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Related Applications 

[0001] The present application claims priority to and the benefit of U.S. Application Serial Nos. 

10/972,082, filed on October 22, 2004; 10/971,724, filed on October 22, 2004; 10/971,725, filed 

October 22, 2004; 10/972,081, filed October 22, 2004; and 10/971,718, filed October 22, 2004-

5 the disclosures of which are being incorporated by reference herein. 

Field of the Invention 

[0002] The present invention relates generally to control of unmanned ground vehicles and, 

more specifically, to variations in the control of unmanned ground vehicles in response to 

environmental changes or operator intervention. 

Background of the Invention 

[0003] Vehicles and equipment that operate with little or no operator intervention are desirable 

partly because they remove the operator from harm's way in dangerous applications and because 

they offer direct labor cost savings in commercial applications. In many instances, this limited 

intervention is exemplified by an operator removed from the confines of the vehicle itself and 

15 placed in a location with a remote control device that interfaces with and controls the vehicle. In 

this configuration, however, the operator typically must directly and continuously monitor the 

vehicle and its surrounding environment, adjusting, for example, vehicle speed and direction, as 

needed. In particular, when a task is complex, the operator must carefully monitor the vehicle or 

equipment to the point where any simplification of the operator's tasks is negated by the high 

20 level of concentration required to ensure the vehicle avoids obstacles, hazards, and other terrain 

features in its path, thereby preventing accidents. This requires considerable effort by the 

operator, a significant investment in skilled operator training, and places severe limitations on 

mission duration and objectives. 

[0004] In a typical environment, a vehicle can encounter any number of unforeseen hazards. A 

25 vehicle can also create or exacerbate a hazard. In either case, there is the potential that the 
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vehicle may endanger persons or property. Accordingly, an operator generally pays particular 

attention to events that may result in dangerous conditions. This additional safety concern 

negatively affects mission effectiveness because it directs the operator's attention away from the 

particulars of the task the vehicle is performing. Additionally, an operator may become 

5 overwhelmed by the degree of oversight and attention required and may fail to recognize one or 

more obstacles or hazards in the path of the vehicle, potentially resulting in an accident. 

[0005] From the foregoing, it is apparent that there is a direct need for efficient, autonomous 

control of a vehicle or equipment that relieves the operator of most, if not all, of operational 

oversight. The vehicle or equipment needs to accomplish its assigned tasks while compensating 

IO for the environment in an autonomous fashion but still be responsive to the attempts by an 

operator to assume control. The vehicle must also ensure the safety of the its surroundings. 

Summary of the Invention 

[0006] In one aspect, the invention relates to a method for control o:f a vehicle, the method 

including the steps of: identifying at least one input device in the vehicle, providing at least one 

15 actuator associated with the at least one input device, and controlling the vehicle based at least in 

part on at least one of an interruptible autonomous scheme, a behavior based autonomous 

scheme, a selective scheme, and a safety scheme. 

[0007] In another aspect, the invention relates a system for control of a vehicle, the system 

including: means for controlling the vehicle, means for actuating tl1e vehicle control means, and 

20 means for controlling the vehicle based at least in part on at least one of an interruptible 

autonomous controller, a behavior based autonomous controller, a selective controller, and a 

safety controller. 

[0008] In one aspect, the present invention provides systems and methods for interruptible 

autonomous control of a vehicle. Although operating autonomously, an operator can override 

25 the autonomous control to the extent necessary to, for example, adjust the progress of the 

vehicle. Mission effectiveness is increased because the operator is relieved from most, if not all, 

navigational oversight of the vehicle. Further, safety systems, typically running autonomously, 

are provided. This improves vehicle safety, reliability, and decreases or eliminates the need for 

manual intervention. 
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[0009] The invention features a method for interruptible autonomous control of a vehicle, where 

a disassociation between a vehicle's input devices and its associated actuators are detected. An 

input device may be an operator input device such as a drive control ( e.g. steering wheel, brake 

pedal, accelerator, or throttle,) or it may include a device connecting an operator input device to 

5 the remainder of the drive chain of the vehicle, (e.g., a throttle lever, steering gear, tie rods, or 

other device that directs vehicle position or motion and that may not be directly manipulated by a 

human operator. In some embodiments, the input device is an articulation control that usually 

directs apparatus connected to the vehicle. In an autonomous vehicle, the actuator directly 

manipulates the linkage or is attached to the input device. 

10 [0010] In certain embodiments, autonomous control is interrupted when a disassociation 

between the input device and its actuator is detected. For example, if the input device is a brake 

and an operator depresses the brake, the latter will separate from its actuator. The separation 

(i.e., disassociation) is detected and the autonomous control of the brake is discontinued. In 

other embodiments, autonomous control is reestablished after the operator ceases manipulating 

15 the input device (e.g., removes his or her foot from the brake, thereby reassociating the control 

surface and the actuator). Different embodiments prevent the reestablishment of autonomous 

control. In either case, proximity sensors and strain gauges typically detect the disassociation 

and reassociation. 

[0011] The invention also features a method where the detection of a disassociation initiates a 

20 shutdown sequence. In some embodiments, this is used to enhance operational safety. 

[0012] Another aspect of the invention includes a system for interruptible control of a vehicle. 

This system includes a controller, such as a microprocessor or microcontroller, in 

communication with the detectors and actuators, that manages the discontinuation and 

reestablishment of autonomous control. The controller acts in accordance with control policies 

25 that characterize the behavior of the input device in different vehicle operational modes (e.g., 

autonomous, manual). A further aspect of the invention includes a system that initiates and 

controls a shutdown sequence after detection of a disassociation between a control surface and an 

actuator. 

[0013] In another aspect, the present invention provides a system and method for behavior based 

30 control of an autonomous vehicle. While operating autonomously, the vehicle is aware of its 
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surroundings, particularly the location and character of terrain features that may be obstacles. 

Because these terrain features can represent hazards to the vehicle, the vehicle preferably 

compensates by altering its trajectory or movement. 

[0014] The invention features a method for the behavior based control of an autonomous vehicle 

5 where several behaviors are associated with the actuators that manipulate input devices that 

direct the vehicle. An input device may be an operator input device that directs at least part of 

the vehicle ( e.g., one or more of a steering wheel, handle, brake pedal, accelerator, or throttle). 

The input device also may be a device directly or indirectly connecting the operator input device 

to a controlled element (i.e., the object in the autonomous vehicle ultimately controlled by the 

10 operator input device). For example, the operator input device may be a throttle, and the input 

device may be the throttle body. Although a human operator typically accesses and manipulates 

the operator input device, the input device need not be accessible or operable by the human 

operator. 

[0015] A behavior is a program that proposes an action based on sensor data, operator input, or 

15 mission goals. Actions are typically grouped into action sets, and the action sets are generally 

prioritized. The actions within an action set are termed" alternative actions," and each 

alternative action generally has a corresponding preference. The preferences allow for the 

ranking of the alternative actions. 

[0016] Multiple behaviors continuously propose actions to an arbiter. The arbiter continuously 

20 decides which behavior is expressed based on a weighted set of goals. The arbiter selects the 

action set with the highest priority, and also selects the alternative action from within the selected 

action set with the highest corresponding preference. A behavior based system can include many 

behaviors and multiple arbiters, and multiple arbiters can be associated with an actuator. 

Multiple arbiters associated with an actuator are sometimes referred to as "stacked arbiters." An 

25 actuator is typically a servo-system and transmission in physical contact with the existing input 

devices in the vehicle. 

[0017] In some embodiments, the behaviors characterize the operational mode of the vehicle. 

These modes include; manned operation, remote unmanned tele-operation, assisted remote tele­

operation, and autonomous unmanned operation. In the manned operation mode a vehicle 

30 operator sits in the vehicle cockpit and drives the vehicle using its traditional command input 
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devices (e.g. steering wheel, brake, accelerator, throttle, etc.). In the remote unmanned tele­

operation mode a dismounted operator or an operator in a chase vehicle drives the unmanned 

vehicle from a safe stand off distance through a portable operator control unit that allows the 

operator to directly command the vehicle. In the assisted remote tele-operation mode, the 

5 dismounted operator can engage "assistive behaviors" that facilitate mission execution. These 

assistive behaviors use the vehicles sensors, control system, and perception and localization 

subsystems to add short-term, safe, self-navigation functionality to the vehicle. Examples of 

assisted behaviors include active obstacle avoidance, circling in place and deploying payloads 

based on sensor input. Such an assist allows the operator to focus more on the mission and less 

IO on the continuous demand of driving. In the autonomous mode, the vehicle uses an arbitrated 

behavior based technique to perform a tactically significant mission. Examples of such missions 

include following a moving object at a fixed distance and travelling through a pre-recorded set of 

fixed GPS waypoints while actively performing obstacle avoidance. Each mode can include a 

set of alternative behaviors that the vehicle can take to accomplish its task. In some 

15 embodiments, the alternative behaviors are ranked by priority or preference and an arbiter selects 

the behavior to be performed. The behavior can then operate the corresponding vehicle control 

accordingly. 

[0018) In some embodiments, the behaviors include trajectory sets and, in further embodiments, 

the behavior includes adjusting the translational velocity, or rotational velocity, or both, of the 

20 autonomous vehicle, typically in response to data received fro:m sensors or a map of terrain 

features located around the vehicle. 

[0019) Another aspect of the invention includes a system for behavior based operation of an 

autonomous vehicle that includes a controller, such as a microprocessor or microcontroller, that 

provides the host environment for the multiple resident behavior programs and the arbiter 

25 program and, in response to the behaviors, operates one or more vehicle controls using actuators. 

The controller also communicates with one or more localization or perception sensors, and using 

one or more localization and perception behaviors builds a vehicle centric terrain feature map. 

The controller runs the behavior system and specifies the actions to be performed. 

[0020) In yet another aspect, the present invention provides a system and method for multi-

30 model control of an autonomous vehicle. Depending on, for example, the task to be completed, 
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the vehicle can operate in different modes. The different operational modes allow the vehicle to 

compensate for variations in the task and changes in the environment around the vehicle. This 

increases mission effectiveness and promotes the safe operation of the vehicle. 

[0021] The invention features a method for selective control of a vehicle in response to receiving 

5 a mode select command. In some embodiments, the mode select command includes one or more 

of a manned operation, remote unmanned tele-operation, assisted remote unmanned tele­

operations, and autonomous unmanned operation. After receipt of the mode select command, a 

specific representative set of vehicle control behaviors are enabled that allow operation in that 

specific mode. 

10 [0022] Another aspect of the invention includes a system for selective control of a vehicle that 

includes a receiver for receiving the mode select command. A controller, such as a 

microprocessor or microcontroller, communicates with the receiver and executes a vehicle 

control program. This controller, such as a microprocessor or microcontroller, provides the host 

environment for the multiple resident behavior programs and the arbiter program, and, in 

15 response to the behaviors, operates one or more vehicle controls using actuators. 

[0023] In still another aspect, the present invention provides a system and method for processing 

a safety signal in an autonomous vehicle. While operating unmanned, the vehicle uses its on­

board local area sensors and its perceptual context software to detect the presence of unsafe 

conditions. The vehicle also receives and acts on emergency signals sent by the operator. In 

20 either case, processing of the detected or signaled information leads, in some embodiments, to 

the manipulation of vehicle input devices in a manner to ensure the proper response to the 

detected or signaled information. 

[0024] Given the importance of safe vehicle operation, some embodiments of the invention 

include redundant communication paths for conveying the detected or signaled information. 

25 These communication paths may include; a hard-wired electrical safety circuit, a firmware based 

dedicated microprocessor actuator control network, and a collection of software based fault 

detection code residing in the main vehicle control computer. Operating in parallel, these 

multiple communication paths provide a robust method to ensure that detected or signaled safety 

information is conveyed and acted on. 
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[0025] Another aspect of the invention includes a system for processing a safety signal. This 

system includes a controller, such as a microprocessor or microcontroller, in communication 

with actuators via a transmitter using multiple communication links. In response to detected or 

signaled information, the controller, in certain embodiments, instructs the actuators to manipulate 

5 one or more vehicle input devices, typically using linkages, to affect a safe response to a 

potentially (or actually) unsafe condition. In various embodiments, the controller acts in 

accordance with control policies that characterize the behavior of the input device in different 

vehicle operational modes (e.g., autonomous, manual). 

[0026] Although operating autonomously, an operator can override the autonomous control to 

10 the extent necessary to, for example, adjust the progress of the vehicle. Tactically significant 

mission effectiveness is increased because the operator is relieved from most, if not all, safety 

oversight of the vehicle. Further, safety systems, typically running autonomously, are provided. 

This improves vehicle safety, reliability, and decreases or eliminates the need for manual 

intervention. 

15 [0027] In still another aspect, the present invention provides a system and method for tracking 

one or more terrain features by an autonomous vehicle. While operating autonomously, the 

vehicle uses its on-board local area sensors and its perceptual context software to determine the 

location and character of terrain features, which may be obstacles or targets. Because these 

terrain features can represent hazards or targets to the vehicle, the vehicle preferably 

20 compensates by altering its trajectory or movement. 

[0028] The invention features a method for tracking terrain features using localization and 

perception. sensors. Localization sensors determine the location and orientation of the 

autonomous vehicle. In some embodiments, the localization sensors include sensors to measure 

pitch, roll, and yaw. Other embodiments include an inertial navigation system, a compass, a 

25 global positioning system, or an odometer. Perception sensors assess the environment about the 

autonomous vehicle. In some embodiments, the perception sensors include a LIDAR (Light 

Detection and Ranging, or laser imaging, system), stereo vision system, infrared vision system, 

radar system, or a sonar system. 

[0029] Using these sensors, embodiments of the invention compute the location of all relevant 

30 terrain features detected and store the location information in memory. When the outputs of the 
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sensors change, the locations are updated accordingly. To conserve memory, cope with faulty 

sensor data, and accommodate moving objects, some embodiments discard older location data 

deemed "stale" due to the passage of time or distance traveled. In response to the determining 

up-to-date locations of terrain features, the autonomous vehicle adjusts its trajectory. In certain 

5 embodiments, adjusting the trajectory includes selecting a preferred trajectory from a group of 

several ranked alternative trajectories. 

[0030] Another aspect of the invention includes a systelil for tracking terrain features that 

includes one or more controllers, such as microprocessors or microcontrollers that communicates 

with the localization and perception sensors. The controllers also communicate with a vehicle-

IO based memory for storing location information. In some embodiments, the system includes 

adjustment logic that operates to adjust the trajectory of the autonomous vehicle in response to 

the presence of terrain features. 

[0031] Other aspects and advantages of the present invention will become apparent from the 

following detailed description, taken in conjunction with the accompanying drawings, illustrating 

15 the principles of the invention by way of example only. 

20 

25 

Brief Description of the Drawings 

[0032] The foregoing and other objects, features, and advantages of the present invention, as 

well as the invention itself, will be more fully understood from the following description of 

various embodiments, when read together with the accompanying drawings, in which: 

• Figure 1 is a :flowchart depicting a method for interruptible autonomous control of a 

vehicle in accordance with an embodiment o:f the invention; 

• Figure 2 is a block diagram depicting a systeITI for interruptible autonomous control 

of a vehicle in accordance with an embodiment of the invention; 

• Figure 3 is a flow chart depicting a method for processing a safety signal in an 

autonomous vehicle in accordance with an elilbodiment of the invention; 

• Figure 4 is a block diagram depicting a systeITI for processing a safety signal in an 

autonomous vehicle in accordance with an e1Y1.bodiment of the invention; 

• Figure 5 is a :flowchart depicting a method for tracking a terrain feature by an 

autonomous vehicle in accordance with an elilbodiment of the invention; 
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• Figure 6 is a block diagram depicting a system for tracking a terrain feature by an 

autonomous vehicle in accordance with an em.bodiment of the invention; 

• Figure 7 is a flowchart depicting a method for the behavior based control of an 

autonomous vehicle in accordance with an e1nbodiment of the invention; 

• Figure 8 is a block diagram depicting a system for the behavior based control of an 

autonomous vehicle in accordance with an em.bodiment of the invention; 

• Figure 9 is a flowchart depicting a method for multi-modal control of a vehicle in 

accordance with an embodiment of the invention; and 

• Figure 10 is a block diagram depicting a system for multi-modal control of a vehicle 

in accordance with an embodiment of the invention. 

Detailed Description 

[0033) As shown in the drawings for the purposes of illustration, the invention may be embodied 

in systems and methods for controlling vehicles, where the systems and methods compensate, 

with little or no operator intervention, for changes in the environment around the vehicle. 

15 Embodiments of the invention enhance overall mission effectiveness and operating safety. 

[0034) In brief overview, Figure 1 is a flowchart depicting a method 100 for interruptible 

autonomous control of a vehicle in accordance with an embodiment of the invention. The 

method includes a step of first identifying one or more input devices in the vehicle (STEP 104). 

An input device may be an operator input device that directs at least part of the vehicle (e.g., one 

20 or more ofa steering wheel, handle, brake pedal, accelerator, or throttle). The input device also 

may be a device directly or indirectly connecting the operator input device to a controlled 

element (i.e., the object in the autonomous vehicle ultimately controlled by the operator input 

device). For example, the operator input device can be a drive control. A drive control generally 

includes a throttle, brake, or accelerator, or any combination thereof. In other embodiments, the 

25 operator input device can be an articulation control. An articulation control generally operates 

equipment attached to the vehicle. This can include, for example, a control used to manipulate a 

blade on a bulldozer, or a tilling apparatus on a tractor. Although a human operator typically 

accesses and manipulates the operator input device, the input device need not be accessible or 

operable by the human operator. 
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[0035] Next, the method 100 includes the step of providing one or more control policies (STEP 

I 06) corresponding to the input device. Generally, the control policies determine the manner in 

which the vehicle operates including, for example, whether the control of the vehicle will be 

autonomous, manual, or a combination thereof. In addition to the identification of the input 

5 devices and control policies, the invention also includes the step of providing one or more 

actuators (STEP I 08) associated with one or more input devices. The actuator is typically an 

electro-mechanical device that manipulates the input device. Manipulation occurs by, for 

example, pushing, pulling, or turning the input device, or by any combination thereof. A result 

of this is the autonomous control of the vehicle. Furthermore, in an embodiment of the 

10 invention, the actuators still allow manual operation of the vehicle. In other words, the presence 

of actuators in the vehicle does not preclude manual operation of the corresponding input 

devices. In some embodiments, a linkage or other mechanical transmission associates the 

actuator with the corresponding input device. A linkage is generally apparatus that facilitates a 

connection or association between the input device and the actuator. A typical linkage is a lever 

15 and pivot joint, a typical transmission is a rack and pinion device. 

[0036] Following the identification of the input device (STEP 104), providing the control policy 

(STEP 106), and providing the actuator (STEP 108), an embodiment of the invention provides 

autonomous control of a vehicle (STEP 102). Autonomous control allows a vehicle to be 

operated according to programmed instructions, with little or no operator intervention. 

20 Autonomous control typically includes "intelligence" that allows the vehicle to compensate for 

unforeseen events, such as an encounter with a terrain feature such as an obstacle. During 

autonomous control, an embodiment of the invention monitors the input devices and actuators 

for a disassociation therebetween (STEP 110). The disassociation is generally any break in a 

physical connection between the input device and the corresponding actuator. For example, the 

25 input device can be an operator input device, such as an accelerator pedal, connected to an 

actuator that is a rack and pinion device. An operator can disassociate the accelerator from the 

actuator by, for example, depressing the accelerator. In some embodiments, the disassociation is 

detected by measuring the response of one or more sensors (STEP 112). 

[0037] On detection of the disassociation (STEP 110), autonomous control is interrupted in favor 

30 of other operational modes (STEP 116). For example, on detection of the disassociation, a 

system according to an embodiment of the invention initiates a vehicle shutdown sequence 
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(STEP 114). This can occur when, for example, the vehicle operator depresses a "panic button," 

thereby allowing a controlled, safe shutdown of the vehicle. 

[0038) In other embodiments, following detection of the disassociation (STEP 110), autonomous 

control is interrupted (STEP 116) to allow manual control (STEP 118). One example of this 

5 occurs when an operator wants to increase temporarily 1:he speed of a vehicle that is under 

autonomous control. By depressing the accelerator, a system according to an embodiment of the 

invention relinquishes the autonomous control and allows the vehicle to accelerate according to 

the operator's preference. 

[0039] After the interruption of autonomous control (STEP 116), different embodiments of the 

10 invention detect a restored association between the input device and the corresponding actuator 

(STEP 120). The reassociation is typically entails the reestablishment of the physical connection 

between the input device and the corresponding actuator. This is generally detected by 

measuring the response of one or more sensors (STEP 122). In the example discussed above, the 

reassociation would occur when the operator stops depressing the accelerator, thereby allowing 

15 the accelerator to reconnect with its actuator. 

[0040) Following the reassociation, one embodiment of the invention establishes a revised 

vehicle control (STEP 124). The nature of the revised vehicle control depends on the control 

policy provided (STEP 106). For example, in some embodiments, the revised vehicle control 

includes returning to autonomous control (STEP 102). This can occur immediately. In other 

20 embodiments, returning to autonomous control (STEP 102) occurs after a delay (STEP 126). In 

different embodiments, the operator must first intervene (STEP 130) before the vehicle returns to 

autonomous control (STEP 102). This configuration provides, for example, a safety feature 

where the operator must confirm that returning the vehicle to autonomous control is reasonable 

and proper. 

25 [0041) In certain embodiments, the control policy provided (STEP 106) includes preventing the 

vehicle from further autonomous control after the interruption of autonomous control (STEP 

116). For example, in a tractor, an operator may want to stop the tilling apparatus and ensure 

that it can not restart automatically. When a system according to an embodiment of the 

invention detects a disassociation between the tiller control and the corresponding actuator 

30 (STEP 110), typically because the operator has manipulated the tiller control thereby disrupting 
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the physical connection between the tiller control and the corresponding actuator, autonomous 

control is interrupted (STEP 116). Embodiments of the invention would detect the restored 

association between the tiller control and the corresponding actuator (STEP 120) when, for 

example, the operator released the tiller control, and then attempt to establish a revised vehicle 

5 control (STEP 124). Nevertheless, in this example, the control policy provided (STEP 106), 

includes inhibiting further autonomous control (STEP 128). Stated differently, in some 

embodiments, the control policy dictates, on a input device-by-input device basis, what actions 

are appropriate following the interruption of autonomous control. For certain input devices, such 

as the accelerator example discussed above, reestablishment of autonomous control is proper. 

10 For other input devices, however, safety or other considerations dictate that autonomous control 

not be restored. 

[0042] Figure 2 is a block diagram that depicts a system 200 for interruptible autonomous 

control of a vehicle in accordance with an embodiment of the invention. The system 200 

typically includes one or more input devices 202. An input device may be an operator input 

15 device that directs at least part of the vehicle (e.g., one or more of a steering wheel, handle, brake 

pedal, accelerator, or throttle). The input device also may be a device directly or indirectly 

connecting the operator input device to a controlled element (i.e., the object in the autonomous 

vehicle ultimately controlled by the operator input device). For example, the operator input 

device can be a drive control 204. A drive control generally includes a throttle 206, brake 208, 

20 accelerator 210, or transmission shifter 211, or any combination thereof. A typical input device 

202 is a throttle body (not depicted), which is typically connected to the throttle 206. Other 

example input devices 202 include a steering gear (not depicted) and tie rods (not depicted). In 

other embodiments, the input device can include an articulation control 212. 

[0043] The system 200 also includes one or more control policies 214 corresponding to the input 

25 device 202. Generally, the control policy 214 determines the manner in which the vehicle will 

operate, typically allowing for vehicle control under autonomous or manual conditions, or a 

combination thereof. The system 200 also includes one or more actuators 216 associated with 

the one or more input devices 202. Typically, the actuator 216 includes an electro-mechanical 

device that drives the input device 202. In one embodiment of the invention, the actuator 216 

30 includes one or more linkages or other mechanical transmissions 218. Generally, a linkage 

provides the association (e.g., physical connection) between an actuator 216 and the associated 
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input device 202. A typical linkage is a lever and pivot joint, a typical transmission is a rack and 

pinion device. 

[0044] In some embodiments of the invention, the system 200 includes one or more detectors 

220. The detector 220 discerns a disassociation between the input device 202 and the actuators 

5 216. Typically the disassociation includes a break in contact or communication between the 

input device 202 and its associated actuator 216. By way of example, such contact or 

communication may be physical, or via electrical or mechanical communication, or any 

combination thereof. In another embodiment, a disassociation can include a separation between 

the input device 202 and the associated actuator 216. In an alternative embodiment, the detector 

10 220 includes a proximity sensor 222, or a strain gauge 224, or both. After a disassociation 

between the input device 202 and the actuator 216 has occurred, the detector 220 discerns a 

restored association between the same. Generally, a restored association includes a renewed 

contact or communication between the input device 202 and its corresponding actuator 216. For 

example, such renewed contact or communication may be physical, or via electrical or 

15 mechanical communication, or any combination thereof. 

[0045] The system 200 also includes one or more controllers 226 that, in some embodiments, are 

in communication with the actuators 216 and the detectors 220. The controller 226 is capable of 

interrupting autonomous control (STEP 116). The controller 226 executes a vehicle control 

program 228, based at least in part on the control policies 214. In some embodiments, the 

20 controller 226 is a microprocessor. In other embodiments, the controller 226 is a 

microcontroller. 

[0046] In another embodiment, the vehicle control program 228 includes a module that provides 

for autonomous vehicle control 230. In another embodiment, the vehicle control program 228 

includes a predetermined time delay module 232. In some embodiments, the vehicle control 

25 program 228 includes an inhibitor module 234 that prevents autonomous vehicle control. The 

inhibitor module 234 prevents autonomous vehicle control in the absence of operator 

intervention (STEP 130). 

[0047] Other embodiments of a system according to the invention include a shutdown sequence 

236 managed by the controller 226. The shutdown sequence is based at least in part on the 
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disassociation between the input device 202 and its corresponding actuator 216. Typically, the 

shutdown sequence 236 includes a controlled step of the vehicle in response to an emergency. 

[0048] In brief overview, Figure 3 is a flowchart depicting a method 300 for processing a safety 

signal in an autonomous vehicle in accordance with an embodiment of the invention. The 

5 method includes a step of first identifying one or more input devices in the vehicle (STEP 104). 

An input device may be an operator input device that directs at least part of the vehicle ( e.g., one 

or more of a steering wheel, handle, brake pedal, accelerator, or throttle). The input device also 

may be a device directly or indirectly connecting the operator input device to a controlled 

element (i.e., the object in the autonomous vehicle ultimately controlled by the operator input 

10 device). Generally, an operator input device may be linked to or associated with an input device 

to control the operation of all or part of the vehicle. For example, the input device can be a drive 

control. A drive control generally includes a throttle, brake, or accelerator, or any combination 

thereof. In other embodiments, the input device can be an articulation control. An articulation 

control generally operates equipment attached to the vehicle. This can include, for example, a 

15 control used to manipulate a blade on a bulldozer, or a tilling apparatus on a tractor. 

[0049] Next, the method 300 includes the step of providing one or more control policies (STEP 

106) corresponding to the input device. Generally, the control policies determine the manner in 

which the vehicle operates, including, for example, whether the control of the vehicle will be 

autonomous, manual, or a combination thereof. In addition to the identification of the input 

20 devices and control policies, the invention also includes the step of providing one or more 

actuators (STEP 108) associated one or more in put devices. The actuator is typically an electro­

mechanical device that manipulates the input device. Manipulation occurs by, for example, 

pushing, pulling, or turning the input device, or by any combination thereof. A result of this is 

the autonomous control of the vehicle. Furthermore, in an embodiment of the invention, the 

25 manipulation of the input device by the actuators allow for a controlled shutdown of the vehicle. 

[0050] Following the identification of the input device (STEP 104), providing the control policy 

(STEP 106), and providing the actuator (STEP 108), an embodiment of the invention includes 

the step of providing one or more controllers (STEP 302). A controller allows the vehicle to be 

operated according to programmed instructions and, in some embodiments, with little or no 

30 operator intervention. A controller typically includes "intelligence" that allows for any 
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combination of manual or autonomous control of the vehicle. Furthermore, in at least one 

embodiment of the invention, the controller detects and processes a safety signal, and in anot!-i.er 

embodiment, the controller detects and processes a stop signal and a non-stop signal (i.e., a 

signal that indicates a "stop" has not been commanded). The non-stop signal is also represented 

5 by the absence of the stop signal. 

[0051] Next, the method includes the step of providing a first communication link between the 

controller and each corresponding actuator (STEP 304). In one embodiment of the invention, the 

first communication link includes a network connection between the controller and each 

corresponding actuator. The network connection can be part of, for example, a local area 

IO network or wide area network. It can be a wired or wireless connection, and may provide access 

to the Internet. Typically, the network connection is part of a real-time control network that 

adheres to an industry standard (e.g., the "CAN" open standard). Generally, the first 

communication link connects, (for example, via a network) the actuators so the vehicle can 

change modes of operation. In one embodiment, the change in modes of operation is in respoTise 

15 to the safety signal. For example, the safety signal may dictate that the vehicle stop moving, so 

the change in modes would include one or more actuators associated with the drive control 

manipulating the drive control to stop the vehicle. Generally, the first communication link is any 

electrical, mechanical, wired, wireless, or any combination thereof, communication between the 

controller and corresponding actuators. In addition to the first communication link, the method 

20 also includes the step of providing a second communication link between each corresponding 

actuator (STEP 306). In an embodiment of the invention, the second communication link 

includes one or more current loops. A current loop is typically a continuous wired connection 

with electrical current flowing through it. Com.ponents associated with the current loop detect or 

measure this electrical current, doing so directly or indirectly (e.g., by measuring a voltage drop 

25 across a resistive element). A variance of the current from an expected value (e.g., interruptio:n 

of the current) is generally a signal that the current loop conveys. In embodiments of the 

invention, the second communication link conveys a manual mode signal, an autonomous mode 

signal, or any combination thereof. In yet another embodiment, the second communication link 

conveys a stop signal, non-stop signal (i.e., the absence of the stop signal), or any combination 

30 thereof. Typically, the second communication link is configured as a serial hardwire connection 

between the actuators. In other words, the second communication link progresses from one 

actuator to the next sequentially, forming a ring. 
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[0052] Next, an embodiment of the invention includes the step of transmitting the safety signal 

to each of the plurality of actuators via the first communication link, the second communication 

link, or any combination thereof (STEP 308). Generally, this communication may occur in any 

manner in which data is transmitted from one actuator to another. For example, the 

5 communication may be electrical, mechanical, wired, wireless, or any combination thereof. In 

some embodiments, the safety signal is transmitted in response to operator intervention (STEP 

310). For example, an operator may depress an "emergency stop" button that triggers the 

transmission of the safety signal (STEP 308). In other embodiments, the safety signal is 

transmitted in response to the output of at least one sensor (STEP 312). This can occur if a 

10 sensor measures an instability in the vehicle, such as if the vehicle was about to overturn. The 

controller provided (STEP 302) interprets the output of the sensor, determines an unsafe 

condition has developed, and triggers the transmission of the safety signal (STEP 308). 

[0053] In some embodiments, the vehicle enters a safe mode of operation on the detection of an 

emergency or safety signal that is communicated between the controller and each corresponding 

15 actuator via the first communication link. In other embodiments, the vehicle automatically 

enters a safe mode of operation on the detection of an emergency or safety signal that is 

communicated between corresponding actuators via the second communication link. 

Furthermore, in some embodiments there is redundant transmission of the safety signal via both 

the first communication link and second communication link. In any case, the safety signal is 

20 transmitted to the corresponding actuators, which respond accordingly. 

[0054] Following the transmission of the safety signal (STEP 308) an embodiment of the 

invention includes the step of manipulating the input device (STEP 314) based at least in part on 

the corresponding control policy and the safety signal. Generally, the manipulation of the input 

device (STEP 314) may be the physical movement of an input device by its corresponding 

25 actuator in response to the safety signal to effect a change in vehicle mode of operation. In one 

embodiment of the invention, the manipulation of the input device (STEP 314) includes 

initiating a shutdown sequence (STEP 316) to shut down the vehicle. This can occur, for 

example, in emergency situations where the proper course of action is a controlled, safe, 

shutdown of the vehicle. 

IPR2025-01035 
Tesla EX1025 Page 17



WO 2006/047297 PCT/0S2005/037918 

- 17 -

[0055] In some embodiments, the safety signal is transmitted in response to output of the 

sensors. For example, a sensor may indicate that the vehicle, (for example, a tractor) may be on 

a collision course with a terrain feature that is an obstacle, such as a rock or ditch. This 

indication may be in the form of a safety signal. Based at least in part on the safety signal, the 

5 controller will become informed of the obstacle, incorporate the proper control policy, and 

communicate with the associated actuators via the first communication link. The actuators will 

then manipulate the corresponding input devices accordingly in order to avoid the obstacle. 

Such manipulation may result in shutting down the vehicle, or generally a change in the mode of 

operation of the vehicle in response in part to the safety signal, thus preventing an accident. 

10 [0056] As another example, the tilling apparatus in a tractor may need to be stopped because th. e 

tractor has reached the end of the plot of land that needs to be tilled. In this situation, it may 

become necessary for the tractor to remain running or in motion but for the tilling apparatus to 

stop or shut down. Here, the safety signal may be generated through operator intervention, such 

as disengaging the input device of the tilling apparatus from its associated actuator or, in some 

15 embodiments, via a sensor indicating the end of tillable land. In the first scenario, operator 

intervention causes the transmission of the safety signal, in some embodiments, by breaking the 

current loop in the second communication link, and, in accordance with the corresponding 

control policy, the tractor will continue to run while the actuator corresponding to the tiller input 

device is disengaged or shut off. In the second scenario, the sensor data is processed by the 

20 controller and transmitted in accordance with the corresponding control policy, in some 

embodiments, by the first communication link over a network to the actuator corresponding to 

the tiller input device such that the tiller is disengaged or shut off while the remaining actuators 

continue to engage their respective input devices. In some embodiments, a result is a change in 

the vehicle mode of operation in response to the processing of the safety signal. 

25 [0057] There are other embodiments in which the safety signal is transmitted in response to 

operator intervention. For example, on the detection of an emergency or safety signal, which 

may occur when an operator interrupts autonomous operation by depressing the brake, the 

current loop (an embodiment of the second communication link) is broken, causing an open 

circuit, and acting as a transmission of the safety signal to the corresponding actuators by the 

30 second communication link. The input device will then be manipulated accordingly based at 

least in part on the safety signal and the control policy corresponding to that particular input 
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device. The safety signal and corresponding control policy causes the vehicle to operate in 

manual mode, or autonomous mode, or any combination thereof. Furthermore, in the same 

example, the safety signal could also be a stop signal, non-stop signal, or any combination 

thereof, to control the vehicle mode of operation. The vehicle will detect this occurrence and 

s produce an autonomous mode signal, or in the alternative, enter a controlled shutdown mode, 

thus responding to and processing the safety signal. 

(0058] In yet other embodiments, the safety signal is transmitted via both the first 

communication link and the second communication link, thus creating a redundant method for 

processing the safety signal. Generally, this ensures that the safety signal will be processed 

IO properly in the event one of the two communication links becomes inoperative. For example, as 

previously discussed, if an operator becomes aware of an obstacle and depresses the brake, the 

resulting safety signal will be transmitted serially via the second communication link to all 

associated actuators. Additionally, a sensor may detect the same obstacle and send, via the 

controller and in accordance with the proper control policy, the safety signal to the appropriate 

15 actuators via the first communication link to avoid the obstacle. Thus, in the event that one 

communication link fails, the other communication link will still process a safety signal. 

(0059] Figure 4 is a block diagram that depicts a system 400 for processing a safety signal in an 

autonomous vehicle in accordance with an embodiment of the invention. The system 400 

typically includes one or more input devices 202. An input device may be an operator input 

20 device that directs at least part of the vehicle ( e.g., one or more of a steering wheel, handle, brake 

pedal, accelerator, or throttle). The input device also may be a device directly or indirectly 

connecting the operator input device to a controlled element (i.e., the object in the autonomous 

vehicle ultimately controlled by the operator input device) For example, the input device can 

be a drive control 204. A drive control generally includes a throttle 206, brake 208, accelerator 

25 210, or transmission shifter 211, or any combination thereof. A typical input device 202 is a 

throttle body (not depicted), which is typically connected to the throttle 206. Other example 

input devices 202 include a steering gear (not depicted) and tie rods (not depicted). In other 

embodiments, the input device can include an articulation control 212. 

(0060] The system 400 also includes one or more control policies 214 corresponding to the input 

30 device 202. Generally, the control policy 214 determines the manner in which the vehicle will 
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operate, typically allowing for vehicle control under autonomous or manual conditions, or a 

combination thereof. The system 400 also includes one or more actuators 216 associated with 

the one or more input devices 202. Typically, the actuator 216 includes an electro-mechanical 

device that drives the input device 202. In one embodiment of the invention, the actuator 216 

5 includes one or more linkages or other mechanical transmissions 218. Generally, the linkage 

provides the association (e.g., physical connection) between an actuator 216 and the associated 

input device 202. A typical linkage is a lever and pivot joint, a typical transmission is a rack and 

pinion device. In one embodiment of the invention, the linkage 218 manipulates an input device 

202 in response to the safety signal in accordance with the corresponding control policy 214. 

10 [0061] The system 400 also includes one or more controllers 226 that, in some embodiments, are 

in communication with the actuators 216, the control policy 214, and one or more sensors 402. 

Generally, the sensor 402 includes any device that is capable of assessing the environment in and 

around the vehicle for the presence or absence of hazards or obstacles, as well as the position, or 

orientation, or both, of the vehicle. For example, in some embodiments a sensor is a localization 

15 sensor, such as a pitch sensor, roll sensor, yaw sensor, inertial navigation system, a compass, a 

global positioning system, or an odometer. In other embodiments, a sensor is a perception 

sensor, such as a LIDAR system, stereo vision system, infrared vision system, radar system, or 

sonar system. In some embodiments, the controller 226 transmits the safety signal based at least 

in part on the control policies 214. In some embodiments, the controller 226 is a microprocessor. 

20 In other embodiments, the controller 226 is a microcontroller. 

[0062] A feature of the system 400 is that it includes a first communication link 406 between the 

controller 226 and each of the actuators 216. In one embodiment of the invention, the first 

communication link 406 includes a network connection. Another feature of the system 400 is 

that it includes a second communication link 408 between each of the plurality of actuators 218. 

25 In one embodiment of the invention, the second communication link 408 includes at least one 

current loop. In another embodiment of the invention, the second communication link 408 

conveys a manual mode signal, an autonomous mode signal, or any combination thereof. In an 

alternate embodiment of the invention, the second communication link 408 conveys a stop 

signal, a non-stop signal, or any combination thereof. 
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[0063] The system 400 also includes a transmitter 404 which, in some embodiments of the 

invention, transmits the safety signal to at least one of the actuators 216 via the first 

communication link 406, the second communication link 408, or any combination thereof. 

Generally, the transmitter 404 can transmit data, such as the safety signal for example, in any 

5 manner in which data is transmitted to the actuators 216. For example, the transmission may be 

electrical, mechanical, wired, wireless, or any combination thereof. In some embodiments, the 

safety signal is transmitted in response to operator intervention. In other embodiments, the 

safety signal is transmitted in response to the output of at least one of the sensors 402. 

[0064] In brief overview, Figure 5 is a flowchart depicting a method 500 for tracking at least one 

10 terrain feature by an autonomous vehicle in accordance with an embodiment of the invention. 

The method includes a step of first providing one or more localization sensors (STEP 502). The 

fusion of multiple localization sensors typically determines the position of the vehicle relative to 

one or more reference points. For example, in some embodiments, the localization sensor suite 

includes a pitch sensor, roll sensor, yaw sensor, compass, global positioning system, inertial 

15 navigation system, odometer, or any combination thereof. By fusing the weighed values of all of 

these sensors together, a more accurate representation of the vehicle's position and orientation 

can be achieved. For example, in some embodiments, data from the global positioning system, 

odometer, and compass may be fused together to accurately determine the position of the 

vehicle. 

20 [0065] Next, the method 500 includes the step of providing one or more perception sensors 

(STEP 504). The perception sensor typically assesses the environment about the vehicle. For 

example, in some embodiments, the perception sensor suite includes a LIDAR system, stereo 

vision, infrared vision, radar, sonar, or any combination thereof. The ranging and feature data 

from the suite are fused together in a weighted fashion to build a more accurate representation of 

25 the space around the vehicle than can be achieved by using any single sensor alone. Next, 

embodiments according to the invention detect one or more terrain features about the vehicle 

(STEP 506). Detection is based at least in part on a change in the output of the perception sensor. 

Generally, the perception sensor will indicate the presence of a terrain feature that is a potential 

danger or hazard to the vehicle and that the vehicle may need to avoid. For example, the output 

30 of the perception sensor may indicate the presence of one or more of a fence, rock, ditch, animal, 

person, steep incline or decline, or any combination thereof. For example, in some 
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embodiments, this feature may be a dismounted infantry soldier that the vehicle may need to 

track to perform a simple autonomous mission like following. 

[0066] Next, the location of the terrain feature relative to the position of the vehicle is computed 

(STEP 508). The computation is based at least in part on the output of the localization sensor. 

5 For example, the output of the localization sensor is interpreted to place the vehicle at a point of 

a coordinate system. The output of the perception sensor is interpreted to place the terrain 

feature at particular coordinates relative to this point. Computations based on, for example, 

analytic geometry determine the displacement (i.e., distance and direction) between the terrain 

feature and the vehicle. For example, for a tractor tilling a field, the localization sensor of a 

10 tractor indicates the tractor is at point "A." The perception sensor then indicates the presence of 

a terrain feature, such as a fence. The location of the fence is then computed relative to point A. 

For example, the fence may be computed as being 100 feet directly in front of the vehicle 

location at point A. Of course, as the vehicle moves, point "A" moves as well. As the vehicle 

moves to a boundary of the coordinate system, the latter may be expanded or redefined to 

15 encompass additional area where the vehicle may traverse. In other words, the vehicle will not 

"fall off the map." Alternatively, in some embodiments, the origin of the coordinate system may 

be defined as the instantaneous location of the vehicle, meaning that the coordinate system can 

represent a roving sub-region of the universe about the vehicle. In this configuration, with the 

vehicle in motion, terrain features can enter and leave the coordinate system as they encounter 

20 the boundaries of the latter. 

[0067] Next, the location(s) of the terrain feature(s) is (are) stored in at least one memory (STEP 

510). In some embodiments, a precise determination of a terrain feature's location is required so, 

for example, the location data includes information to identify the terrain feature's location in 

three dimensions. Nevertheless, this may require a large amount of memory so, in some 

25 embodiments ( e.g., where less precision is adequate), three-dimensional location data are 

mapped to two dimensions and stored accordingly (STEP 512). This generally reduces the 

amount of memory needed. In certain embodiments, terrain feature data is stored as points 

within a two dimensional plane. For example, in some embodiments, the system observes the 

location of the point in three dimensional space. If the point is higher than the top of the vehicle 

30 plus a danger buffer zone, then the point is discarded. If the point is within the plane of the 

ground surface, then the point is discarded. If the point is below the plane of the ground surface, 
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it is retained as a "negative obstacle," i.e., a lack of surface across which to run. If the point is 

within the z-altitude that the body of the vehicle could pass through, it is stored as a "positive 

obstacle." Locations with the two-dimensional space that do not have stored points are 

presumed to be passable. In addition, terrain features may be stored as a point cloud set, 

5 whereby discarding three-dimensional points outside the volume of interest significantly reduces 

the size of the set. In the alternative, terrain feature data may be stored as bits within a two­

dimensional occupancy grid, where the two-dimensional grid is smaller than a three-dimensional 

grid by the represented altitude divided by the vertical granularity. For example, in one 

embodiment, a boulder or other object or terrain feature may be detected at a location given by 

10 Cartesian coordinates (x1,y1,z1) relative to the location of the vehicle (defined as Xo,Yo,zo). By 

storing only the x- and y-coordinates and not involving the z-coordinates in computations, 

memory is conserved and mathematical processing requirements are reduced. (In this example, 

the x- and y-coordinates represent the surface on which the vehicle travels, and the z-coordinate 

represents the elevation relative to this surface. Note that coordinate systems other than 

15 Cartesian (e.g., polar or spherical) may be used.) 

[0068] Typically, the vehicle is in motion and the terrain feature is stationary. The scope of "the 

invention also includes the case where the vehicle is stationary and the terrain feature is in 

motion, or the case where both the vehicle and terrain feature are in motion. In any case, an 

embodiment of the invention includes the step of updating the stored location of the terrain 

20 feature as its location changes relative to the vehicle (STEP 518). Consequently, the vehicle 

maintains an accurate and dynamic representation of the surrounding terrain and terrain feature. 

[0069] In some embodiments, updating the stored location (STEP 518) includes recomputing the 

location of the terrain feature based on changes in the outputs of the localization sensors, 

perception sensors,, or both (STEP 524). Generally, once one of the sensors indicates a change 

25 from a previous output, the location is recomputed (STEP 524) and stored in memory, and th.us 

the stored location is updated. In some embodiments, updating the stored location of the terrain 

feature (STEP 518) is based only on a change in the output of the localization sensor, indicating 

a change in the location of the vehicle. For example, the perception sensor may detect a 

stationary boulder while the vehicle is moving. The movements of the vehicle cause changes in 

30 the output of the localization sensor (i.e., the changing output represents the changing location of 

the vehicle). The outputs of the localization and perception sensors are used to compute a 
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displacement to the terrain feature. Because this displacement is relative to the location ofth.e 

vehicle, and because the vehicle is moving, updated displacement values are computed during 

the movement. 

[0070] In other embodiments, updating the stored location of the terrain feature (STEP 518) is 

5 based only on a change in the output of the perception sensor, indicating a change in the 

environment about the vehicle,, for example the initial detection of a terrain feature or movement 

of a terrain feature. When the vehicle is stationary and the terrain feature is moving, changes in 

the output of the perception sensor give rise to changing displacement values. 

[0071] In some embodiments, after recomputing the location of the terrain feature (STEP 524), 

10 the previously stored location is discarded from memory (STEP 522), typically to conserve 

space. In one embodiment, the discard occurs after a predetermined condition is met (STEP 

520). A typical predetermined condition permits the discard when the displacement between the 

vehicle and the terrain feature exceeds a particular value, generally because the terrain feature is 

too distant to represent a hazard to the vehicle. For example, if a boulder is detected ten meters 

15 from the vehicle, but the vehicle is moving (as detected by the localization sensor) away from the 

boulder, the computed displacement to the boulder will increase. When, for example, the 

distance portion of the displacement exceeds fifteen meters, the location of the terrain feature is 

discarded. 

[0072] In another embodiment, the perception sensor is characterized by a persistence. 

20 Generally, a persistence means that the perception sensor must assess the surrounding 

environment for a period of time before indicating the state of the surrounding environment. In 

other words, a single detection, based on, for example, on one sweep of the surrounding 

environment by the perception sensors may, in some embodiments, be insufficient for the 

perception sensor to indicate the presence of a terrain feature. Accordingly, in some 

25 embodiments, accurate detection of a terrain feature requires multiple sweeps by the perception 

sensor, and detection of that terrain feature on each sweep. Persistence addresses instances 

where a terrain feature is intermittent and, therefore, unlikely to represent a hazard. For 

example, if a bird were to fly quickly in front of the perception sensor, then continue flying a-way 

and out ofrange of the perception sensor, the presence of the bird would not be sensed as a 
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terrain feature because the condition of the persistence was not met, as the bird was detected in 

too few perception sensor sweeps of the environment about the vehicle. 

[0073] If the perception sensor suite detects a terrain feature, the location of the terrain feature is 

stored in memory as discussed above. If one or more subsequent perception sensor sweeps fail 

5 to detect the terrain feature, then, in some embodiments, a condition is met that causes the 

location of the terrain feature to be discarded. In other words, if a terrain feature does not 

"persist" in the field of view the perception sensors suite for a sufficient amount of time,, then the 

terrain feature is deemed not to represent a hazard, and its location is discarded. 

[0074] After the location of a terrain feature is determined, one embodiment includes the step of 

IO adjusting the trajectory of the vehicle based at least in part on the terrain feature location stored 

in the memory (STEP 514). This is generally done to so the vehicle avoids the terrain features 

that are obstacles and any attendant hazards. Adjustment in the trajectory may be any change in 

the movement of the vehicle. In some embodiments, the step of adjusting the trajectory (STEP 

514) includes the step of selecting the preferred trajectory from a plurality of ranked alternative 

15 trajectories (STEP 516). Generally,, the plurality of alternative trajectories may be possible 

responses to a terrain feature, and they typically are ranked in a certain order that indica1:es 

preference. For example, the most preferred alternative trajectory may be that trajectory that 

requires the smallest adjustment to avoid a collision. Conversely, the least preferred alternative 

trajectory may require the largest adjustment. 

20 [0075] As an illustrative example, consider the case where a terrain feature is minor in nature, 

such as a small shrub that is computed to be seventy-five meters in front and two degrees to the 

left of the vehicle. The selected preferred response may be to adjust the vehicle trajectory by 

moving one degree to the right causing the vehicle to continue close to the terrain feature while 

avoiding a collision. Conversely, if the terrain feature is major, such as a cliff located thirty 

25 meters directly in front of the vehicle for example, the preferred trajectory may be a 180 degree 

change in vehicle direction. 

[0076] Figure 6 is a block diagram depicting a system 600 for tracking a terrain feature by an 

autonomous vehicle in accordance with an embodiment of the invention. The system 600 

includes a localization sensor suite 602. The localization sensor suite may include a pitch sensor 

30 604, a roll sensor 606, a yaw sensor 608, an inertial navigation system 610, a compass 612, a 

IPR2025-01035 
Tesla EX1025 Page 25



WO 2006/047297 PCT/0S2005/037918 

- 25 -

global positioning system 614, an odometer 616, or any combination thereof. The localization 

sensor suite 602 generally includes any device or sensor capable at least in part of determining 

the position or orientation of the autonomous vehicle. The localization sensor suite 602 fuses the 

data from each sensor in the suite 1:ogether in a weighted fashion to achieve a more robust 

5 estimations of state than is available with any individual sensor by itself. In some embodiments, 

the localization sensor suite 602 determines the orientation of the vehicle, such as its pitch, roll, 

or yaw in part to ensure that the vehicle is not in danger of tipping over on its side, for example. 

In other embodiments, the localization sensor suite 602 determines the position of the vehicle in 

addition to its orientation, such as the location of the vehicle on a plot of land, for example. 

10 [0077] The system also includes a perception sensor suite 618. The perception sensor suite 

assesses the environment about the vehicle and generally includes a LIDAR system 620, stereo 

vision system 622, infrared vision system 624, a radar system 628 a sonar system 630,, or any 

combination thereof. The system 600 also includes a detector 220 that detects the presence of all 

navigationally significant terrain features in response to a change in the output of the perception 

IS sensor suite 618. Generally, the detector 220 is typically apparatus or software that correlates the 

output of the perception sensor suite 618 to the presence or absence of a terrain feature. 

[0078] In an alternative embodiment, the perception sensor suite 618 is characterized at least in 

part by a persistence. Generally, a persistence ensures against a false-positive reading of a 

potential terrain feature by creating a condition that the terrain feature must remain the 

20 perception sensor suite 618 field of view for a particular time, typically for a number of 

perception sensor sweeps. For example, if a tractor is tilling a plot of land, in addition to 

permanent terrain features such as~ for example, trees, rocks, or fences, the perception sensor 

suite 618 combined with the detector 220 will also detect objects that briefly enter the 

environment about the vehicle including, for example, a bird that flies across the field at a 

25 relatively low altitude, a ball that is thrown through the environment about the vehicle~ debris 

carried by the wind through this same environment, or other transitory objects. In one 

embodiment, if a terrain feature does not "persist" in the perception sensor suite 6 I 8 field of 

view for a particular time, then the terrain feature does not represent a hazard to the vehicle. 

Typically, the persistence may be defined to increase or decrease the likelihood that transitory 

30 objects, such as the examples given above, are characterized and assessed as terrain features. 
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[0079] The system 600 also includes a controller 226 capable of computing the location of at 

least one terrain feature relative to the position of the vehicle and based at least in part on the 

output of the localization sensor suite 602. In some embodiments, the controller 226 includes a 

microprocessor. In other embodiments, the controller 226 includes a microcontroller. Generally, 

s once the detector 220 has detected a terrain feature based at least in part on a change in 

perception sensor suite 618 output, the controller 226, in communication with the detector 220, 

computes the distance to the terrain feature relative to the vehicle based on the output of the 

localization sensor suite 602. For example, the presence of a fence on a plot of land cau.ses a 

change in perception sensor suite 618 output, such that detector 220 detects the fence as a terrain 

IO feature. The localization sensor suite 602 output indicates that the vehicle is currently at a 

specific point on the same plot of land. The controller 226 then calculates the displacement 

between the vehicle and the fence. 

[0080] The system 600 also includes a memory 632 for storing the location of one or more 

terrain features. The memory can be volatile (e.g., SRAM, DRAM) or nonvolatile (e.g.,, ROM, 

15 FLASH, magnetic (disk), optical (disk)). In an alternative embodiment, the stored location of a 

terrain feature in memory 632 includes a mapped two-dimensional representation of a three 

dimensional representation 634. Generally, in some embodiments, the mapped two-dimensional 

representation includes any two coordinate points that identify the distance of a terrain feature 

relative to the vehicle. The two-dimensional representation typically provides less precision, but 

20 requires less memory and computational power to maintain or update. The reduced precision 

compared to a three-dimensional representation may be adequate in certain applications_ 

[0081] In some embodiments, the stored location of a terrain feature is based on a change in the 

output of the localization sensor suite 602. Generally, if a terrain feature is stationary but the 

vehicle is in motion, the localization sensor suite 602 output changes to reflect the motion of the 

25 vehicle. The controller 226 then determines the displacement between the terrain feature and the 

new vehicle location, and this new displacement is stored in memory 632. Therefore, in this 

embodiment, the stored location is based on a change in localization sensor suite 602 output. 

[0082] In other embodiments, the stored location of a terrain feature is based on a change in the 

output of the perception sensor suite 618. For example, if a terrain feature such as a covv begins 

30 moving towards the operating vehicle (e.g., a tractor), the perception sensor suite 618 output will 
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indicate this change in the environment about the vehicle. The detector 220 will detect this 

change in output and the controller 226 will compute the location of the terrain feature relative to 

the vehicle. This new displacement will then be stored in memory 632 based on the change in 

perception sensor suite 618 output caused, in this example, by the movement of the cow. 

5 [0083] In an alternative embodiment, the system 600 also includes logic 636 for discarding the 

stored location based at least in part on satisfying at least one predetermined condition. 

Generally, the predetermined condition may include any user-defined tenns, events, or any 

combination thereof that must occur or be in existence before discarding the terrain feature's 

location from memory 632. In yet another embodiment, the predetermined condition includes 

10 exceeding a predetermined displacement between the location of the terrain feature and the 

location of the vehicle. For example, in one possible embodiment, the system 600 is set with a 

predetermined displacement value of fifteen meters rearward of the vehicle, a terrain feature is 

detected ten meters directly south of the vehicle, and the vehicle is moving north. The location 

of this terrain feature is stored in memory because it is within (i.e., closer to the vehicle than) the 

15 fifteen meter rearward predetermined displacement. Continuing with the example, as time 

progresses, the vehicle moves such that the terrain feature is over fifteen meters behind the 

vehicle. At this point, the location of the terrain feature will, in this embodiment, be deleted 

from memory 632 and not be stored in memory 632 unless the object once again comes within 

the predetermined displacement value. 

20 [0084] In yet another embodiment, the logic 636 discards the stored location when the 

predetermined condition includes failing to detect continuously the terrain feature for a sufficient 

dmount of time (e.g., the terrain feature does not "persist" in the field of view the perception 

sensors for a sufficient number of sweeps). For example, the predetermined condition may be 

that the perception sensor suite 618 indicates that a terrain feature is greater than a certain 

25 distance, for example fifty meters, from the vehicle, and the persistence generally ensures that 

the perception sensor suite 61 g repeatedly over a period of time sweeps through the environment 

about the vehicle, senses the presence of the terrain feature. In such a case, a single indication 

that the terrain feature that was once forty-nine meters from the vehicle is now more than fifty 

meters from the vehicle may be insufficient to cause the stored location to be discarded from 

30 memory 632 because the persistence has not been satisfied. However, multiple indications over 

a period of time, or multiple sweeps by the perception sensor suite 618 that all indicate that the 
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terrain feature may satisfy the predetermined condition, (i.e., is greater than fifty meters from the 

vehicle) and may also satisfy the persistence, therefore in this case the terrain feature location 

will be discarded from memory 632. 

[0085) In another embodiment, the system 600 includes adjustment logic 638 for adjusting the 

5 trajectory of the vehicle based at least in part on the location of one or more terrain features 

stored in memory 632. Generally, adjustment logic 638 may alter the direction or trajectory of 

the vehicle and may include any change in the vehicle direction, mode of operation, or any 

combination thereof. For example, if a terrain feature is stored in memory 632 as being twenty 

meters in front of the vehicle, the adjustment logic 638 may adjust the vehicle trajectory to the 

10 left by five degrees, resulting in the avoidance of a collision between the terrain feature and the 

vehicle. In some embodiments, the adjustment logic 638 includes a selector 640 for selecting 

one preferred trajectory from a plurality of ranked alternative trajectories. To continue with the 

immediately preceding example, in response to a terrain feature twenty meters in front of the 

vehicle, the selector may for example have the options of entering a controlled shutdown, turning 

15 left five degrees, left ten degrees, right five degrees, right ten degrees, or turning around 180 

degrees. In one embodiment, the alternative trajectory of turning the vehicle to the left five 

degrees may be the most desirable and thus highest ranked of all alternative trajectories. 

Therefore, the selector 640 selects this option to be executed by the vehicle. 

[0086) In brief overview, Figure 7 is a flowchart depicting a method 700 for behavior based 

20 control of a vehicle in accordance with an embodiment of the invention. The method includes 

the step of first identifying one or more input devices in the vehicle (STEP 104). An input 

device may be an operator input device that directs at least part of the vehicle (e.g., one or more 

of a steering wheel, handle, brake pedal, accelerator, or throttle). The input device also may be a 

device directly or indirectly connecting the operator input device to a controlled element (i.e., the 

25 object in the autonomous vehicle ultimately controlled by the operator input device). For 

example, the input device can be a drive control. A drive control generally includes a throttle, 

brake, accelerator, or any combination thereof. A typical input device is a throttle body, which is 

typically connected to the throttle 206. Other example input devices include a steering gear and 

tie rods. In other embodiments, the input device can be an articulation control. An articulation 

30 control generally operates equipment attached to the vehicle. This can include, for ex.ample, a 

control used to manipulate a blade on a bulldozer, or a tilling apparatus on a tractor. 
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[0087] Next, the method 700 includes the step of providing one or more actuators (STEP 108) 

associated with one or more input devices. The actuator is typically an electro-mechanical 

device that manipulates the input devices. Manipulation occurs by, for example, pushing, 

pulling, or turning the input devices, or by any combination thereof. A result of this is the 

5 autonomous control of the vehicle. Generally, the presence of actuators in the vehicle does not 

preclude manual operation of the corresponding input devices. 

[0088] In addition to the step of identifying the input devices(STEP 104), and providing the 

actuators (STEP 108) the invention also includes the step of defining a plurality of operational 

modes (STEP 702) associated with the actuators. Each mode allows the vehicle to be operated in 

10 a separate and distinct fashion. Each mode may also include a plurality of behaviors. Each 

behavior typically is a separate program that proposes an action set to the vehicle's behavior 

arbiter. In some embodiments, the step of defining a plurality of operational modes (STEP 702) 

includes defining a manned operation mode (STEP 704), a remote unmanned tele-operation 

mode (STEP 706), an assisted remote tele-operation mode (STEP 708), an autonomous 

15 unmanned operation mode (STEP 710), or any combination thereof. Autonomous unmanned 

operation mode (STEP 710) is the state where the vehicle is performing a prescribed task with 

little or no operator intervention. The vehicle modifies its actions to compensate for terrain 

features that may be obstacles and other hazards. In contrast, the manned operation mode (STEP 

704) overrides autonomous control of the vehicle and allows an operator to control the vehicle. 

20 The two tele-operational modes (STEP 706 and STEP 708) are the states where the unmanned 

vehicle is being operated from a remote location by a dismounted operator or by an operator in a 

chase vehicle. 

[0089] Next, some embodiments of the invention include the step of defining at least one action 

set (STEP 711). An action set is typically characterized at least in part by a priority and each 

25 action set generally includes a plurality of alternative actions that are ranked according to a 

corresponding plurality of preferences. 

[0090] Next, in an embodiment of the invention, an arbiter or arbiters that are associated with the 

actuator are provided (STEP 714). An arbiter selects the action set having the highest 

corresponding priority (STEP 713). The arbiter also selects the alternative action from the 

30 selected action set having the highest preference (STEP 712). In some embodiments, the 
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selection of the alternative action (STEP 712) includes the selection of a trajectory set (STEP 

716). A trajectory set is typically a series of alternative navigation commands that prescribe the 

vehicle direction and rate of travel (i.e., translational and rotational velocity)_ For example, to 

avoid a terrain feature or other hazard, the vehicle may change its speed, direction, or both, in 

5 varying degrees. To accomplish this, the vehicle may slow slightly and turn slightly, or it may 

turn abruptly and slow dramatically (e.g., to maintain vehicle stability). Clearly, many 

combinations of speed and direction are possible. Generally, each such combination is a member 

of the trajectory set. 

[0091] Next, in some embodiments, the arbiter modifies the selected action set (STEP 718), 

10 typically by modifying one or more of the alternative actions contained in the selected action set. 

Modification generally entails tailoring the chosen action to the particular situation such that the 

vehicle then executes the modified chosen action. For example, for the selected trajectory set, 

the arbiter can reduce the vehicle velocity along the arc of travel. To illustra1:e, consider the case 

where a tractor is tilling a field under autonomous operation. Assume that an obstacle, such as a 

15 tree, is detected in the path of the tractor, but still at a safe distance ahead of 1:he tractor. At this 

point, there are several potential behaviors available to the vehicle. Some or the possibilities 

include for the tractor to remain in autonomous operation, or switch to manaal operation or 

safety operation. Staying with this representative example, it is typically within the ability of the 

tractor to avoid a static object, such as a tree, while in autonomous control. In this example, the 

20 arbiter examines the available alternative action sets (i.e., alternative trajectory sets that will keep 

the tractor from encountering the tree). The arbiter then selects the highest priority action set 

(e.g., the trajectory set requiring the least amount of change relative to the intended path of the 

vehicle). 

[0092] In some embodiments, the arbiter modifies the selected action set (STEP 718), typically 

25 in response to other data. The data may include information received from sensors (STEP 720), 

such as the localization sensor suite 602, or the perception sensor suite 618, or both. In some 

embodiments, the data may include a constraint on actions. This constraint may include a 

command that the selected trajectory set not allow vehicle movement in a certain direction, or at 

a certain speed. In some embodiments, the selected action set may include a restriction set for 

30 implementing the constraint on the action set. Generally, the constraint defines an impermissible 

area of vehicle operation. The data may also include information received from the vehicle's 
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resident local terrain feature map (STEP 722). In other words, the selected trajectory set 

provides a baseline alternative trajectory for the vehicle, but arbiter can modify this baseline to 

compensate for variations in the environment around the vehicle. While the baseline trajectory 

may be adequate in some circumstances, the presence of, for example, other terrain features or 

5 hazards along the baseline trajectory is generally unacceptable. The arbiter integrates 

information received from sensors and map data to ensure that the vehicle can adhere to baseline 

trajectory without significant risk. If the vehicle were to encounter terrain features or hazards 

along the baseline trajectory, the arbiter modifies the latter as needed. 

[0093] In some embodiments, after the alternative action with the highest preference has been 

IO selected, an embodiment of the invention operates the input device in accordance with the 

selected alternative action (STEP 726). In some embodiments, the action set may be modified 

(STEP 718) before operating the input device in accordance with the selected alternative action 

(STEP 726). Generally, once the arbiter has selected an alternative action (STEP 71 2) from the 

selected action set and modified (STEP 718) the selected action set, the input device is then 

15 operated in accordance with that action. For example, if the selected alternative action is a safety 

operation, such as a controlled shutdown of the tilling apparatus on a tractor, and the arbiter 

modifies this alternative action by allowing background operations, such as the localization 

sensors to continue running, the input device associated with the tilling apparatus will be 

commanded to shut down, but the localization sensors will continue to operate nonnally in a 

20 manner consistent with the selected alternative action. 

[0094] Figure 8 is a block diagram depicting a system 800 for behavior based control of a 

vehicle in accordance with an embodiment of the invention. As in the other Figures,, the 

interconnections depicted in Figure 8 represent various communication paths between the 

enumerated objects. The system 800 typically includes one or more input devices 202. An input 

25 device may be an operator input device that directs at least part of the vehicle (e.g., one or more 

of a steering wheel, handle, brake pedal, accelerator, or throttle). The input device also may be a 

device directly or indirectly connecting the operator input device to a controlled element (i.e., the 

object in the autonomous vehicle ultimately controlled by the operator input device). For 

example, the input device can be a drive control 204. A drive control generally includes a 

30 throttle 206, brake 208, accelerator 210, or transmission shifter 211, or any combination thereof. 

A typical input device 202 is a throttle body (not depicted), which is typically connected to the 
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throttle 206. Other example input devices 202 include a steering gear (not depicted) and tie rods 

(not depicted). In other embodiments, the input device includes an articulation control 212. 

[0095] The system 800 also includes one or more actuators 216 associated with the one or more 

input devices 202. Typically, the actuator 216 includes an electro-mechanical device that drives 

5 the input device 202. In one embodiment of the invention, the actuator 216 includes one or more 

linkages or other mechanical transmissions 218. Generally, a linkage provides the association, 

(e.g., physical connection) between an actuator 216 and the associated input device 202. A 

typical linkage is a lever and pivot joint, a typical transmission is a rack and pinion device. 

[0096] The system 800 also includes a plurality of behaviors 802 associated with the actuator 

IO 216, where each behavior 802 includes at least one action set 805 ranked according to a 

corresponding plurality of priorities, and each action set 805 includes a plurality of alternative 

actions 804 ranked according to a corresponding plurality of preferences. The system 800 also 

includes at least one arbiter 816 associated with the actuator 216 for selecting the action set 805 

having the highest corresponding priority and for selecting the alternative action 804 having the 

15 highest corresponding preference within the selected action set 805. In some embodiments the 

arbiter 816 modifies the selected alternative action 804. Generally, the arbiter is software, 

hardware, or a combination thereof. 

[0097] The different modes of vehicle operation generally contain a plurality of behaviors. For 

example, in some embodiments, the modes include a remote unmanned tele-operation mode 806, 

20 a manned operation mode 808, an autonomous unmanned operation mode 810, assisted remote 

tele-operation mode 812, or any combination thereof. These modes each generally correspond to 

different vehicle missions. For example, the manned operation mode 808 may dictate that only 

the operator may control the vehicle, whereas autonomous unmanned operation mode 810 would 

generally be a behavior where the vehicle needs little or no operator intervention. The remote 

25 unmanned tele-operation mode 806 and assisted remote tele-operations mode 812 are the states 

where the unmanned vehicle is being operated from a remote location by a dismounted operator 

or by an operator in a chase vehicle. In some embodiments, the plurality of alternative actions 

804 of an action set 805 include a trajectory set 814. Generally, the trajectory set 814 includes a 

plurality of possible trajectories, or paths, that the vehicle may follow. For example, a trajectory 

30 set 814 represents the possible paths of vehicle motion with each path being one degree 
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clockwise from the previous trajectory path. In some embodiments, the vehicle modifies the 

selected action to avoid a terrain feature. 

[0098] Additionally, in some embodiments, the system 800 may include at least one adjuster 820 

for adjusting the translational velocity of the vehicle and a rotational velocity of the vehicle, or 

5 any combination thereof. Generally, the adjuster 820 will adjust the speed, or direction, or both, 

of the vehicle so it follows its designated trajectory or avoids an obstacle. 

[0099] A plurality of priorities determines the ranking of the plurality of alternative actions. 

Generally, the most important actions for safe vehicle operation will be given the highest 

priority. For example, ifthere is a boulder 100 meters in front of the vehicle, and a group of 

10 people five yards in front of the vehicle, within an action set 805 there will be one alternative 

action 804 for avoiding the boulder, for example a slight adjustment in the vehicle rotational 

velocity, which would be an autonomous unmanned operation 810, appropriately modified. 

There may be another altemative action 804 for avoiding the group of people, for example a 

controlled emergency shutdown. Here, from within action set 805 the alternative action 804 with 

15 the highest corresponding preference would be given to the safety operation due to the more 

immediate nature of the threat. The priority can for example be determined from the distance to 

the terrain feature(s). 

[0100] The maximum vehicle speed and correspondingly its maximum deceleration speed can be 

linked to the amount and density of navigationally significant terrain features in the local vicinity 

20 of the vehicle. The vehicle will limit its speed so it only requires a configurable fraction of the 

maximum deceleration rate of the vehicle to come to a complete stop while still safely avoiding 

all obstacles. The planned fraction of the deceleration rate is typically used to control the 

fraction of the vehicle's performance envelope used when avoiding obstacles. This provides a 

configuration for providing safety margins and for tuning the smoothness of the control of the 

25 vehicle. 

[0101] The system 800 also includes one or more controllers 226 that, in some embodiments, are 

in communication with the input devices 202 and the arbiter 816 so the controller 226 operates 

the input devices 202 in accordance with the selected alternative action 804. In some 

embodiments the selected alternative action 804 may be modified. In some embodiments, the 

30 controller 226 is a microprocessor. In other embodiments, the controller 226 is a 
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microcontroller. For example, if the alternative action 804 selected by the arbiter 816 calls for 

the vehicle to maintain autonomous operation while decreasing its speed by ten percent and 

turning left by forty-five degrees, the controller 226 will control the actuators 216 associated 

with the input devices 202, such as the drive control 204 to change the vehicle speed, and a 

5 steering wheel to change the vehicle direction. 

[0102] In some embodiments of the invention, the system 800 also includes a localization sensor 

suite 602, a perception sensor suite 618, a local vehicle centric terrain map 818, or any 

combination thereof_ Typically, the localization sensor suite 602 may include one or more of a 

pitch sensor 604, roll sensor 606 yaw sensor 608, inertial navigation system 610, compass 612, 

10 global positioning system 614, odometer 616, or any combination thereof. The localization 

sensor suite 602 is generally responsible for fusing the data from multiple sensors together in a 

weighted fashion to develop a superior estimate of the position of the vehicle. Typically, the 

perception sensor suite 618 may include one or more ofa LIDAR system 620, stereo vision 

system 622, infrared vision system 624, radar system 628, sonar system 630, or any combination 

15 thereof. The perception sensor suite 618 typically assesses the environment about the vehicle 

and is generally responsible for fusing the data from multiple perception sensors together in a 

weighted fashion to develop a more accurate description of the navigationally significant terrain 

features in the local environment about the vehicle. The terrain map 818 generally is a 

compilation of all terrain features detected within the environment about the vehicle. For 

20 example, the terrain map 818 may indicate that there is a steep incline twenty meters directly to 

the left of the vehicle, and a tree 100 meters in front by twenty meters to the right of the vehicle. 

[0103] In brief overview, Figure 9 is a flowchart depicting a method 900 for selective control of 

a vehicle in accordance with an embodiment of the invention. The method includes a step of 

identifying one or more input devices in the vehicle (STEP 104). An input device may be an 

25 operator input device that directs at least part of the vehicle ( e.g., one or more of a steering 

wheel, handle, brake pedal, accelerator, or throttle). The input device also may be a device 

directly or indirectly connecting the operator input device to a controlled element (i.e., the object 

in the autonomous vehicle ultimately controlled by the operator input device). For example, the 

input device can be a drive control. A drive control generally includes a throttle, brake, or 

30 accelerator, or any combination thereof. A typical input device is a throttle body, which is 

typically connected to the throttle. Other example input devices include a steering gear and tie 
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rods. In other embodiments, the input device can be an articulation control. An articulation 

control generally operates equipment attached to the vehicle. This can include, for example, a 

control used to manipulate a blade on a bulldozer, or a tilling apparatus on a tractor. 

[0104] In addition to the identification of the input devices (STEP 104), the invention also 

5 includes the step of providing one or more actuators (STEP 108) associated with one or more 

input devices. The actuator is typically an electro-mechanical device that manipulates the input 

device. Manipulation occurs by, for example, pushing, pulling, or turning the input device, or by 

any combination thereof. A result of this is the autonomous control of the vehicle. Furthermore, 

in an embodiment of the invention, the actuators still allow manual operation of the vehicle. In 

IO other words, the presence of actuators in the vehicle does not preclude manual operation of the 

corresponding input devices. In some embodiments, a linkage or other mechanical transmission 

associates the actuator with the corresponding control surface. A linkage is generally any 

apparatus that facilitates any connection between the input device and the actuator. A typical 

linkage is a lever and pivot joint, a typical transmission is a rack and pinion device. 

15 [0105] Next, a plurality of operational modes associated with the actuator are defined (STEP 

702). Generally, these operational modes may be defined to include manned operation (STEP 

704), remote unmanned tele-operation (STEP 706), assisted remote tele-operation (STEP 708), 

autonomous unmanned operation (STEP 710), or any combination thereof. 

(0106] Next, the vehicle receives at least one mode select command (STEP 902). Generally, the 

20 mode select commands dictate the operation of the vehicle. In some embodiments, this includes 

receiving an autonomous operation command (STEP 912). In this case, the actuator manipulates 

the input device (STEP 314) in accordance with (i) the task the vehicle is performing, and (ii) at 

least one of the associated behaviors. 

[0107] In another embodiment, receiving the mode select command (STEP 902) includes 

25 receiving a remote command (STEP 914). Generally, this allows for remote-controlled operation 

of the vehicle, i.e., the case where an operator maintains control over the vehicle when not 

physically present in the vehicle. Here, vehicle control typically is not autonomous, but there is 

generally no disassociation between the actuators and the input devices because the association is 

usually necessary for remote vehicle operation. 
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[0108] In another embodiment, receiving the mode select command (STEP 902) includes 

receiving a manual operation command (STEP 904). In this case, the step of manipulating the 

input device (STEP 314) may include the step of disassociating the actuator from the input 

device (STEP 906). For example, after receiving of the manual operation command (STEP 904), 

5 the actuator typically decouples from the corresponding drive control. This al lows an operator to 

work the drive control without resistance from the actuator. In other embodiments, after 

disassociating the actuator (STEP 906), the actuator is reassociated with the input device (STEP 

908). For example, this may occur when a vehicle operating manually (i.e., with a disassociated 

actuator) reverts to autonomous control. In such a case, the actuator must reassociate with the 

10 input device to resume autonomous control of the input device. In an another embodiment, the 

step of reassociating the actuator (STEP 908) occurs after a predetermined delay (STEP 910). 

For example, such a delay can be implemented as a safety precaution to ensure that the vehicle 

does not revert prematurely or falsely to autonomous control. 

[0109] In yet another ernbodiment, receiving the mode select command (STEP 902) includes 

15 receiving a semi-autonomous command (STEP 916). In this case, the step of manipulating the 

input device (STEP 314) includes operating the input device in accordance with (i) one or more 

of the plurality of behaviors, and (ii) at least one remote transmission. Generally, the semi­

autonomous command (STEP 916) allows autonomous operation of certain features of the 

vehicle in combination with operator control of other features. The operator is typically, 

20 although not necessarily, located away from the vehicle. For example, a tractor may follow a 

path or pattern prescribed and controlled by an operator. During traversal of the path or pattern, 

the tractor may encounter one or more terrain features that are obstacles. It is likely that the 

operator would not see these terrain features if the operator is not present in the vehicle. 

Consequently, it is advantageous that the vehicle compensate for the presence of the terrain 

25 features without requiring operator intervention. The vehicle accomplishes tl1is by relying on an 

obstacle avoidance behavior that runs in concert with the semi-autonomous command mode. 

The vehicle may, for example, autonomously alter its trajectory, or speed, or both to avoid the 

terrain features. 

[0110] Figure 10 is a block diagram that depicts a system 1000 for selective control of a vehicle 

30 in accordance with an embodiment of the invention. The system 1000 typically includes one or 

more input devices 202. An input device may be an operator input device that directs at least 
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part of the vehicle (e.g., one or more of a steering wheel, handle, brake pedal, accelerator, or 

throttle). The input device also may be a device directly or indirectly connecting the operator 

input device to a controlled element (i.e., the object in the autonomous vehicle ultimately 

controlled by the operator input device). For example, the control surface can be a drive control 

5 204. A drive contro I generally includes a throttle 206, brake 208, accelerator 2 10, transmission 

shifter 211, or any combination thereof. A typical input device 202 is a throttle body (not 

depicted), which is typically connected to the throttle 206. Other example input devices 202 

include a steering gear (not depicted) and tie rods (not depicted). In other embodiments, the 

input device can include an articulation control 212. 

10 [0111] The system I 000 also includes one or more actuators 216 associated with the input 

devices 202. Typically, the actuator 216 includes an electro-mechanical device that drives the 

input device 202. In one embodiment of the invention, the actuator 216 includes one or more 

linkages or other mechanical transmissions 218. Generally, a linkage provides the association 

(e.g., physical connection) between an actuator 216 and the associated input device 202. A 

15 typical linkage is a lever and pivot joint, a typical transmission is a rack and pinion device. 

[0112] The system 1000 also includes a plurality of behaviors 802 associated with the actuator 

216. Generally, the behaviors are specific programs that propose an action to an arbiter. The 

vehicles resident arbiter(s) decide(s) which behavior is expressed based on mission priorities and 

sensor data. Each behavior 802 typically represents a specific recognizable action the vehicle 

20 might take. In some embodiments, the behaviors 802 include terrain feature avoidance 1002. 

The behaviors 802 and the terrain feature avoidance 1002 are typically software routines, but 

they may also include hardware configured to perform the required task. 

[0113] In some embodiments, the system 1000 also includes are least one receiver 1004 for 

receiving at least one mode select command and at least one controller 226 in communication 

25 with the receiver 1004. The controller 226 executes a vehicle program 228 in accordance with 

the operator commands. For example, if the command is to enter a controlled emergency 

shutdown, the receiver 1004 passes this command to the controller 226. The controller 226 

executes the vehicle program 228 that shuts down the vehicle. In some embodiments, the 

command may include a manual operation command that allows an operator to assume control of 

30 the vehicle. In this case, the vehicle control program includes an inhibitor 234 for disassociating 
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the actuator 216 from the input device 202, thereby freeing the latter for operator control. 

Generally, in some embodiments, the inhibitor prohibits resassociation of the actuator 216 with 

the input device 202 to ensure that the system remains under manual control. In other 

embodiments, the vehicle control program 228 includes a predetennined time delay 232. 

5 Generally, the time delay prevents premature changes from one mode of operation to another. 

For example, the operator may relinquish manual control to allow the reestablishment of 

autonomous control. The reestablishment may be substantially instantaneous or occur after the 

predetermined delay. This delay helps prevent a premature or false return to autonomous 

control. 

IO [0114] In other embodiments, the operator command may include an autonomous operation 

command, or a semi-autonomous operation command, or both. In each case, the vehicle control 

program 228 includes a vehicle control module 1006 that, in cooperation with the controller 226, 

provides instructions that control vehicle operation. The vehicle control module 1006 typically 

includes one or more software routines, but it may also include hardware configured to control 

15 the vehicle. In particular, the vehicle control module 1006 typically communicates with the 

receiver 1 004 to receive commands sent to the vehicle. These received commands are typically 

remote transmissions, e.g., sent by an operator who is not in the vehicle. After receiving the 

semi-autonomous operation command, the vehicle control module 1006 typically allows the 

manual operation of vehicle input devices, features, or functions, but retains the autonomous 

20 control of certain aspects of the vehicle. For example, a tractor may have its speed and direction 

controlled via remote transmission. If an terrain feature that is an obstacle arises in the path of 

the vehicle, the vehicle compensates for the presence of the obstacle without requiring operator 

intervention, typically by relying on an obstacle avoidance behavior that runs in concert with the 

semi-autonomous mode. 

25 [0115] Note that in Figures 1 through 10 the enumerated items are shown as individual elements. 

In actual implementations of the invention, however, they may be inseparable components of 

other electronic devices such as a digital computer. Thus, actions described above may be 

implemented in software that may be embodied in an article of manufacture that includes a 

program storage medium. The program storage medium includes data signals embodied in one 

30 or more of a carrier wave, a computer disk (magnetic, or optical ( e.g., CD or DVD), or both), 

non-volatile memory, tape, a system memory, and a computer hard drive. 
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[0116] From the foregoing, it will be appreciated that the systems and methods provided by the 

invention afford a simple and effective way to safely control a vehicle so the vehicle perfonns its 

predetennined tasks such as for example removing an operator from harm's way during a 

dangerous application, or for example to offer direct labor costs savings in commercial 

5 applications, in an efficient manner. 

[0117] One skilled in the art will realize the invention may be embodied in other specific fonns 

without departing from the spirit or essential characteristics thereof. The foregoing embodiments 

are therefore to be considered in all respects illustrative rather than limiting of the invention 

described herein. Scope of the invention is thus indicated by the appended claims, rather than by 

10 the foregoing description, and all changes that come within the meaning and range of 

equivalency of the claims are therefore intended to be embraced therein. 

[0118] What is claimed is: 
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Claims 

A method for control of a vehicle, the method comprising the steps of: 

identifying at least one input device in the vehicle; 

PCT/0S2005/037918 

2 

3 providing at least one actuator associated with the at least one input device; and 

4 controlling the vehicle based at least in part on at least one of an interruptible 

5 autonomous scheme, a behavior based autonomous scheme, a selective scheme, and a safety 

6 scheme. 

2. The method of claim 1, wherein the interruptible autonomous scheme comprises: 

2 providing at least one control policy corresponding to the at least one input device; 

3 detecting at least one disassociation between the at least one input device and the at least 

4 one actuator; 

5 interrupting autonomous control of the vehicle based at least in part on the at least one 

6 disassociation; 

7 detecting at least one restored association between the at least one input device and the at 

8 least one actuator; and 

9 establishing a revised vehicle control based at least in part on the at least one restored 

1 o association and the at least one control policy. 

3. The method of claim 2 wherein the at least one actuator is associated with the at least one 

2 input device by at least one mechanical transmission therebetween. 

4. The method of claim 2 wherein the disassociation comprises a separation between the at 

2 least one input device and the at least one actuator. 

5. The method of claim 2 wherein the step of detecting the a1: least one disassociation 

2 comprises measuring a response of at least one of a proximity sensor and a strain gauge. 

6. The method of claim 2 wherein the step of interrupting autonomous control comprises 

2 allowing manual vehicle control. 

7. The method of claim 2 wherein the step of detecting at least one restored association 

2 comprises measuring a response of at least one of a proximity sensor and a strain gauge. 

8. The method of claim 2 wherein the step of establishing a revised vehicle control 

2 comprises restoring autonomous vehicle control. 
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9. The method of claim 8 wherein restoring autonomous vehicle control occurs after at least 

2 one predetermined delay. 

10. The method of claim 2 wherein the step of establishing a revised vehicle control 

2 comprises preventing further autonomous vehicle control. 

11. The method of claim 2 wherein the step of establishing a revised vehicle control 

2 comprises preventing further autonomous vehicle control in the absence of at least one operator 

3 intervention. 

12. The method of claim 2 wherein the input device comprises a drive control. 

13. The method of claim 12 wherein the drive control comprises atleast one of a throttle, 

2 brake, transmission shifter, and an accelerator. 

14. The method of claim 2 wherein the input device comprises an articulation control. 

15. The method of claim 1, wherein the interruptible autonomous scheme 

2 comprises:detecting at least one disassociation between the at least one input device and the at 

3 least one actuator; and 

4 initiating a shutdown sequence based at least in part on the disassociation between the at least 

s one input device and the at least one actuator. 

2 

3 

16. The method of claim 1, wherein the behavior based autonomous scheme comprises: 

providing at least one arbiter associated with the at least one actuator; 

defining a plurality of behaviors associated with the at least one actuator, 

4 defining at least one action set, each action set characterized at least in part by a priority 

s and comprising a plurality of alternative actions ranked according to a corresponding plurality of 

6 preferences; 

7 selecting, by the at least one arbiter, the action set having the highest corresponding 

8 priority; 

9 selecting, by the at least one arbiter, from the selected action set, of the alternative action 

IO having the highest corresponding preference ; and 

11 operating the at least one input device in accordance with the selected alternative action; 

12 wherein each of the behaviors implements at least one of (i) a providing the at least one action 

13 set, and (ii) a modifying at least a portion of the selected action set. 

17. The method of claim 16 wherein the input device comprises an operator input device. 
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18. The method ofclaim 16 wherein the plurality of behaviors comprises manned operation, 

2 remote unmanned tele-operation, assisted remote tele-operation, and autonomous unmanned 

3 operation. 

19. The method of claim 16 wherein the plurality of altemati ve actions comprises at least one 

2 trajectory set. 

20. The method of claim 16 wherein the step of modifying at least a portion of the selected 

2 action set is in response to at least one restriction set. 

21. The method of claim 16 wherein the step of modifying at least a portion of the selected 

2 action set -further comprises the steps of: 

3 receiving at least one data type representing a constraint on action; and 

4 implementing the constraint on at least a portion of the selected action set by the application of at 

5 least one restriction set. 

22. The method of claim 16 wherein the step of modifying at least a portion of the selected 

2 action set is based at least in part on data received from at least one of a localization sensor, a 

3 perception sensor, and a terrain map. 

23. The method of claim 16 wherein the step of modifying a 1 least a portion of the selected 

2 action set comprises adjusting at least one of a translational velocity of the autonomous vehicle 

3 and a rotational velocity of the autonomous vehicle. 

2 

3 

24. The method of claim 1, wherein the selective scheme comprises: 

defining a plurality of behaviors associated with the at least one actuator; 

receiving at least one mode select command; and 

4 manipulating the at least one input device in accordance with the at least one mode command. 

25. The method of claim 24 wherein the mode select command comprises a manned 

2 operation command and the step of manipulating the at least one input device comprises 

3 disassociating the at least one actuator from the at least one input device. 

26. The method of claim 25 further comprising the step of reassociating the at least one 

2 actuator with the at least one input device. 

27. The method of claim 25 further comprising the step of reassociating the at least one 

2 actuator with the at least one input device after at least one predetermined delay. 
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28. The method of claim 24 wherein the mode select command comprises an autonomous 

2 unmanned operation command and the step of manipulating the at least one input device 

3 comprises operating the at least one input device in accordance with at least one of the plurality 

4 of behaviors. 

29. The method of claim 24 wherein the mode select command comprises a remote 

2 unmanned tele-operation command and the step of manipulating the at least one input device 

3 comprises operating the at least one input device in accordance with at least one remote 

4 transmission. 

30. The method of claim 24 wherein the mode select command comprises a assisted remote 

2 tele-operation command and the step of manipulating the at least one input device comprises 

3 operating the at least one input device in accordance with (i) at least one of the plurality of 

4 behaviors, and (ii) at least one remote transmission. 

31. The method of claim 30 wherein the at least one of the plurality of behaviors comprises 

2 obstacle avoidance. 

2 

3 

4 

32. The method of claim 1, wherein the safety scheme comprises: 

providing at least one control policy corresponding to the at least one input device; 

providing at least one controller; 

providing a first communication link between the at least one controller and each of the 

5 plurality of actuators; 

6 providing a second communication link between each of the plurality of actuators; 

7 transmitting the safety signal to at least one of the p I urality of actuators via at least one of 

8 the first communication link and the second communication link; and 

9 manipulating the at least one input device based at least in part on the safety signal in accordance 

IO with the at least one control policy. 

33. The method of claim 32 wherein the first communication link comprises at least one 

2 network connection. 

34. The method of claim 32 wherein the second communication link comprises at least one 

2 current loop. 

35. The method ofclaim 34 wherein the second communication link carries a signal 

2 comprising at least one of a manual mode signal and an autonomous mode signal. 
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36. The method of claim 34 wherein the second communication link carries a signal 

2 comprising at least one of a stop signal and a non-stop signal. 

37. The method of claim 32 wherein the step of manipulating the at least one input device 

2 corresponds to shutting down the vehicle. 

38. The method of claim 32 wherein the safety signal is transmitted in response to at least 

2 one operator intervention. 

39. The method of claim 32 wherein the safety signal is transmitted in response to at least 

2 one output of at least one sensor. 

40. A method for tracking at least one terrain feature by an autonomous vehicle, the method 

2 comprising the steps of: 

3 providing at least one localization sensor for determining a position of the autonomous 

4 vehicle; 

5 providing at least one perception sensor for assessing an environment about the 

6 autonomous vehicle; 

7 detecting the at least one terrain feature based at 1 east in part on a change in at least one 

8 output of the at least one perception sensor; 

9 computing a location of the at least one terrain feature relative to the position of the 

10 autonomous vehicle and based at least in part on at least one output of the at least one 

11 localization sensor; 

12 storing the location of the at least one terrain feature in at least one memory; and 

13 updating the stored location of the at least one terrain feature based at least in part on a change in 

14 output of at least one of the at least one localization sensor and the at least one perception sensor. 

41. The method of claim 40 wherein the at least one localization sensor comprises at least 

2 one of a pitch sensor, a roll sensor, a yaw sensor, an inertial navigation system, a compass, a 

3 global positioning system, and an odometer. 

42. The method of claim 40 wherein the at least one perception sensor comprises at least one 

2 of a LIDAR system, a stereo vision system, an infrared vision system, a radar system, and a 

3 sonar system. 

43. The method ofclaim 40 wherein the at least one perception sensor is characterized at 

2 least in part by a persistence. 
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44. The method of claim 40 wherein the step of storing the location of the at least one terrain 

2 feature comprises mapping the location of the at least one terrain feature from a three 

3 dimensional representation to a two dimensional representation. 

45. The method of claim 40 wherein the step of updating the stored location of the at least 

2 one terrain feature comprises recomputing the location of the at least one terrain feature based 

3 only on a change in the output of the at least one localization sensor. 

46. The method of claim 40 wherein the step of updating the stored location of the at least 

2 one terrain feature comprises recomputing the location of the at least one terrain feature based 

3 only on a change in the output of the at least one perception sensor. 

4 7. The method of claim 40 wherein the step of updating the stored location of the at least 

2 one terrain feature comprises discarding the stored location based at least in part satisfying at 

3 least one predetermined condition. 

48. The method of claim 4 7 wherein the at least one predetermined condition comprises 

2 exceeding a predetermined displacement between the location of the at least one terrain feature 

3 and the position of the autonomous vehicle. 

49. The method of claim 43 wherein the step of updating the stored location of the at least 

2 one terrain feature comprises discarding the stored location based at least in part satisfying at 

3 least one predetermined condition. 

50. The method of claim 49 wherein the at least one predetermined condition comprises 

2 failing to achieve a predetermined persistence after the detection of the at least one terrain 

3 feature. 

51. The method of claim 40 further comprising the step of adjusting a trajectory of the 

2 autonomous vehicle based at least in part on the location of the at least one terrain feature stored 

3 in the at least one memory. 

52. The method of claim 51 wherein the step of adjusting a trajectory of the autonomous 

2 vehicle comprises selecting one preferred trajectory from a plurality of ranked alternative 

3 trajectories. 

2 

3 

53. A system for control of a vehicle, the system comprising: 

means for controlling the vehicle; 

means for actuating the vehicle control means; and 
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4 means for controlling the vehicle based at least in part on at least one of an interruptible 

5 autonomous controller, a behavior based autonomous controller, a selective controller, and a 

6 safety controller. 

1 54. The system of claim 53, wherein the interruptible autonomous controller comprises: 

2 means for detecting at least one disassociation between the vehicle control means and the 

3 actuating means; 

4 means for interrupting autonomous control of the vehicle in response to the at least one 

5 disassociation; 

6 means for detecting by the controlling means at least one restored association between 

7 the vehicle control means and the actuating means; and 

8 means for executing a revised vehicle control program in response to the at least one restored 

9 association. 

1 55. The system of claim 54 wherein the actuating means comprises at least one mechanical 

2 transmission. 

1 56. The system of claim 54 wherein the disassociation comprises a separation between the 

2 vehicle control means the actuating means. 

1 57. The system of claim 54 wherein the means for detecting at least one disassociation 

2 comprises at least one of a proximity sensor and a strain gauge. 

1 58. The system of claim 54 wherein the revised vehicle control program comprises 

2 autonomous vehicle control. 

1 59. The system of claim 54 wherein the revised vehicle control program comprises at least 

2 one predetermined time delay. 

1 60. The system of claim 54 wherein the revised vehicle control program comprises an 

2 inhibitor for preventing autonomous vehicle control. 

1 61. The system of claim 54 wherein the revised vehicle control program comprises an 

2 inhibitor for preventing autonomous vehicle control in the absence of at least one operator 

3 intervention. 

1 62. The system of claim 54 wherein the means for controlling the vehicle comprises a drive 

2 control. 
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63. The system of claim 62 wherein the drive control comprises at least one of a throttle, 

2 brake, transmission shifter, and an accelerator. 

64. The system of claim 54 wherein the means :for controlling the vehicle comprises an 

2 articulation control. 

65. 

2 

The system of claim 53, wherein the interruptible autonomous controller comprises: 

means for detecting by the controlling means at least one disassociation between the 

3 vehicle control means and the actuating means; and 

4 means for initiating a shutdown sequence based at least in part on the disassociation between the 

5 at least one input device and the at least one actuator. 

66. The system of claim 53, wherein the behavior based autonomous controller comprises: 

2 means for defining a plurality of behaviors associated with the actuating means, each 

3 behavior including at least one action set characterized at least in part by a priority, each action 

4 set including a plurality of alternative actions ranked according to a corresponding plurality of 

s preferences; 

6 means for selecting the action set having the highest corresponding priority; 

7 means for selecting the alternative action having the highest preference; 

8 means for implementing at least one of (i) a providing the at least one action set, and (ii) 

9 a modifying at least a portion of the selected action set; and 

10 means for operating the vehicle control means in accordance with the selected alternative 

11 action. 

67. The system of claim 66 wherein the means for controlling the vehicle comprises an input 

2 device. 

1 68. The system of claim 66 wherein the plurality of behaviors comprises manned operation, 

2 remote unmanned tele-operation, assisted remote tele-operation, and autonomous unmanned 

3 operation. 

1 69. The system of claim 66 wherein the plurality of alternative actions comprises at least one 

2 trajectory set. 

70. The system of claim 66 wherein the means for modifying at least a portion of the selected 

2 action set comprises means for determining a position of the vehicle. 
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71. The system of claim 66 wherein the means for modifying at least a portion of the selected 

2 action set comprises means for assessing an environment about the vehicle. 

72. The system of claim 66 wherein the means for modifying at least a portion of the selected 

2 action set comprises means for recording at least one location of at least one terrain feature. 

73. The system of claim 66 further comprising means for adjusting at least one of a 

2 translational velocity of the autonomous vehicle and a rotational velocity of the vehicle. 

74. The system of claim 53, wherein the selective controller comprises: 

2 means for defining a plurality of behaviors associated with the actuating means; 

3 means for receiving at least one mode select command; and 

4 means for manipulating the vehicle control means by the controlling means in accordance with 

5 the at least one mode select command. 

75. The system of claim 74 wherein the 1node select command comprises a manned operation 

2 command and the manipulation means comprises an inhibitor for disassociating the actuating 

3 means from the vehicle control means. 

76. The system of claim 74 wherein the vehicle control means comprises at least one 

2 predetermined delay. 

77. The system of claim 74 wherein the mode select command comprises an autonomous 

2 unmanned operation command and the manipulation means comprises at least one of the 

3 plurality of behaviors. 

78. The system of claim 74 wherein the mode select command comprises a remote unmanned 

2 tele-operation command and the manipulation means comprises at least one remote transmission. 

79. The system of claim 7 4 wherein the mode select command comprises a assisted remote 

2 tele-operation command and the manipulation means comprises at least one of the plurality of 

3 behaviors and at least one remote transmission. 

80. The system of claim 79 wherein the at least one of the plurality of behaviors comprises 

2 obstacle avoidance. 

2 

3 

81. The system of claim 53, wherein the safety controller comprises: 

means for processing commands for 1:he vehicle; 

means for communicating between the processing means and the actuating means; 
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4 means for communicating within the actuating means; 

5 means for transmitting the safety signal to the actuating means via at least one of (i) the 

6 means for communicating between the processing means, and (ii) the means for communicating 

7 within the actuating means; and 

8 means for manipulating the vehicle control means based at least in part on the safety signal. 

82. The system of claim 81 wherein the means for communicating between the processing 

2 means and the actuating means comprises at least one network connection. 

83. The system of claim 81 wherein the means for communicating within the actuating 

2 means comprises at least one current loop. 

84. The system of claim 83 wherein the means for communicating within the actuating 

2 means carries a signal comprising at least one of a manual mode signal and an autonomous mode 

3 signal. 

85. The system of claim 83 wherein the means for communicating within the actuating 

2 means carries a signal comprising at least one of a stop signal and a non-stop signal. 

86. The system of claim 81 wherein the safety signal is transmitted in response to at least one 

2 operator intervention. 

87. The system of claim 81 wherein the safety signal is transmitted in response to at least one 

2 output of at least one sensor. 

88. A system for tracking at least one terrain feature by an autonomous vehicle, the system 

2 comprising: 

3 means for determining a position of the autonomous vehicle; 

4 means for assessing an environment about the autonomous vehicle; 

5 means for detecting the at least one terrain feature based at least in part on a change in the 

6 environment assessment means; 

7 means for computing a location of the at least one terrain feature relative to the position 

8 of the autonomous vehicle and based at least in part on the position determining means; 

9 means for storing the location of the at least one terrain feature; and 

10 means for updating the stored location of the at least one terrain feature based at least in part on a 

11 change in at least one of the position determining means and the environment assessment means. 
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89. The system of claim 88 wherein the position determining means comprises at least one of 

2 a pitch sensor, a roll sensor, a yaw sensor, an inertial navigation system, a compass, a global 

3 positioning system, and an odometer. 

90. The system of claim 88 wherein the at least one environment assessment means 

2 comprises at least one of a LIDAR system, a stereo vision system, an infrared vision system,, a 

3 radar system, and a sonar system. 

91. The system of claim 88 wherein the at least one environment assessment means is 

2 characterized at least in part by a persistence. 

92. The system of claim 88 wherein the means for storing the location of the at least one 

2 terrain feature comprises means for mapping the location of the at least one terrain feature from a 

3 three dimensional representation to a two dimensional representation. 

93. The system of claim 88 wherein the means for updating the stored location of the at least 

2 one terrain feature comprises means for recomputing the location of the at least one terrain 

3 feature based only on a change in the position determining means. 

94. The system of claim 88 wherein the means for updating the stored location of the at least 

2 one terrain feature comprises means for recomputing the location of the at least one terrain 

3 feature based only on a change in the environment assessment means. 

95. The system of claim 88 wherein the means for updating the stored location of the at least 

2 one terrain feature comprises means for discarding the stored location in response to satisfying at 

3 least one predetermined condition. 

96. The system of claim 95 wherein the at least one predetermined condition comprises 

2 exceeding a predetermined displacement between the location of the at least one terrain feature 

3 and the position of the autonomous vehicle. 

97. The system of claim 91 wherein the means for updating the stored location of the at least 

2 one terrain feature comprises means for discarding the stored location in response to satisfying at 

3 least one predetermined condition. 

98. The system of claim 97 wherein the at least one predetermined condition comprises 

2 exceeding a predetermined persistence after the detection of the at least one terrain feature. 
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99. The system of claim 88 further comprising means for adjusting a trajectory of the 

2 autonomous vehicle based at least in part on the location of the at least one terrain feature stored 

3 in the at least one memory. 

100. The system of claim 99 wherein the means for adjusting a trajectory of the autonomous 

2 vehicle comprises means for selecting one preferred trajectory from a plurality of ranked 

3 alternative trajectories. 
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