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The following are rover locomotion algorithms to consider in implementing the Mechanism_Model rover locomotion kinematics. The first 4 approaches listed below are relevant for CLARAty control applications. The fifth is listed as background information.

1. Summary of approaches

	Description
	Open Loop Control
	Closed Loop Control
	Input
	Output
	Major Features/ 
Major Assumptions

	General position-based flat terrain (2)
	x
	
	final x, y, [h]
	wheel trajectories (p, v, a)
	Flat terrain model

	General velocity-based flat terrain (3)
	
	x
	v, w, [d] desired body velocity
	Steer angles, wheel velocities
	Flat terrain model

	Continuous trajectories flat (4)
	x
	
	final x, y, [h], [steer]
	v,w rover setpoints
	Continuous steering, Flat-terrain model

	Rocker bogie non-flat terrain (5)
	
	x
	x, y, [h] desired body velocity
	wheel velocities, steer angles
	Full kinematics Continuous pose updates

	
	
	
	Wheel velocities, steer angles
	v, w
	Full kinematics Continuous pose updates


2. CLARAty goal-based locomotion using flat-terrain approximation model generalized for wheeled vehicles (current)

Summary

· Computes drive sequences to move the rover to a target location (x, y and optional heading) using straight lines, arcs, crab or a combination of such maneuvers

· Each segment of drive sequence either changes wheel steer angles without driving or drives with fixed steering angles

· Flat-terrain model – assumes that all wheels contact the ground on a common plane and the rocker-bogie remains in its nominal position throughout the motion

History

· Initial implementation of single-arc driving to (x,y) locations for the partially steerable Rocky 7 rover in ControlShell under the Long-range Science Rover task (Richard Volpe, 1995)

· Generalization of  driving to (x,y,heading) locations using minimal arc sequences for the partially steerable Rocky 7 under the Planetary Manipulators Task (Issa Nesnas, 1998).

· Re-implementation in CLARAty with extension for skid, partially-steered and fully steered vehicles (Hari Das Nayar, 2001).

· Reconfigured and extended the CLARAty implementation to separate out locomotor model from locomotion control (Chris Urmson and Andy Yang, 2003).

Problem solved

Given a goal location (x, y and optional heading) for the rover to drive to, this class of algorithms determines the minimal set of sequential motion segments to drive the rover to the goal. The algorithms then execute the motion segments in a drive-and-stop sequence of rover motions which steering changes while the rover is in between segments. The algorithms use constant wheel steering angles for each segment.

Model assumptions

· All wheels can be controlled independently

· All wheels are mounted on fixed (real or virtual) axles (i.e. wheels only steer about their vertical center)

· All wheels have the same wheel diameter (can be easily extended to wheels of different diameters so long as all wheels contact the ground on the same plane and the ground is flat).

· Axles may have any number of wheels; different axles can have different numbers of wheels

· Wheels do not have to be symmetrically mounted on an axle

· All wheels on an axle must be either steered or non-steered (what is a third option?)

· Steered wheels are independently steered and rotate about a vertical axis through their ground contact point that is through a point fixed to the respective axle.

· Model wheel-ground interaction as a thin rigid disk with point contact rotating without slipping in the rolling direction on a perfectly hard and flat surface.

Interface to higher-level software

API functions may be called by external higher-level software, for example, by GESTALT navigation or by custom application software. Commonly used API functions include:

	Locomotor API
	Description

	move(x, y, heading)
	move rover to the specified location wrt rover frame

	move(length, heading)
	drive rover the specified length and with resulting heading change wrt rover frame

	move(x, y)
	move rover to the specified position wrt rover frame

	move_A_to_B(DPoint a, DPoint b) 
	move so that the point a (wrt the rover frame) moves to point b (wrt the rover frame)


Applications

Widely used within CLARAty on Rocky7, Rocky8, FIDO, K9 and ATRV Jr. Also used with ROAMS simulations of the various rovers
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3. Rover velocity and heading change rate flat-terrain locomotion (current)

Summary

· Computes then commands wheel steer angles and wheel driving velocities that correspond to specified rover body velocities and heading change rates.

· Flat-terrain model – assumes that all wheels contact the ground on a common plane and the rocker-bogie remains in its nominal position throughout the motion

History

· Implementated in CLARAty for skid, partially-steered and fully steered vehicles by Hari Das Nayar.

· Reconfigured and extended for articulated axels by Chris Urmson and Andy Yang (not tested)

Problem solved

Given a desired linear velocity and heading change rate for the rover, this class of algorithms determines the corresponding wheel steer angles and wheel velocities that will achieve the motion. The algorithms then command the wheel steer and drive motors to effect the motion. 

Model assumptions

· All wheels are independently driven

· All wheels are mounted to (real or virtual) axles

· All wheels have the same wheel diameter.

· Axels may articulate with respect to the vehicle chassis.

· Axles may have any number of wheels; different axles can have different numbers of wheels

· Wheels do not have to be symmetrically mounted on an axle

· All wheels on an axle must be either steered or non-steered.

· Steered wheels are independently steered and rotate about a vertical axis through their ground contact point that is through a point fixed to the respective axle.

· Model wheel-ground interaction as a thin rigid disk with point contact rotating without slipping in the rolling direction on a perfectly hard and flat surface.

Interface to higher-level software

API functions may be called by external higher-level software. Commonly used API functions include:

	Locomotor API
	Description

	drive_continuous(linear_velocity, angular_velocity)
	drive rover with specified linear velocity and heading change rate



	drive_continuous(linear_velocity, direction, angular_velocity)
	drive rover specified linear velocity and in specified direction and heading change rate wrt rover frame




Applications

Available and demonstrated within CLARAty on Rocky7, Rocky8, and FIDO.

References

H. D. Nayar, CLARAty Internal document, 2002. http://keuka.jpl.nasa.gov/main/software/packages/locomotor/wheel_locomotor_(das).pdf

4. Continuous steering flat-terrain locomotion to a goal location (level II integration)

Summary

· Driving to a target location (x, y, optional heading, optional steer wheel angle) following a pre-computed trajectory with continuously varying steer angles

· Flat-terrain model – assumes that all wheels contact the ground on a common plane and the rocker-bogie remains in its nominal position throughout the motion

· Extensions already designed and tested in simulation at CMU to take full vehicle kinematics into account and the terrain geometry and slip model to pre-compute the trajectory.

History

· Integrated algorithms developed by Al Kelly and Mihail Pivtoriako at CMU within the CLARAty framework.

Problem solved

Given a goal location (x, y  optional heading, and final steering anlges) for the rover to drive to, this algorithm determines a path with a continuously varying arc radius to drive the rover to the goal. 

Model assumptions 

· All wheels are independently driven

· All wheels are mounted to (real or virtual) axles

· All wheels have the same wheel diameter.

· Axles may articulate with respect to the vehicle chassis.

· Axles may have any number of wheels; different axles can have different numbers of wheels

· Wheels do not have to be symmetrically mounted on an axle

· All wheels on an axle must be either steered or non-steered.

· Steered wheels are independently steered and rotate about a vertical axis through their ground contact point that is through a point fixed to the respective axle.

· Model wheel-ground interaction as a thin rigid disk with point contact rotating without slipping in the rolling direction on a perfectly hard and flat surface.

Usage/Application/Interface to higher-level software

Implemented using the CLARAty infrastructure but not integrated into the locomotor.  Use the CLARAty locomotor continuous driving to control linear and angular velocities of the rover? (may have talked to the R8 motors directly)

Usage/Applications

Demonstrated within CLARAty framework in ROAMS and on Rocky8.
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5. Rocker Bogie Full kinematics (Slope locomotion)(Level II)

Summary

· Provides 2 functions for use on non-flat terrain: forward kinematics and inverse kinematics

· Forward kinematics function computes the rover body velocity and heading change rate and wheel slip rates. Inputs to the forward kinematics function are the kinematic configuration and configuration change rates.

· Inverse kinematics function computes the wheel steer angles and wheel drive velocities. Inputs to the inverse kinematics function are the desired rover body velocity and heading change rate, the rocker and bogie angles and rocker and bogie angle change rates. (is this then the same as item 3?  If rocker and bogie angle are zero and angle change rates are zero, would this one reduce to the above formulation.  The wording in this section is different enough that it does not jump out the same.  Here you start with “Inverse kinematic function …” while in section 3 you start with “Computes then commands wheel steer angles and wheel driving velocities…”

History

· Theoretical analysis and simulations of Rocky 7 performed on contract at San Diego State University by M. Tarokh and G. McDermott.

· Re-derived equations for Rocky 8 and FIDO and for this application. Implemented as a project within CLARAty that integrated kinematic analysis on rough terrain with vision and IMU estimation to compensate for slip. Work performed by Dan Helmick and Dan Clouse.

Problems solved

· Forward kinematics: Given a set of measured configuration and configuration change rates, computes an instantaneous estimate of the rover body velocity and heading change rate.

· Inverse kinematics: Given a set of desired rover body velocity and heading change rate, the measured rocker and bogie angles and rocker and bogie angle change rates, computes the instantaneous wheel steer angles and drive velocities that will give the desired rover body motion.

Model assumptions

· All wheels are independently driven

· There are six wheels mounted to a rocker-bogie suspension system in the configuration of a R8/FIDO rover.

· All wheels have the same wheel diameter.

· All wheels are independently steered.

· Model wheel-ground interaction as a thin rigid disk with point contact.

Interface to higher-level software

API functions called by external higher-level software are:

	Locomotor API
	Description

	r8_forward_kinematics(rover_body_dot[], rover_config[], rover_config_dot[])
	computes rover body velocity and heading change rate 

	r8_inverse_kinematics(wheel_steer[], wheel_pos_dot[], rover_body_dot_des[], rover_config[])
	computes wheel steer angles and wheel drive velocities 


Applications

Demonstration within CLARAty on Rocky8 and ROAMS. Implemented an integration of these functions into a slip compensation demonstration. In the demonstration, the output from the forward kinematics was combined with the output from visual odometry estimator to determine an accurate estimate of the rover location. The estimate of the rover location was compared to the desired rover location and the error used to drive the rover towards the desired location using the inverse kinematics algorithm.
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6. ROAMS locomotion

Summary

· Computes the rover configuration (rocker-bogie compliance to the ground) for a given rover location (position and heading) on a known model of the terrain.

History

· Implemented within the ROAMS software using the DARTS/Dshell model data structure for simulation of rovers by Jeng Yen.

Problem solved

Given a location (x, y and heading) of a rover and a model of the terrain, this algorithm determines the rocker-bogie angles of the rover when it is fully settled on the terrain.

Model assumptions (these are my guesses – I haven’t seen the code)

· All wheels are independently driven

· There are six wheels mounted to a rocker-bogie suspension system in the configuration of a Rock 7/Rocky 8/FIDO rover.

· Model wheel-ground interaction as a thin rigid disk with point contact.

Interface to higher-level software

· Not known

Applications

Embedded and heavily used in ROAMS simulator and  RSVP Hyper driver simulator for MER rover.
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