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	ABSTRACT:
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Definitions

Table 1 – MBARS Terms and Acronyms

	Term or Acronym
	Acronym Translation
	Definition

	DARPA
	
	Defense Advanced Research Projects Agency

	MBARS
	
	Moon Based Autonomous Robot System

	MCNAV
	
	Moon CircumNavigating Autonomous Vehicle

	OCD
	
	Operational Concept Document


Assumptions

Table 2 – Key Assumptions from DARPA Lunar Challenge Rules

	ID
	Assumption

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

	2. 
	Magellan Route at a length of 1757 miles (2826 km). Therefore, race will occur above 75th parallel. This limits course length to no more than 2143 km given average speed 1 of mph. 

	3. 
	Power Source (excluding engine for locomotion) should be 1/5 of total weight

	4. 
	Half of race is in the dark – solar power is available half of the time

	5. 
	Electric powered engine is used for locomotion

	6. 
	Software updates are permitted up to 1 min prior to rocket launch.

	7. 
	Peak System Power usage of the package is evaluated instead of vehicle peak power usage to avoid premature design decision.


Introduction

In order to accelerate technology development for a Moon Based Autonomous Robot System (MBARS), DARPA has initiated the Lunar Grand Challenge 2005. Carnegie Mellon University’s MCNAV Team (ESIS 2005 - 17614) has taken up the challenge to design a robot system according to DARPA – MBARS Operational Concept Document and the Lunar Grand Challenge 2005 published rules.

This Trade Study documents the analysis conducted for the selection of the basic design strategies for a MBARS. These approaches cover Navigation, Perception, Power, and Traction design functions.

Navigation

POSITIONING

Evaluation Criteria: 

The positioning subsystem should be able to function without the presence of the following:

· Earth’s Magnetic Field ( Eliminating Magnetic Compass

· External Influences (satellites) ( Eliminating GPS (Radio Triangulation: possible option)

	FACTOR
	DESCRIPTION

	Weight
	  Lighter is better 0-10

	Volume
	Straight Measurement, smaller is better

	Cost
	How much money will the alternative require

	System Complexity
	Less complexity is better 1-5

	Power Requirements
	How much power we need to keep it running

	Accuracy
	How accurate is it in identifying localization

	Processing Requirements
	How much processing power and chips is required

	Perception Requirements
	How many perception sensors requirements are needed

	Resolution
	How accurate is each solution. Higher is better 1-10

	Accountability for locomotion effects
	Lower is better 1- 10


Identify Possible Solutions: 

The following navigation sensors were identified for use in the MDARS project:

· Odometry (Wheel Encoders) / INS {Inertial Navigation System} / Loran-C / Magnetic Compass / Visual Odometer / Optical Flow 

Select Applicable Alternatives: 

The following navigation sensors were selected for the Trade Study evaluation:

· Odometry (Wheel Encoders) / INS {Inertial Navigation System} / Loran-C / Combination of INS and Odometry (Wheel Encodes) [N1].

Select Evaluation Methods: 

The Sum of Weights method was used for conducting the evaluation.

Evaluate Alternatives:
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Select Preferred Solution: 

The research conducted suggests a complementary alternative is a common practice for this kind of problems. Therefore, the recommended solution is to use a combined implementation of two of the analysed alternatives (assuming DARPA will provide 2 Loran-C transmitters on the moon): (1) a Loran-C system and (2) an Odometry based system using wheel encoders.

PATH PLANNING

The problem

The path planner sub-system considers all possible curved paths through the map ahead and marks them with a cost associated to the safety of each path. Then it chooses the best path (the cheapest) and avoids obstacles on its own by using a path analysis algorithm that ensure the robot reach the desired objective. We identify the path-planning algorithm to be a critical system decision, due to the requirements that this decision may impose to other subsystems of the robot. The selection of the best algorithm does not require a numerical analysis; however there is a straightforward alternative. This document records the research performed on the subject for future reference only. 

The selection criteria

The criteria identified are the efficiency
 of the algorithm. No numerical criteria are included as only few measurements are available for these algorithms. (See recommendations below)

Select Applicable Alternatives 

· Dijkstra's shortest paths (static algorithm) 

· A* (static algorithm)

· Focused Dynamic A* = D* or D* Lite (incremental re-planning algorithm)

· Delayed D* algorithm (incremental re-planning algorithm)

· ARA algorithm (Anytime algorithm)

Recommendation:
The most suitable family of algorithms for the navigation problem is the re-planning family due to the changing navigation conditions.  The selection of the algorithm is therefore quite straightforward, the most efficient algorithm is actually the most evolved one from this family: The Delayed D* algorithm.

Since no numerical has be performed for this recommendation, it is advisable to perform a pilot using alternatives such as D* and the D* Lite and monitor the effectiveness of the different algorithms under the conditions set by the overall integrated system.

For more detailed information about the alternatives and evaluations performed refer to the attached extra file.

Perception

The problem:

Perception is the act of detecting and understanding the environment [around the vehicle].  This knowledge may be used to re-evaluate the current navigation trajectories of the robot.  For example, the detection of a previously unknown crater or rock in the vehicles path allows the vehicle to compute a new trajectory that avoids the obstacle, which may have otherwise disabled the robot.

Perception is generally limited to the local surroundings, which are within sensor range of the vehicle.  The ability to understand and interpret the data is constrained by the range and resolution of the sensors used to detect the surrounding environment, as well as the computing capacity available.  The ability to perceive the environment has a direct correlation to how quickly the robot may navigate through the environment.

Evaluation Criteria: 

	Criteria
	Description

	Cost 
	Less is better

	Power Usage
	Less is better

	Size
	Smaller is better

	Weight
	Less is better

	Mean-Time Between Failure [MTBF]
	Higher is better

	Range
	More is better

	Resolution
	More is better

	Able to function in lack of an atmosphere
	Eliminates SONAR

	Able to function without visible light from the sun
	Dark side of Moon

	Able to function in harsh light conditions directly in sensor
	Sunlight

	Able to withstand vibration & shock of delivery (launch & landing) to site
	Shock Absorption

	Able to operate despite temperature extremes
	Temp Controls

	Able to operate despite high lunar radiation levels
	Radiation Shielding


Identify Possible Solutions: 

The following perception sensors are under evaluation for use in the MDARS project:

· LADAR/LIDAR (Light Detection and Ranging)

· Stereo Color Camera 

· Stereo FLIR (Forward Looking Infra-Red)

· RADAR (Radio Detection and Ranging)

Select Applicable Alternatives: 

The following perception sensors were selected for evaluation:

· LADAR (Light Detection and Ranging)

· Stereo Color Camera 

· Stereo FLIR (Forward Looking Infra-Red)

· RADAR (Radio Detection and Ranging)

Notes from Lunar Challenge Rules

· 3.4 Telescoping mast is permitted.  The additional height may be useful for LADAR to attain better terrain elevation confidence.
· Need to know: Required Range, Resolution, and Power

Select Evaluation Methods: 

The Sum of Weights method was used for conducting the evaluation.

Evaluate Alternatives: 
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Notes: None of the surveyed sensors were capable of operating within the lunar temperature ranges.  Thermal controls will need to be installed to accommodate for this to allow the sensors to operate properly.

Recommendation: 

Based on the above data, the preferred solution is a combination of FLIR camera and LADAR.

The combination of both of these sensors provides maximum reliability in all lunar terrain conditions, and permits the best combination of resolution.  The cost for this combination is in power-use, volume and weight. Temperature controls will be required to maintain the temperatures of the sensor devices within their operational limits.

Power Generation

Requirements:  

Provide sufficient power to circumnavigate the moon in a 7-day race time for on vehicle equipments (e.g. Electronic and Scientific instruments, Navigation and Perception sensors, Communication equipment, and motors for vehicle locomotion).

Evaluation Criteria:

· Weight – Maximum vehicle weight is 5000 pounds on earth. For Power, we have to consider mass for the fuel, a tank for fuel, and an electric generator for other missions.
· Redundancy – Since the vehicle should be autonomous, robustness of the power generation system to continue supplying power despite potential system failure or increased load is the most important factor to accomplish its duty. 
· Flexibility – To maintain operation of various components, the power system is required. Therefore, the power generation must be capable of controlling fuel consumption to sustain changing power demand of all electronics & locomotion need through out the operation and also in response to environment change.   Also handle emergency, where the capability to throttle fuel consumption and redirect power consumption is required.
· Maintainability – The ease with which the power system can be modified to correct faults, to improve performance or other attributes, or to adapt to a changed environment. If the system needs periodic modifications, it will waste time for other tasks and most importantly is that there are not astronauts to perform maintenance.
· System complexity – The complexity of infrastructure of the power system where additional converters or storages for generated power is required.
·  Volume – A large generator impacts design and structure of the vehicle. 
· Scalability – Since the vehicle design requirement can change throughout the design/testing phase, the ability to increase or reduce maximum power capability & duration needs to be considered.  This is also of an interest in reuse of vehicle for subsequent task with different duration and additional equipment that demands different power fluxes and total energy.
· Durability – Components will have to withstand the repeated abuse of the bumpy road, vibrations and shocks from the terrain, fuel impurities, and extreme temperatures.
· Peak output power – A maximum power capacity shall be considered for the worst case (maximum possible loading) operating condition.
Basic Comparison Information:

	Alternative
	Evaluation Criteria

	Nuclear Power: 

[1]
	· Radioisotope Thermoelectric Generators (RTG): used by Galileo/Ulysses

· Power: 285 watts (4410 W initial)

· Weight: 124 pounds (package)

· Size: 42 inches (L*), 4 inches (Radius*) - estimated

· Power Span: half at 87.7 years (PU-238) 138.4 days (PO-210)

	Solar Power: 

[2]
	· Thin-film CIGS (CG) solar cells 

· Power/Weight: 1138 watts/Kg

· Power Density: 189 watts/m2
· Cost: $50/watt

	Battery Power: 

[3]
	· Energy Capacity: 1040 W (60 W/Kg)

· Size: 14.8 inches (L), 4 inches (W), 6.9 inches (H)

· Weight 38.4 lbs (17.4 Kg)

	Fuel Cell: 

[4]
	· Used by space shuttle

· Power: 12 KW (peak), 7 KW (continuous) – DC Power

· Weight: 225 pounds (fuel cell power plant)

· Size: 14 inches (H), 15 inches (W), 40 inches (L)

· Service Cycle: 2000 hours

· Oxygen/Hydrogen tank:

· Weight: 201 lbs (tank) + 781 lbs (O2) / 216 lbs (tank) + 92 lbs (H2)

· Size: 36.8 inches (Diameter) / 45.5 inches (D) 

· Flow (consumption) rate: 4 lbs/h (O2) / 0.6 lbs/hour (H2)


Evaluation Assumptions:

· Magellan Route at a length of 1757 miles (2826 km) given average speed 1 mile/hour

· Power Source (excluding engine for locomotion) should be 1/5 of total weight or less

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

· Electric powered engine is used for locomotion.

· Peak System Power usage of the package is evaluated instead of vehicle peak power usage to avoid premature design decision.

Select Evaluation Methods: 

The Sum of Weights method was used for conducting the evaluation.

Evaluate Alternatives: 

	Factor
	Alternative power source
	Description

	
	Weight
	Solar
	Nuclear
	Fuel cell
	

	Weight
	10%
	1
	6
	1
	Lighter is better

	Robustness/Redundancy
	5%
	5
	10
	0
	MTBF w/wo backup system

	Software Complexity / Flexibility
	10%
	5
	10
	5
	How much control is required

	Maintainability
	10%
	5
	10
	0
	Need to re-supply or change parts

	System Complexity

(Electrical/Mechanical)
	5%
	2
	10
	5
	Need for supporting infrastructure to convert / store generated power

	Volume
	10%
	5
	6
	7
	The smaller, the better

	Scalability
	5%
	10
	5
	5
	Power capability adjustment ease

	Durability
	25%
	6
	8
	6
	Needs to last for race duration

	Peak Output Power
	20%
	1
	2
	10


	Maximum design output power at an instance

	Total
	100%
	41.5
	68.5
	53.0
	


Recommendation:

Nuclear powered source is recommended due to highly reliable (design for space), simplicity, and durability.  Solar requires combination of battery and as a result fell under same weight constraint as fuel cell that requires O2 & H2 tank.  Note: Fuel Cell delivers significantly higher Power when weight and supporting systems’ constraints are ignored.

* The nuclear power recommended is based on natural radioactive decay instead of fusion in large nuclear power generation plant.  The down side is limited power generation but there is no risk of meltdown and the required radiation protection is also reduced significantly.

Note:  not in one of the trade study but heating unit is also an important Space mission factor.

· Radio Heater Unit (RHU):

· Power: 1 watt of heat (initial)

· Size: 1 inch x 1.3 inch

· Fuel Source: plutonium-238 dioxide ceramic pellet

Mobility / Locomotion

Evaluation Criteria: 

	Function/Aid
	Evaluation Criteria

	Traction
	· Speed: how fast
· Complexity: algorithm difficulty
· Movement: stairs / obstacles that robots would need to go over
· Terrain: landscape obstacles / soils impeding robot’s movement
· Obstacles: craters, mountain ranges, rills, and lava plains

· Soft ground: pressure and the sink age of soil
· Repair: replace traction for maintenance
· Resistance: higher internal resistance

	Number of Wheels
	· Stability: for long traverses in rough terrain.
· Mobility: for deciding the path that the locomotive passes.
· Weight: metallic material such as aluminum

	Type of Wheels
	· Climbing degree slope.
· Maximum rigid-step height


Identify Possible Solutions: 

	Function/Aid
	Evaluation Criteria

	Traction
	· Wheels (4/6/etc) / Tracks / Legs

	Number of Wheels
	· 4WD/ The rocker bogie/ Pegasus

	Type of Wheels
	· A wire mesh wheel (LRV)/ Elastic Loop Wheel (ELMS)


Select Applicable Alternatives: 

The following traction devices were selected for evaluation for use in the MDARS project:

· Total path length to travel
· Maximum speed of the vehicle
· Size of obstacles that vehicle must overcome
Select Evaluation Methods: 

The Sum of Weights method was used for conducting the evaluation.

Evaluate Alternatives: 

[image: image3.png]Traction/Locomotion

Factor weight Wheels Leas Tracks Description
Eval weight __|Eval weight __|Eval Weight

Speed 1 T 1 T 1 05 5[ now fast can robot move

Complesty 19 1 19 02 E 1 10]now dificuttto control algorithm

Movement 1 1 19 1 19 08 8lobstacles that robots would need to o over

Terrain 1 s E s E 1 10]the various abstacles and sails

Repair 19 1 19 02 E [ 5|replace traction for maintenance

Resistance 1 07 ki 02 9 ' 10]internal resistance

Total 50| 55| B 28]





[image: image4.png]The number of wheels

Factor weight awp [Rocker-Bogie Systen] PEGASUS Description
Eval weight __|Eval weight __|Eval Weight

Stabilty 1 T 1 1.5 [E 1.5 15]lona traverse in rougn terrain

Mobilty 19 1 19 5 15 5 15]deciding the path that the locomotive passes

Eneray Efficiency 19 08 E ] 19 12 12)wheels are so heavy

Total 30| 28] 20| 22|





[image: image5.png]Wheels

Factor weight Air tire A wire mesh wheel | Elastic loop wheel |Description
Eval weight __|Eval weight __|Eval Weight
Climbing degres siopes 1 o T 1 2 2]
The maximum rigid-step height| 19 0 ] 19 2 20|
20| 20| 20|

Total





Select Preferred Solution: 

Traction:

· Wheels: To travel whole Magellan Routes, 2826 km, Robot has to keep maintaining 16.8 km. Wheels are the most appropriate in terms of speed. Repair is also comfortable. Terrain is not a big problem because the wheels can solve the obstacles problem. 

Number of wheels:

· Pegasus: A 4WD system consumes 1.8 times energy than a PEGASUS system. A PEGASUS system has 1.5 times mobility than a 4WD system, and the same mobility as a rocker-bogie system, but consumes 20% lower than a rocker-bogie system.
Wheels:

· Elastic Loop Wheel (ELMS): On soft soil, the ELMS was capable of climbing 31-degree slopes, and on compacted, high-strength soil, 35-degree slopes. This was in contrast with 18-degree slopes that the LRV was ever able to climb during the Apollo 16 Mission (Mitchell et al., 1972). The maximum rigid-step height that could be negotiated by a remotely controlled, self-propelled ELMS model was 46 cm. This value is as twice as tracks, and as three times as other wheel-based vehicles.

Issues & Discussion:

· What are the lighting conditions along the route?

· What is duration of light / darkness.

· If lighting is poor or intermittent, then stereo cameras in visual spectrum may not be an option, or should be supplemented with lasers (LADAR).

· Poor or no lighting will impact the 'Power' trade study, as Solar Power may not be an option.

· What is angle & intensity of light?

· What is characterization of terrain? (Smooth, rolling, cluttered, etc)

· If there are potholes in terrain, how far apart are they?

· If we use wheels, there will need to be enough to allow going over these gaps, maybe use a 6-wheel design rather than 4, use fat-wheels, or maybe opt for tracks instead.

· What are typical sizes of obstacles (rocks, etc.)? 

· What are maximum slopes encountered during route?

· This affects vehicle configuration (center of gravity, wheel base)

· What is density of terrain over route?  (Will vehicle sink into the dust?)

· Consider fat-tires, or tracks if dust will be an issue.

· Ok, all the above affects the 'Traction/Locomotion' trade studies more than us.  Maybe this research is better suited to them...

· Do we need to worry about moon-dust on the sensors?

· Do sensors need to be self-cleaning?







� � Efficiency defined as the rough relation between effectiveness and performance





ESIS_MCNAVTeam_TradeStudyDoc20050619_Final.doc
1 of 3
Last Updated: 6/20/2005 @ 12:06 AM
ESIS_MCNAVTeam_TradeStudyDoc20050619_Final.doc
10 of 10
Last Updated: 6/20/2005 @ 12:06 AM

_1180706593.xls
Positioning

								NAVIGATION SYSTEM EVALUATION & OVERAL SCORE (OS)																						NAVIGATION SYSTEM DESC

		Priority		Factor		Weight		Inertial Navigation System				OS		Odometry				OS		Loran-C		OS		Loran-C & Odometry		OS		Description		Inertial Navigation System Desc		Odometry Desc		Loran-C  Desc

		10		Weight		2		1.5				3		2		0.04		4		1		2		2		4		Lighter is better 0-10		Gyroscope: .25kg x 4/6 approx. 1.25kg ---- Accelerator: .25kg x 4/6 approx. 1.25kg		Wheel encoder: .09kg x 4/6 approx .5kg		7kg

		9		volume		4		1.8				7.2		4		0.16		16		2		8		4		16		Straight Measurement, smaller is better		Gyroscope: 4.5 x 3.5 x 1.6 in = 25.2 cubic inches. So for 4/g aprox. 100 plus the accelerometers and processing		Diameter: 2.25in (56mm) 
Thickness: 1⁄16in (1.5mm)		7.5"Wx 4.75"Hx 2.7" = 96.18 cubic inches

		6		Cost		8		6				48		8		0.64		64		1		8		8		64		How much money will the alternative require		INS approx. $1000 dls		$20dls per Wheel Encoder (x4 or x6). Approx. $100dls		$1000dls for the Loran-C receiver only therefore it would be approx. more than $1400dls

		5		System Complexity		10		7				70		10				100		3		30		10		100		Less complexity is better 1-5		Medim-low icomlexity with different sensors and more processing involved		Very simple system with only one type of sensor		Requires 2 other transmission systems

		7		Power Requirements		6		1.8				10.8		6		0.36		36		2		12		6		36		How much power we need to put into the system to keep it running		Gyroscope: <3W x 4/6 approx. 14W --- Accelerometer 10mA 5V = .05W x 4/6 approx. .2W		5V x 4/6 approx. 30V 10mA is .3W		15W

		1		Accuracy		20		18				360		10		2		200		20		400		20		400		How accurate does is positioning in identifying localization system		Depends on the sensors (accelerator & gyroscopes) accuracy and time of the race since errors accumulate --> which is why it is recommended to be used with GPS for position or wheel encoders		Encoders suffer from various systematic errors resulting in an increasing error of the obtained robot position. Use of additional sensors (i.e. rate gyroscopes are recommended). Does account for attitude		Depends on noise filters and frequency stability --- approx. 10-12

		4		Processing Requirements		12		9				108		12		1.44		144		7		84		12		144		How much processing power and chips the alternative requires		Requires one integration but for many sensors.		Requires double integration. Ideal for slow speed applications		Requires signal sampling and time delay calculations from the radio signal.

		2		Perception Requirements		17		8				136		12		2.04		204		17		289		17		289		How many perception sensors requirements are derived from the alternative		Inclinometer and an IMU:3 Accelerometers,  3 rate gyroscopes (optical) and integration chips		1 per wheel		Loran-C Receivers for the rovers, and 2 Transmission Stations

		3		Resolution		15		15				225		8		1.2		120		12		180		12		180		How accurate is each solution. Higher is better 1-10		20m after for short-term. INS has high short-term accuracy.		Accuracy drift is about 2% after 100 meters		Loran-C's accuracy depends on the time the signal is propagates before received. Loran-C local accuracy is 1meter and absolute accuracy is 100 meters

		8		Locomotion effects		8		3				24		3		0.24		24		6		48		6		48		Lower is better 1- 10		Accounts for al time the rover touches ground. Does not account for slippage		Accounts for al time the rover touches ground. Do not account for slippage		Accouns for slippage

				TOTALS		102		71.1				992		75				912		71		1061		97		1281





Path Planning

		






_1180724445.xls
Eval

		Factor		Weight		LADAR				Stereo Camera				Stereo FLIR				RADAR				SONAR

				[1-10]		Eval		Weighted		Eval		Weighted		Eval		Weighted		Eval		Weighted		Eval		Weighted

		Cost		3		8		24		8		24		6		18		8		24		8		24

		Power Use		6		8		48		8		48		8		48		5		30		9		54

		Size		4		8		32		8		32		8		32		4		16		9		36

		Weight		5		9		45		9		45		9		45		8		40		8		40

		MTBF		10		?		?		?		?		?		?		?		?		?		?

		Range		7		9		63		6		42		4		28		9		63		7		49

		Resolution		8		7		56		9		72		7		56		2		16		2		16

		Function w/o Air		10		10		100		10		100		10		100		10		100		0		0

		Function w/o Light		8		10		80		2		16		8		64		10		80		10		80

		Function in Direct Light		4		8		32		2		8		2		8		10		40		10		40

		Withstand Vibration		10		?		?		9		90		9		90		?		?		?		?

		Withstand Temps		10		?		?		?		?		?		?		?		?		?		?

		Withstand Radiation		10		?		?		?		?		?		?		?		?		?		?

		TOTAL		95		77		480		71		477		71		489		66		409		63		339

		Manufacturer				Reigl				TI

		Model				FG21				SiS1-s285M

		Resolution				10 cm				1024x768				320x256				1 in				7 cm

		Range				50 m												50 ft				20 m

		Shock								70 G				70 G

		Vibration								5-10 G				5-10 G

		Weight				1.4 kg				800 g				4.3 kg

		Size				L: 185 mm
W: 120 mm
H: 160 mm				100mm x 
80mm x 
65 mm				5"x5"x10"

		Frame Rate				n/a								50 Hz

		Frequency				100 kHz												10 GHz

		Cost								~$7000-18000

		Operational Temp				-C20
+C50				0-40 c





Notes

		

				LADAR Manufacturers						SONAR Manufacturers						FLIR Manufacturers

				- Time of Flight						Polaroid						TI

				Riegl						Siemens						Raytheon

				Schwartz

				- AM - CW

				ERIM

				Perceptron

				Acuity

				Odetics

				- FM - CW

				Digital Signal Corp

				SICK

				IBEO

				Diel

				Kronenberg

				Proxitron

				Stegmann

				FSG

				IVP

				Murrelektronik

				Links

				NASA

				JPL

				LAAS (France)

				CSA (Canada)

				ESA (Europe)

				JSA ? (Japan)






