trip requests so that, if the vehicle needs
to be recharged soon, it may be directed to serve a trip whose destination is near an available
charger. Referring to FIGURE 8, map 800 shows that user 322 requests a trip with destination
D3 and user 332 requests a trip with destination D4. Vehicles 100E and 100F are both available
to serve users 322 and 332. However, while vehicle 100E is only 20% charged and therefore
needs to be charged soon, vehicle 100F is fully charged and therefore does not need to be
charged any time soon. Thus, although both vehicles could serve either users 322 or 332, the
server computing devices 310 may have a heuristic that selects the trip requested by user 322
as the suitable trip for vehicle 100E so that vehicle 100E will be closer to charger 400 after
completion of the trip at D3.

[0079] The server computing devices 310 may further use heuristics to determine
whether a trip is a suitable next trip based on the demand data. For example, a heuristic may
be designed to choose between two vehicles in the fleet such that the final location of each
vehicle upon trip completion is closer to predicted high-demand areas. The server computing
devices 310 may further use heuristics to determine whether a trip is suitable based on the
energy cost. For example, a heuristic may prioritize electrical vehicles to service trips during
time windows where cost of electricity is high and allow the electrical vehicles may recharge
outside of hours with peak energy costs.

[0080] The server computing devices 310 may also use heuristics to determine a
suitable next trip based on the predicted wait-time. For example, a heuristic may identify a
maximum threshold wait-time such that, if the predicted wait-time exceeds the maximum
threshold wait-time (e.g. 10 min), the heuristic may require swapping another vehicle in the
fleet with a shorter predicted wait-time to service the trip. Referring to FIGURE 9, map 900
shows various vehicles 100G, 100H, 1001, and a requesting user 322. If vehicle 100G was

initially directed to serve a request made by user 322, which has a predicted wait-time T(G) of
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18 minutes and therefore above the maximum threshold wait-time of 10 minutes. Then 1
minute later, vehicle 100H becomes available at a location closer to user 322 than vehicle
100G, with a predicted wait-time T(H) of 12 minutes. Thus, the heuristic may require vehicle
100H to be swapped with vehicle 100G to serve the request made by user 322, which would
save 5 minutes of waiting for the user 322. As another example, a heuristic may identify an
urgent trip threshold such that, if swapping the vehicles only saves the requesting user an
amount of time less than the urgent trip threshold (e.g., 5 min), the heuristic would not require
swapping the vehicles. Again referring to FIGURE 9, suppose 1 minute after vehicle 100H
was swapped with vehicle 100G to serve the trip requested by user 322, vehicle 1001 becomes
available at an even closer location than vehicle 100H, with a predicted wait-time T(I) of 8
minutes. However, swapping vehicle 1001 for vehicle 100H would only save 3 minute of
waiting for user 322, which is below the urgent trip threshold of 5 minutes. Therefore, the
heuristic will not require swapping vehicle 100I with vehicle 100H. Instead, the server
computing devices 310 may find another suitable next trip for vehicle 1001

[0081] Some heuristics may be designed based on predictions of energy cost. For
example, if the vehicle is in a jurisdiction that sets energy cost for certain types of energy (e.g.,
electricity) based on demand, a heuristic may require vehicles that uses this type of energy
(e.g., vehicles 100, 100A) to only charge outside of certain peak hours (e.g., outside of 6pm-
8pm). For example, referring to FIGURE 6, if the server computing devices 310 predicts that
peak hours are ending soon, a heuristic may require vehicle 100A to stop charging, and have
both vehicles 100 and 100A wait until after the peak hour ends to recharge. Conversely, if the
server computing devices 310 predicts that peak hour is coming up soon, the same or another
heuristic may require that vehicle 100 to recharge before the peak hour, instead of servicing a
next trip, even if vehicle 100 has enough remaining charge to service the next trip. Where an
energy storage system is available, a heuristic may require vehicles to charge only at the energy
storage during peak hours.

[0082] In other embodiments, one heuristic may be to only allow a vehicle to serve a
trip if it is predicted that the vehicle is likely to have sufficient charge at the end of the trip to
drive to a charger. Referring to FIGURE 5A and 6, vehicle 100C is only 10% charged, so the
heuristic may require vehicle 100C to serve only a very short trip that would leave vehicle
100C enough charge afterwards to travel to a charger for recharge, for example, picking up and

dropping off a passenger on the way to charger 400C. For another example, the server
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computing devices 310 may have a heuristic that prioritizes vehicles having low charge status
for shorter trips. For another example, the server computing devices 310 may use heuristics to
determine whether a trip is suitable for the vehicle based on the vehicle type, the service type,
and the number of passengers. Referring to FIGURE 5A and 5C, the trip requested by user
322 would be suitable for vehicle 100, and the trip requested by user 332 would be suitable for
vehicle 100A. The server computing devices 310 may also use heuristics to determine whether
a trip 1s suitable based on the vehicle charge status, the vehicle charge capacity, and the trip
distance.

[0083] Heuristics may also be designed as fleet-wide rules for identifying next tasks,
rather than specific to individual vehicles. For example, the server computing devices 310 may
monitor the states of all the vehicles of the fleet and all the heuristics---fleet-wide and
individual, and adjust the individual vehicle tasks and the individual heuristics according to
fleet-wide goals set by fleet-wide heuristics. For example, to save energy, a heuristic may
require a staggered start time for the fleet. For another example, a heuristic may require that
vehicles in the fleet to recharge before peak demand hours such that, during peak demand
hours, a minimum mileage capacity across the fleet may be maintained to minimize lost trips.
[0084] Although the examples above relate to using heuristics to determine vehicle
tasks, these tasks may be determined using various machine learning techniques. For example,
the server computing devices 310 may have a reinforcement-learned simulation optimized for
overall efficiency of the fleet. The machine-learned method on the server computing devices
310 may be a regression model or a classification model, and may further be a linear model, a
boosting tree model, a random forest model, or a neural net model. The model may be built
using data from past trips as training data to solve optimization functions that aims to, for
example, minimize empty miles driven by the fleet, minimize wait times of users, and minimize
energy costs. Alternatively, the model could be built using a simulator which measures and
optimizes the outcomes.

[0085] FIGURE 10 includes an example flow diagram 1000 of some of the examples
for managing a fleet of vehicles as discussed above. In this example, the steps of the flow
diagram may be performed by one or more processors of one or more computing devices, such
as processors of server computing devices 310. At block 1010, vehicle data about a vehicle in
a fleet is received from the vehicle, the vehicle data including one or more of a vehicle charge

status, a vehicle charge capacity, a vehicle location, a vehicle type, and a current vehicle task.

_25_



WO 2019/178197 PCT/US2019/022006

At block 1020, charger data about at least one charger is received, the charger data including
one or more of a charger location, a charger availability, a charger type, and a charger speed.
At block 1030, demand data is received about one or more of a current trip demand and a
predicted future trip demand. At block 1040, a next vehicle task for the vehicle is determined
based on the vehicle data, the charger data, and the demand data, wherein the next vehicle task
relates to charging the vehicle. At block 1050, the vehicle is directed to the next vehicle task.
[0086] Unless otherwise stated, the foregoing alternative examples are not mutually
exclusive, but may be implemented in various combinations to achieve unique advantages. As
these and other variations and combinations of the features discussed above can be utilized
without departing from the subject matter defined by the claims, the foregoing description of
the embodiments should be taken by way of illustration rather than by way of limitation of the
subject matter defined by the claims. In addition, the provision of the examples described
herein, as well as clauses phrased as "such as," "including" and the like, should not be
interpreted as limiting the subject matter of the claims to the specific examples; rather, the
examples are intended to illustrate only one of many possible embodiments. Further, the same

reference numbers in different drawings can identify the same or similar elements.
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CLAIMS
1. A method of determining a next vehicle task for a vehicle of a fleet, the method
comprising:

receiving, by one or more processors of one or more server computing devices, from
the vehicle, vehicle data including one or more of a vehicle charge status, a vehicle charge
capacity, a vehicle location, a vehicle type, and a current vehicle task;

receiving charger data about at least one charger, the charger data including one or more
of a charger location, a charger availability, a charger type, and a charger speed,

receiving demand data about one or more of a current trip demand and a predicted future
trip demand,

determining, by the one or more processors, a next vehicle task for the vehicle based
on the vehicle data, the charger data, and the demand data, wherein the next vehicle task relates
to charging the vehicle; and

directing, by one or more processors, the vehicle to the next vehicle task.

2. The method according to claim 1, further comprising:

determining an energy consumption rate of the vehicle; and

predicting a future vehicle charge status after a trip based on the energy consumption
rate, and wherein

directing the vehicle to the next vehicle task includes directing the vehicle to recharge
after the trip when the predicted vehicle charge status after the trip is below a threshold

minimum.

3. The method according to claim 2, wherein the energy consumption rate for the trip is

determined further based on weather conditions.

4. The method according to claim 1, further comprising:

determining whether the vehicle charge status is below a threshold absolute minimum
level, and wherein

directing the vehicle to the next vehicle task includes directing the vehicle to recharge

when the vehicle charge status is determined to be below the threshold absolute minimum level.
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5. The method according to claim 1, further comprising:
predicting a likelihood that a current energy cost will be lower than a future energy cost;
wherein determining a next vehicle task is further based on the likelihood that a current

energy cost will be lower than a future energy cost.

6. The method according to claim 1, further comprising:
determining one or more time windows with peak energy costs, and wherein
directing the vehicle to the next vehicle task includes directing the vehicle not to

recharge during the one or more time windows with peak energy costs.

7. The method according to claim 1, further comprising:

selecting a suitable charger amongst the at least one charger for recharging the vehicle
based on at least one of the vehicle location, the vehicle type, the charger location, the charger
availability, the charger type, and the charger speed, and wherein

directing the vehicle to the next vehicle task includes directing the vehicle to recharge

at the suitable charger, when the next vehicle task is determined to be recharge.

8. The method according to claim 7, wherein selecting a suitable charger is further based

on needs of other vehicles in the fleet to recharge.

9. The method according to claim 7, wherein selecting a suitable charger is further based

on a distribution of where other vehicles in the fleet are recharging.

10. The method according to claim 7, further comprising:
predicting a future charger availability based on the charger availability, the charger
type, and the charger speed;

wherein selecting a suitable charger is further based on the future charger availability.

11.  The method according to claim 1, further comprising:
determining an extent to recharge the vehicle based on at least one of the vehicle charge
status, the vehicle charge capacity, and the charger speed; and

directing the vehicle to continue recharge up to the extent, and wherein
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directing the vehicle to the next vehicle task includes directing the vehicle to stop

recharge when the vehicle is recharged up to the extent.

12. The method according to claim 11, determining the extent to recharge is based on

whether the vehicle charge status exceeds a threshold maximum level.

13. The method according to claim 12, further comprising:

adjusting the threshold maximum level when the current trip demand is above a
threshold peak demand, and wherein

determining the extent to recharge is based on whether the vehicle charge status exceeds

the adjusted threshold maximum level.

14. The method according to claim 11, determining the extent to recharge is based on
whether the vehicle charge status falls below a threshold minimum level, wherein the threshold

minimum level is based on a cost of traveling involved to reach a charger for recharge.

15. The method according to claim 11, determining the extent to recharge the vehicle is

based on a comparison between a current energy cost and a predicted future energy cost.

16. The method according to claim 1, further comprising:

determining a suitable next trip based on at least one of the vehicle type, a service type,
and a number of passengers, and wherein

directing the vehicle to the next vehicle task includes directing the vehicle to service

the suitable next trip and to recharge after the suitable next trip.

17. The method according to claim 16, further comprising:
predicting a first vehicle location after the current vehicle task;
predicting a second vehicle location after a next trip based on the demand data;
predicting a likelihood that the vehicle will be closer to an available charger
upon completing the current vehicle task than upon completing the next trip;
wherein determining the next vehicle task is further based on the likelihood that the

vehicle will be closer to an available charger upon completing the current vehicle task than
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upon completing the next trip.

18. A system for determining a next vehicle task for a vehicle of a fleet, the system
comprising:
one or more processors of one or more server computing devices, the one or more
processors being configured to:
receive vehicle data about a vehicle in a fleet, the vehicle data including one or
more of a vehicle charge status, a vehicle charge capacity, a vehicle location, a vehicle
type, and a current vehicle task;
receive charger data about at least one charger, the charger data including one
or more of a charger location, a charger availability, a charger type, and a charger speed;
receive demand data about one or more of a current trip demand and a predicted
future trip demand,
determine a next vehicle task for the vehicle based on the vehicle data, the
charger data, and the demand data, wherein the next vehicle task relates to charging the
vehicle; and

direct the vehicle to the next vehicle task.

19. The system of claim 18, wherein the one or more processors are further configured to:
determine an energy consumption rate of the vehicle; and
predict a future vehicle charge status after a trip based on the energy consumption rate,
and wherein directing the vehicle to the next vehicle task includes directing the vehicle to
recharge after the trip when the predicted vehicle charge status after the trip is below a threshold

minimum.

20. The system of claim 18, further comprising the vehicle.
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1010 Receive, from the vehicle, vehicle data including

™ one or more of a vehicle charge status, a vehicle

charge capacity, 8 vehicle location, a vehicle fype,
and a current vehicle task

Receive charger data about at least one charger,
1020 the charger data including one or more of a

"""" charger location, a charger availability, a charger
type, and a charger speed

\j

1030 Receive demand data about one ar more of a
T current trip demand and a predicted futurs frip
demand
Y
1040 Determine g next vehicle task for the vehicle based
040 ol onthe vehicle data, the charger data, and the
demand data, wherein the next vehicle task relates
to charging the vehicla
10560 Y
Divect the vehigle {o the next vehicle task
1608

FIGURE 10
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