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	ABSTRACT:
	This Technical Paper documents the technical approach for the design of MCNAV001, a competitor in the DARPA Lunar Grand Challenge.
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2. Introduction

This paper describes Carnegie Mellon University MCNAV Team’s (17614 - ESIS) technical approach for competing in the Lunar Grand Challenge 2005.  This challenge was initiated by DARPA in order to accelerate technology development for a Moon Based Autonomous Robot System (MBARS) capable of autonomously navigating the moon surface. This Technical Paper provides a summary of findings from the Trade Study.

2.1 Definitions

Table 1 – MBARS Terms and Acronyms

	Acronym
	Definition

	DARPA
	Defense Advanced Research Projects Agency

	MBARS
	Moon Based Autonomous Robot System

	MCNAV
	Moon CircumNavigating Autonomous Vehicle

	OCD
	Operational Concept Document

	RTG
	Radioisotope Thermoelectric Generator

	GPHS
	General Purpose Heating System


2.2 Assumptions

Table 2 – Key Assumptions from DARPA Lunar Challenge Rules

	ID
	Assumption

	1. 
	DARPA will install 2 Loran-C transmitters on the moon

	2. 
	The race will occur following a Magellan Route above 75th parallel.  Therefore, the race will be limited to a length of 2826 km (1757 miles). 

	3. 
	The race will be limited in duration to 1 earth week.  Therefore, to cover the race distance the robot will need to travel at an average speed of 4.7 m/s (10.4 mph).

	4. 
	Power Source (excluding engine for locomotion) should be 1/5 of total weight

	5. 
	Half of race is in the dark – solar power is available half of the time

	6. 
	Electric powered engine is used for locomotion

	7. 
	Software updates are permitted up to 1 min prior to rocket launch.


3. System Description

3.1 Mobility/Locomotion

3.1.1 Ground Contact

Describe the means of ground contact.  Include a diagram showing the size and geometry of any wheels, tracks, legs, and/or other suspension components

The selected suspension system is “Pentad Graded Assist Suspension (PEGASUS).”  PEGASUS consists of a conventional four-wheel drive system and a fifth active wheel, as shown in the following figure. The system is designed to distribute the load of weight equally to all five wheels when the rover climbs up on the step-like terrain. 
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Fig.1 Geometry of PEGASUS

3.1.2 Method of Mobility/Locomotion

Describe the method of vehicle locomotion, including steering and braking.
When a locomotive that adopts PEGASUS faces an obstacle and needs to climb over it, the fifth wheel of the system leverage climbing in such a way that, when the rear wheel climb a step, forward force generated by the traction of the fifth wheel pushes the rear wheel backward. 

The mobility of the locomotive can be represented as the ability to go over the obstacles, and the ability is represented as two angles including role and pitch angles. Criteria for the roll and pitch angles that the locomotive can sustain are calculated based on the geometry shown in the Fig.1. These two equations can be used to determine the size, including height and length of the locomotive, considering various sizes of obstacles. In other words, the mobility of the locomotive can be decided by the two equations. 

· Roll Angle Criterion  
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· Pitch Angle Criterion
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Steering

Ackerman method is adopted into the locomotive as the steering method. Ackerman steering method is that the inner wheel turns/rotates(?) more than the outer wheel. However, because the locomotive that adopts PEGASUS has 5 wheels, the fifth wheel, which does not have power, doesn’t need to turn when the locomotive makes a turn. <???I guess I see a contradiction??>

Braking

The disc brake system is adopted into the locomotive. The disc brake system is composed of a rotor with a parallel-faced circular plate, which is clamped by the pads in order to slow the vehicle. The caliper assembly houses the brake pads and piston. The brake pads are designed for high friction with the rotor, while wearing evenly. The materials used in rotors are carbon and ceramic: carbon on one side, and ceramic on the other side. This composition is desirable because of its light weight and thermal conductivity.
3.1.3 Means of Actuator
Steering-wheel actuator gets the commands by angle and torque measurement and receives the feedback of the road-wheels to map this feedback to the steering-wheel. Then the steering actuator performs a simple control-loop by driving the electro-motors to reach the desired angle of the road wheels. They also control the current angle and torque by reading their angle and torque sensors. 
The four wheels can either, be driven by centralized steering actuators (e.g., right side wheels driven by one actuator and left side wheels driven by a second actuator), or each wheel can be driven individually. We will choose individual drive. 

	Propulsion drive scheme
	Individual drive (four steering actuators)

	Thermal protection
	Hard (actuators are inside the wheels

	Effect of single transmission failure
	Tolerant

	Electrical cabling
	Cable routing from body to wheels

	Drive train 
	Simple, low friction

	Power
	Mechanical simplicity enables high efficiency

	Torque distribution
	Slip or torque control


3.2 Power Generation

The Power system consists of the generation sub-system and the management sub-system. The generation system generates electricity, which is necessary to perform the missions. The management system distributes power among components and is important for portable devices that rely on limited power. -McNAV needs to carry out its various duties, and especially, navigation and perception are necessary to finish the race. Power management system ensures enough power is provided to necessary components for McNAV to finish the race safely. By reducing power to components that aren't being used, the system can save the power and reduce peak power demand on the power system.  Power management shall be performed by it’s own software algorithm
3.2.1 [image: image7.png]


Power Source

The vehicle is powered by a Radioisotope Thermoelectric Generator (RTG) (see diagram to the right). RTG uses GPHS to maintain thermal differences on two ends of thermal couple to generate electricity.  RTG contains no moving parts and multiple units are combined to provide necessary electric demand.

Further investigation is required to determine the type of automotive engine and its requirements.  Current assumption is that an electric engine drawing its power directly from the distribution system filtered through batteries.  A DC to AC inverter will be used to provide up to 400 watt (800 peak) of AC demand. *12 VDC lead-acid rechargeable battery is included to store excess power generated.

3.2.2 Maximum peak power

Maximum peak power consumption shall be calculated from the peak power demand of all electrical and physical components that draws its power from the electric system.  Table below provides list of components accounted for and the maximum peak power (total) of the vehicle. *RTG provides virtually infinite power source, the power system design stress on instantaneous power demand.
	Component
	Peak Usage (W)
	Power Type
	Weight
	Size

	Tracking
	10 
	12 V DC
	1 lb
	6” x 6” x 6”

	Positioning
	50.3
	100/-240 VAC, 50/60 Hz
	14lb
	17"  3.5"  17"

	Sensing
	TBD
	TBD
	TBD
	TBD

	Communication
	5.5
	TBD
	TBD
	TBD

	Locomotion
	TBD
	TBD
	TBD
	TBD

	Computing
	TBD
	TBD
	TBD
	TBD

	Thermal Ctrl.
	10
	100/-240 VAC, 50/60 Hz
	1 lb*
	1” x 2” x 4”

	Total
	TBD
	 * estimated
	
	


3.2.3 Fuel

At system launch from earth, each RTG unit will carry 18 general purpose heating system (GPHS), each contains 4 pellets of hard, ceramic plutonium oxide (PuO2)238 with half-life at 87.7 years.  Plutonium had the advantage over other radioactive substance in its long half-life and also low radiation contamination.  No extra shielding is necessary due to its alpha particle emission property.  There is no re-supply necessary for any mission less then 5-years.

3.3 Processing

3.3.1 Computing Hardware

· Mobility

The rover in this project uses a distributed individual motion control architecture where each motor interfaces with a single axis microprocessor controlling the motor servo loop and, in some cases, profiling a trajectory. 

	Type
	Compact PCI

	Processor
	Intel x86 Arch

	Motor control
	LM629 microcontroller chips

	Communications (I/O)
	I2C bus


· Sensing (Stereo FLIR / LADAR)

Perception consists of its own dedicated CPU and memory in a multi-board VME/CPCI chassis
 that has been shielded and hardened to operate within the high radiation of the lunar environment
. Testing will be conducted to ensure the capabilities of a single onboard computer are sufficient to meet the computational demands of environment perception in a cluttered lunar environment within the power constraints of the lunar mission
.  Testing will begin using a Compact PCI Intel® Pentium® M 745 Processor
 or similar.  Both the CPU and memory will confirm to military specifications.

	Type
	Compact PCI Intel® Pentium® M 745 Processor – 6U SBC

	Processor Capabilities
	600 MHz to 1.8 GHz

	Communications (I/O)
	PLX 6254  Bus interface; 2x Gigabit Ethernet on the front (optional), 2x Gigabit Ethernet on the rear 

	Memory Size and Type
	Up to 2 GB DDR SDRAM (200) w/ECC 

	Power & Misc.
	Low TDP of 27 Watts, Chassis Power Supply of 450 Watts; Optimized for harsh environments; temperature range of up to -40° to +85° C ; increased shock and vibration immunity.


· Power
The following computing hardware is selected for Power generation sub-system:
	Type
	Radioisotope thermoelectric Generator 


	Power source
	GPHS-RTG (used on Galileo, Ulysses and Cassini spacecraft)

	Weight
	124 lbs (package)

	Fuel weight
	24 lbs/each - plutonium dioxide fuel 


	Size
	44.5 in * 16.8 in (long * diameter)

	Power 
	285 W (4410 W initial)


Power resource control, power management sub-system executes software algorithm processor: 
	Type
	MPC7447A PowerPC processor


	Power source
	1.4 GHz Motorola processor and Power-efficient 32-bit RISC 

	Consuming Power
	less than 10W at 1167MHz 


	Other Specification

	512KB of on-chip L2 cache, symmetric multiprocessing (SMP) support, a 64-bit bus interface, and 128-bit Motorola’s AltiVec™ Single Instruction Multiple Data (SIMD) vector processing.


· Navigation Planning

Taking into account the path planning, obstacle avoidance and decision making functions involved in navigation the following processing computing hardware has been selected: 

	Type
	Dual Xeon based Single-Board Computer

	Processor Capabilities
	3.06GHz Intel Pentium 4-Based PICMG

	Communications (I/O)
	10 Base-T / 100 Base-TX Ethernet controller, dual channel PCI Ultra DMA/100 IDE, (USB 2.0) ports, serial/parallel ports, floppy interface, IrDA interface, up to 4 additional PCI slots.

	Memory Size and Type
	512 KB L2 Cache and up 2GB RAM


Each of these computers will monitor the others, and will be capable of starting the other in the event of a fault on any one system. Note that computing hardware required to store and access the two sub-systems databases addressed in Section 2.5 will be determined after experiments and trade studies to determine amount of mapping data on-board the racer in a real-time database assuming that perfect moon maps are available in a ground-based database.
3.3.2 Interpretation Methodology

3.3.2.1 Path Planning

Due to the changing navigation conditions the most efficient algorithm is The Delayed D* algorithm which first ignores “under-consistent” states when changes to edge costs occur; after the new values of the “over-consistent” states have been propagated through state space, resulting solution path is checked for any “under-consistent” states.

Macro route planning is conducted by combining elevation, imagery (from NASA) into a comprehensive global map. This map is, then processed by a preplanning algorithm to generate a cost map and route through the areas of interest. Points on this path are then derived to be the goals for local traverse-ability analysis. To generate the control arc and velocity, the algorithm considers multiple possible drivable arcs forward from the vehicle into the traversable space. 

a. For path planning each possible arc is evaluated in terms of least cost to the goal. The "best" path at any given time is then fed to the controller to command the vehicle. Note that the path planner optimistically assumes that unknown areas are clear of hazards.

b. For obstacle avoidance each possible arc is evaluated in terms of least hazards to the goal. The obstacle avoidance algorithm will not allow the vehicle to move into unknown terrain and therefore will recommend good steering commands to the selection module, and vetoes dangerous commands.

3.3.2.2 Positioning

1. Localization is achieved by a combination of a Loran-C and Odometry based System that estimates vehicle positioning with respect to both radio signals delays and wheel encoders. 
2. For the Loran-C System the position is calculated measuring the time delay between transmission stations to determine the vehicle’s position relative to the stations. The unit is the FS-700 10MHz Loran-C receiver w/ GPIB communication port to interface to a PC and rack mount kit and antenna. Its bandwidth is between 100KHz and 10MHz, has auto-seek to find and track the strongest signal and has six adjustable -30dB Notch filters.

3. The  Odometry System integrates the last known vehicle position (dead-reckoning), by  using  relative positioning sensors of which wheel encoders have been selected to estimate the rotatory ?rotory? and linear movement of the vehicle. 

4. Areas outside the Magallan Path selected boundaries will be considered un-traversable terrain and the path planning selection will veto any steering commands which can direct the vehicle towards un-traversable terrain. 
3.4 Environment Sensing

3.4.1 Sensors Characterization

What sensors does the challenge vehicle use for sensing the environment, including the terrain, obstacles, roads, other vehicles, etc.? For each sensor, give its type, whether it is active or passive, its sensing horizon, and its primary purpose.
The Sensing Subsystem shall include on-board sensors for sensing the environment around the vehicle.  This will include terrain elevation and obstacle detection, (positive (boulder/object) and negative (crater)).

The sensors to be included on the vehicle will consist of:

· LADAR = Light Detection and Ranging

· LADAR is an active sensor which projects a beam of coherent laser light at the surrounding environment, and measures the beam reflection time.

· For fault tolerance, a redundant sensor shall provide degraded mode of operation.

· The sensing horizon of LADAR is expected to be no more than 80 meters with a resolution of 10 mm, decreasing with distance.

· Primary purpose is to detect local elevation differences, and obstacles.

· Stereo FLIR = Forward Looking Infra-Red

· This consists of a pair of passive sensors, which measure the temperature of the environment using a small array of un-cooled micro-bolometers.  

· The use of a pair of FLIR sensors located at a known distance apart, enables binocular vision, which shall be used to determine distances from the vehicle by triangulation of the pair of simultaneous thermal images.

· Stereovision resolution is a quadratic function, which degrades rapidly with range.  Testing shall be performed to determine the practical sensing horizon of stereo FLIR imaging in the various lighting conditions expected on the lunar surface.

· Primary purpose of these sensors shall be to detect the environment (terrain characteristics (elevation) and obstacles) near to the vehicle, and should allow for detection and avoidance of cold-traps on the lunar surface.  

3.4.2 Sensors Location and Control

How are the sensors located and controlled? Include any masts, arms, or tethers that extend from the vehicle.

The sensors shall be controlled by an onboard sensing computer, which shall process the sensor data and construct a model of the local environment.  This model shall be used by the navigation system to compute paths which avoid obstacles and determine the optimum path to the next pre-computed route waypoint.

Each LADAR sensor will scan a 90-degree arc (about it’s horizontal axis), and be affixed to an actuator which oscillates the sensor about its vertical axis by 90-degrees.  The combination of these two scanning arcs will enable each LADAR to scan the environment ahead of the vehicle.  The center of each LADAR’s scanning area shall project to a location, which is at least 20 meters directly ahead of the vehicle.

Each scanning LADAR will be affixed to a telescoping mast, which extends the mast vertically to a distance of 1 meter above the vehicle when fully extended.  The vertical LADAR mast provides a greater angular resolution of the lunar surface, enabling greater confidence in LADAR sensor data.  The higher angular resolution will be especially helpful in detecting mobility hazards on the rocky and cratered lunar surface.

The effectiveness of the LADAR mast will be modeled and testing to ensure sufficient justification for its additional complexity and weight.

Each FLIR sensor shall be fixed to the ends of a telescoping boom such that the focal point of the each FLIR shall be the location directly ahead of the vehicle at a distance of 20 meters.  The telescoping boom permits the distance between the sensors to be increased from an initial separation of 0.2 meters, to a distance of 1 meter when fully extended.  The additional angular resolution shall increase the angular resolution, thus improving the effective horizon of the stereo FLIR sensors.

The use of a FLIR telescoping boom shall be modeled and tested to ensure sufficient justification for its additional complexity and weight.

Internal Database

The Data

Terrain data may include: lunar craters, lunar basalts, dry ocean beds, regolith, (a mixture of fine dust and rocky debris produced by meteor impacts), rocks and non-traversable terrain. 

· Elevation

· Geology, morphology, topography, mineralogy, geochemistry, and exospheric environment of the Moon data obtained from previous NASA Apollo 17, Clementine and SMART-1 ESA Lunar Orbiter missions.

· Mobility cost maps – including obstacles

· Pre-computed from elevation data

· Temperature costs (cold-traps)

· Temperature maps obtained from Apollo 17 Infrared Scanning Radiometer (ISR), Clementine maps and SMART-1 surface images.
· Consideration of mean surface temperature for the day of 107 degrees C and at night of 153 decrees C will be considered normal and a threshold to avoid hazardous temperature will be determined when selecting a path, taking into account a Lunar maximum temperature of 123 degrees C and minimum of -233 degrees C.
· Mobility corridors

· Pre-computed by analysts prior to launch

The Sub-System

Two major data sub-systems are identified. The first one stores a huge amount of data such as maps and other terrain artifacts that describe the field to be explored; we call this one “the vault”. The second data store subsystem accumulates only data generated during the exploration performed by the robot; we call this one “the world model”.

These two sub-systems address the following problems:

· The Vault is used offline (before the race) to perform the path analysis that generates the best possible path (or paths) for the exploration. As described in the requirements, the customer provides map data six months before the race. During this time, the Vault is used to pre-plan the best path (s) for the race.

· The World Model, on the other hand, is constantly built with the data captured online (during the race). These data represent the “world” the robot identifies during the race using its sensing capabilities.
These data is essential for the avoidance of obstacles while the robot follow the pre-calculated path. 

The World Model data is stored on-board. These data sits in the robot together with the minimum navigation data required to follow the pre-calculated path. The bulk of the terrain data, used to perform the path analysis (The Vault), stay on earth.

� Available at [http://www.sbs.com/products/810],


� Available at http://www.rsc.rockwell.com/imaging/3dladar.html


� Available at http://www.visioncom.co.il/thermal/M4/Flir_ThermoVision_RANGERII.htm


� Available at http://www.sbs.com/products/family/37


� RTGs provide power through the natural radioactive decay of plutonium (mostly Pu-238).


� Cassini had three RTGs. That is, the total weight including three RTGs was 124 lbs.


� Ref. “NASA, Power Aware Computing and Communication, 2000”


� Ref : “http://www.motorola.com/mediacenter/news/detail/0,,3861_3238_23,00.html”
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