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1.0 Scope
1.1 Introduction

ALHAT (Autonomous precision Landing and Hazard detection and Avoidance Technology) is an acronym used to identify a lunar descent and landing Guidance, Navigation, and Control (GNC) technology development project.  The ALHAT Project includes the definition, design, development, test, verification, validation and qualification of an integrated GNC lunar descent and landing system to Technology Readiness Level (TRL) 6 capable of supporting lunar crewed, cargo, and robotic missions.  
In project documentation, the term ALHAT System will be used to refer to the integrated GNC system which combines a suite of landing specific sensors, a central computer and flight capable software that will be delivered at a TRL 6.  The term ALHAT Project will be used in the broader sense to refer to the entire project.  The ALHAT Project will define unique requirements for the ALHAT System based on the Exploration Systems Architecture Study (ESAS) report and the Constellation Program Requirements.  These requirements will be for the ALHAT System and not for project activities (e.g., testbed, etc.) or any specific mission system (e.g., Lunar Surface Access Module).  
There are several key technology areas which must be worked in order to bring the ALHAT System to TRL 6.  The remainder of this introduction serves to place these key elements within the overall scope of the ALHAT Project.  
The ALHAT System systems engineering effort will define the requirements, operational concepts, and assumptions for the technology.  At the highest level, this work will include understanding the perceived needs of Project Constellation and other potential host vehicles (such as Robotic Lunar Exploration Program 2).  At lower levels, this work will include identifying the requirements and possible technology elements for non-developmental items (such as fault tolerant avionics).  The systems engineering work will shape the entire ALHAT System.

Work in the areas of guidance and navigation for a lunar landing will require substantial development beyond the standard set by Apollo and even the recent robotic landers on Mars.  However, work in the area of controls need only be performed to validate the ALHAT System concept.  Specifically, controls work can be limited to “outer loop” control logic (e.g., to identify guidance-control interaction problems), rather than to interface with a particular Reaction Control System design.  Details of inner loop control will be modeled as part of the validation and verification task for various vehicles, both planned and representational.

The ALHAT System GNC architecture will be determined through the following process.  A set of GNC architectures will be defined with a range of sensor configurations.  The capability of each defined architecture will be characterized based on simulations and the best available sensor data.  Sensitivity analyses will be performed in order to identify key technology corner points.  Sensor systems will be modeled and simulated based on this initial architecture characterization to ensure consistency with the inputs to the GNC architecture.  This process will be iterated on to define a minimum set of architectures which will be used to determine what sensor systems, with what associated performance metrics, should be developed.  
This GNC architecting process will be paralleled by a sensor (hardware and algorithm) development process.  Initial understanding of potential technologies will be developed through focused contact with industry and through a broad industry Request For Information (RFI).  The intent of the RFI is to gather information about state of the art techniques and technologies which could be used as a part of the ALHAT System.  Specific performance goals will not yet be in hand; a more focused development process will be performed via a following Request For Proposal (RFP).  By the time of the RFP, the GNC architecture work will be sufficiently mature so as to define the space of useful sensor performance, and the information gathered during the RFI will mitigate the risk of attempting to develop an infeasible sensor system.  
The technology developed within the ALHAT Project is intended to be applicable to crewed, cargo and robotic vehicles, landing anywhere on the Moon.  An autonomous flight manager will necessarily play a key role in enabling a robotic mission landing on the far side of the Moon.  Further, such technology will help to make a crewed landing safer and more effective, by allowing the crew to focus on the most critical of decisions.  This role of an autonomous system will require development beyond the state of the practice for fielded space missions, but not beyond applicable terrestrial systems.  Software will be generated that integrates such autonomous concepts into the ALHAT System, bringing it to TRL 6.

A general ALHAT System test plan will be used to define the tests (e.g., simulations, element tests, field tests, testbeds, etc.) necessary to ensure the ALHAT System is validated to TRL 6.  Based on this test plan, every individual test will utilize a specific test plan which defines the test or tests to be performed, including the purpose of the test, test inputs, and expected outputs or results required for validation.  Through such a process, the need for a completely closed loop HardWare In the Loop (HWIL) demonstration will be mitigated; a stepped test structure will allow for more cost efficient demonstration of ALHAT System performance.  After a test is complete, a test report will be generated which includes test results, data analysis and validation reports if the test is successful.  These test plans and test reports will be subject to independent review to ensure the Constellation Program accepts the results.  ALHAT System algorithms will have test and validation plans with test and validation reports when complete.  These will be subject to independent review.  
The ALHAT project, at least initially, will not concern itself with mission aborts and detailed Fault Detection, Isolation, and Recovery (FDIR).  Such modes have operational implications which are outside the scope of technology development to enable autonomous precision landing and hazard detection and avoidance for lunar landing missions.  However, the ALHAT System will need to be delivered at a TRL 6 which includes being space qualified and robust.  All of the ALHAT hardware and software must have the capability to output health and status which will be available for monitoring, but ALHAT will not go to the next step and define all of the decision logic associated with degradation and failures.  As the ALHAT System matures and begins to function within specifications, the ALHAT project will consider the option of expanding into the various detailed aspects of FDIR, degradation, contingencies and aborts, with particular emphasis on the completion of the autonomous flight manager, as described above.

1.2 Identification
This document applies to the ALHAT System being developed as part of the ALHAT Program.

1.3 Document Overview

This Operational Concept Document provides ALHAT System developers, engineers, and program management an overview of how the ALHAT System operates, a description of the mission phases, and typical and off-nominal mission scenarios.  Detailed functional descriptions of ALHAT System operations are provided for each mission phase.
2.0 System Overview

The ALHAT System is an autonomous lunar landing system for crewed, cargo, and robotic lunar descent vehicles.  It will enable global lunar access for exploration of areas on the lunar surface never before visited, without regard to lighting conditions.  The ALHAT System is capable of landing a lunar descent vehicle within required precision accuracies (defined in the Level 0 Requirements) of a pre-descent designated landing location.  This integrated system includes dedicated landing sensors, computational algorithms, and an interface to a landing vehicle command and data handling system that ultimately will be in control of the landing vehicle.

The ALHAT System can be fitted to robotic, cargo or crewed vehicles.  In the case of a crewed vehicle, the ALHAT System exchanges data with the landing vehicle’s cockpit in a manner that allows the crew to supervise the landing sequence and intervene when necessary, such as in the decision to abort the landing or in re-designating the landing point.  This supervisory control role helps the ALHAT System to achieve the low level of risk required for a crewed vehicle.   Onboard human supervisory awareness is directly supported by the ALHAT System design, as is remote supervisory awareness and control.

The ALHAT System provides the following distinguishing features:

· Precision landing within required accuracies of a feature-relative (as opposed to map-based, latitude-longitude) target
· Access to any latitude and longitude
· Landing under any lighting condition
· Autonomy (independence from ground control)
· Suitable for robotic, cargo or crewed missions
The ALHAT System is autonomous in the sense that it can land a vehicle without involvement from ground (Earth-based or lunar-based) control.  It is self-contained and does not assume any pre-existing lunar communications or lunar navigation support infrastructure (e.g. Global Positioning System-like navigation satellites).  Although navigation beacons present on previously landed surface assets or lunar orbiting navigation aids could be used to aid in the landing sequence, they are not required by the ALHAT System.

Since available maps and imagery may not allow the landing site to be remotely certified to be free of all potential hazards to the landing vehicle, the ALHAT System is capable of detecting hazards during the descent, and directing the vehicle to a safe landing point on the lunar surface.  Hazards include boulders, craters and slopes that can compromise the ability of the vehicle to land safely.  The ALHAT System does not measure areas of low surface bearing capacity; identification of areas should be considered part of the site certification process.  The capability of the ALHAT System will determine the limiting size of hazards and angle of slopes that must be tolerated by the landing vehicle.  A functional block diagram describing a single step through ALHAT System logic is shown in Figure 2‑1.
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Figure 2‑1: Functional block diagram of the ALHAT System

A physical block diagram of the ALHAT System is shown in Figure 2‑2, with the host landing vehicle shown for context.  The ALHAT System connects to the vehicle avionics using Constellation standard electrical interfaces and data protocols.  For a crewed vehicle, the ALHAT System provides landing display data and accepts crew inputs from the landing vehicle’s cockpit, which is external to the ALHAT System.  Recall that the ALHAT System is distinct from any eventual flight system; this architecture is for the technology development program.
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Figure 2‑2: Physical block diagram of the ALHAT System

2.1 Assumptions

The vehicle performs the entire landing using variable-thrust rocket propulsion.

The vehicle’s avionics system is in direct control of the vehicle at all times, and takes the ALHAT System guidance commands to control the vehicle’s attitude and thrust level and achieve the desired landing trajectory.

The vehicle is placed into lunar orbit independently of the ALHAT System.

The landing site and desired descent trajectory are determined (e.g., on Earth, by the mission planning team) prior to lunar deorbit initiation.

The initial orbit of the vehicle allows the vehicle to reach the landing site at the desired time within the propulsive capability of the vehicle.

No dedicated lunar navigation or lunar communications support infrastructure is available.  
Lunar maps and imagery of the landing area and trajectory over-flight area are available to the accuracy and resolution expected to be produced by NASA’s Lunar Reconnaissance Orbiter mission.

The crew’s primary interaction with the ALHAT System is through the landing vehicle’s cockpit, at a supervisory level of control.  (Note that the cockpit itself is outside of the scope of the ALHAT System.)

The vehicle has a reasonable level of hazard robustness akin to Apollo (e.g., with respect to tolerable slopes, obstacles).

Direct entry scenarios are not considered.

3.0 Referenced documents
The following documents of the exact issue shown form a part of this plan to the extent specified herein.  In the event of conflict between the documents referenced herein and the contents of this document, ALHAT project management will determine which document is correct.
 (RESERVED)
4.0 Mission Scenario

This section describes a typical lunar landing mission scenario for the ALHAT System.  
4.1 Mission Phase Definitions

ALHAT System mission scenarios are described in terms of the three mission phases defined below.
4.1.1 Lunar Orbit Phase

The ALHAT Lunar Orbit Phase (LOP) begins when the vehicle is in lunar orbit and after the ALHAT System is powered on.  Per the ESAS requirements document, the vehicle dwells in a 100 km circular orbit around the moon during the orbit phase.  The LOP ends when the ALHAT System is cleared to take the first action that causes the vehicle to enter its transfer orbit.  
4.1.2 Transfer Orbit Phase

The Transfer Orbit Phase (TOP) begins when the ALHAT System is cleared to take the first action that causes the vehicle to enter its transfer orbit.  During the TOP, the vehicle is in an orbit with a periapse close to the lunar surface.  The TOP ends when the ALHAT System is cleared to take the first action that causes the vehicle to brake from lunar orbit and approach the surface for landing.  
4.1.3 Powered Descent Phase 

The Powered Descent Phase (PDP) begins when the ALHAT System is cleared to take the first action that causes the vehicle to brake from the transfer orbit and approach the surface.  During the PDP, all of the vehicle’s relative velocity is removed and the vehicle is guided to a point on the lunar surface.  Constraints on the residual horizontal and vertical velocities at touchdown must be met.  During this phase hazard detection is initiated and site redesignation based on identified hazards is available.  The PDP ends when the vehicle is in contact with the lunar surface and all thrusters are shut down.  
4.1.4 Abort Scenarios 

Abort is a contingency phase and does not occur during a nominal landing sequence.  The abort phase can be entered from any of the other phases, either on crew, remote operator command, or as a result of an automated decision.  In crewed scenarios, the ALHAT System will provide the capability for the crew to inhibit and/or override autonomous abort decisions, if desired.  Actions to be executed by the ALHAT System during the abort phase are considered out of scope at this time.

4.2 Landing Operations Scenario

The baseline landing scenario begins in lunar orbit.  The scenario assumes that the landing vehicle has reached the desired lunar orbit using means other than the ALHAT System.  The 100 km circular lunar orbit is selected independently of the ALHAT System, with the implicit operational assumption that the landing site is reachable at the desired landing time, within the propulsive capability of the landing vehicle.  During the entire landing, the vehicle’s avionics system controls every phase of the landing based on guidance inputs from the ALHAT System.

Figure 4‑1 shows the different maneuvers that occur during the landing sequence and how they relate to the three mission phases.  This landing sequence shown in the figure is typical for any lunar landing from orbit, and is not unique to the ALHAT System.
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Figure 4‑1: Lunar landing mission phases and maneuvers

Figure 4‑2 shows the three nominal mission phases and their relationships, and gives a top-level overview of the functions performed by the ALHAT System during each phase.  The functions summarized in this figure are described in more detail below.


[image: image5.emf]Plan Landing

Initialize

Execute 

Deorbit 

Maneuver and 

Coast

Consent for 

Deorbit 

Burn?

Consent to 

Brake?

Nominal?

Monitor, 

Diagnose, 

Replan

No

Abort

START

Navigate with 

respect to 

Terrain

Yes

ALHAT System Mission Phase 2: Transfer Orbit Phase (TOP) ALHAT System Mission Phase 1: Lunar Orbit Phase (LOP)

No

No

Yes

Execute 

Braking and 

Approach 

Maneuvers 

Over 

Landing 

Site?

Nominal?

Monitor, 

Diagnose, 

Replan

No

Abort

Navigate with 

respect to 

Terrain

Yes

ALHAT System Mission Phase 3: Powered Descent Phase (PDP)

No

Yes

Detect 

Hazards

Execute 

Terminal 

Descent 

Maneuvers 

On 

Surface?

Nominal?

Monitor, 

Diagnose, 

Replan

No

Abort

Detect 

Hazards

Yes

No

Yes

Redesignate 

Landing Site

Hazard?

Yes

No

End

Yes


Figure 4‑2 Mission phase functional overview

4.2.1 Functions occurring in all phases

The ALHAT System performs the following functions during all phases of the landing except as specifically indicated.

The ALHAT System takes in the current vehicle state and the desired landing point, and calculates a trajectory that will accomplish landing at the desired point.  It outputs vehicle guidance commands in the form of a continuous stream of desired attitude and thrust levels necessary to achieve lunar landing.  The vehicle is responsible for achieving the desired attitude and thrust through its own control systems.  During the orbit phase, the ALHAT System will not output guidance commands, but may communicate a pre-computed guidance plan for review.
The ALHAT System dynamically plans (and re-plans or predicts, as warranted) a timed sequence of maneuvers that will take the vehicle from its current state to a soft landing at the desired landing aim-point, while taking into consideration multiple constraints such as vehicle capability (e.g., turn rate, thrust, throttle rate, propellant remaining, etc.), landing site configuration (e.g., keep-out zones), current and future abort opportunities, and terrain obstacles potentially in the approach trajectory (e.g., mountains).
The ALHAT System measures and propagates vehicle navigation state knowledge by processing data from onboard sensors, both vehicle-owned and internal to the ALHAT System.  The ALHAT System continuously monitors the actual (measured) vehicle state.  The ALHAT System Autonomous Flight Manager (AFM) diagnoses whether deviations from the current plan are of a large enough magnitude or whether changes in vehicle status are sufficient to warrant any form of re-planning of the landing sequence.
Throughout the landing scenario, a large number of operations must take place in a complicated sequence.  To manage this complexity in an autonomous fashion, the ALHAT System has an AFM that hierarchically plans, executes, monitors and diagnoses the dynamic sequence of activities that comprise a lunar landing.

The ALHAT System has access to the status of the vehicle for any vehicle faults or state changes (e.g., engine failure) that have an impact on landing performance.  If the ALHAT system cannot support landing under any non-recoverable failure condition, it sends an abort recommendation.
The ALHAT System identifies error conditions which warrant vehicle aborts, but will not act upon them (out of scope at this time).  Three types of vehicle aborts possible during vehicle descent and landing will be identified:  abort back to reference orbit, abort-once-around, and abort to the surface.  The ALHAT System will provide data in support of each of these recommended aborts.

The ALHAT System AFM performs fault detection, isolation, and recovery (FDIR) by detecting internal ALHAT System faults, and to the extent possible, identifying and recovering any detected faults on the basis of rules that associate a given set of symptoms to an underlying root cause.  The ALHAT System AFM will contain a decision process for uncorrectable faults, which determines an abort advisory to the vehicle (and thus to crew, or a remote operator), or an ALHAT System decision to continue the descent and landing process with acceptable degradation.  
The ALHAT System broadcasts health and status telemetry to the vehicle.
In cases where human supervisory control of the landing is required, the ALHAT System configures and continually provides data for display that allows a human operator to maintain situational awareness with a minimal cognitive workload.  Combined with an appropriate display, the ALHAT System allows a human operator to exert control at the supervisory level, with most navigation, guidance and outer-loop control tasks performed by the ALHAT System.  Particular human supervisory control interactions are described by mission phase below; however, human initiation of aborts, human inhibiting and overriding of ALHAT System actions, and approval of any FDIR actions are provided for at all times.  Similarly, the ALHAT System can be cleared to proceed with mission phases by the onboard crew or a remote operator.  Otherwise, clearance is given by the AFM.  In all cases where time allows, the AFM waits for operator (crew or remote) input before proceeding.  However, there are times in the mission when the vehicle is in an unstable state and cannot wait indefinitely.  Such cases are further described below.
4.2.2 Lunar Orbit Phase
During the Lunar Orbit Phase, the ALHAT System is turned on and initialized.  The ALHAT System performs built-in test procedures to verify that it is functioning correctly.  The ALHAT System orbital state is initialized using the existing on board inertial state.  It is expected that a high quality update such as orbital tracking by the Deep Space Network would be provided.  The ALHAT System propagates and refines the navigation state throughout the entire landing sequence, using available sensor data.
The ALHAT System AFM is initialized with a mission plan, which includes the pre-selected landing aim point, the orbit revolution during which the landing is desired, the location of any known hazards and their associated keep-out zones.  The AFM also uses terrain map data and imagery as required to perform TRN (the maps may cover only a limited area below the approach trajectory at a high resolution).  The AFM further uses vehicle performance parameters, such as available propellant, maximum throttle rate, and maximum angular acceleration, which allow it to plan the trajectory in a manner that is compatible with the capabilities of the vehicle.  The ALHAT System is also initialized with linear and angular acceleration limits consistent with human acceleration tolerance or cargo acceleration tolerance as required.

The AFM parses all the items in the mission plan and computes a set of landing plan constraints that the planning function will take into account during all phases of the mission.  The AFM then plans the entire landing sequence, a timed sequence of maneuvers that will take the vehicle from its current state to a landing within tolerance of the desired location on the surface.  The mission plan is then compared to the pre-computed mission plan loaded into the system before entering orbit phase.  If a feasible landing plan (i.e. one that meets all the landing constraints) cannot be found or if the plan vastly differs from the pre-computed plan, the AFM logs a fault and sends notification (to the crew and/or remote operator, via the landing vehicle’s avionics and/or communications system, respectively) that a new mission plan is required.  If crew is present, or when contact with a remote operator is available, the ALHAT System accepts any adjustments to the landing constraints as necessary to increase the likelihood of a successful landing plan.  After such constraints have been modified, the AFM re-plans the landing sequence.
After a feasible landing plan is obtained, and if a human operator is present (locally or remotely), the AFM notifies the operator of the landing plan and requests external approval to proceed with the de-orbit maneuver and initiate the landing sequence.  Because the landing vehicle is in a stable orbital state, permission to proceed at this point can include an indefinite wait.  If there is no human operator involved, the ALHAT System simply transitions to the transfer orbit phase once the landing plan is obtained.  The lunar orbit phase lasts until the vehicle readies for initiation of the deorbit maneuver.

4.2.3 Transfer Orbit Phase

Once a feasible mission plan is obtained and the ALHAT System has been authorized to proceed (by vehicle, crew or remote command), the ALHAT System plans the baseline timing and execution of the deorbit burn.  The transition to the Transfer Orbit Phase is defined by the sequence leading up to this burn, including a final state update, final confirmation of the guidance plans, and any mode changes.  The ALHAT System notifies the vehicle of the phase change.  During the TOP, the ALHAT System guides the vehicle through the de-orbit maneuver and subsequent coast.  The purpose of the de-orbit maneuver is to reduce the horizontal velocity of the vehicle and place it in an eccentric transfer orbit with a periapse near the lunar surface, as appropriate for initiating the braking burn.  
In accordance with the mission plan, the ALHAT System guides the de-orbit maneuver by providing the vehicle with a continuous stream of guidance commands that describe the desired attitude and thrust requested of the vehicle at each instant.  Direct control of the vehicle actuators remains under the authority of the vehicle and its control systems.

The AFM monitors the measured navigation state of the vehicle and compares it to the expected state as dictated by the mission plan.  If the difference between the two is within tolerances, the ALHAT System continues to guide the vehicle according to the existing landing plan.  If the difference exceeds tolerances, or if the vehicle status changes (e.g. due to an engine failure), a landing re-plan is triggered, based on the current navigation state of the vehicle, the status of the vehicle systems, the landing plan constraints, and available abort opportunities.  If a new, feasible landing plan is found, the ALHAT System continues to guide the vehicle according to this new landing plan.

If no new feasible landing plan is found, the AFM logs a fault.  If the orbit of the vehicle is sustainable (i.e., altitude at perilune is not less than the radius of the Moon), the AFM accepts constraint changes from the operator that form a new mission plan.  The ALHAT System then re-starts the landing sequence, parses this new mission plan, and produces a new landing plan.  If the vehicle is not in a sustainable orbit, an abort is recommended.  If crew or a remote operator is present, the operator is given the opportunity to override the abort.  If the operator chooses to override the abort, the ALHAT System accepts from the operator any adjustments to the landing constraints as necessary to increase the likelihood of a successful landing plan, and re-plans the landing based on the new constraints.  
During the transfer orbit phase, the AFM determines whether the vehicle is in the operating range of the TRN sensors.  If the TRN sensors are within range, the ALHAT System uses TRN sensor data to provide navigation corrections that augment inertial measurements and improve the overall navigation solution.  The ALHAT System TRN sensors and algorithms sense distinguishing features of the lunar surface and match those features to an on-board map.  These feature-based measurements compensate sources of error such as inertial measurement drifts, gravity field knowledge errors, and map-tie errors.  
During the transfer orbit phase, while the vehicle coasts in the transfer orbit, the vehicle is free to control its attitude as necessary to satisfy other mission constraints such as antenna, solar array or instrument pointing, provided that ALHAT System sensor constraints are met, if applicable (for example if TRN is performed during the de-orbit coast).

Depending on the initial mission plan, the ALHAT System may transition into the powered descent phase as soon as it nears perilune for the first time; or it may remain in the transfer orbit for one or more orbit revolutions (assuming a stable orbit of sufficient perilune altitude, and assuming that the landing site does not rotate out of the orbit plane beyond the propulsive capability of the vehicle) to allow refinement of the vehicle navigation state knowledge with sensor measurements, to allow operations such as system health status checks, or to allow reconnaissance of the landing zone and landing aim point.

When the de-orbit maneuver and transfer coast are complete, the ALHAT System transitions to the powered descent phase.  If a crew is present, the AFM can operate in one of two modes.  Based on crew and mission preference, the AFM can proceed automatically into the powered descent phase, giving the crew a limited time to veto this action.  Alternatively, if the transfer orbit is stable, the AFM can be moded to provide an unlimited wait period for operator consent (as was done in the orbit phase).  In the latter case, if the operator fails to provide a landing clearance and the orbit of the vehicle degrades into a non-sustainable state, an abort is triggered.  For unscrewed systems, the AFM provides consent for the phase transition.

4.2.4 Powered Descent Phase

The ALHAT System AFM transitions to the Powered Descent Phase once consent, as described in 4.2.3, has been given to perform the braking maneuver.  The ALHAT System notifies the vehicle of the phase change for relay to crew and remote operators.  During the braking portion of the powered descent phase, the ALHAT System guides the vehicle to remove the bulk of the vehicle’s remaining horizontal relative velocity.  The precision of the landing is largely achieved during the braking phase through the use of Terrain-Relative Navigation (TRN).

During the PDP, the ALHAT System continues to update and refine the navigation solution by using TRN.  As the braking maneuver proceeds, decreasing altitude and velocity improve the quality of the TRN navigation updates.  The earlier in the maneuver the navigation error compensation starts, the less delta-V is required to correct the errors, and the larger the errors that can be compensated.  During the braking maneuver, the AFM continues to use the ALHAT System sensor data to refine the current navigation state and the expected final landing point and provides guidance with the necessary parameters to achieve the updated landing point.

At a time generated by the descent guidance system, the vehicle begins a pitch over maneuver to bring the vehicle to a vertical position above the desired landing point with near-zero horizontal velocity.  During this pitch over maneuver the vehicle guidance continues to command thrusting to remove horizontal velocity and arrive at a pre-designated altitude above the landing point.  During this pitch over maneuver the AFM continues to use TRN (if possible) to determine the final aim point and updates guidance parameters necessary to achieve the final landing point.  Any redesignation must be within range of the vehicle propulsion system.

During the terminal descent maneuver, the AFM continues to utilize the available sensor data and update the final landing aim point.  If necessary, small corrections to the final landing point will still be made during this final vertical maneuver.

During the powered descent phase and as soon as the surface is within the operating range of the hazard avoidance sensors, the ALHAT System detects landing hazards (boulders, craters, slopes, previously deployed assets) in the vicinity of the landing aim point.  If a hazard interferes with the current landing aim point, the AFM designates a new landing aim point where no hazards are present.  If crew (or other proximate remote operator) is present, the AFM permits the operator to approve the new landing aim point or allows the operator to manually designate the new landing aim point based on information supplied by the AFM.  Once a new landing aim point is selected, the AFM re-plans the landing sequence accordingly, based on the current navigation state of the vehicle, the status of the vehicle, the landing plan constraints, and available abort opportunities.  If a new, feasible landing plan is found, the ALHAT System continues to guide the vehicle according to this new landing plan.

If no feasible landing plan is found, or if the AFM detects a change in the vehicle’s status that compromises its ability to land, a fault is logged and an abort is recommended.  If crew is present, the operator is given the opportunity to override the abort, within a time window determined by the AFM based on the proximity to the surface.  If the operator chooses to override the abort, the AFM accepts from the operator any adjustments to the landing constraints as necessary to increase the likelihood of a successful landing plan, and re-plans the landing based on the new constraints, again within a limited time window based on the proximity to the surface.

The AFM also monitors the current and future threat from the vehicle’s exhaust plume, and re-plans the descent in the event that the exhaust plume threatens the desired landing location.  The thresholds relevant to this planning (distance and angle from exhaust axis to each surface asset) are part of the mission plan loaded into the AFM during the lunar orbit phase.

Once the vehicle has reached a certain altitude threshold above the lunar surface, the AFM commits to the landing and all re-planning is inhibited, unless an abort is triggered.  When the AFM detects that the vehicle has touched down on the surface of the Moon, the ALHAT System notifies the vehicle, exits the powered descent phase, and powers down.

4.3 Human Operator Interaction
A human operator can interact with the AFM at the supervisory control level.  Specifically, supervisory control refers to one or more human operators intermittently programming and continually receiving information from a computer that itself closes an autonomous loop from the artificial sensors and through the actuators to the controlled process of task environment (Sheridan, 2002.  Humans and Automation: System Design and Research Issues).  The human operator can be located on the vehicle itself, or operate the vehicle remotely from another lunar orbital asset or lunar surface asset, or even from Earth-based ground control if communications infrastructure and latencies allow.  The ALHAT System is designed to have the capability to land fully automatically via the AFM but provides human supervisory control to meet applicable human rating requirements.  
The human operator has the authority to inhibit and/or override any safety-critical automated function of the ALHAT System.  The operator provides five different kinds of interactions with the ALHAT System as listed below.

· Mission phase initiation and approval

· Adjustments to the landing planning constraints

· Landing site re-designation

· Abort decisions

· Fault identification and recovery

The ALHAT System provides low level data driven situational awareness information to the human operator in order to support the tasks listed above.  Through this information (in coordination with a crew display screen, outside the scope of the ALHAT System), the operator will be provided with constant awareness in time and space of vehicle navigation state, vehicle status, windows of opportunity for landing, and abort opportunities.

As seen in Figure 2‑2, the ALHAT System does not include the crew interface used to interact with the ALHAT System or other vehicle systems.  This crew interface, including all display hardware and input devices, is considered part of the vehicle or mission infrastructure.  The ALHAT System provides instructions for drawing the relevant landing displays, and accepts operator input, through basic low level data.

5.0 ACRONYM LIST

	ACS
	Attitude Control System

	AFM
	Autonomous Flight Manager

	ALHAT
	Autonomous precision Landing and Hazard detection and Avoidance Technology

	C&DH
	Command and Data Handling

	CIS
	Crew Interface System

	ESAS
	Exploration Systems Architecture Study

	FDIR
	Fault Detection, Isolation and Recovery

	GNC
	Guidance, Navigation and Control

	HSC
	Human Supervisory Control

	HWIL
	HardWare In the Loop

	IMU
	Inertial Measurement Unit

	INS
	Inertial Navigation System

	LIDAR
	Laser Detection and Ranging

	LOP
	Lunar Orbit Phase

	PDP
	Powered Descent Phase

	PWR
	Power

	RFI
	Request For Information

	RFP
	Request For Proposal 

	SOH
	State Of Health

	TOP
	Transfer Orbit Phase

	TRL
	Technology Readiness Level

	TRN
	Terrain-Relative Navigation
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