	CMU 17-614
	Engineering Software Intensive Systems
	Summer 2005

	
	MBARS Project
	

	Team Name: MACNAV
	Operational Concept Document

 for MCNAV001Lunar Robot
	Due: 7/1/05



MCNAV Operational Concept Document (OCD)
Team MCNAV

	Carnegie Mellon University.
	OCD
	Rev: 2.2

	17614 – Engineering Software Intensive Systems

Carnegie Mellon University

Summer ‘05
	

	DUE DATE:
	1 July, 2005

	TITLE:
	DARPA Lunar Grand Challenge 2005 – MBARS 

	AUTHOR(s):
	Team MCNAV
	DATE:
	1 July, 2005

	REVIEWED BY
	
	DATE:
	

	APPROVED BY:
	
	DATE:
	

	
	
	
	

	ABSTRACT:
	This document describes operational capabilities of the proposed MCNAV001 system, a competitor in the DARPA Lunar Grand Challenge 2005, in terms satisfying MBARS requirements outlined by DARPA.
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1. Document Overview
1.1 Purpose
The purpose of this Operational Concept Document (OCD) is to describe how MCNAV001 system will be operated to fulfill the user needs. That is, it is to establish expected system behavior. The functions of the system are included in the operational concept as well as the interactions of the system users. This document will provide clear and brief operational concepts to ensure that the system is being developed correctly. To achieve this goal, the document should be written in natural language and easy to understand.
1.2 Definitions
Table 1 – MBARS Terms and Acronyms

	Acronym
	Translation
	Definition

	DARPA
	
	Defense Advanced Research Projects Agency

	MBARS
	
	Moon Based Autonomous Robot System

	MCNAV
	
	Moon CircumNavigating Autonomous Vehicle

	OCD
	
	Operational Concept Document

	E-Stop
	
	Wireless Emergency Stop Units


1.3 References
Table 2 – References for Operational Concept Document

	ID
	Reference

	1. 
	EuroControl - ATM Operational Concept Document

	2. 
	DalTran - Operational Concept Document

	3. 
	SAFMARS - Operational Concept Description

	4. 
	ASRI - Operational Concept Description


2. System Overview
2.1 System Background and Purpose
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 MCNAV001 Team (ESIS 2005 - 17614) has taken up the challenge to design a robotics lunar system in accordance with the challenge requirements provided by DARPA. 
The lunar environment is extreme. With no atmosphere, the vehicle electronics will be exposed to solar particle events that could literally fry them. Intense ultraviolet radiation will degrade materials. Temperatures on the lunar surface range from minus 170 to plus 110 degrees centigrade depending on whether exposed or shaded from solar radiation.  The challenge is to complete the race route, a total distance of approximately 2826 kilometers (referred to System Assumption) in the least amount of time. The course must be completed in no more than 7 days. The MCNAV001 must be capable of surviving these conditions and be able to adjust to unforeseen hazards on the lunar surface. 
2.2 System Constraints
MCNAV001 is designed for the Lunar Circumnavigation Grand Challenge. The official organization for this challenge, DARPA, has defined the hardware and software requirements and some rules for the race. The main constraints of the system are as follows:
Participating vehicles shall be operated autonomously and be unmanned during the challenge. 
A system shall consist of a single ground vehicle with one or more sub-systems that are physically bound to the vehicle.
The maximum vehicle weight shall be 5000 pounds on earth.

2.3 Challenge Requirements

2.3.1 Autonomous Behavior
Demonstrate autonomous behavior prior to the pre-launch qualification event.
2.3.2 Vehicle Limitations

Vehicle propulsion and steering are principally through traction with the ground.

The vehicle must not damage the environment or infrastructure of the pre-launch qualification event or the lunar circumnavigation route.

Vehicle mass must be no more than 5000 pounds on earth.

No classified devices or data may be used in preparation for or during the race event.

Only individual, independent, untethered ground vehicles are eligible to participate in the challenge. (Tethered subsystems permitted include rigid, telescoping or articulated mast.)

Each vehicle must display their unique assigned vehicle identification number.
2.3.3 Safety Limitations

Vehicle must comply with laser safety standards (OSHA 29 CFR 1926.54)

Vehicle must comply with RF Radiation standards (OSHA 29 CFR 1910.97)

Vehicle must be governed by a DARPA provided Wireless Emergency Stop (E-STOP).  Operation of the E-STOP must be fully functional prior to the pre-launch qualification.

Vehicle must operate warning devices (Visual Alarm) while running or paused.

Vehicle must display vehicle brake lights when dynamic braking is engaged.

Vehicle must have tow points front and rear.
2.3.4 Communication
Vehicle may process electronic position signals from DARPA provided transmitters.

Vehicle must not emit or receive any communication other than those used for vehicle tracking by DARPA.
2.4 System Assumption

Refer to Technical Report and Trade study:
Table 3 – 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. 
	The vehicle will not be able to stop and wait for the 29-day lunar cycle due to the time constraints of the race.  Therefore, nearly half of the race will be in the dark – which implies that solar power is available for only half of the race.

	5. 
	Electric powered motors shall be used for vehicle locomotion.

	6. 
	Software updates are permitted up to 1 min prior to starting the lunar circumnavigation trek.

	7. 
	DARPA will be responsible for delivery of the rover to the lunar surface prior to the race.


2.5 System Components

For Lunar Circumnavigation Grand Challenge, MCNAV001 should perform various functions as well as drive. That is, the vehicle should be able to climb steep slopes and small obstacles, detect and navigate around hazards, and to travel on the regolith on the lunar surface. To perform these required functions, MBARS consists of the following subsystems: (Each component is specified in “MCNAV001-Technical Report.doc.”)
Mobility / Locomotion
Power Generation (including power management)

Environment Sensing

Processing

Navigation

3. User-oriented Operational Description
3.1 Installation 

This section describes the human interaction with the MCNAV001 vehicle, before launching the rocket. The system is installed by MCNAV team. Before the start of Lunar Circumnavigation Grand Challenge, MCNAV team performs the following actions: MCNAV (1) checks switch-on state and communication operation of hardware and software of all subsystems, (2) sets up the latest map and racing path into Navigation subsystem, (3) enters the current temperature into Environment sensing system, (4) inputs the frequency to communicate with E-STOP units, and (5) checks the gauge of power subsystem whether it has enough power to finish the race. All user inputs are activated by prompt command lines with the main monitor and keyboard. DARPA provides a chance to test all the functions of the vehicle, which is pre-launch qualification event. During this event, the team simulates the vehicle and the racing is autonomously recorded and analyzed for the actual racing. 
3.2 Execution
In order to run the vehicle, DARPA inspects all devices and system to check whether the system obeys their rules or not. After the inspection, MCNAV team starts the race by initiating the “Race start” command and switching on all devices. Then, DARPA starts monitoring position of the vehicle via shared frequency. For monitoring, MCNAV001 periodically sends a signal to DARPA. After beginning of the race, MCNAV001 operates autonomously.
3.3 Monitoring

During the race, MCNAV team and DARPA monitor the MCNAV001 vehicle. They use their own monitors and data receivers to get the data that the vehicle is sending. The health and status of subsystems are monitored by warning devices and system variables. Each subsystem has its own unique numerical value to express unusual situations. The MCNAV team records these data for next challenge.
3.4 Repair

After starting the race, MCNAV team cannot repair the MCNAV001 vehicle, because DARPA requires that all vehicles operate autonomously during the race.
4. Operational Needs and Missions
4.1 Mobility / Locomotion
Mobility / Locomotion can be divided into the control part for the actual movement and the direction part for changing course during the travel. The actual movement part shall manage the velocity of the system how fast the vehicle is moving. The direction part shall manage the course that the vehicle is following from the navigation, and change if there is a command from environment sensing.

	ID
	Operational Needs and Mission

	OP-MB-1
	The system is capable of changing the direction during the travel. 

	OP-MB-2
	The system is capable of moving at the maximum speed of 12 mph.

	OP-MB-3
	The system is capable of climbing a slope of 45 degrees at maximum.

	OP-MB-4
	The system is capable of turning at 70% of its maximum speed.

	OP-MB-5
	The system is capable of going over obstacles whose size is less than 1/3 of the system’s height.


4.2 Power Generation
The Power system includes a generation part and a management part. The generation part shall guarantee to generate enough electricity for all sub-systems to perform their operations. In addition, the management part shall distribute the electricity properly. To achieve these goals, the following characteristics are needed:
	ID
	Operational Needs and Mission

	OP-PG-1
	The system is capable of supplying electrical power for all MCNAV001 operation subsystems (i.e., locomotion, environmental sensing, control/computational processing, navigation, communication, and thermal control subsystems).

	OP-PG-2
	The system is capable of providing thermal energy to maintain operational environment for MCNAV001 on board equipments

	OP-PG-3
	The system can perceive the end of fuel and shift to power-saving mode.

	OP-PG-4
	The system is capable of detecting stopped or inactivated sub-systems.


4.3 Environment Sensing
The purpose of the environment sensing subsystem is to detect and perceive mobility and other hazards in the vicinity of the vehicle.  This capability must be possible in all lunar conditions, including poor lighting and extreme operating temperatures.  To achieve this goal, the following characteristics are needed:
	ID
	Operational Needs and Mission

	OP-ES-1
	The system is capable of detecting positive mobility hazards. (e.g. boulders, large rocks, crater walls.)

	OP-ES-2
	The system is capable of detecting negative mobility hazards. (e.g. ledges, ditches, chasms)

	OP-ES-3
	The vehicle is capable of sensing other vehicles within its vicinity.

	OP-ES-4
	The vehicle is capable of sensing cold traps.

	OP-ES-5
	The vehicle must be capable of operating in a degraded mode despite failure of any one of its sensors.


4.4 Processing
Each processor is responsible to control relevant systems. To achieve the goals the following operational capabilities and characteristics are needed:
	ID
	Operational Needs and Mission

	OP-CPU-1
	Manage power distribution system to provide fail-safe operation to continue power supply to critical subsystems to complete missions.

	OP-CPU-2
	All processors need to communicate with each other.


4.5 Navigation

The navigation sub-system has three main goals: one, identify the vehicle position, two, plan the path in order to reach the target location and third, deviate/return from/to the pre-planned path when obstacles are found in its way. To achieve these goals the following operational capabilities are supported by the system:

	ID
	Operational Needs and Mission

	OP-NV-1
	The navigation sub-system is capable of determining the best path from one point to another using the description of the terrain between the points.

	OP-NV-2
	The navigation sub-system is capable of determining the vehicle’s position relative to the Loran-C transmission stations.

	OP-NV-3
	The navigation sub-system is capable of calculating deviations to the pre-planned path when the sensing subsystem identifies obstacles in its way. 

	OP-NV-4
	The navigation sub-system is capable of considering the deviations incurred when the terrain induces movements different to those intended when avoiding obstacles.

(the wheel encoders of the Odometry positioning system are able to estimate the vehicle movement trajectory)

	OP-NV-5
	The navigation sub-system is capable of sending specific speed requirements to the Locomotion sub-system in order to increase the performance of the navigation. (an optimal navigation performance is an essential requirement for the race).

	OP-NV-6
	The navigation sub-system is capable of circumnavigate obstacles until its able to reach again a point within the pre-planned path.

	OP-NV-7
	The navigation subs-system is capable of tracking the path previously followed at all times.


5. Operational Scenarios
5.1 Mobility / Locomotion

	
	Going Over Obstacle Scenario

	Overview
	This operation scenario describes how the mobility system goes over an obstacle of which size is less than 1/3 of the height of the system.

	Sequence
	1. The system faces an obstacle whose size is less than 1/3 of the height of the system.
2. The front wheel climbs the obstacle by the power generated by actuation system. 

3. The fifth wheel pushes the rear wheel backward which generate forward force. 

4. By the generated forward force, the rear wheel can also climb over the obstacle.

	Impact
	The system is able to go over an obstacle whose size is less than 1/3 of the system’s height at 1/3 of its maximum speed.

	System environment
	· The size of the obstacle that the system can climb over needs to be less than 1/3 of the system’s height.

· The degree of a slope that the system can go over needs to be less than 45.

	Existing facilities
	PEGAUS suspension system

	Other issues
	If the system faces an obstacle that it cannot go over, the system should be able to decide that it cannot be able to climb it over and to find another path. 


	
	Change the direction Scenario

	Overview
	This operational scenario describes how actuators can be used to change the direction. 

	Sequence
	1. Steering-wheel actuator gets the commands from the navigation or the environment sensing by angle and torque measurement, and receives the feedback of the road-wheels to map this feedback to the steering-wheel.

2. Steering actuator performs a simple control-loop by driving the electro-motors to reach the desired angle of the road wheels. 

3. Steering actuator also controls the current angle and torque by reading their angle and torque sensors. 

4. The feedback-angle and feedback-torque is communicated to the rest of the system. 

	Impact
	· Based on the command from the environment sensing through the obstacle detection, the system is able to change the direction. 

· Based on the command from the navigation, the system is able to follow the preordained course.  

	System environment
	· The command from the steering has to be delivered without any problem. 

· Two actuators, the steering wheel actuator and the steering actuator have to be available.

	Existing facilities
	· Intel x86 Arch

· LM629 microcontroller chips

· I2C bus

	Other issues
	N/A


5.2 Power Generation
	
	Thermal Control via temperature process controller Scenario

	Overview
	This operational scenario describes how the MCNAV001 thermal system maintains operating thermal environment.

	Sequence
	1. Input target temperature to F4 temperature process controller.
2. Controller controls thermal transmission system to transfer heat to the environment or remove heat via cold plate mounted under the vehicle (to avoid direct exposure to sun light).

	Impact
	The temperature process controller receives input on thermometer and maintains a constant target temperature by generating output control signals to direct the thermal system to either dissipate heat via cold plate or increase heat by directing thermal energy output from the RTG into the system.

	System environment
	The thermal system is designed to operate inside the enclosure of the MCNAV001, maintaining internal temperature at a constant.  A second unit may be mounted to provide temperature control to the locomotion engine to maintain a different operating temperature if needed.  

	Existing facilities
	· Series F4 ¼ DIN Temperature process controller

· k technology thermal management product
 (k-CoreTM, etc)

	Other issues
	Equipments mounted externally is not supported by the thermal control system.  A Radiothermal Heater System (RHS) can be used to provide 1 watt of heat to maintain minimum operating temperature.


	
	Lack of power condition Scenario

	Overview
	This operational scenario describes how the MCNAV001 power management system operates under equipment failure (power source or loading).

	Sequence
	1. Detection of abnormal power sink (equipment drawing high amp) or loss of power supply (RTG or battery failed).

2. Disconnect failed system from the power supply system (switch off unit).

3. Power management system evaluates that the vehicle does not have enough power (i.e., lower peak output from generation system due to loss of RTG or battery unit).

4. Power management system shifts to power-saving mode by reducing operation frequency or disabling non-essential function or equipment based on predetermined profile.

	Impact
	Insignificant function and/or trivial devices are turned off, and communication among sub-systems is slacked.

	System environment
	When the vehicle has less than one and half times the power to move the remaining distance. (considering driving only)

	Existing facilities
	MPC7447A PowerPC processor and a gauge

	Other issues
	· Prioritize the importance of devices
· Preserve the state of other devices (or sub-systems)


5.3 Environment Sensing
	
	Obstacle Detection via LIDAR Scenario

	Overview
	This operational scenario describes how the LIDAR sensors can be used to detect mobility hazards within the vicinity of the vehicle.

	Sequence
	1. Initialize the environment sensing subsystem
2. Initialize the LIDAR sensors
3. Align the LIDAR sensors

4. Read the time-of-flight sensor data for a scanning plane ahead of the vehicle.

5. Process the sensor data to compute the presence of objects or elevations which are hazardous to the vehicle.

6. Register the hazards within the navigation subsystem’s local world model database.

7. The navigation subsystem modifies the vehicle’s course to avoid the detected obstacles.

	Impact
	The system is able to detect obstacles and other mobility hazards without regard to the lighting conditions or temperatures on the lunar surface.

	System environment
	The lunar surface, in either light or darkness, in any lunar temperature.

	Existing facilities
	The onboard LIDAR sensors.

	Other issues
	· Ability of FLIR sensors to operate in lunar temperature extremes requires onboard temperature control

· The LIDAR sensors will require calibration after delivery to the lunar surface.


	
	Obstacle Detection via stereo FLIR Scenario

	Overview
	This operational scenario describes how the FLIR sensors can be used to detect mobility hazards within the vicinity of the vehicle.

	Sequence
	1. Initialize the environment sensing subsystem

2. Initialize the FLIR sensors
3. Align the FLIR stereo sensors

4. Read the imagery from both FLIR sensors.

5. Correlate, and then triangulate the data in the both images to compute height and distances of obstacles from the vehicle.

6. Register the hazards within the navigation subsystem’s local world model database.

7. The navigation subsystem modifies the vehicle’s course to avoid the detected obstacles.

	Impact
	· The system is able to detect (and avoid) mobility hazards, even in complete darkness.

· The system is able to detect (and avoid) the presence of other lunar rovers by their heat signatures.

· The system is able to detect (and avoid) cold traps on the lunar surface.

	System environment
	The lunar surface, in either light or darkness, in any lunar temperature.

	Existing facilities
	The onboard stereo FLIR sensors.

	Other issues
	· Ability of FLIR sensors to operate in lunar temperature extremes requires onboard temperature control

· Ability of FLIR sensors to obtain useful sensor readings in lunar temperature extremes.

· The FLIR cameras require calibration after delivery to the moon.


5.4 Processing

	
	Cooperation among processors Scenario

	Overview
	This operational scenario describes complementary cooperation among processors.

	Sequence
	1. All processors are active.
2. One of the processors is disabled by external or internal impacts.
3. One of other active processors replaces the disabled processor.

	Impact
	· Insignificant functions that the disabled processor takes charge of are not performed.
· System throughput is degraded

	System environment
	At least two processors are available to perform their own functions.

	Existing facilities
	· MPC7447A PowerPC processor (Power)
· Dual Xeon based Single-Board Computer (Navigation)

· Compact PCI Intel® Pentium® M 745 (Sensing)

· Compact PCI Intel® Pentium® x86 (Mobility)

	Other issues
	All three processors have secondary functions.


5.5 Navigation
	
	Avoid obstacles and follow the pre-planned path Scenario

	Overview
	This operational scenario describes how the system utilizes its navigation, sensing and locomotion capabilities in order to follow a pre-planned path to achieve the best performance and to reach the target location.

	Sequence
	1. The system loads the pre-planned path

2. It calculates the location of the vehicle and estimate the direction (s) and movement (s) required to reach the closer point to the pre-planned path

3. The system estimates the terrain conditions and selects the best alternative (direction + speed) available under the constraints imposed by the terrain.

4. It identifies differences between the intended traction activities and the actual movements of the vehicle in order to re-plan the actions to be taken next.

5. The system tries to stick to the pre-planned path as long as no obstacle is identified on its way.

6. If an obstacle is identified, the system circumnavigates the obstacle until it reaches the pre-planned path again.

7. The system uses its memory capability to avoid navigating a section of the path that has been already navigated and so that loops are avoided.

8. However, if the same section of the pre-planned path is reached twice during the circumnavigation of the obstacle, the system will continue the circumnavigation by reusing the section of the pre-planned path. This will prevent the vehicle to get trapped under particular circumstances.

	Impact
	N/A

	System Environment
	N/A

	Existing facilities
	N/A

	Other issues
	N/A


	
	Loran-C Positioning System Operational Scenario

	Overview
	This operational scenario described how the Loran-C determines the position of the vehicle with respect to the transmission stations.

	Sequence
	1. First the Master transmits a burst (9 pulses), after a certain time (the emission delay) the first slave gives a burst, then the second etc. Then the master transmits again, followed by the slaves. 

2. The receiver either measures the time difference (TD) between the arrival of the master pulses and those of the secondary, or the time of arrival (TOA) of all stations separately. 

3. A receiver that calculates its position from measured TOAs, solves for the offset between its internal clock and LORAN-C system time. 

	Impact
	· The transmission stations must transmit its signal once every 99400 ms with a group of eight pulses at the 100 kHz carrier frequency. Each pulse is about 250 ms long.

· The limit of the ground wave reception range of the LORAN signal to about 1500 miles which is within the 1757 miles of the race.

· Signal gain maximum value is 120 dB

	System environment
	· The antenna to the FS700 has to be connected with a shielded cable up to 1000 feet long with 50 or 75 ohm impedance.
· Three notch filters can tune from 40 to 90kHz while the other three tune from 110 to 220 kHz.

	Existing facilities
	DARPA provides the necessary Loran-C transmission stations required.

	Other issues
	· The system will be calibrated and programmed before launch but the navigation system will have calibration program to re-calibrate the system as part of the fault-tolerance characteristics.
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