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1. Document Overview

1.1 Purpose

The objectives of a system and software architecture document are to formally document the architecture including:

· An overview of the system and software architectural drivers

· An overview of the system and software’s architecture

· Relevant views of the system and software’s architecture

· How the system and software architecture will support the achievement of the architectural drivers

· Ancillary information about the system and software architecture

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 Circum-Navigating Autonomous Vehicle

	OCD
	
	Operational Concept Document

	E-Stop
	
	Wireless Emergency Stop Units

	RTG
	
	Radioisotope Thermocouple Generator


1.3 References

Table 2 – References for Operational Concept Document

	ID
	Reference

	1. 
	System Architecture Template, http://www.donald-firesmith.com/index.html


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 MCNAV 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 MCNAV must be capable of surviving these conditions and be able to adjust to unforeseen hazards on the lunar surface.

2.2 Architectural Drivers
2.2.1 Functional Requirements
· The vehicle shall demonstrate fully autonomous behavior at all times during the pre-launch qualifying event and the lunar circumnavigation event.

· The vehicle propulsion and steering shall be through contact with the ground.

· No classified data or devices shall be used in preparation or during the lunar circumnavigation.

· The vehicle shall be equipped with a wireless ESTOP unit supplied by DARPA.

· The vehicle shall not emit or receive any communication other than those used for vehicle tracking by DARPA.

· The system shall be capable of completing a Magellan path to circumnavigate the moon in less than 7 earth days.
2.2.2 Quality Attributes
Quality Attribute scenarios are used to specify quality requires for the MCNAV001 system.  The utility tree is presented as a graph with 3 levels as follows  

· Quality Attribute, 

· Attribute Concern, 

· Scenario 

· Evaluation - shows the importance as defined by the client and difficulty of implementation per the team evaluation, both on a scale of High, Medium and Low
Table 3 – Quality Attribute Tree
	Quality

Attribute
	Attribute

Refinement
	Scenario
	Evaluation

	Performance
	Power Output
	Power generation system shall be capable of providing an output of 780 watts at the peak load of mobility, sensing, navigation and communication.
	(H,M)

	
	Ability to launch to moon
	The size of the vehicle, packed for transport, shall be small enough to be accommodated by a rocket payload bay.
	(H,M)

	
	
	The weight of the vehicle shall not exceed 5000 pounds on earth.
	(H,M)

	Modifiability
	Size
	The size of the vehicle, packed for tarnspor, shall be small enough to be accomodated by a rocket payload bay.
	(M, L)

	
	Complexity
	Power generation system requiring supporting equipment increases failure points and weight.  It is also harder to modify
	(M, M)

	Availability
	HW Failover
	Failover to a backup RTG unit failure shall occur in under 10 ms. (e.g. max speed, reduced sensor scan rate)
	(L, H)


	
	
	Power cut-off to a failed H/W sub-component shall occur in under 10 ms to prevent system overload.
	(M, H)

	
	Duration
	Vehicle must carry sufficient fuel to last for the duration of the race
	(H, H)

	Reliability
	Accuracy of the mobility system
	The navigation subsystem relies in the mobility subsystem. If the mobility system is not accurate enough, the racer won't be able to follow the calculated path. In fact, in the worst scenario, the vehicle may end up navigating trough dangerous terrains if the mobility system is not reliable
	(H, M)

	
	Accuracy of the sensing system
	The navigation subsystem relies in the sensing subsystem. If the sensing capabilities of the system are not highly accurate, the racer won't be able to follow a calculated path. In fact, in the worst scenario, the vehicle may end up navigating trough dangerous terrains if the sensing system is not reliable
	(H, H)

	
	Accuracy of operation
	The power management system monitors the amount of fuel and estimate the distance covered by the remaining fuel. Since the system can change the power mode based on this result, which can affect all other subsystems, the operation shall be accurate. This system allows estimation errors of less than 10 percent.
	(H, H)

	
	Accuracy of sensing
	Environment sensing shall detect positive obstacles which are less than 20 meters away and in the vehicle path 100% of the time under all lunar operating conditions.
	(H,M)


3. System and Software Architecture

3.1 System Composition
The MCNAV001 system consists of two major components; the facilities to generate a route prior to vehicle launch, and the lunar rover itself.  Each of these consists of several subsystems, which have dependencies illustrated as follows:
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Figure 3‑1 MCNAV001 Subsystem Dependencies
Table 4 Element Catalog for MCNAV001 Subsystem Dependencies Diagram
	
	Subsystem
	Description

	Offline 

Pre-Processing
	Lunar Model
	A mathematical representation of the lunar environment that the lunar rover will traverse comprised of elevation and hazard data gathered prior to launch

	
	Pre-launch Route Generation
	Facilities to compute the optimal route, based on the prior data in the lunar model

	On-Board 

Lunar Rover
	Power System
	· The self-contained onboard electrical power generator for the vehicle during operation

· Distribute the generated power into all the subsystems 

	
	Mobility System
	· The wheels and electric motors capable of moving the vehicle from one location to another

· Also provides a dynamic braking system

	
	Navigation System
	The onboard analysis of vehicle trajectory during vehicle operation, and the ability to make decisions to alter the vehicle trajectories to either avoid obstacles, or maintain the optimal pre-computed route

	
	Environmental Sensing System
	The ability to sense the local environment near the vehicle, including the detection of obstacles and other hazards


3.2 Hardware Components

A representation of the MCNAV system hardware is as follows:
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Figure 3‑2 MCNAV001 Hardware Design
3.3 Software Components

The system is composed with four main subsystems including environmental sensing manager, mobility controller, navigation manager, and power distribution manager. They communicate with each other via a 1 Gbps Ethernet, and communicate with corresponding devices via CAN bus. This communication method needs to be considered when designing connectors, so this consideration is reflected into the following software block diagram.
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Figure 3‑3 Software Block Diagram
3.4 Subsystem Description
3.4.1 Power System
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Figure 3‑4 Power System
Table 5 Element Catalog for Power Subsystem Diagram
	Component
	Description

	Distribution Controller
	Distribution controller collects power usage feedback from each sub system.  The feedback data is profiled and used for failure detection. This module interfaces the power distribution circuit to cut off power supply to sub-system on detection of short-circuit failure or E-Stop command. This module also collects data from RTG monitoring sensor.  Upon detection of a RTG failure, a command signal is generated to each subsystem to activate default power saving operational mode.

	Ambient Controller
	Ambient controller monitors the vehicle internal environment temperature and sets the target temperature for thermal controller.

	Emergency

Manager
	Emergency Manager relays the wireless E-Stop system control signal to the Distribution Controller Module for appropriate power delivery control.


3.4.2 Mobility System
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Figure 3-5 Mobility System

Table 6 Element Catalog for Mobility System
	Component
	Description

	Power Constraints 

Manager
	The Power Constraints Manager distributes power among components and 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

	Direction Controller
	The Direction Controller determines the direction based on the path information from the Navigation Manager. The determination of the direction is calculated from the path information. With the calculated information, the Direction Controller controls the actuators for each wheel through the Wheel Motor Interface.

	Velocity

Controller
	The Velocity Controller determines the velocity based on the path information from the Navigation Manager. The velocity information is passed to the Direction Controller, as well as the Brake Interface so as to control the velocity of the vehicle.

	PathInfo

Converter
	The PathInfo Converter converts the raw information passed by the Navigation system so that the Direction Controller and Velocity Controller can use the information.


3.4.3 Environment Sensing System
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Figure 3‑6 Environment Sensing System

Table 7 Element Catalog for Environment Sensing System
	Component
	Description

	Scanning LADAR Sensor Driver
	The Scanning LADAR Sensor Driver controls the LADAR sensors so that the Object Detector component can use the information from the sensors

	FLIR
Sensor Driver
	The FLIR Sensor Driver controls the FLIR sensors so that the Object Detector component can use the information from sensors. 

	Object Detector
	The Object Detector detects the obstacles around the moving locomotive using the information from the Scanning LADAR Sensor Driver and the FLIR Sensor Driver. The information about the obstacles is passed into the Navigation system.

	Power Constraints Manager
	The Power Constraints Manager distributes power among components and 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


3.4.4 Navigation System
The following diagram shows the component and connector view for the Navigation subsystem.
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Figure 3‑7 Navigation System
Table 8 Element Catalog for Environment Sensing System
	Component
	Description

	Power Constraints Manager
	The Power Constraints Manager distributes power among components and ensures enough power is provided to necessary components for McNAV001 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

	PathFactory
	The Path Factory computes the optimal path for the vehicle to reach the next waypoint in the pre-computed route. It evaluates each possible arc is in terms of least cost to the goal. 

	Navigation Controller
	Navigation Controller receives a path from the Path Factory, and translates this to speed and curvature commands to send to the Mobility Controller. 

	Object Avoider
	The obstacle avoider receives environment sensing data to detect obstacles and uses an algorithm to avoid the vehicle from moving into unknown terrain and therefore will recommend good steering commands to the selection module, and vetoes dangerous commands.

	Lunar World Model
	The Lunar World Model holds the operating environment representation data, and is constantly updated with sensed data captured during the race and is used for avoidance of previously undetected obstacles and real-time path planning.

	Emergency Manager
	Emergency Manager relays the wireless E-Stop system control signal to the Distribution Controller Module for appropriate power delivery control.


3.5 System Modes

The MCNAV001 system will support the following modes:
Table 9 System Modes

	Mode
	Description

	OFF
	The initial state of the lunar rover is OFF.  While in this state the dynamic braking system is engaged, the computer systems are off, and RTG is not providing power.  The lunar rover is in a transportable state only while OFF. The lunar rover will automatically begin shutdown to OFF upon receiving a DISABLE command from the ESTOP device.

	INIT
	This lunar rover will automatically transition to INIT after activating the thermocouple power generator.  After RTG is activated, the rover will apply power to the processing subsystem.  On power-up, the processing subsystem will begin the built-in self-test of all onboard computing systems, sensors and actuators.  Following successful system initialization, the system will automatically transition to the PAUSED state.  If initialization fails, the system will automatically transition to the ERROR state.

	IDLE
	The lunar rover will automatically transition to IDLE after successful system initialization.  While in the IDLE state, RTG is supplying power to the system, the dynamic braking system is engaged, and the system is awaiting a signal to begin executing its pre-computed route.  
The system will remain in the IDLE state for as long as the lunar rover does not receive a RUN command from the DARPA provided ESTOP device.
While in the IDLE state, an external computer system may be attached to the lunar rover’s onboard computer network for the purposes of upload a lunar model and navigation route to the onboard navigation computer, or for performing system diagnostics.

	ACTIVE
	The lunar rover will transition to ACTIVE after receiving a RUN signal from the DARPA provided ESTOP device.  After receiving the ESTOP signal, the lunar rover will wait 5 minutes before resuming the lunar circumnavigation route. The lunar rover will automatically transition to IDLE upon receiving a PAUSE command from the ESTOP device. Upon successful completion of the pre-computer lunar circumnavigation route, the lunar rover will automatically transition to IDLE.

	ERROR
	The lunar rover will automatically transition to an ERROR state if the built-in self-test fails or a system failure is detected during system operation.  From this state, the system must be turned off to reset.

While in the ERROR state the vehicle will stop with the dynamic braking system engaged.  From this state, an external computer system may be attached to the lunar rover's onboard computer network for the purposes of system diagnostics while on earth.  From this state, the system must be turned off and re-started to reset.  Error mode will be disabled prior to delivery to DARPA for launch.


3.6 Sequence Diagrams

The sequence diagrams show the interaction of the subsystems of the McNAV001 system. The sequence of system transitions is illustrated as follows

3.6.1 Turn On
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Figure 3‑8 Turn On Sequences
3.6.2 Turn Off
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Figure 3‑9 Turn Off Sequences
3.6.3 ESTOP RUN
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Figure 3‑10 ESTOP Run Sequences
3.6.4 ESTOP PAUSE
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Figure 3‑11 ESTOP PAUSE Sequences
3.6.5 ESTOP DISABLE
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Figure 3‑12 ESTOP DISABLE Sequences

- 1 -

_1183599113.vsd
Environmental
Sensing
Manager


Mobility
Controller


Power Distribution
Manager


Navigation
Manager


RS422


IEEE1394


LADAR
Interace


FLIR
Interface


RTG
Interface


Wheel Motor
Interface


Brake
Interface


ESTOP
Interface


OnBoard


Wheel Encoder


LORAN-C


Legend


Subsystem Component


VME Bus


CAN Bus


Device Interface


System Boundary



_1183602493.vsd
Velocity
Controller


Power
Constraints 
Manager


Mobility Controller


Direction
Controller


PathInfo
Converter


Legend


Subsystem Component


Ethernet Communication


Ethernet Communication


Binding


Can Bus Communication



_1183604946.vsd
Emergency
Manager


Power Constraints
Manager


Navigation 
Controller


Legend


Subsystem Component


Ethernet Communication


Ethernet Communication


Binding


Can Bus Communication


Obstacle
Avoider


Path Factory


Lunar World Model



_1183599732.vsd
Cluster


Thermo Couple Generator


Environment Sensor Processing


Navigation Computer


OnBoard Computer System VME Chassis


Mobility Control Computer


Power Management Computer


1 Gbps Ethernet


CAN


Scanning LADAR
sensors


RS422/232


1394


Legend


Subsystem Component


IEEE 1394


RS485


Wheel Motors


CAN


Stereo FLIR sensors


Dynamic Wheel Brakes


CAN


ESTOP Device


CAN


CAN


BUS


VME Bus


External Diagnostic Port


Wheel Encoder Sensors


LORAN-C


CAN


CAN


CAN Bus



_1183600511.vsd
ESTOP Device
Interface


Distribution
Controller


Navigation
Manager


Environmental
Sensing
System


Mobility
System


change generation mode into RUN


change mode into RUN


change mode into RUN


change mode into RUN


sensing
obstacles


get obstacle
information


return
infomation


generate path


push the path information


control brake and actuator



_1182804213.vsd
Emergency
Manager


Distribution
Controller


Legend


Subsystem Component


Process Communication


Ethernet Communication


Binding


Can Bus Communication


Ambient
Controller



_1182979176.vsd
Distribution Controller


Thermo Couple
Interface


Mobility
Controller


Environmental
Sensing
System


Navigation
Manager


finalize processing 


finalize


end of finalization


finalize processing 


finalize


end of finalization


finalize processing 


finalize


end of finalization


finalize processing 


finalize


end of finalization


stop power generation



_1182980414.vsd
ESTOP Device
Interface


Distribution
Controller


Navigation
Manager


Environmental
Sensing
System


Mobility
System


change into PAUSE


change mode into PAUSE


change mode into PAUSE


change mode into PAUSE


sensing
obstacles


push PAUSE path info


stop actuator and brake control



_1182980641.vsd
Distribution Controller


Thermo Couple
Interface


Mobility
Controller


Environmental
Sensing
System


Navigation
Manager


finalize processing 


finalize


end of finalization


finalize processing 


finalize


end of finalization


finalize processing 


finalize


end of finalization


finalize processing 


end of finalization


finalize


stop power generation


ESTOP
Device Interface


change mode
into DISABLE



_1182978726.vsd
Distribution Controller


Thermo Couple
Interface


Mobility
Controller


Environmental
Sensing
System


Navigation
Manager


start 
generate power


[if init is success]
turn on


init


[If init is fail]
stop
generate power


init


[If init is fail]
stop
generate power


init


[If init is fail]
stop
generate power


init


[If init is fail]
stop
generate power


[if init is success]
turn on


[if init is success]
turn on



_1182552294.vsd
Cluster


Data


Mobility
System


Navigation
System


Environmental
Sensing
System


Power 
System


Legend


Subsystem Component


Dependency


Subsystem Components On-Board Lunar Rover


Offline Pre-Processing


Pre-launch Route Generation


Lunar Model



