
(

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
Not classified kind of national protection av ailable) . AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(21) International Application Number:

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
PCT/US20 19/043 881

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(22) International Filing Date: HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

29 July 2019 (29.07.2019) KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data:
16/056,865 07 August 2018 (07.08.2018) US (84) Designated States (unless otherwise indicated, for every

kind of regional protection available) . ARIPO (BW, GH,
(71) Applicant: WAYMO LLC [US/US]; 1600 Amphitheatre GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

Parkway, Mountain View, CA 94043 (US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(72) Inventors: NYGAARD, Carl; 1600 Amphitheatre Park¬ TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

way, Mountain View, CA 94043 (US). XU, Yiwen; 1600 EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

Amphitheatre Parkway, Mountain View, CA 94043 (US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

STOUT, James; 1600 Amphitheatre Parkway, Mountain TR), OAPI (BF, BJ, CF, CG, Cl, CM, GA, GN, GQ, GW,

View, CA 94043 (US). KM, ML, MR, NE, SN, TD, TG).

(74) Agent: CACCIABEVE, Noelle, L. et al.; Botos Churchill
Ip Law LLP, 430 Mountain Ave., Suite 401, New Provi¬
dence, NJ 07974 (US).

(54) Title: USING DIVERGENCE TO CONDUCT LOG-BASED SIMULATIONS

(57) Abstract: The disclosure relate to testing software for operat¬
be
e¬
ed
e¬
ne
u ¬
a

e ¬

he
ue
r¬
ut

loo

FIGURE 9

[Continued on next page]



||| ||||| ||||| ||||| |||| 11| ||| ||||| ||||| ||||| ||||| ||||| |||| limn nil nil nil

Declarations under Rule 4.17:
as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(H))
as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4 .17(iii))

Published:
without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



USING DIVERGENCE TO CONDUCT LOG-BASED SIMULATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of Application Serial No. 16/056,865 filed

August 7, 2018, the disclosure of which is 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, for instance, by determining and following a route which may require the vehicle to

respond to and interact with other road users such as vehicles, pedestrians, bicyclists, etc. It

is critical that the autonomous control software used by these vehicles to operate in the

autonomous mode is tested and validated before such software is actually used to control the

vehicles in areas where the vehicles are interacting with other objects.

BRIEF SUMMARY

[0003] One aspect of the disclosure provides a method of testing software for

operating a vehicle in an autonomous driving mode. The method includes running a first

simulation using log data collected by a vehicle operating in an autonomous driving mode,

wherein the simulation is run using the software to control a first simulated vehicle;

comparing one or more characteristics of the simulated vehicle with one or more

characteristics of the vehicle from the log data in order to determine a divergence point; using

the divergence point to determine a handover time for a second simulation, the handover time

corresponding to a time in the second simulation at which the software is allowed to take

control of a second simulated vehicle of the second simulation; running a second simulation

using the log data, wherein the second simulation is run using the handover time and the

software to control a second simulated vehicle; and determining whether the software is able

to complete the second simulation without a particular type of event occurring.

[0004] In one example, the particular type of event is a collision, and the method

further comprises, when the collision is determined to have occurred, flagging the second

simulation for further review. In another example, determining the divergence point includes

comparing a planned trajectory of the first simulated vehicle with a planned trajectory of the



vehicle from the log data. In this example, determining the divergence point includes

determining when one or more of a location, speed or change in speed of the planned

trajectory of the first simulated vehicle and the planned trajectory of the vehicle from the log

data diverge more than some threshold amount over some period of time. In another

example, determining the divergence point includes determining when a location of the first

simulated vehicle and a location of the vehicle from the log data diverge more than a

threshold amount. In another example, determining the divergence point includes

determining when a location of the first simulated vehicle and a location of the vehicle from

the log data diverge more than a threshold amount in a lateral direction relative to a direction

of traffic in a lane in which the simulated vehicle is traveling in the first simulation. In

another example, determining the divergence point includes determining when a location of

the first simulated vehicle and a location of the vehicle from the log data diverge more than a

threshold amount in a longitudinal direction relative to a direction of traffic in a lane in which

the simulated vehicle is traveling in the first simulation. In this example, determining the

divergence point includes determining when the location of the first simulated vehicle and the

location of the vehicle from the log data diverge more than a threshold amount in a lateral

direction relative to the direction of traffic in the lane. In another example, the method also

includes, at the divergence point in the first simulation, starting a timer that expires during the

first simulation and flagging the first simulation for review when the particular type of event

occurs before the timer expires. In this example, the method also includes not flagging the

first simulation for review if the particular type of event only occurs during the first

simulation after the timer expires. In addition or alternatively, the particular type of event is a

collision between the first simulated vehicle and an object in the first simulation. In addition

or alternatively, the particular type of event includes the simulated vehicle exhibiting a

particular type of maneuvering behavior.

[0005] Another aspect of the disclosure provides a method of testing software for

operating a vehicle in an autonomous driving mode. The method includes running a

simulation using log data collected by a vehicle operating in an autonomous driving mode,

wherein the simulation is run using the software to control a simulated vehicle; comparing

one or more characteristics of the simulated vehicle with one or more characteristics of the

vehicle from the log data in order to determine a divergence point; at the divergence point in

the simulation, starting a timer that expires during the simulation; and determining whether



the software is able to continue through the simulation without a particular event occurring

prior to the timer expiring.

[0006] In one example, the particular event is a collision between the simulated

vehicle and an object in the simulation. In another example, the method also includes

flagging the simulation for review if a particular event occurs before the timer expires. In

another example, the method also includes not flagging the simulation for review if the

particular event only occurs during the simulation after the timer expires. In another

example, the particular event is a collision between the simulated vehicle and an object in the

simulation. In another example, the particular event includes the simulated vehicle exhibiting

a particular type of maneuvering behavior. In another example, determining the divergence

point includes determining when a location of the simulated vehicle and a location of the

vehicle from the log data diverge more than a threshold amount. In another example,

determining the divergence point includes determining when a location of the simulated

vehicle and a location of the vehicle from the log data diverge more than a threshold amount

in at least one of a lateral direction or a longitudinal direction relative to a direction of traffic

in a lane in which the simulated vehicle is traveling in the simulation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIGURE 1 is a functional diagram of an example vehicle in accordance with

an exemplary embodiment.

[0008] FIGURE 2 is an example of map information in accordance with aspects of

the disclosure.

[0009] FIGURE 3 is an example external view of a vehicle in accordance with

aspects of the disclosure.

[0010] FIGURE 4 is a pictorial diagram of an example system in accordance with

aspects of the disclosure.

[0011] FIGURE 5 is a functional diagram of the system of FIGURE 4 in accordance

with aspects of the disclosure.

[0012] FIGURE 6 is an example representation of a simulation in accordance with

aspects of the disclosure.

[0013] FIGURE 7 is an example comparison of log data and simulation results in

accordance with aspects of the disclosure.

[0014] FIGURE 8 is an example representation of a simulation in accordance with

aspects of the disclosure.



[0015] FIGURE 9 is an example representation of simulations and handover times in

accordance with aspects of the disclosure.

[0016] FIGURE 10 is an example flow diagram in accordance with aspects of the

disclosure.

[0017] FIGURE 11 is another example flow diagram in accordance with aspects of

the disclosure.

[0018] FIGURE 12 is a further example flow diagram in accordance with aspects of

the disclosure.

DETAILED DESCRIPTION

OVERVIEW

[0019] The technology relates to evaluating collisions in log-based simulations using

software for vehicles operating autonomously. The log-based simulations correspond to

simulations which are run using log data collected by a vehicle operating in an autonomous

mode over some brief period of time such as 1 minute or more or less. The log data may

include information from the vehicle’s various systems including perception, routing,

planning, positioning, etc. At the same time, the actual vehicle is replaced with a virtual

autonomous vehicle or a simulated vehicle which can make decisions using software for

controlling the vehicle autonomously. By doing so, the software can be rigorously tested.

For instance, the simulations may be used to determine whether a particular type of event has

occurred, such as a particular type of behavior or collision. As an example, these events may

be used for various purposes, such as determining whether the software can “pass” a given

simulation without a collision without requiring a vehicle to physically drive “real” miles or

having to “manufacture” situations in the real world.

[0020] However, when running simulations using logged data, changing the behavior

of the autonomous vehicle, such as by testing a different software version than that used to

log the log data, can cause unintended consequences. For instance, after only a few seconds

of a minute long simulation, the simulated vehicle may diverge in its behavior so much that

the purpose of the simulation, to test reaction of the software to a specific situation, is lost

because the situation is no longer achievable. This may occur because the agents (or other

road users defined in the log data) in the simulation may interfere with the simulated vehicle,

for instance, colliding with the simulated vehicle because those agents are behaving as they

were observed doing so in the log data. Typically, if the simulation results in a particular

type of event, such as a particular type of behavior of the simulated vehicle and/or the



simulated vehicle colliding with an agent or other object of the log data, then the simulation

may be flagged for review by an operator.

[0021] In order to make better use of the log data for simulations, the simulations may

be “adjusted” based on how much the behavior of a simulated vehicle diverges from the

behavior of the actual vehicle that was used to log the log data. For instance, the “handover

time” or the point in which the software is given control of the simulated vehicle may be

adjusted. For instance, simulations may be run identically as to how an actual vehicle drove

in the log data up until some point of interest or sometime after that point of interest. This

point of interest may be a divergence point between a simulated vehicle in a simulation and

the actual vehicle that captured the log data.

[0022] In one example, the divergence point may be determined by comparing the

planned trajectory of the simulated vehicle with the planned trajectory of the actual vehicle

identified in the log data. Each planned trajectory may correspond to a combined speed and

geometry of a future path or individual geometry and speed profile components. When one

or more of a location, speed or change in speed of the planned trajectories diverge more than

some threshold amount over some period of time, this may be considered a divergence point.

[0023] However, because of the timing requirement for comparing planned

trajectories, at least some divergences may not be identified as points of interest. As such,

the locations of the simulated vehicle in the simulation and the actual vehicle that captured

the log data may be compared. The first point in time in the simulation at which the locations

sufficiently diverge may be identified as a divergence point.

[0024] This divergence point may then be to determine the handover time for a new

simulation using the same log data. This handover time may be the divergence point or the

divergence point plus some period of time. In other words, the new simulation forces the

simulated vehicle to wait until at least the divergence point before changing its position,

speed, orientation, heading, etc. from the log data. If the new simulation results in a

particular type of event, such as such as a particular type of behavior of the simulated vehicle

and/or the simulated vehicle colliding with an agent or other object of the log data, then the

new simulation may be flagged for review by an operator. This process may be repeated until

there are no additional points of divergence between the simulated vehicles and the actual

vehicle that captured the log data for the simulation.

[0025] In addition or alternatively, once the divergence point is identified in a

simulation, a timer may be started. After the timer expires, certain events may be ignored.



For instance, if simulations are being analyzed to determine when the software is likely to

cause the vehicle to behave or maneuver in a particular way or collide with another agent or

object, and such events occur after the timer expires, these events may be ignored or not

flagged. Thus, such simulations, which would otherwise have been flagged for review by an

operator would not be.

[0026] The features described herein provide for a safe, effective, and realistic way of

testing software for autonomous vehicles. For instance, the software can be tested in

hundreds of thousands of scenarios without endangering the life and property of actual

persons. At the same time, by making the handover time for a new simulation a divergence

point corresponding to a divergence point of a prior simulation, this prevents the simulated

vehicle from inadvertently making the simulation less useful. In addition, this approach

effectively provides for more realistic responses of the software being tested as well as more

valuable and useful simulations out of a fixed amount of log data. In addition, using a timer

to determine whether to flag a simulation for review may reduce the time and other resources

required to review simulations that are not actually true “fails”. In addition, those simulations

that are flagged may be more critically important to determining how to revise or update the

software being tested. Without such testing, the risks of injury to persons or property using

un-tested software may be too great.

EXAMPLE SYSTEMS

[0027] As shown in FIGETRE 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 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 134 and data 132 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 134 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 “software,” "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 132 may be retrieved, stored or modified by processor 120 in

accordance with the instructions 134. 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 processors 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 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 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 driving computing system or incorporated into vehicle 100. The autonomous

driving computing system may capable of communicating with various components of the

vehicle in order to control the movement of vehicle 100 according to the autonomous control

software of memory 130 as discussed further below. For example, returning to FIGETRE 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, routing 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, speed, etc. of

vehicle 100 in accordance with the instructions 134 of memory 130. 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] Routing system 168 may be used by computing devices 110 in order to

determine and follow a route to a location. In this regard, the routing system 168 and/or data

132 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] FIGURE 2 is an example of map information 200 for a section of roadway

including intersections 202 and 204. In this example, the map information 200 includes

information identifying the shape, location, and other characteristics of lane lines 210, 212,

214, traffic signal lights 220, 222, crosswalk 230, sidewalks 240, stop signs 250, 252, and

yield sign 260. Although the map information is depicted herein as an image-based map, the

map information need not be entirely image based (for example, raster). For example, the

map information may include one or more roadgraphs or graph networks of information such

as roads, lanes, intersections, and the connections between these features. Each feature may

be stored as graph data and may be associated with information such as a geographic location

and whether or not it is linked to other related features, for example, a stop sign may be

linked to a road and an intersection, etc. In some examples, the associated data may include

grid-based indices of a roadgraph to allow for efficient lookup of certain roadgraph features.

[0038] 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.

[0039] 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.

[0040] 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 3 is an example external view of vehicle

100. In this example, roof-top housing 310 and dome housing 312 may include a lidar sensor

as well as various cameras and radar units. In addition, housing 320 located at the front end

of vehicle 100 and housings 330, 332 on the driver’s and passenger’s sides of the vehicle may

each store a lidar sensor. For example, housing 330 is located in front of driver door 360.

Vehicle 100 also includes housings 340, 342 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 310.

[0041] 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 routing 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 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.

[0042] 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 4 and 5 are pictorial

and functional diagrams, respectively, of an example system 400 that includes a plurality of

computing devices 410, 420, 430, 440 and a storage system 450 connected via a network 460.

System 400 also includes vehicle 100, and vehicles 100A, 100B which may be configured the

same as or similarly to vehicle 100. Although only a few vehicles and computing devices are

depicted for simplicity, a typical system may include significantly more.

[0043] As shown in FIGURE 4, each of computing devices 410, 420, 430, 440 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, data 132, and instructions 134 of computing device 110.

[0044] The network 460, 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.

[0045] In one example, one or more computing devices 410 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 410 may include one or more server computing

devices that are capable of communicating with computing device 110 of vehicle 100 or a

similar computing device of vehicle 100A as well as computing devices 420, 430, 440 via the

network 460. For example, vehicles 100, 100A, may be a part of a fleet of vehicles that can

be dispatched by server computing devices to various locations. In this regard, the server

computing devices 410 may function as a validation computing system which can be used to

validate autonomous control software which vehicles such as vehicle 100 and vehicle 100A

may use to operate in an autonomous driving mode. In addition, server computing devices



410 may use network 460 to transmit and present information to a user, such as user 422,

432, 442 on a display, such as displays 424, 434, 444 of computing devices 420, 430, 440. In

this regard, computing devices 420, 430, 440 may be considered client computing devices.

[0046] As shown in FIGURE 4, each client computing device 420, 430, 440 may be a

personal computing device intended for use by a user 422, 432, 442, 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 424, 434, 444 (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 426, 436, 446 (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.

[0047] Although the client computing devices 420, 430, and 440 may each comprise a

full-sized personal computing device, they may alternatively comprise mobile computing

devices capable of wirelessly exchanging data with a server over a network such as the

Internet. By way of example only, client computing device 420 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 430 may be a wearable computing system, shown

as a wristwatch as shown in FIGURE 4 . 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.

[0048] In some examples, client computing device 440 may be an operations

workstation used by an administrator or operator to review scenario outcomes, handover

times, and validation information as discussed further below. Although only a single

operations workstation 440 is shown in FIGURES 4 and 5, any number of such work stations

may be included in a typical system. Moreover, although operations work station is depicted

as a desktop computer, operations works stations may include various types of personal

computing devices such as laptops, netbooks, tablet computers, etc.

[0049] As with memory 130, storage system 450 can be of any type of computerized

storage capable of storing information accessible by the server computing devices 410, such

as a hard-drive, memory card, ROM, RAM, DVD, CD-ROM, write-capable, and read-only



memories. In addition, storage system 450 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 450 may be connected to the

computing devices via the network 460 as shown in FIGURES 4 and 5, and/or may be

directly connected to or incorporated into any of the computing devices 110, 410, 420, 430,

440, etc.

[0050] Storage system 450 may store various types of information 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 410, in order to perform

some or all of the features described herein. For instance, storage system 450 may store log

data. This log data may include, for instance, sensor data generated by a perception system,

such as perception system 172 of vehicle 100. As an example, the sensor data may include

raw sensor data as well as data identifying defining characteristics of perceived objects such

as shape, location, orientation, speed, etc. of objects such as vehicles, pedestrians, bicyclists,

vegetation, curbs, lane lines, sidewalks, crosswalks, buildings, etc. The log data may also

include “event” data identifying different types of events such as collisions with other

objects, planned trajectories describing a planned geometry and/or speed for a potential path

of the vehicle 100, actual locations of the vehicles at different times, actual

orientations/headings of the vehicle at different times, actual speeds, accelerations and

decelerations of the vehicle at different times, classifications of and responses to perceived

objects, behavior predictions of perceived objects, status of various systems (such as

acceleration, deceleration, perception, steering, signaling, routing, power, etc.) of the vehicle

at different times including logged errors, inputs to and outputs of the various systems of the

vehicle at different times, etc. _As such, these events and the sensor data may be used to

“recreate” the vehicle’s environment, including perceived objects, and behavior of a vehicle

in a simulation.

[0051] In addition, the storage system 450 may also store autonomous control

software which is to be used by vehicles, such as vehicle 100, to operate a vehicle in an

autonomous driving mode. This autonomous control software stored in the storage system

450 may be a version which has not yet been validated. Once validated, the autonomous

control software may be sent, for instance, to memory 130 of vehicle 100 in order to be used

by computing devices 110 to control vehicle 100 in an autonomous driving mode.



EXAMPLE METHODS

[0052] In addition to the operations 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.

[0053] In order to test and/or validate the autonomous control software which will be

stored in memory 130 for use by the computing devices 110 of vehicle 100, the server

computing devices 410 may run various simulations. These simulations may be log based

simulations that are generated from the information stored in the aforementioned log data of

storage system 450. In this regard, the server computing devices 410 may access the storage

system 450 in order to retrieve the log data and run a simulation. For instance, a portion of

the log data corresponding to a minute in real time of an autonomous vehicle that generated

the log data may be retrieved from the storage system. This portion of log data may be

“hand” selected by human operators and/or computing devices based on the types of events

recorded in the logs or more randomly, for instance, by selecting 1% or more or less of all

autonomous driving logs.

[0054] The retrieved portion of log data may be used to run an initial simulation.

When running the autonomous control software through the portion of log data, the details

(sensor data and events) of the log data may be used to generate a simulation. In other words,

the sensor data of the portion of log data may simply be “played” as input to the perception

system 172 of a simulated vehicle controlled by the autonomous control software. In this

regard, the autonomous control software “experiences” or processes the log data as if the

autonomous control software was actually being run on vehicle 100. In other words, the

simulation may include data defining characteristics of objects such as shape, location,

orientation, speed, etc. of objects such as vehicles, pedestrians, bicyclists, vegetation, curbs,

lane lines, sidewalks, crosswalks, buildings, etc. defined by the sensor data of the log data.

Further, the simulation may include characteristics for a virtual vehicle, corresponding to

vehicle 100, including the virtual vehicle’s shape, location, orientation, speed, etc. defined by

the events of the log data.

[0055] FIGETRE 6 provides an example 600 of a simulation for a section of roadway

corresponding to the map information 200. In this example, intersections 602 and 604

correspond to intersections 202 and 204, respectively. This regard, the shape, location, and



other characteristics of lane lines 210, 612, 614, traffic signal lights 620, 622, crosswalk 630,

sidewalks 640, stop signs 650, 652, and yield sign 660 corresponds to the shape, location and

other characteristics of lane lines 210, 212, 214, traffic signal lights 220, 222, crosswalk 230,

sidewalks 240, stop signs 250, 252, and yield sign 260. In example 600, a simulated vehicle

670, corresponding to vehicle 100 or vehicle 100A, is approaching an intersection 604. An

agent vehicle 620, generated from sensor data and/or event data from the log data for the

simulation, is also approaching intersection 604. This simulation may include the agent

vehicle 620 “behaving badly” because vehicle 620 may ignore stop sign 650.

[0056] In some instances, the autonomous control software is only provided with

information which the perception system 172 would be able to detect about the scenario, and

not every detail of the scenario. For instance, returning to example 600, the server computing

devices 410 may run the scenario such that the autonomous control software is given access

to the detailed map information 200 as well as any information that would be detected by a

perception system of the simulated vehicle 670.

[0057] The initial simulation may be associated with a “handover time.” This

handover time may correspond to the time when the autonomous control software is given

control of controlling the virtual vehicle within the simulation and allows the simulation to be

used to test the autonomous control software. In other words, the autonomous control

software is able to use the sensor data in combination with the map information to determine

how the virtual vehicle should respond to its environment.

[0058] For the “initial” handover time for an initial simulation, a default handover

time, such as 5 seconds or more or less into the simulation, may be used. Alternatively, the

handover time may be automatically selected for each scenario according to the

circumstances of that simulation. In some instances, the handover time may further be

confirmed or hand tuned by a human operator, for instance using operations workstation 440.

In one example, for a given simulation, if the simulated vehicle collides with another object,

such as a vehicle, pedestrian, or bicyclist, in the simulation at some point in the simulation, a

second point a few seconds before this expected collision, such as 5 seconds or more or less

before the collision, may be selected as the handover time for future uses of that simulation.

This handover time may then be confirmed as reasonable or adjusted by a human operator.

Using a simpler validation process for handover time with human review reduces

unnecessary complications and calculations and can provide more consistent results over



larger datasets. For instance, example 600 of FIGURE 6 may represent a simulation at

handover time.

[0059] During or after the running of the initial simulation, the log data may be

compared with the results of the simulation in order to determine a divergence point. For

instance, a divergence point may be determined by comparing one or more characteristics of

the simulated vehicle with one or more characteristics of the actual vehicle (in the example

above, vehicle 100) from the log data. In one example, the divergence point may be

determined by comparing the planned trajectory of the simulated vehicle with the planned

trajectory of the actual vehicle identified in the log data. Each planned trajectory may

correspond to a combined speed and geometry of a future path or individual geometry and

speed profile components. When one or more of a location, speed or change in speed of the

planned trajectories diverge more than some threshold amount over some period of time, this

may be considered a divergence point.

[0060] However, because of the timing requirement for comparing planned

trajectories, at least some divergences may not be identified as points of divergence. As such,

the locations of the simulated vehicle in the simulation and the real or actual vehicle that

captured the log data may be compared. The first point in time in the simulation at which the

locations diverge at least a predetermined threshold, such as 1 meter or more or less, may be

identified as a divergence point.

[0061] For instance, FIGURE 7 represents an example comparison 700 of log data

location for an actual vehicle, identifying locations 710-718 represented by squares and

increasing in time from 710 to 718 as well as locations 720-728 of the simulated vehicle

represented by circles and increasing in time from 720 to 728. Each of these locations may

represent a point in time either in the simulation or the log data. Of course, the simulation

may have a simulated clock that corresponds to the clock in the log data in order to allow for

the identification of corresponding points in the log data and the simulation. As such, for

comparison purposes, location 710 and location 720 correspond to a first point in time,

location 712 and 722 correspond to a second point in time, and so on. In this example, a

divergence point may be determined when the divergence or difference in distance between

these locations is greater than or equal to 1 meter, or for instance, at locations 716 and 726.

The time represented by locations 716 and 726 may thus be a divergence point.

[0062] In some instances, rather than drawing a “straight line” to determine the

divergence point, the divergence point may be measured both laterally (in a lateral direction)



and longitudinally (in a longitudinal direction) relative to a direction of traffic or travel of a

lane in which the vehicle is currently traveling. In this example, lateral divergence may be

treated differently than longitudinal divergence as it may be less interesting that the simulated

vehicle is moving faster or slower than the actual vehicle did as compared to whether the

simulated vehicle is moving to the left or right with respect to a lane. An example of

thresholds may include meeting one or both of a 1 meter or more or less lateral divergence

and a 3 meter or more or less longitudinal divergence.

[0063] In order to make better use of the log data for simulations, the simulations may

be “adjusted” based on how much the behavior of a simulated vehicle diverges from the

behavior of the actual vehicle that was used to log the log data. For instance, the handover

time or the point in which the software is given control of the simulated vehicle may be

adjusted. In other words, simulations may be run identically as to how an actual vehicle

drove in the log data up until some divergence point between a simulated vehicle in a

simulation and the actual vehicle that captured the log data.

[0064] The retrieved portion of log data may be used to run a new or second

simulation. The second simulation may run using the software to control a second simulated

vehicle. The divergence point from the first or prior simulation may be used to determine a

handover time for the second simulation to allow the software to take control of the second

simulated vehicle. In other words, the new simulation forces the simulated vehicle to wait

until at least the divergence point before changing its position, speed, orientation, heading,

etc. from the log data. In one example, the divergence point may be used as the handover

time for the second simulation. Alternatively, a period of time, such as 5 seconds or more or

less, may be added to the divergence point to determine the handover time. The duration of

the period of time may be adjustable. For instance, a smaller number would provide more

detailed information, though at the expense of greater computational resource requirements

(i.e. more simulations would require more resources).

[0065] As another alternative, a minimum difference may be used. For instance, the

handover time for a new simulation may be determined from the maximum of the divergent

point and some minimum period of time from the handover time in the prior simulation.

This minimum period of time may be, for instance 5 seconds or more or less, and may also be

adjusted as discussed above. By using a minimum period of time, the computing devices

may avoid creating an excessive number of simulations in some part of the log data that is

just very susceptible to divergence.



[0066] For instance, FIGURE 8 may represent an example 800 of a simulation

corresponding to the simulation of example 600. Again, in example 800, a simulated vehicle

870, corresponding to vehicle 100 or vehicle 100A, is approaching an intersection 604.

However, in this example, the handover time may be determined from the divergence point of

example 700, or for instance, locations 716 and 726 of example 700. Again, the time of

locations 716 and 726 may be used as the handover time for the second simulation or some

fixed period of time may be added to the times of locations 716 and 726 to determine the

handover time. Again, example 800 of FIGURE 8 may represent a second simulation at the

handover time for the second simulation.

[0067] The server computing devices 110 may monitor and/or analyze the results of

the second simulation in order to determine whether a particular type of event has occurred

during the second simulation. In other words, the server computing devices are able to

determine whether the software is able to complete the second simulation without the

particular type of event occurring. For instance, the server computing devices may determine

whether the simulated vehicle exhibits a particular type of maneuvering behavior, such as

swerving, harsh braking, and/or colliding with another object of the log data. If the particular

type of event does or has occurred, then the new simulation may be flagged for review by an

operator.

[0068] At the same time, a new or second divergence point may be determined for

this second simulation as discussed above. A third simulation may be run. The second

divergence point may be used to determine a handover time for the third simulation as

discussed above. Again, the server computing devices 110 may monitor and/or analyze the

results of the third simulation in order to determine whether a particular type of event has

occurred during the third simulation. At the same time, a third divergence point may be

determined for this third simulation as discussed above. A fourth simulation may be run.

The third divergence point may be used to determine a handover time for the fourth

simulation as discussed above, and so on.

[0069] This process may be repeated until there are no additional points of divergence

between the simulated vehicles and the actual vehicle that captured the log data over the

course of the simulation and/or until the handover time would go beyond the duration of the

original simulation. For instance, turning to example 900 of FIGURE 9, timelines of first,

second, and third simulations 910, 920, 930 are represented. If a divergence point for a first

simulation 910 occurs at t = l.Os, a second simulation 920 may be started with a handover



time 922 five seconds after the divergence point, for instance, at t = 6.0s. If that second

simulation has a divergence point at t = 14.0s, then a third simulation 930's handover time

may be set to t = 14. 0s (using the example of the handover time being determined from the

maximum of the divergent point and some minimum period of time from the handover time

in the prior simulation).. Once there is no divergence point during the duration of the original

simulation (i.e. if there was a divergence point, it would occur after the duration of the

original simulation), the process may be terminated.

[0070] In addition, to make later simulations “cheaper” in terms of computational

resource costs, when triggering a new simulation, the new simulation may reuse the output of

the perception system for the virtual vehicle. This is possible because what the simulated

vehicle’s perception system will “detect” in the simulation does not necessarily change when

the position, location, orientation of the simulated vehicle changes with respect to the actual

vehicle that captured the log data.

[0071] FIGURE 10 includes an example flow diagram 1000 of some of the examples

for testing software for operating a vehicle in an autonomous driving mode, which may be

performed by one or more processors such as processors of computing devices 410. For

instance, at block 1010 a first simulation is run using log data collected by a vehicle operating

in an autonomous driving mode. The simulation is run using the software to control a first

simulated vehicle. At block 1020, one or more characteristics of the simulated vehicle are

compared with one or more characteristics of the vehicle from the log data in order to

determine a divergence point. At block 1030, the divergence point used to determine a

handover time for the second simulation. The handover time corresponds to a time in the

second simulation at which the software is allowed to take control of the second simulated

vehicle. At block 1040, a second simulation is run using the log data. The second simulation

is run using the software to control a second simulated vehicle (or rather the simulated

vehicle of the second simulation) and using the divergence point as a handover time to allow

the software to take control of the second simulated vehicle. At block 1050, whether the

software is able to complete the second simulation without a particular type of event

occurring is determined.

[0072] In addition or alternatively, once the divergence point is identified in a

simulation, a timer may be started. For instance, this timer may be 5 seconds of time in the

simulation (which may run faster than real time) or more or less. After the timer expires,

certain events may be ignored. For instance, if simulations are being analyzed to determine



when the software is likely to cause the vehicle to behave or maneuver in a particular way

(such as swerving or changing lanes, etc.) or collide or nearly collide with another agent or

object, and such events occur after the timer expires, these events more likely to be caused by

the other agents in the simulation rather than the software. The timer may help to determine

how likely an event is to be caused by software versus another agent in the simulation. In

other words, such events that occur before the timer has expired are more likely to be caused

by the software than other agents in the simulation. Similarly, such events that occur after

the timer has expired may be more likely to be caused by other agents in the simulation than

the software. As such, these events that occur after the timer has expired may be ignored, or

not flagged, or flagged, but with lower priority to avoid unnecessary review of simulations

with collisions caused by agents rather than the software. FIGURE 11 includes an example

flow diagram 1100 of some of the examples for testing software for controlling a vehicle in

an autonomous driving mode, which may be performed by one or more processors such as

processors of computing devices 410. For instance, at block 1110, a simulation is run using

log data collected by a vehicle operating in an autonomous driving mode. The simulation is

run using the software to control a first simulated vehicle. At block 1120, one or more

characteristics of the simulated vehicle are compared with one or more characteristics of the

vehicle from the log data in order to determine a divergence point. At block 1130, a timer

that expires during the simulation is started at the divergence point in the simulation. At

block 1140, whether the software is able to continue through the simulation without the

particular event occurring prior to the timer expiring is determined.

[0073] FIGURE 12 includes an example flow diagram 1200 of some of the examples

for testing software for controlling a vehicle in an autonomous driving mode, which may be

performed by one or more processors such as processors of computing devices 410. For

instance, at block 1210, a first simulation is run using log data collected by a vehicle

operating in an autonomous driving mode. The first simulation is run using the software to

control a first simulated vehicle. At block 1220, during the running of the first simulation,

one or more characteristics of the first simulated vehicle are compared with one or more

characteristics of the vehicle from the log data in order to determine a divergence point. At

block 1230, a timer that expires during the simulation is started at the divergence point. At

block 1240, whether the software is able to continue through the first simulation without the

particular event occurring prior to the timer expiring is determined. At block 1250, the

divergence point is used to determine a handover time for a second simulation. The handover



time corresponds to a time in the second simulation at which the software is allowed to take

control of the second simulated vehicle. At block 1260, a second simulation is run using the

log data. The second simulation is run using the software to control a second simulated

vehicle and using the divergence point as a handover time to allow the software to take

control of the second simulated vehicle. At block 1270, whether the software is able to

complete the second simulation without a particular type of event occurring is determined.

Again this process may be continued in a loop as described above.

[0074] Again, the features described herein provide for a safe, effective, and realistic

way of testing software for autonomous vehicles. For instance, the software can be tested in

hundreds of thousands of scenarios without endangering the life and property of actual

persons. At the same time, by making the handover time for a new simulation a divergence

point corresponding to a divergence point of a prior simulation, this prevents the simulated

vehicle from inadvertently making the simulation less useful. In addition, this approach

effectively provides for more realistic responses of the software being tested as well as more

valuable and useful simulations out of a fixed amount of log data. In addition, using a timer

to determine whether to flag a simulation for review may reduce the time and other resources

required to review simulations that are not actually true “fails”. In addition, those simulations

that are flagged may be more critically important to determining how to revise or update the

software being tested. Without such testing, the risks of injury to persons or property using

un-tested software may be too great.

[0075] 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.



CLAIMS

1 . A method of testing software for operating a vehicle in an autonomous driving

mode, the method comprising:

running a first simulation using log data collected by a vehicle operating in an

autonomous driving mode, wherein the simulation is run using the software to control a first

simulated vehicle;

comparing one or more characteristics of the simulated vehicle with one or more

characteristics of the vehicle from the log data in order to determine a divergence point;

using the divergence point to determine a handover time for a second simulation, the

handover time corresponding to a time in the second simulation at which the software is

allowed to take control of a second simulated vehicle of the second simulation;

running a second simulation using the log data, wherein the second simulation is run

using the handover time and the software to control a second simulated vehicle; and

determining whether the software is able to complete the second simulation without a

particular type of event occurring.

2 . The method of claim 1, wherein the particular type of event is a collision, and the

method further comprises, when the collision is determined to have occurred, flagging the

second simulation for further review.

3 . The method of claim 1, wherein determining the divergence point includes

comparing a planned trajectory of the first simulated vehicle with a planned trajectory of the

vehicle from the log data.

4 . The method of claim 3, wherein determining the divergence point includes

determining when one or more of a location, speed or change in speed of the planned

trajectory of the first simulated vehicle and the planned trajectory of the vehicle from the log

data diverge more than some threshold amount over some period of time.

5 . The method of claim 1, wherein determining the divergence point includes

determining when a location of the first simulated vehicle and a location of the vehicle from

the log data diverge more than a threshold amount.



6 . The method of claim 1, wherein determining the divergence point includes

determining when a location of the first simulated vehicle and a location of the vehicle from

the log data diverge more than a threshold amount in a lateral direction relative to a direction

of traffic in a lane in which the simulated vehicle is traveling in the first simulation.

7 . The method of claim 1, wherein determining the divergence point includes

determining when a location of the first simulated vehicle and a location of the vehicle from

the log data diverge more than a threshold amount in a longitudinal direction relative to a

direction of traffic in a lane in which the simulated vehicle is traveling in the first simulation.

8 . The method of claim 7, wherein determining the divergence point includes

determining when the location of the first simulated vehicle and the location of the vehicle

from the log data diverge more than a threshold amount in a lateral direction relative to the

direction of traffic in the lane.

9 . The method of claim 1, further comprising:

at the divergence point in the first simulation, starting a timer that expires during the

first simulation; and

flagging the first simulation for review when the particular type of event occurs

before the timer expires.

10. The method of claim 9, further comprising, not flagging the first simulation for

review if the particular type of event only occurs during the first simulation after the timer

expires.

11 . The method of claim 9, wherein the particular type of event is a collision between

the first simulated vehicle and an object in the first simulation.

12. The method of claim 9, wherein the particular type of event includes the simulated

vehicle exhibiting a particular type of maneuvering behavior.

13. A method of testing software for operating a vehicle in an autonomous driving

mode, the method comprising:



running a simulation using log data collected by a vehicle operating in an autonomous

driving mode, wherein the simulation is run using the software to control a simulated vehicle;

comparing one or more characteristics of the simulated vehicle with one or more

characteristics of the vehicle from the log data in order to determine a divergence point;

at the divergence point in the simulation, starting a timer that expires during the

simulation; and

determining whether the software is able to continue through the simulation without a

particular event occurring prior to the timer expiring.

14. The method of claim 13, wherein the particular event is a collision between the

simulated vehicle and an object in the simulation.

15. The method of claim 13, further comprising, flagging the simulation for review if

an particular event occurs before the timer expires.

16. The method of claim 13, further comprising, not flagging the simulation for

review if the particular event only occurs during the simulation after the timer expires.

17. The method of claim 13, wherein the particular event is a collision between the

simulated vehicle and an object in the simulation.

18. The method of claim 13, wherein the particular event includes the simulated

vehicle exhibiting a particular type of maneuvering behavior.

19. The method of claim 13, wherein determining the divergence point includes

determining when a location of the simulated vehicle and a location of the vehicle from the

log data diverge more than a threshold amount.

20. The method of claim 13, wherein determining the divergence point includes

determining when a location of the simulated vehicle and a location of the vehicle from the

log data diverge more than a threshold amount in at least one of a lateral direction or a

longitudinal direction relative to a direction of traffic in a lane in which the simulated vehicle

is traveling in the simulation.
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