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Abstract

Facilitatinglow levelhuman supervisory control of missioranagenent is highly
challenging becaus# concerngegardingsystem stability and performance. Previous
implementations of missiomanagerbased oilC. S Dr aper Lab-®omaihor yoéos Al I
Execution and Planning Technology (ADERIFg based on an architecttinat can be verified
to act deterministically with scriptdtimaninteraction opportunities. This thesis descsithe
Human Interactive Mission Manager (HIMM),general softare architecture to facilitate
human supervisory control level of interactiondthen ADEPT The HIMM provides operator
insight andmission designenteraction mechanismsThese featurgzrovide interaction ira
controlled buasynchronous wags a baseline service of the HIMM systenThedesign
separatetheinformation used byhe operatorfrom the data used lfie missionmanageso that
the addition of asynchronotisiman interaction will ncadverselyaffectnormalexecution. To
explore the interaction mechanisms and exercise the system, the software was applied to a space
domain application.This prototype system facilitates asynchronous input sidmamaroperator
to the mission manager.
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Chapter 1

1. Introduction

1.1 Overview

As complex software systems move into all aspects of human life and work, the
interfaces betveen man and machine gain more importar@emputation is superior to the
human brain in rule based tasks, while humans are able to perform knowledge based tasks that
computers cannotAs decisioamaking computer systems have become more reliable, pa@ple
accepting themas decision aidsHowever, these systems cannot yet perform the full functional
spectrunof operatiorand are reliant on human operators as an integral part of the control loop.
To granta complex system the flexibility @daptto ousidehumaninput in a manner that still
ensuresystem stahty is a serious design challengéhe Human Interactive Mission Manager
is a system designed to make asynchronous interaction with autonomous vehicle systems

seamless to a humaperator

1.2 Motivation

The purpose dhe research presented in tthissisis toinfluence and control autonomy
for vehicles insuch a way thatetterleverage both human and coputationalstrengths
Complex systems have besuccessfullydeployed to plan and executgssions in uncertain
environmentssuch systems have focuséeir desigronreacting taunforeseen changes and

eventsn a closed systenvherehumaninteraction is sparseNo suctDraper Laboratory
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planningsystem has been designed where facilitatungdmn interaction waa fundamental
requirement Therefore, the Human Interactive Mission Manager ingdadgmple way for a
engineetto bothenable and constrain the interaction to ensure system stability. Such a system
adds a new layer afesign freedm andresponsibilityfor algorithm and mission designeatske.
Theywill now have the freedom to explore opportunities for interaction to increase system
robustnessas well aghe responsibility téacklethe challenges that may require human and

compuer cooperation to achieve.

System stability is a major concern for software used to control autonomous systems
environmental domains including space, underwater, terrestriaearad applications
Autonomoussystens arefocused on controlling veHies where the assets are expensive and
instability could lead to missidiilure, vehicleloss or, in the case of a manned vehiagen
injury or death. Allowing for human interaction adds another variable to the system that could
introduceafailure mode Since the adoptioand financingf such systems is contingent on
minimizing errorssuchsystemsre often designed witimited interaction Asthesesystems
have matured, computational resources have increased and the problems autonomougasystems a
charged tdackle have become more complébhe advance of computational technology has

made nteraction become more feasible antl be necessary for success in future applications.

Extensibility is a basic requirement of tH?MM design since thegoal of human
interactionwill be achieved aan addition to the baseline functionality of the mission manager.
The systenwill be easilyapplicableto different kinds of missions, vehisleand domains
without changing the underlying engine of the drivsoftware.Such a generalized framework
is powerful since it allows mission and algorithm designers to incorporate interaction into

applicationsandbetterleverageavailable humamnesources The baseline interaction model can
18



grow and become more rolas it is tested in different applications asdthese dagners
become more comfortabénd confident using this technologi narrowdesignsolution tothe
interactionproblemwould not hold much promise in creatingeghnology that supports
exploring the incorporation ofiuman inteaction as a fundamental componehavehicle

mission

The humandecision makingprocess is nawell understood and seems to be influenced
by intangible variables that are not quantifiabfdthough computation can raamost
instantaneously to its environment by analysis of multiple sensor inputs, computation does not
handle nomuantitative decision makirgs naturally An examplef these nomuantifiable
variables is the process of identificationaof interestin@rea to exploreAutonomous software
must make use of the information available and its own decision rnwodelkechoices but
could utilize human input to provide input in cases wheréést choices not clearly defined
In these areas, humans amdter equipped to decide the cee@and should be given input into

automation decisions

1.3 Goal

The goal of the Human Interactive Mission Manager (HIMM) research is to augment an
existing mission manager design to include human interaction as a basefioe skthe
system. The ADomain Executiorand Planning Technology (ADEP#chnologydesigned at
the Charles StarRraper LaboratoryDraper Laboratory) describéise functionality of a
hierarchical mission manager that can control an autonomous systereact to changes in its
environment and planTheHIMM projectdoes not an toreinvent the control theory and

structure for a mission manager batherto adopt the ADEPT technology and leverage a

19



suitable existing implementation of ADERGr extersion TheHIMM implementation must be

domain independerdnd mushave a modul ar and object oriente
baseline services must be independent of its operational domain so that there is separation

between the code&hich isspecifc to the vehicle and mission, and the ctus actuatethe

mission. Facilitating human interaction in a modular and extensible way as a fundamental service

of the mission manager is the primary gothe HIMM project These goals must be achieved

without significantly adding to the computational complexity of the baseline system in a way that

would adversely affect system performance.

1.4 Structure of Thesis

e Chapter 1 motivates the thesis, describes project goals and explains the structure of the

thesis.

e Chapter 2 focuses on the background and previous work relating to autonomy and the
different levels to which humans can be involved in an autonomous system. A discussion
of the ADEPT technology followslescribing the theory of the control structure fog t
autonomas system as well aghere human interaction fits into the ADEPT technology

description

o Chapter Jresentsherequirements andesign of thedIMM . These requirements
motivate arin-depthexplorationof the previous software implementatiodiSAEPT
that led to thelesign chosen as the baseimission manager implementation for this
thesis work. Followingthere is a highevel description of the HIMM system design
includingdata flow descriptionsandinformation onhow data is maintainedd updated.

This chapter then delves into a low level discussion of the Kernel and External

20



Coordinator implementation. Lastlyere is an explanation bbw this system adds a
new lkyer of design to thalgorithm and missionreation tasks in ord¢o take advantage

of the new capabilities the system can provide.

Chapter 4 describes the implementation and organization of the general system as well as
the application of the framework to a specific examfleere is a characterization of the
HIMM systemés interaction mechanisms in orderetglore the costs of adding a layer of
interaction to an ADEPT implementation. This chapter also illusthetesparameter

changes can affethe plan depending on how the algorithm and mission are designed

and implenented

Chapter 5 concludes the thesis and describes areas of future work to expand the

capabilities of the HIMM.
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Chapter 2

2. Background

2.1 Software in Autonomous Vehicles

Softwareds tasking i n sSomdtasksasnple sudnbso n g
automating data analysis that would otherwise be done by a hiBoame tasks are
computationally complexut are not decision orienteslich as keeping an airpkaat a constant
altitude. The research presented in tthissis iSocused orhigh level mission planning for an
autonomous vehicleThese systemare tasked witlitomplex missions made up of smaller tasks

whose progresis analyzed to evaluathe status ohigher level goals.

Autonomous vehicles must be able to deal whthuncertaintpf the real world As
unexpected constraints arise and environmental changes occur, the systesitagjastor
makes an abort decisioThe system makes a decision to abosgtem resources are
insufficientor conditionsare notsafe enough fathe vehicle to completigs task. Just ahumans
use their senses to sense their environmedtudge their progress, these vehicles use multiple
sensor inputs to provide information about the world around thenecisionon how best to
proceed based dhe information available isot alwaysclearly defined by a simple equation or
a set of rulesIn a completely autonomous system, there is no human input and the computer
must make a decision based on the logggpammednto the systemIn some casest would

be beneficial to the systems operation towalfor some open ended decision makingome

22
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from a human.This thesis aims texplainhow such software can incorporate human input and

how this affects the process of algorithmic and missiorgdesithin the system.

Algorithms designed for autonomous systems are generally self contained black box
utilities that can be used by mission planners for a particular calcul&ieat of inputs are
provided and the algorithm provides soraetput. Many times there are a variety of parameters
used by the algorithm that could take on a range of values bpitesset prior to system
operation. This is an example where a human could adjust system operation to produce valid but
slightly different operation of a systentHow much control and the mechanisms with which the
human is given to influence the direction the software paifaliento a number of categories
There are cases when eawbchanisnis uniquely appropriatasis explained irthe next

section

2.2 Levels of Autonomy

Thomas Sheridan of MIT studied the spectrum of control mibdegsxistto balance
control betweemumanandmaching1]. Figurel illustrates the range of roles that the human
and computeran take onn a systemComputer systems can operate completely manually
which grans the human control of all the activities the system performs. On the opposite end of
the spectrum, systems can run completely autonomously where the system perfofrits all
actions without any human input. Between these extremes, there are multiple types of human
interaction with autonomy that demonstrate a varying degree of human control leveraged over
the actions of the autonomous softwarée HIMM focuses on enably a supervisory level of

control which can manifest as human management by consent, timeout and exception. Each
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version of supervisory control places a different amofinesponsibility on the humasperator

[1].

Human Operator Human Operator Human Operator Human Operator Human Operator

RN
Di D Display

Manual Control Suneryisorv Control Fullv Automatic

Figure 1 Levels of Autonomy[1]. Computer autonomy increases from left to right. The HIMM
is aimed at facilitating a supervisory controlééof autonomy highlighted by tHmx above. At
this levé, major control loops are closed by tt@mputer.

There are system operations whiobst be monitored closebut may still rely on
computer autonomy for succesSn example of such an operation is whether or not to abort a
mission. To provide the appropriate control to the huroperatoy the system prompts the
operatorfor consent prior to performing its taskhis is referred to as amagement bgonsent,
and itgrants decision making authority to the humaut leverages the abilities of the computer
to perform intricate task3his levelof autonomy is cloggo manual control of the system since

the computer can take no action without human input

There are occasions when action is more important than human control and human
indecision is more dangerous than computer autonomy. Theasions arise when time
becomes a limiting factorOperations where time can affect the success or failure of a mission
warrant a different kind of humaoversight orthe system. In this form of interaction, an

opportunity for human input exists in theem of a time window. The operator maintains

24



executive control of actions taken by the machine and only forfeits them when action is not taken
within that window Management by timeout gives the decision of how to proceed to the
softwareonly if the hunan fails to act in theredetermined time period. The balance of control
shiftsto the autonomyhenthe authority to act on its own without first asking for permission to

dosois given to the computer

Levels of control where th&oftwarehas priorityover decision making are autonomous,
but there is still a place for a human operator beyond mainteteskse Some systems look for
humaninput in exceptional cases whtre correct course of action cannot be clearly determined
based on numbers or equais. For instance, a nuclepower plant that runs into problems may
give a human operator the opportunity to shut down the system if remedial activities are not
ameliorating the situation. Management by exception is a level of autonomy where the system
completes its tasks without human inguitit alsohas the option to defer control to a human
operator if it deems it necessary. The human may also have the ability to abort an ogeration
any time for safety reasonslot all instances clearly fit inta single control category and a
hybrid distribution of control between human and compunay beemployed to achieve a

particular control structur].

TheHIMM facilitates all the described types of interaction and letslti@ithmand
mission desigers decide what kind of control to leverage for a particular parameter of the
system. Some systems may simply run autonomausle the human only monitorfer safety
purposes. The HIMM idesigned fosystens that will need human interaction at diféert levels
of control for different types of decisiarend allovs for input parameter adjustments by the
operator The ability to leverage multiple types of interaction allows appropriate control to be

distributed in each case.
25



2.3 ADEPT Architecture

The All-Domain Execution and Planning Technology (ADEPT) architecture was
developed at Draper Laboratory for autonomyutonomy is defined for the purpose of this
architecture to be the ability to plan and execute in a rapidly changing environment. In order to
achieve any task in such an environment, the system must be designed to recognize when
changedo a planmust be made and adapt dynamically in real tiliéssions are designed by a
human, and are subsequently executed by adapting to the conditionshntvidoperating3].

The ADEPT technol ogy is stroneglrgntDacdlsAcc i at ed w
(OODA) loop [4]. This loop describes planning and decisi@king nodes that are made up of

modules that perform situation assessment, pdaemgtion, plan implementation and

coordination. The ADEPT architecture incorporates these elements into its design but extends

this idea into a hierarchical organization of such nodée basic building blocka planning and

decisionmaking node)n the ADEPTframework is the ADEP&utonomous systefs].

2.3.1 Functional Decomposition

An autonomous gstemmust have the capability to sense its environpreason based
on the information it gathgrandthen take action to achieve its goals. The ADEPTreldyy
attempts to encapsulate this process fuittttionalityreferred to bythe followingmodules
(parts of the functional blockMonitoring, Diagnosis, Plan Generation, Plan Selection, Plan
Execution and Controgndinternal and External Coordinatiofrigure2 displays the functional
decomposition of an ADEPdautonomousystem ino its modulesinternal Coordination
facilitatesinformation flow between the different modules of a specific systédnte External

Coordination réers totheinformation flow with entities outside of the systene.(other
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systems).The set of modules taken as a whole isiasicfunctionalbuilding block out of

which ADEPT complex autonomous systembuilt.

= Supervision from Higher Levels Coordination = Current Plan

- GLECHvEs - Problems & Opportunities
- consfraintz N External = Status of:
= Information from Cooperative Agentd - - infernal and external siafe
- plans - progress foward objectives
grbj_gﬁ::?:;in'whg Strategies, Internal gr;_blsi.:n;Sn'whg Sirategies,
Constraints YECives,
Congziraints
FProblem-Solving Siategies,
Objectives,
Constraints
; - Problems Plan Plane Flan
Diagnosis —tm :
9 Proartunlist Caneration Selection
EVISoNs
from Selectad
Expectation l Flan
intione. Pran
Monitaring No Abnormal Deviations: || Execution
Continue with Current Flan 1 and Control
Sﬂ'tlﬁ(fon Ran
Assegsment Implenentation
E System |3
intemal & Externa ; to be . Commands,
Sfate Signals '? Chjechives &
H Controlled g Conziraints

Figure 2 Functional Decomposition of a building block for anAutonomous Systeni3]

When observing an autonomous system, its behaeidorming its missioncanbe
captured by a single functional building blaakdescribed irFigure2. However, each smait
subtaskof the larger missionanalso be encapsulated by mdividualfunctional building
block. A single building block that encapsulates all the necessary actions to complete a complex
mission would be intractabte create Ingead,the problemis broken down into smaller parts
which can each be handled ¢hfferent functional block These functionablocks working
together tdorm the missionwill be referred to asaivity objectsfor this thesis Eachactivity
objectencapulates the reasoning necessary to accomipdisask by itselfor the knowledgeo
break down its problem into smaller tag8s The mission designers are responsible for

breaking down a high level task into stasks and specifying what and how eaclivity object
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will attempt to achieve its objectiv8.he algorithm designernather importanpersonn
activity object implementatigrconcentrates otreating software modules that actually do the

processing to perform the task of the activity object

2.3.2 ADEPT Activity Object

The basic architecture of an ADERGtivityo b j ect , al so known as
is shown inFigure3. This figure shows decomposition of an activity object into four of the
functional modules mentioned previously, namely: monitoring, diagnosing, planning and
execution. The relationship between these modules is described below. The individual activity
objects do not completely encompass the remaining two functional modulesall@ed
External Coordination. Those responsibilities lie withinkBmelwhich maintains the structure
between activity objects and actuates the four boxes of an activity object.

After an ativity objectis given its taskit can thercreate glan to accomplish its work
Figuring out a path of travelr creatingsub-activity dbjectsto achieve higher level tasks are
examples of the pes of planning completed by activity object Executiorthenperforms the
planby sending commands to the systenactuate.Monitoring thentakes the data froitine
S y st e méand deeidesifttre systesprogressing towards the activith ¢ e godldHas
expectedand looks for new opportunitiedf the current plan is not sufficietd achieve its goals
on ime, thediagnosiscomponentetermines the limiting factors. This infoation is then

forwarded to the lanner, which uses the data to create a new[Blan
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Kernel

A

e Actuates each box of an activity object
e Maintains connection between activity objec
e External and Internal Coordination

A 4

Activity
Always
Monitoring

Monitor ing
Progressing toward
goal aexpected?

Planning
Based on data, how
can we complete

this task
) Provides i
Triggers for Info for Provides
Diagnosis planning Plan
A 4 h 4
Diagnosis Execution

What is the cause of
the deviation from
expectatiofl

Follow the Plan

Figure 3 Four Box Activity and Kernel Responsibility Distribution .

2.3.3 Hierarchical and Temporal Decomposition

The ADEPT technology breakiowncomplexproblems into smallesub-problemso
solve the larger problemThe task accomplished bw activity objectis accomplishedolelyby
the actons of one specifiectivity objectif the task is simple enouglOn the other hand, if the
task is complex, it will béroken dowrinto smallerpartsthat are assigned sub-activity
objects High level activity objects perform their taslty sending ommands and monitoring
progress, and by spawning children activity objects that will perform theaub of the task.
Lower levelactivity objecs performtheirtasks by sending commands and monitoring progress

locally. The parengctivity objectwill then monitor the status of the children and perform higher
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level decision making for the conceptually higher taSigure4 shows an examplef a

decomposition to perforrtine everyday task of doing laundry.

Hierarchy of Do Laundry
Activities

Activity
Objects

Separate a Dry
Light and lothe Clothes
Dark Clothes

i

Wash Wash Fold Place in
Dark Light Clothes Correct
Clothes Clothes Drawer

Figure 4 Task Hierarchy 1 Activity Object Breakdown. An illustration of a
problemdecomposition ofthe example high levéhskof doing bundy broken
downinto smallersubproblemsthat makeup the highetevel ativity object

Activity objectsare combined into hierarchy, wheréhe top most activity lgjectshave
the greatest temporal scofpanning horizon)but the leassolutiondetail. Contrarily, he
lowest levelactivity dbjectshave the smallest temporal scdpkanning horizon)but the greatest
solutiondetails. The higher levelctivity dbjectsare responsible for monitoring the progress of
their children in the context of their higher level objectivEgyure5 graphically depictshese
relationships between lewsh the activity hierarchy or treavith solution detail and planning
horizon. Lower levehctivity dbjectsare generally concerned with more conctagksthat
translate into commands to the system. Its high level crparts focus on organizing and

planning complex tasks made up of smaller parts
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Solution Planning
Detail Horizon

Lowest Longest
A A

v v
Highest Shortest
Figure 5 Characteristics of Solutions at Different Levels of the Hierarchy

The activity hierarchys atemporal orgamationof the activity objects of the mission
At each level of the tree, activity objects are ordered chronologically based on when the activity
will be executed (becorsactive). The activity objects that are actsemdcommands to the
vehicle andnontor progresgo see if they have completed their task. The activity objects in the
left most branch of the hierarchy are active and when an activity object completes its execution,

it is removed from the tree therelmaking a new set of activity objectstae [3].

2.3.4 Previous ADEPT Implementations

The ADEPT architecture enables higvel reasoning and adaptive behavior whgh
used to control autonomous vehicldg technology can alsupport human interaction during
execution. Thisarchitecture has baepplied successfully to vehicles in the air, undersea and
space domains. The basic framework of the technology has been in development since the mid
19806s, f oc usplannmg to supporimaptonony]i ADEPT has been utilized by a
NASA proglam for satellite operatiorié], by a DARPA program fomission planning and
execution of multiplaircraft onmulti-day campaigns [7,]8by the Office for Naval Research

(ONR) for ship missiorbased ISRT (Intelligence, Surveillance, Reconnaissance,ageting)
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missiong9] and morg3]. The focus of such projects has beenfunctional mission execution
andto verify stability and safety of theoftware. Activity objectsin these systems musact to
changes i n t he suhihattheseftivaresystenykeaptbervehiela dut of
danger. Current applications of the Drapaboratorymission management technology have not
requiredincorporating the humainto asynchronous, reéime decision making.The HIMM
projectbuilds upon prevous work to explore the problem of creating a huimderactive

mission manager that provides the mechanfeman operatoto dynamically participate in real
time mission planning. The findinggll then be used to support a different sehafsions

where a human operator and automasoftwarecan cooperate.

2.4 ADEPT Adaptation for Human Interaction

ExternalCoordination wihin the ADEPT framework is specified in broad tering, does
mention input from &ooperative agentTrhe HIMM systemleverageshe human operator
(cooperative agengs a surce of external inpus part othe responsibility oéxternal
coordination Externalcoordinationalso covershe communication betwe&DEPT activity
objectsin thehierarchy. This type of intractivity communication has been accomplished in
previous inplementations by having thetavity objectsbe able tsendinformationup the
hierarchyto its parent. The HIMM is focused on allowing for human input amactivity
objecb parameters taffect the mision ando utilize the knowledge and understanding of the
human operator. le ADEPT technology descriptia@oesnot discussvhat mechanisms should
be employed to enabieteraction or what form it should takaeutit doesmentionthatoutside
inputis apart ofthe responsibilities afoordinationn the ADEPT design The HIMM extends

outside input toncludehuman inpuf3].
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Chapter 3

3. Design of System

3.1  Approach

In order to design and implement the Human Interactive Mission Manager (HIMM), a
structured approactvas usedo ensure a successful system. The first step waetéomine
exactly what the HIMMprojectmustaccomplis by specifying system requirements. This &t
requirementguided the direction of the research and readthe find systemdesign With the
requirements completed,design was created thle HIMM systenstructureand interaction
with the DrapelLaboratory s ADEPT mi ssi on manager technol og
design problem before deeply exploring existingEX system implementations allowienl
the problemto be solvedvithout the past overlgiasingthe solution These two foundational
steps ledo an exploration oéxisting technologies to find an ADEPT implementation that could
be leveraged to create thdMM system. Using the metrics defined by the requirementgtend
HIMM high level architecture, an ADEPT implementation was cho$ée work on the final
design and implementation of the HIMMoceeded, and was subsequently evaluated against the

requirements
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3.2 System Requirements

The Human | nt er act(HMM) dédigrsisnoticatedandauidedyyear 6 s
set of hgh level goaland requirementsThe baseline goal ifo implemen amission manager
that allowsfor asynchronouluman interactin in a structured waynclusive of the three types
of human interaction management methodlke ADEPTbasedbctivity objectin the HIMM
systemhandleshuman interactiothrough the registering glarameters for interaction as a form
of external coordin@on. These parameters must be wrapped in metadata which limits if and
when human interaction is enablaad specifiesiumerical constraints of parameter changes.
Registration is supporteas a baseline servicetofh e H Ikévitdl&rasnework. Previous
implementations did ndtave interaction mechanisrdaring mission executioas afundamental
requiremendf thar baselineexecution The additiorof metadata wrapped registered paranseter
for interactionas abaseline service must not interfere with sleevices previously available in

ADEPT implementations.

Thekernelmust still adhere to the ADEPT architectural structure which breaks down a
mission into a hierarghof activity dojectswith four boxesand include all the functionality
expected from an ABPT-based systemThese ADEPT functionalities require that tkernelof
the system will provide a mechanism foragtivity objectto plan its execution, execute its plan,
monitor its execution and diagnose issteg ariseduring execution o& plan. Supporing on
the-fly mission replanning wherequestedreplanning occurring during mission executibsg)
an ativity objectis still the responsibility of thkernelas well. The ability to replan anctivity
objectdue tooutsideinput, lack of progrestoward mission goalsr arrival ofnew information
creates the capability to adapt to evolving mission objectives and sequAnoeshanism must

exist to failitate communication between activitpjects. These g the fundamental
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functionalities proided bypreviousADEPT implementation allow a mission to control a
vehicle and adapt to unknown factorstgenvironment.Building the HIMM off of previous
implementations fothe ADEPT technologyallowedthefocus of the research to bee

interacton problem

In order to facilitate interaction, a user interfdo#) must be able to easily access the
information to be adjusted and the constraints associated with thailth&taecision of what
datais availableand how that data can be changed ®oerator/UImust bedecided byhuman
factors engineersvith the help ofissionand algorithndesignes. The stability of the system
is moreimportantthangiving the operator unrestricted access to data. Mission designers have an
area of knowledge bheeenmissionand interactiordesign which gives thenthe insight to
distinguishvaluableinteraction fromsystem destabilizingccess Interaction must be
constrained so that changes are achieved within safeepl@undariesConstraintdo changes
must beavailable tahe Ul so that theperatorcan be given all the information needed to

efficiently provide input to the system.

In a realtime application of an ADEPT implementation, #eFnelof the system
typically actuates eacbf the four boxesf an ADEPT ativity objectat a frequency of one hertz
This frequency depends on the domain of execution but will be used as a baseline for this
project. The extra processirfgr the interaction mechanisms of the HIMM system must still
ensureltat thekernelcan actuate thectivity hierarchywith limited overhead. The HIMM
system musperform akernelActuation loop in less than one second and shiealde at least 99
percent of thatime periodfor the activity djects to perform their monitoring, esuting and

diagnosing. The goal of the HIMM system is to provide a layer on top of an ADEPT
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implementation, but this goal cannot interfere with the timely functioning of the system toward

accomplishing its missionTablel summarizes the major requirements of the HIMM system.

Table 1 HIMM Requirements Simmary.

Type Requirement

System Interaction Mechanisms must be a baseline service of the HIMM.

Interaction Mechanisms must exist to constrain interactmallow a mission designer
to ensure safetyThis includes wen interaction can occur and what the
limits are on parameter changes.

Kernel Thekernelmust alhere to ADEPT architectural structure (activity hierarc
of four box activity objects)
Kernel Thekernelmust povide mechanisms for activity objects to plan, execute
monitor and diagnose.
Kernel Thekernelmust sipport onthe-fly mission replanning.
Kernel Thekernelmust fcilitate communication between activity objects.
Interface The HIMM must support direct access by a Ul to faciliateesso

registered parameters data, constraints and interaction specification.

Resources | TheHIMM system must perforrakernelactuation loop in less than a
second.

Resources | Kernel interaction rachanisnprocessingnust not exceed 1 percent of a o
secondkernelactuaton loop leaving 99 percent aictuation loop time for
activity object processing.

3.3 Evaluation of Previous ADEPT Implementations

The Human Interactive Mission&nager (HIMM) builds ofbf the ideas from previous
implementations of the ADEPT technology at Draper Laboratory. The Maritime Reconnaissance
Demonstratiof{MRD) implementatiorprovided the basis for thdaritime OpenAutonomy
Architecture MOAA) implementationcurrentlyunder deelopment The Framework for

Autonomy is another ADEPT implementation explored as a possible basis for the HINBV.
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MOAA program focused on creating a modular, extensible and usable implementation of
ADEPT for the mission programmer based on the ledsansed from MRD anthe Framework
for Autonomy While neither othese systemgrovidesa flexible environment for a mission
programner to incorporatéhe highbandwidth asynchronous human interaction, they each

proved to have particular design featuiest could serve as a baseline to the HIMM

3.3.1 MRD Implementation

MRD is an implementation of the ADEPT technology developgaetrdorm mission
planning control of an unmanned underwatehicle It includes all the functionality expected
from an ADPET implenentation. Design work was focused on algoritk specific to the
domain ofunderwater vehicke Figure6 displays how the MRD Autonomous Controller system
is designed The Mission Manager is called the Mission Planner (MP)igidystem. The
Vehicle Subsystem Controller (VSSC) is responsible for all communicattbortive vehicle and
its sensors byeceiving datand sending commands. Shareehmory is usedo communicate
data between the MP and VSSSituational Awarenesmantainsrepresentations of the

vehiclegs surroundings fause bytheactivity abjects

Autonomous Controller

Situational Awareness Mission Planner
4 (Framework /
Local Map | GlobalMap ADEPT Hierarchy

Shared Memory

P

Vehicle Subsystem Controller

\

\

& I/O Ethernet

Figure 6 MRD Autonomous Controller System
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The MRDsystemwas designed specifically to control an underwaterckehiln such an
environmentcommunication outsidéhe vehicles limited to occasions when the vehigen
the watero6s surface. Therefore, the system e
at predetermined times in the mission. Intecacin this system was synchronous with the plan
(scripted) andthe types of interaction were extremely limited. Human interaction was not
viewed as a source obustrained input but rather sgecial case input to be built on top of the
system. Theypes of inputwerelimited to a small number of commands and each comradd
a different implementation at the system levather tharhaving an interaction desigispart of
a baseline service provided by the MRD framewdviRD was not required to suppalirect
human manipulatioof algorithm parametershe HIMM design is focused on supporting such

manipulation.

The architecture of the MRD system is focusegvidingactivity objectsas much
flexibility and acces$o the frameworlas possible. A madarimplementatiorwascreatel
using thedCoprogramming languageThis language does not have the feature set which
facilitates object oriented implementations, and therejereerallymakesany implementatioof
a systemmore difficult to extend.The MRD framework that manages the ADEPT hierarchy is
tied to its operational environment since tlaekbone of the system (kerh@ itself made upof
activity dbjects The backbonprovides services to manage the hierarchy to actuate executio
and monitong of each etivity objectas well as support diagnosis and replanning when needed.
Tight integration of framework and mission/vehicle code in the system makes the existing
implementation noan ideal baseline to extetmvard new functional capabilitigs the

framework design in a structured manfig)]. However, a higher level view of the MRD design
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does incorporate the functionality necessary for the HIMM, and, therefore, MRD was used as a

basis for the ADEPT implementation used as a baseline fétlMB system

3.3.2 Framework for Autonomy

Theit FAmeworkf o r A u tiscarDmameyLaboratory project with an academic focus
to explore the possibilities of creating a general ADEPT infrastruetiihevhich an
autonomous system could be built. The fosas not on human interactiorather it was a
differentperspectiveon the ADEPT technologyThe framework was implemented in both
Smalltalk and in the C programming language. There was an emphasis on an object oriented
design, but neither of these implentations was easily extensible to the goals of the HIMM
research. This translationis difficult becausesomeof the services leveraged by thgstem are
unique to lhe Smalltalk runtimenvironment Both the Smalltalk and the C versions of the
Framewok for Autonomy were evaluated as possible baselines for the HIViM design of
the ADEPT hierarchy andctivity dbjectscontained some interesting departures from the MRD

style ADEPT implementation

Theactivity objectconcept exig in the frameworkbut as athree boxactivity object
planner, monitor and diagnosekdditionally, activity objectsin this system were not a
packaged entity with a fixed monitor, planning and diagnosis algoritheafdr instance of a
particularactivity object During panning,a version of a planner, monitor and diagmase
chosen by thactivity object andonly thentheyareassociatedvith thatactivity object This
freedom in algorithm selectiacould be usefylfor exampleto allow anactivity objectto choose
a less accurate but faster path planning algorithm if the systedso avoid an obstacle. There

are many other interesting scenarios where this ability could be leveraged. Commands in the
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systemtakethe form ofthe leaves of thecaivity hierarchy ad areexecuted by the backbone
framework. Therefore t h e hleaéactaity djbcys generatthe planin the form of
commandshat the framework then execatelhere is no execution box in astivity object
sincethe plan consists of ttommandeaves hanging ahé bottom of the activityirarchy.
This is a large departure frotime MRD designbecaus the ativity hierarchycontainsnon

activity dbjects and the ativity objectis missing one of thbaseline functions (execute).

Coordinationin this framework has a much broader meaning. The backbone of the
systemis expected to facilitate communicationtlveen the boxefplanner, monitor, and
diagnosepf theactivity objectandbetweeractivity objects Coordinationalso includes
input/outpu functionalities. Thdé-rameworkfor Autonomyis a prototype that wasever applied
to adeployedsystem, andherefore the desigand implementations atessmature. Although
many of ideas in this design are interesting, the focus dflfkié&1 researchs not to further
explore new ADEPT designs but to adcenaiction as a baseline service. Sitinie framework
wasexperimental and time was limited, thé&seery little documentation of the lowével
implementation which naethe system difficult to mderstand at the code le\mit the ideas in

the Framework for Autonomy were considered when the HIMM was desjghed

3.3.3 MOAA Implementation

TheMOAA systemwas designed usinge MRD systemas a basidut focused on
creating a general, moduldesign wiie leavingopen the ability to build new functionality into
the baseline mission manager. CodetheC++ programming languag® OAA utilizes afully
object oriented designThe framework of the system is domain independent with vehicle and

mission co@ separated from thernelof the system. All the functionality expectedan
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ADEPT implementation are presemtplanningand replanning capability, boxactivity dbjects
andactivity dbjectsthatarestored in a hieraretal temporatree It is anattractive option for

theHIMM systembecause of its welllocumented, modular and easyat@gmendesign.

The kernel classes are separate from code specific to its operational envirohheent
kernel class operates the tree, but isot itself an extesion of the Ativity base class or any
part of the tree itselfFigure7 shows the modules tie MOAA system. Code relating to the
mission is separate frothe servicesspecificto the vehiclethose specifito thedomain and
those which argrovided by theM OAA kernel Thekernelprovides the base class for all
activity dbjectscreated as part of the mission. Téisures that eaclotavity objectin the
mission has the same services available fronkeéineel The ADEPT herarchy of mission
activity dbjectsis controlled by thé&ernel The modularity of the system makes it easy to see

what the underlyig kernelprovides to the system and how to add a new baseline service.

Domain Mission
Vehicle Specific Activity Utilities
Messages Subclasses
Kernel
Platform Services ADEPT Services
Data Distribution Controller Planner Activity
System Base Class

Figure 7 M OAA System.There are three major modules to MOAA mission
manager which are separate. The Kernel and Domasses provide services
used by ativity objectimplementatias in the Mission Module. THeernel
owns and controls theetivity tree.

3.3.4 Implementation Selection

The HIMM is built on theMOAA technology because of its modular, easy to follow

structure andts programming language choic&he C++ language is object oriented st
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highly applicable to deployable systems. T™@AA design is easily extendible ftdre new

services necessary to enable human interaction into a mission manager. The MRD structure was

too integrated toise as the basis for artensible mission managemnd the~rameworkfor

Autonomydo s d e s i gibuted ad opent belconges difficult to comprehend and control.
MOAAOGs design borrows from the positive aspec!
modularity making a good baseline system on which to build the HINIM: HIMM system

was built on a scaledown version of th&#OAA design programmed in the Java programming

language. Although Java is not considered a real time language duentcomsrollable

background processes and virtual machine, the language was chosen due to superior tools, easy
protayping tools and sinfarity to C++ syntax. Future implementations of the HIMM design

could then be translated into a more accepteédtireal language.

42



3.4 Human Interactive Mission Manager Design

3.4.1 High Level Architectural

Design

The HIMM system is diMed into five majomodules Mission Manage(MM), External

Coordinator(EC), Common RtaRepository(CDR), User hterface(Ul) and he vehicle itself.

Each module provides a service to the other modules it communicates with. This thesis section

willdes c r i

be how each

modul eds

service

overview of theH | M Msystemarchitecturas illustrated inFigure8.

User == EC Pushes
Interface l;l gpﬁaggtsaa”d Ul'can
(Ul §
A Pulls
Pulls Interaction
Sensor / Updates External
Status Data Coordinator
for Display (EC)
Pulls Pushes
Interaction Registered
Updates Data and
Updates
Common Pull Sensor / /.‘ . Mission
Data Status Data | —
s tory Saba <\ s | Manager
Celch;SI A Push s Ff%é (MM)
( ) Commands \-- ‘-- an
Sensor
Commands Data /
Vehicle
Status
Vehicle
Systems
(Guidance /
Navigation
etc.)

Figure 8 HIMM Architectural Overview
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For theoperator, the window into the system is the The Ul has access to the sensor
data and basic status information coming from the vehicle via the ClaR from the CDR is
read by the Ul and cannot be modified or writtdine CDR is the repository falata coming
from t he vehi clisevibese othee vrelsicte systenss (Caiidaade, Navigastr)
retrievedatafor its systems. Data associated with the plegsides in th&IM; however,the Ul
accesses dathrough the EC which acts as a bufbetween the Ul and the MMAny data that
the EC has access to must first be explicitly registeyethie MM Registered BtaObjects
storewhich activity objectit pertains toconstraints on any changes to tteaandwhether
interaction with the datis available. flinteraction is enabled, the operator can use the Ul to
send requests for change& response from the MM comes from the EC to indicate whether the
change was appliedlhe EC isightly coupled with the U and theEC acts as an intesite to

and from the MMfor the UL

Registered Data lajects are créad and managed by the Mg, whichthe EC has a
copy and provides to the Ul. Manipulatiohthat data is specified and enforced in the MM.
Legitimatechanges to data by tloperatorusing the Ul are sent to theC and then to th&M to
be applied.Changes to thparametecanonly beapplied if the @taObjectis registered as
interactive andf the change passes thanstraints associated with the parameféris
parameter registratioservice supports human interaction and the ability to bring out the
internals of the plan to theperator The Data class is described in detaiBid.4 The MM
provides allof the essential ADEPT mission manager functibopaThe MM communicates
with the other parts of the systesuch as guidance and navigation softwiayesending

commands through the CDR.
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The HIMM still provides the functionality of the ADER&chnology but with the
additional capability of parameteggistration with constraint and interaction specification
through the EGis mediatar The CDR allows the HIMMystento receive sensor data and
communicate with other software systenihe EC allows the Ul to comunicate with the MM
through the EGnedator to ensure that the Ul never has direct access to the data used in the MM.
This decoupling allows the MM to run as it normally wquddth periodically appliedipdates
provided the updates meaéeir dataconstraints Each module helps supptregoals of the

system to provide ADEPT functionality with interaction without sadrficsystem stability.

3.4.2 Parameter Registration/Data Flow

Data parameters and updates to thetedrive theinformation flow in the HIMM system.
There are three types of dahat areaccessed by the Ul and the MModal, Activity -wide and
External. External data is associated with the CDR and is accessed by the MM and Ul through
the CDRinterfaces.This sectiorwil | focuson thetwo remainingtypes of databoth of which

are associateM interaction.

Parameterare classified akocal orActivity-wide. Local data is associated wigh
particularactivity objectinstance ands deletedwhen that ativity objectcompletes or is
replaced during a replan. Activityide datas associated with a particulastivity objecttype
but perssts even when thectivity objectis removedrom the operating treeOncea Data
Objecthas been registered with the system, the EC must be notifiedregikrationand

updates to thatata object are communicated betweenhihd and Ul

Data created by the MM and registered to be available in the EC are wrapped in metadata

that specify constrainten that Data, and whether or not the Data is interachnexample of a
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constraint on aumericalvalue isa range constraint that lirsithanges to parameteto a
specified range of values. The valggecifyingthe range coultbeanothemregistered parameter
or a static numberChanges to a value will only be confirmed by the MM if tharderequest
passes all constraints atidhe parametes registeredasinteractve. Since the EC keeps a
separate library of registered paetes from the MM, information about new parameters and

updates to those parameters nhespassed between thiV and EC

Information exchange between the MM, EC and Ul are accomplished through the use of
message passindpata flows toward th&l1 in the form of MMUpdate Objectsyhich contain
parameters that have been registenechanges tohe data made by thilission Manager.

Interaction change requeststiated by the operator come toward the MM hretform of
UlUpdate Obijects If the parameter associated with the UlUpdate is specified amtavactive,

the EC will not provide the UlUpdate to the MM heflow of data is summarized figure9.

User External Mission Manager
Interface Pull Ulupdates | coordinator Pull UlUpdates (ADEPT) a

— 4l

PushMMUpdates PushMMUpdates

Figure 9 Data Flow with Messages

The update architecture allows the Ul to request flata the ECasnecessaryithout
interrupting the execution of the MMAdditionally, maintaining aeparate EC structure allows
the systento be distributed with the UI/EC running on a separate machine from the MM as long
as a protocol for messagansfercan be established.g Etherne). The metadata wrapping
enableshie enforcement ofanstraints and limits changesragistered parameter§hese
characteristics of the data system make safe interaction possitadiyainingchanges and

separating th&1 M 6 data from the data used by tdé
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3.4.3 External/lnternal Coordin ator Design

Coordination is necessary to keep data in the HIMM consistent betwekiMitedata
and the data stored in Externald@dinator(EC), which serves as database for thgl. TheEC
lies between th&®M and the Ul and allows the Ul to have acdessopies otthe parameters
registered by th&#IM. Internal @ordination refers to the tasks that the MM must undertake to
deal with updates coming from the,lth send out updates generatedtbglf andto enable
communicatiorbetween activity bjects Coordinators generate and apply updates, keeping the

stored data available and accurate for the MM and UI.

Inside the MM coordination is built into thkerneland the individuactivity dojects
which together make upternal coordination Figure10illustratesthe activity hierarchy with
internalcoordinationin eachactivity objectreachingoward the MMkernelbackbone. The
kernelcontains a coordination loaphich sends buffered list of the MMUpdate Kectsfrom
all theactivity dbjectsin the MM to the EC iad also pulls UlUpdate l@ects from the EC and
deliversthem to the individuahctivity dbjectsto handle. Thekernelis also responsible for
informingthe EC ofactivity dbjectsthat have completed or have been repthn theactivity
hierarchy and of all newly registered data. The individaglivity objectis responsible for
registering its data with theerneland hen handling incoming UlUpdatebj&cts for the
parameters it has registerédlhen achangeisae t o a par amgectesr 60s val ue,
generated tanform the Ul of thischange, but other activitybgects in the aove branch might
also be interested in changes to fhasticular parameter. Thernelis responsible for
forwarding Actvity-wide paraneter updates to activitypgects that registereak listeners to

changes fothat parameterThe EC must perform similaasksto keep its data updated for Ul
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use.

Kernel Backbone
=V

Areas of
Coordination in the
MM Hierarch

Activity objects

Figure 10 Areas of Coordination in the MM. Activity objectsare organized into a hierarchy
andareactuated by th&ernel The kernelprovides services tdé individualactivity abjects and

is also responsible for managing internal coordination for the MM. Blue areas represent
coordinaton.

The External CoordinatdEC)is responsible for keeping a local copy of the data
registered by the MMand handlinghe updates it receives from the MMhe only time the EC
changes the value of a parameter it stores is when it receives an upualatieef MM alerting the
EC todo so In this way, the EC simply stores a reflection of the datdainedn the MM. A
change requested by the igjust forwarded to the MMyutthe ECdoes not apply the change
until the EC receives a changpdate fronthe MM. The EC also handles updates from the MM
indicatingactivity objectremoval which signasthe EC to removeheactivtydb j ect 0 s
registered local parameters. Locally storing the data from the MM in the EC gives the Ul

standardized accetsthevalue and its metadatagnstraints and interactionformatior).

The HIMM design of oordination createa delay between changagpliedin the MM
andthereflection ofthechange in the EC and UThis delayis acceptable because the human

operatortakesa comparativelyiong time period to process informatiaile the MM is
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constantlyusing the datat a higler rateto ensure the system is progressing toward completing
its mission If the opposite approach were used, and the MM received delayedstatal, it
mightdelaythe MM in recognizing aneedto replan therebyrenderingany input the operator
madeto the old plan irrelevant. This design for coordination in the HIMM dikedJ| access to
the dataneeded without interrupting the MM directlCoordinationtherebysupports human
interaction byprovidingMM coordinationproceduregmessage passing) akernelservice

The external data storage in the EC is necessary to avoid exposing tteddiyhchronous data

requests and adjustments frame UUlthat could destabilize the MM

3.4.4 Data Class Design

The encapsulation of parametefues beneath a wrapper class of metattatespecifes
how and if the data can changgea fundamental addition to previoABDEPT implementatios
because iallows the HIMM systemto support interaction. This design also acts as a standard
mechanism for the Ul to accesspies ofthe underlyingM data. Therefore, the design of the
Data class is fundamental to the success of the Hfvilfectas a step forward for ACHET

implementations.

At the MM level, the wrapper class ada$ayer of indrection in order to access and
change the underlyingalue. This indirection is necessary since a chamglatamustmeet
constraints contaed within the Data class antlistalso generate an updat®dject for the EGf
a change is madeThe algorithm and mission designers do not need to worry about the extra
steps needed to keep the EC updasdong they use the methods provided for changing the
value of registered parametefBhe Data class and tlkernelof the MM are responsible fohée

updating mechanisms. When a parameter change is initiated lepvthéhe change must still
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adhere to the constraints that were attached to the paraardtex change will be rejected.hi§
view is slightly differenthanwhen the change is initiated by tbeerator

An operatoinitiated change to a registered parameter reaches the MM in the form of a
UlUpdateObjectreceived from the ECThere are two steps that theafa Gass willapdy
before making the change: applying the interaction specditatndapplying the constraints
The first step is to verify that the parameter passes the specifications associated with the
interaction. Examples ofnteraction specificationare:no inteactionallowed,management by
timeout, management by consent or management by exceptiparameter with interaction
enabled at the level of management by timeout would include the length of time thglMM
wait before moving forward. In this caseetfrequest from the Ul for a change would have to be
made within the time period specified for tfeange to be appliedanagement bgonsent
would include an indicatoas towhether theoperatothad given consent to proceed.
Management by exception waliinclude an indicator of whether the MMasrrentlyrequesting
input from the operatorThe next step would apply the constraints associated with the data. If
the requested change passes the validation checks, the change is applistMétee v @fr s i o n
the data The [ata class then generateslypdateObjectto alert the EC and therelyertthe Ul

of the change.

The design of the &a class allows changes to be made by the MMtanaperator
withoutthe mission/algorithm designdosing responsibléor specifically generating updatés
each changer locally keeping track of whether or hmteraction is enabledMission and
algorithm designersanutilize outside interactiowith minimal added programming overhead

sincethe Data class is a resoa with embedded metadata to automate updafiing Cata class
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wraps thevalue of the paramet&ith knowledge about when changes can occur and what the

limits are for value changes

3.4.5 Interaction Specification

Theinteraction pecification encapsulatesfarmation about whether or notiman input
onregistered data is availabl@his specification acts like an addshstraint orparameter
changes originating frortihe operator There areseveralifferent kinds of interactianno
interaction, open to irtaction, management lexception management by timeout, and
management bgonsent Each specification for interaction puts a different limitiaieraction

with a parameter.

The HIMM supports a human supervisory level of contManagement byirneout
specification gives the operator a window during which interaction with the parameter is
available. The amount of time is predeteratiby the mission designand begins when the
activity objectsassociated with the parameter becomes actiweactivity object is active if it is
in the Idt-most branch of thectivity hierarchy because those are the activiijeots being
executed in the planThe Interaction Specification, management by consantbeapplied to a
parameter that acesa signal to tk system to proceed. The systshould not proceed until the
operatomrovides the signalManagemant by &ception in this system means that the parameter
cannot be changed unless the system decides it wactiBiput. These three types of
interactionprovide different levels of cooperati between human and computer at the
supervisory level of contrpbut occasions arise whenore exclusive control is needed by the

MM or operator
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The tworemaininginteraction pecifications providé¢hemore extreme ersions of
human access options: none and complete confiteeéno interaction specification should be
applied toparameters that aspecific to theMM, andshould not be available for human input
butareimportant for he operatorto monitor for situabn awarenes@vhat the system is doihg
Open to mteractionspecificationis the last form ointeraction supportechind means thate
parameter is always open to changékis specification is useful for parameters that are
Activity-wide (shared bwdivity objectsof the same type) and used magtivity objectasan

algorithm constant

These specificatits allow the operator to appgmporaland decision based boundaries
for interaction while constraints provide numerical boundaries to data mainioul The HIMM
system giveshe mission designer the tools necessary to incorporate interaction in their design
and constrain it appropriately émsure mission objectives are maintained as weghraserving
the integrity of the algorithmahich use thgparameters. The Interactiope&ification enables
human interaction with the mission in a managed andigiermined manner by the designers of

the software.

3.5 HIMM Implementation Design Description

The Human Interactive Mission ManagetiMM) , as deschied in the araitectural
overview consists ofour major software modules: the Usatdrface (Ul), Common Data
Repository (CDR), the Mission Manager (MM) and External Coordinator (EG9.CDR is the
database and message center between the MM andhibke\mut that module is not at the center
of this research projeciThis section will go into detail about the class structutheiMM and

EC because tise modules support the HIMM projécgoal of human interaction.
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The MM is concentrated on thewtture, atuation and maintenance of thetigity
hierarchy; he External Coordinator oncentrated okeeping a copy of the parameters and
their metadatawhich have beeregistered by thectivity hierarchy updated and available for
the Ul. Figurel1 showsthe central classes of the MM and ,Ba@d the interfaces that connect
them to each other and to the UThe interfaces between modules allow parameter updates to be
forwardedaround the system. The EC is centered onglesiclass that processes updates from
the MM and is responsible for maintaining a copy of registered parametérsdocess. The
External_Coordinator class signals the Ul which parameters have been added, updated or
deleted. The External_Coordinatoeceivesupdates because it implements the MM_ Listener

interface which facilitates message passing between the MM and UI.
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Figure 11 High Level Class Structure of the MM and EC. Interfaces are used torseMMUpdate
Objects from theMM toward the Ul and UlUpdate l§jects from the Ul toward the MM.

At a high level, theVMiM is composed ofhree classes that contain the major functionality
of the ADEPT technologyas shown irFigurel1l. The ADEPT_Controlleclassis at the heart
of thekernelof theMM and actuates the four baxtivity dbjectsin its hierarchy. It is also
responsible for receiving aridrwardingUIUpdate Objects from the Ul arsg¢ending MMUpdate
Objectsto the EC.The Mission_Tree clasnaintains a hierarchy otavity objectsandcontains
methodgo manipulateghe tree (graft a new branch to the tree, prune a branch of thetgee

The ADEPT _Controller contains the activitypgects in the hierarchy in the foraf a
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Mission_Tree ObjectThekerneb Activity class is a base claisat is extended by each
Activity subclassn the mission. It contains tlexpectedscaffolding so that thkernelcan
actuateand manipulatéhe ativity object These three classeacapsulate the ADEPT
functionality, but the next level dIM detail hows the additions to the baseline MM of the

HIMM to support human interaction.

3.5.1 Mission Manager Kernel and Mission

The MM, at the next level of detail, is broken into two major packatpekerneland the
mission. Thekernelis the core of the MM which remains unchanged from application to
application and provides services to the mission. Tl&sian consists ddctivity dbjectsthat
have extended the Activity base class ofkemd. Figurel2shows this breakdown in the MM
as well as the major classesimchpackage. By extending the Activity base clash activity
object implements thgcaffolding of methods expected by #ernel| which include speific
planning, execution, diagnosing and monitoring function&itythe ativity object the
registration of its local and @ivity-wide parametersandits handling of UlUpdate Qlects. The

kernelcan then calthese methods to actuate tludidty objectwhen appropriate.
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Figure 12 Low Level view of Mission Manger Kernel and Mission Packages.

Thekernelpackagebreakdown irFigure12includes the classes that control thaivity
hierarchy(ADEPT _Controller and MissionTreap well as the support classes that provide the
functionality of thekernel When planning or replanning is necessary, the ADEPT_Controller
creats an ADEPT _Planneobjectthatis responsible for plammg an &tivity objectin a separate
thread of execution. The result of plannia@ new brancbf thetree thateplacethe
unplanned etivity object or the etivity objectthat requested replan The irfformation
necessary to plan actavity objectis passed into the ADEPT_Plannehich then uses the

Activity Factoryto retrieve an instance of thetity objectto be plannegand usethe
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initialization information tdnitiate planning. Thekernelalso provides the services necessary for

parameteregistratiorand maintenangenessage handlingndinternal coordination

The additionakernelservices to support human interaction include parameter
registration, sending MMUpdate Objects and handling UlUpdajed® Parameters are
registered trough methods in the ADEPT_Ciooller which creatdiMUpdate (bjects for the
new parameters and platieem in storage. Local parameters are stored in addtgpstructure
in each ativity objectinstance, while Activitywide parameters are stored in a Miapa
structurein the ADEPT_Controller. Access to change or read a registered parameter is
accomplished through accessor functions in the ADEPT_Contrdliéipdate jects pulled
through the MM_ Listeer interface are sted and sent to the individual sty objects After
the ativity objectreacs to the updates, the UlUpdatéj€xt is given to the specified parameter
for application. The Data class contains the code to apply an update oit igjedbes not
meet itsconstraints. It can thareate the necessary MMUpdatbjéxts to alert the
MM _ Listenerof any changes. All MMUpdatelfects are batched together in the
ADEPT_Controller and are sentttte MM _Listener after all the UlUpdate Objebisve been
appliedand internal coordination of dptes is completeThe MM kernelis responsible for
packagingandforwarding MMUpdate Objects, pullingndapplying UlUpdate Objects and
supportingparameter registration and maintenance. Mainteneotgsts of the creation of
MMUpdate bjects for changs to parameters to make sure the EC has accurate copies of
registered parameters. Thé®gnelservices are necessary to ensureptr@ameterghe operator

is using are as accuraad upto-dateas possible.
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3.5.2 External Coordinator

A deeper look at #n EChighlights its focus on message passing and parameter
maintenanceFigure13 showsthelower level representation of the class structunech

highlightsmessage passing.

i e MMUpdates Flow toward Ul
i e EC Alerts Ul of Updates

.............................................

e, UlUpdates toward EC : :
e Accessto Params in EC

impILme S
<<interface> <<interface->
EC_Listener EC_Access
b
* implements

Data }‘ External_Coordinator
1
L DX p— implements
— & corsar External

- <<interface> ;
_.‘ Interaction Spec \MM_Listener | Coordinator
—‘I Value

Figure 13 Low Level View of External Coordinator Structure. Shows how
update messages pass through the EC.

The ECimplements thé/M _ Listenerinterfacewhich allows it to receive MMUpdate
Objects from the MMand forward UlUpdate B)ects from the Uto the MM. The Ul
implements the EC_Listener interface so that it caaléded tgparametershathave been
registered, deleted or updat@md can then access those parameters from the EC through the

EC_Access interfaceThe Data ®jects themselves argwttured exactly as in the MNbut are
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stored slightly differently. Theocal paameters are stored in a singleptlatastructure and
are added ahremoved when the EC is signalefch Local parameter registratiam of the
deletion of theactivity objed that the parameter is associated wilil of the code to parse
messages from the EC and Ul and forw@a@mappropriately is located ithe

External_Coordinator class.

3.6 Effect of HIMM on User Interface Design

The User Interface for anyissionusing theHIMM systemcan use the same backbone
codeto accessand procesparametersince itwill be using the samgysteminterfaces. All the
possible interaction with the HIMM takes place through manipulation of parameters. The Data
Class encapsulates all threetadata needed to display the information. Thesaohata will guide
the designeto illustrate thgparameteso that theoperatorunderstands what thgarameters
representsand what kinds of changes damma@. By making the limits of interaction diqt
within the HIMM software, the responsibility for designiagd limitinghow muchan algorithm
can be adjusted lies with the algorittamd missiordesigner. This adjustment is advantageous
since the algorithm and mission designers hhedest undstanding of what can be adfed
and the effects of suahangs. TheUI designer can now focus on the besans of bringing
the information and interaction out to the user rather than figuring out which and how data in the

system should be adjusted.
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3.7 Effect of HIMM on Algorithm/Mission Design

Algorithm andMission designers for the HIMM system can now add human interaction
as a component of their design. Sadatesignrequires aleep understanding of the inner
workings of algorithms and how changegptrameters of an algorithm affect the output of the
system. If operatos are to act as cooperative agents to the system, they must have context of
how their changes will affect the output. Consequeniyply designing an algorithm which
computesan ouput using certain inputs is not sufficiemithout identifying what those inputs
mean inthemissionin human terms. {8ing anoperatoraccess to change every parameter of the
system is not usef@ither sincet simply confuses theperatoror makes the algorithm
unwieldy. It will be a new specialty tonderstand how best to allow aperatorto affect an
algorithm or missiomn orderto provide the biggest gain in system effectiveness and insight into
what the system is doing. To be successful indtes of design, an understanding of human
factorsor collaboration with a human factors engin@srwell as a technical understanding of
algorithms and mission operationgll be necessary to recogniaed take advantage o$eful

opportunitiefor humancomputer collaboration in the mission environment.
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Chapter 4

4. Example Mission Application

4.1 Introduction

A Mission Manage(MM) framework that enableké design and implementation of
missionlogic and algorithmswhichinclude human interactigean bedifficult to graspin
isolation Description of the design and software implementation of such a system has an
inherent lack of concreteness due to its abstract nafime chapteuses a concrete application
of the framework on an example mission aiseés the example to highlight the overall structure
and capabilities of the HIMM, including human interacti&@hapter 3 focused on theukhan
Interactive Mission Manager (MIM) baseline system design including the interaction methods
embedded in thkernd of the MM andExternal Coordination§C). This chapter will

demonstratéow these radules can be applied

The example application of the HIMM system ighe Space domain controlling a Lunar
Landing vehicle. Specificallyhe focus of the mission fohe purposes alemonstratinghe
HIMM architecturas in choosingaviablelanding point for théandingvehicle whichis in the
Landing Point Redesignation (LPR) stage oflthrear landingdescent.This mission portion
includesprocessing a variety ahap information from a LIDAR (Light Detection and Ranging)
sensor and findg a list ofcandidate safe aim pointising the dataThe criteria focomparing

possible landing points used in the algorithm include tolerance constants as well as specification
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of a target landing area. These parameters are perfect examples of data which dbulnan s

have constrained access

This chapter will describe tHeunarLanding mission focusing on thehding Point
Redesignation (BR) stageof the missiorat a highlevel and then describe how the mission
translates into a set of activitypjects. There wilbe a discussionf each ativity objecd s
responsibilitiesand what serges of thekernelthe Activity subclassestilize. Since registered
parameters are ceat to human interaction in the HIMM system, tlegistered parameters of
the activity djectsin the hierarchy will be examined as an example of what kind of parameters

are registered and for what reasons.

4.2 Lunar Landing Mission Description

NASA plansto have a manned mission to the Moon by 2020 as part of their Constellation
Project. Draper Laboratory has been selected as one of the contractors to work as part of this
multifaceted effort. One project associated with this effort is the Autonomous Qeanatin
Hazard Avoidance Technology (ALHAT) projgddi2]. Both theLunar Landing scenariand the
LPR algorithms fronthis project servas moded for the HIMM demonstration Both the
scenario and the algorithms have been modified to suit the HIMM archgeemonstratian
The HIMM project has takethe ALHAT LPRalgorithmandadapted it to the HIMM systeto
take advantage afs human interaction mechanisior the purposes of human input in the

landing point choice.

The Lunar Lander is a manned veaiwith the goal osafely lanéhg on themoon.
During its decent toward the surface, there will be a period of time waeregpportunitywill
existto viewthe surfaceand adjust the location whetlge vehiclewill land. This period of time
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is during he Pitch @er missionstage which is when the vehicle positions itself fofiital
descento the surface Usingsurfaceelevation data received from the vehdgleensorabout

the human and computer work together to find a suitable landing aimf@oiihé guidance
software to targeduring the Terminal Bscent phaseThe operatotis able to adjusa set of
parametes to affect thealgorithmrd s ¢ h o i ¢ eset of tandidatelandirg sitn pointshe
operator(astronaut) can then choose a finhgoint from the list oprioritized optionsor
change the parametedrsrecalculate the list of candidate aim poinfhevehicle will then adjust
its descento land in that selected location on the lunar surf&igure 14illustrates the

Powered Dasent phase of the mission during which the landing point decision is made.

Powered Descent

I Ililsg

Powered Descent Phase
Altitude =~153 km

Braking burn -
reduce velocity from
orbital speeds

Transfer orbi
phas

Pitch over Pitch over
and throttle down

Coast Arc

Orbit phase

. Terminal descent
Deorbit Burn Planning descend vertically to

landing site l

Pre-Burn

Figure 14 Lunar Landing mission phases and manewrs [12]. Boxed portion
is the Pitch Ovemissionphase This iswhen the Landing Point Redesignation
task is performed.
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4.3 HIMM Implementation of Lunar Landing Mission

The HIMM system requires an extra level of engineering for missidralgorithm
design before thectivity objectsubclasseassociated with the missiame finalized. A human
systems cdhborationengineer mudbe involved in the developmentibfe algorithms in the
system ands a result, determine whiplarametershe operatoshould access. There must also
be a discussion of the pros and cons of displaying certain parameters atygpesaitaccess
should be available to tlfmperator The correct balance of information access will give the
human understanding and comfort with the actions of the software wihewrhelminghe

operatomwith too many decisions and data

Implement&on of the Lunar Landing Missiorusingthe HIMM systemwas undertaken
afterone generation of the LP&gorithm had been designed and analypedhuman
interaction. Each parameter that is registered with the HIMM has a specific purpd¢sesand
value inoperation clarity or to give greater ¢ool to the operatorto affecthow the automation
choossthe list of candidate aim points. The software must ensure that the landing point chosen
is safe but there is freedom within parameter settings to affectittal choice of landingim

point.

4.3.1 System View of the Task

The HIMM implementation of the Lunar Landingibsiondecomposes thaission into
sections byaskto create itsctivity hierarchy Thisscenario will focus on the Pitch Over
Activity and its sib-activity dbjects:Cost Map Calculation and LPREigure15 shows the entire
Mission hierarby and highlights the activitylpectsthat will be the focus of our application

example.
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Figure 15 Activity Hierarchy for Lunar Landing Application . Red outlined
activity dbjects are the focus of this application example.

In the context oftte entire sgtem, the activity bjects themselvesre only part of the
solution to accomplishmthe tasks they are charged with solving. Guidaoftevare,sensor
software, the CDRas well as the human operator are all vitatgaf the success of finding a
suitable landing point for the vehicl&igurel6 describes té relationship between the major
actors in the Landing Point Redesignation scenartee goal of the Pitch Over Activity is to
choose an aim point on the lunar surface for landing that is both feasible for the Lander to reach
given speed and fuel constrts as well as safe given the features of the surface in that area.
When the decision is made, the chosen aim paihbe sentto the CDR for Guidance Software
use to adjust the vehidetrajectory to land in the chosarea In order to achieve itask,the
Pitch OverActivity spawns the Cost Map Calculation and LPR Activity Objects. The Cost Map
Calculation Activity is tasked with calculating cost maps by retrieving sensofrdataheCDR
that was set by software controlling the LIDAR sensore fidw elevation data will be processed
to create three cost maps: Distance to Nearest Hazard Cost Map, Distance to Target Cost Map
and DV Cost Map. Sectioh3.2will discuss how human interaction can affect the calculation
of these cost maps as well as the final list of aim points. When the maps have been calculated,

they are made available tioe rest of the HIMMsystem by registering them as parameters.
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Figure 16 Systan View of Landing Point Redesignation Scenario

Thecost mapgalculated by the Cost Map Calculation Activity are thead by the LPR

Activity to achieve its taskThe task of the LPR Activity is to use the cost maps to come up with

a ranked list of théest locations on the surface of the moon to direct the vehicle tollaad.

LPR Activity uses the three cost maps and integrates ithe a single cost mapThis weighted

cost map is then used to fiadist of @andidate aim points thate the leastastly. The

algorithm takes spacing of the aim point options and other issues into account when coming up

with its list. There are also human interactive registered parameters that can affect the options in

the final list of aim points.
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Thelist of viable vehicle aim points aregistered parametératthe Uldisplaysto the
operator Theoperatormay choose one option from the listbecome the aim point sent to the
Guidance softwareDuring the decision period, tloperatormay choose to changegistered
parametersvhich will force the system to recalculate the list of landing aim point optidfigen
the calculation completes, tbheeratowill have a new set of landing aim points to choose from.
The amount of time to make a decision is notraiéd, and if theoperatorfails to choose an

option, the Pitch Over Activity will choose the current best option

4.3.2 HIMM Registered Parameters in LPR

Interactive egistered parameteirsthe HIMM are importanto the activity dojectsthat
are part othe Landing Point Redesignatiocemario. Changes these parameters will affect
the list of candidate landing aim point optioisgure17 shows tle parameters registered by the
activity dbjects and whether or not human intéi@tis enabled During the mission, there is
only a limited amount of time to make a decisism all the registered parameters that allow for
human interaction are of the tyfddanagement by Timeo@it The Pitch Over Activity contains
an Activity-wide parameter specifying how much time remains in the interaction pefiod.
section will describe the affects cfianges to interacticenabledegistered parameters in this

mission
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Mission Manager Registered Parameters

WeightedMap

: Cost Map Calculation Activity LPR Activity Pitch Over Activity
Activitywide Local Activitywide
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: DTNHcostMap | TargetPoint Spread P TimeLeft
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: DTTcostMap SlopeTolerance CurrentChoice

: DVcostMap RoughnessTolerance

: SlopeMap No Interaction

: RoughMap CandidateAimPoints

Figure 17 RegisteredParameters inLanding Scenario

In the Cost MagCalculationActivity, the registered parameters are all Activitigle so
that any ativity objectcan access the parameters and they persist evenawhestance of the
activity objectcompletes. The neimteractive parameters are the cost nthps are calculated in
the Cost MapCalculationActivity for use by the LPR Activity. The interactive parameters are
used inthis activity objectto create theecost maps. Slope Tolerance and Roughmessrance
are parametethresholdghat represenwhat is consideredapabilitylimitations of the landing
vehicle There is an added constraint on these tolerances to limit the range of changes to only
safeoptions The parametefargetPoint allows theoperatorto specifya locationwhere the
operatowould like to landwhich isused to calculate the Distance to Target cagi n€Changes
to these parameters during the decisiongakewill force a replan of thiscéivity objectand the
LPR Activity. The LPR Activiy is dependent on tredst maps created in tidost Map
CalculationActivity so both activity bjects must be replanned@he Pitch Over Activity is
active for the entire period that interaction is enabled for these parameteis,asparameter
listerer thatmonitorsfor changes by the ustr these parameters and schedules a replan if

sufficienttime remaindor extra calculation
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In the LPR Activity,all of the registered parameters are local in scope to the particular
instane of the ativity objed. The norinteractive parameteege the combinesinglecost map
and the list of aim point choices. The interactive parameters correspibredvteighting
between the three cost magpsed for integratiorthe current aim point choicandthe spread
which is howdisparatehe aim point options should bé& change to the spread parameter does
not cause a replan, since the aim points associated with any value of spreacaleufated.
Such a change to the spremitl change the list of aim point&hich in turnwill change the
current aim point to be the highest ranked aim point in the newAlishange to the current aim
point must be in the list of current options dhdtvalueis stored until dinal choice is made or
time runs out When thenteraction periods nearing its endhe LPR Activitywill send the
current aim point value to the CDR to be accessed by the Guidance soffilvareeighting
parameter adjusts how the cost maps are integrated together to a single costcimapge to
the weighting parameter will force the LEARtivity to replanin orderto recalculate the aim
point options, but the Cost M&alculationActivity will not have to be replanned based on this

change.

Thedesignof the algorithms in @ivity objects affed if, and whatchanges to
parametes will cause activity bjects toreplan. In the activity djects associated with the
Landing Point Redesignation scenario, there are three levels of replans that can be triggered by
parameter changes. If a replan iggered in the Cost MapalculationActivity, the LPR
Activity must also be replanned since it is dependent on the output of the Co€aldafation
Activity. It is actually the parentavity object Pitch Over, whiclperforms the combined
replan of thd.PR and Cost MagalculationActivity. A change in the LPR Activity parameters

could simply require a parameter update or it may trigger a replan of only the LPR Aivity.
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change to &PR Activity parameter will force it toeplanitself. Depending o how algorithms

are designed treact to changes tegistered parametes different cost in time will be incurred

depending on how much processing must be redone.

4.3.3 Activity Object Integration with HIMM Kernel

All Activity subclas®s in the HIMM(i.e. the LPR Activity, or Cost MapCalculation

Activity) extend the abstract Activity baskass in th&kernel The abstract methods that must be

implemented irasubclass are expected by the ADEPT_Controller clasish actuates the

Activity hierarchy and hndles message passing to allow for internal and external coordination.

Figurel8showsthd PRAct i vity cl assods

ma j which rmethdadsased s

local to the ativity objectand which were inherited as abstractimoels to implemerfrom the

Activity baseclass.

LPR HDA()

.................... EXIENAS oo
Monitor()
Plan() Four Boxes for
Execute() ADEPT

il Diagnoser()
Activity RegisterLocal()

RegisterActivitywide()

Abstract Kernel Methods

HandleLocalUlUpdates()
HandleActivitywideUIUpdates(

RegisterAsParamListener()
HandlelnternalCoordination()

Human Interaction

Internal
Coordination

Figure 18 Activity Base class in Kernelconnecs Activity subclasses to the MM Kernel.
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TheLPR Activity is charged withusing the cost maps calculateglthe Map Processing
Activity to find a list of aim points that theperatormaychoose from The four box ADEPT
functions are inherited as abstract method signaftoasthe Activitybaseclass and are
implemented by the LPRctivity and actuated byhe ADEPT_Controller clasOne of the
tasks thainternal coordinatiomndertakes in thBitch Over Ativity is to receiveanyupdates to
parameterghat force a replaosing the HandlelnternalCoordination() methdche Pitch Over
Activity then prepargfor and requestthe replan.The final set of methods, labeled Human
Interaction in the figure above, pertain to the interaction mechanisms needed to support the

HIMM.

Thekernebs human i nteraction functionsionare pre
(registerActivitywide() and registerLocal()hich theactivity objectuseso register its
parameters as Weas methods to handle Ul updates to paraméktaadld_ocalUlUpdat€) and
HandleActivitywideUIUpdate() UlUpdate jects received from thdl encapsulate input
from theoperator Any update that is associated with edlopparameter attached to thidiaity
objectwill be passed into the HandleLocalUlUpdate@thod before being applied to the
parameter itself. For example, when awlateto the Current Aim Point acal parameter arrives,
the LPRActivity will ensure that the requested change is in the list of aim point options before
forwarding the update to the Data class itselpdates to Ativity-wide parameters are directly
forwardedto the Data clasi$ there is nactive instance of thectivity objectassociated with the
parameter in thactivebranch of théree. Otherwise, the Activitywide UlUpdate Object is sent
to HandleActivitywideUlIUpdates() before being forwarded to theald&dss associated with the

parameter.The only method in the LPR that is not inherited is the HDA() method. This method
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performs the analysis using the cost mapstgrate the maps into a single cost mapade

up with the list of safe aim points.

4.4  Test Scenario of HIMM Capabilities with LPR Mission

4.4.1 Testing Environment

The HIMM system is exercised using thenar Landingmission toexamingg he sy st emo
functionality and efficiency. Timing data recorded was averaged over 1000freash test
TheHIMM was programmed in th&ava programming languageecutingn a Java Virtual
Machine witha garbage collection thread that is not controllable by the programirher
garbage collectiothread canake upsignificantprocessing time Additionally the software wa
not run on a dedicated machine, so tiveeeebackgroundperating systertasks also using
processing cyles. Timing information isiot completely accurate because ofuhavoidable
background processing.h&refore the data is massdul in comparison to other scenarios run
on the same systenT.he discussion will focus on how times compi@ra baseline scenario
although the actual times will be presented as.wHfle HIMM softwareavasrun on a
Microsoft® Windows XP Machine on an tPentum® singlecore 3.2GHz processawith

1GB of RAM.

4.4.2 Message PassingCharacterization

The HIMM system is centered on its registered parameters and the passing of messages
from the MM toward the Ul and vice vers@his section examines the duratiof a single
actuation of the @ivity hierarchy by th&ernel without the layer of the interaction mechanisms
and compares it to the delay in an interaction enabled system between requests for a change and

the receipt of a response. This comparisonformative because updatequests are forwarded
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and applied once p&ernelactuation loopso a change to a parameter cannot be applied any
faster than a single actuation loof kernelactuation loop includes initiating monitoring,
executing, plannig and coordinating (applying messages forwarding responses) of the
activity hierarchy. A requirement of the system is to enstive delay between request and
responsés no more than 1 second to be consistent with the 1Hz frequency with whictrtbe

will perform an actuation loop of thetvity hierarchy

In order to get a baseline characterization of the HIMM system in athiekernel
actuation loop was timed without any intetian mechanisms enabled. Thaity hierarchy
had a depth of tee ancho processing was performed in the activityjexts beyond
decrementing an internal countédver 1000 runsakernelactuation loop took 0.006
milli seonds which leaves almost athf the onesecond processing tinfier activity dbjects to

performtheir processing.

The first test examined the time for the HIMM system with interaction enabled to push an
update from the MM to the Ul. The timipgriodbeganwith the request tohang a registered
parameter by an activitybgect in its monitoring lop and ended witlthe receipt of the updabyy
the Ul. The ativity hierarchy size is the same as in the baselvagacterization with only one
activity objecthaving a single registered parameter being chanDethy for this task was
0.0544millisecordswhich isextremely small compared to thelz time frame. The same
timing test was performeathentwo, threeand fiveparametersverechangediuring a single
kernelmonitoiing run of the hierarchy Theadded processing for each additional update to
process should be lineamce the updatelfjects are batched and sent together aftehall t

activity dbjects have been actuated by keenel Results show that he increase was close to
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linear and that delays were on the order of a hundredth of a mitidpeo updatevhich is also

small compared to a 1 second time frame

In order to perform an end to endttea the HIMM parameter system, the second test
examined the HIMM system with interaction enabled to apply a Ul request and then for the Ul to
receive a responserThis test was performed with the sadepthactivity hierarchy with no
processingluring monitomng orexecutionin the activity djects The timing periodbegan with
the forwarding of the Ul requeahd ended whea response Object is idged by the Ul from
the MM. This is a useful test because the application and forwarding of parameter updates
occurs once pegernelactuation loop. Thereforéhis test shows us if there is a large amount of
extra processing necessary to incorporatesage passing into the HIMM.he average delay
over 1000 runs of the test was 0.05 milliseconds whiafuish less thathe onesecond limit
Even though this delayas significantlymorethanthe baselin&ernelactuation loop without
interaction it still leaves more than 99 percent of the @eeond of processirtgne to the
activity objects Thetest is repeated changing two and then three parameters at the same time
and waiting for a response from the MM. Results of these test stam@atthatextra parameter
changes only add a linear amount of extra processirthe order of 0.01 milliseconds added per
request The results are presentedTliable 2 and Figure 1%ven if there were hundreds of
change requests to registered parameters duringuatiao loop, the aggregate processing time
would be on the order of a few milliseconds, leaving 99.9 percent dalaleaprocessing

resources for activitylgects.
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Table 2 Comparing Kernel Actuation with Interaction Mechanism Overhead

Time
Test (Milliseconds Standard Deviation
Averaged over 1000 Trials)
Baseline
Kernel Actuation Loop without 0.0060 0.00Z
Interaction
Time to Push Data from MM to Ul
One Changg 0.0544 0.0252
Two Simultaneous Changg 0.0661 0.0247
Three $multaneous Change 0.0736 0.0238
Five Simultaneous Changj 0.0844 0.0243
Round trip from Request from Ul to MM Response received by Ul
One Reques 0.0519 0.0224
Two Simultaneous Reques 0.0672 0.0225
Three Simultaneous Reque! 0.0738 0.0209
Five Smultaneous Change 0.0833 0.0211
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Figure 19 Graph: Comparing Kernel Actuation Loop Time with Interaction Mechanism Overhead.
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The data shows that the HIMM Yy s t extnadager of message passing places a minimal
burden on rasurces leavingthe overwhelming remainder of a one second timekalo the
processing o&ctivity dbjects Much less than one percent of the tisiesedon kerneloverhead
processing Comparing roundtrip time to a omay timing from MM to Ul, the diierences are
within a standard deviation of each other. This illustrates that all the processngf updates
occurs fromMM application of an update to the Ul recegtthe responsand notduring the
time from Ul request to the MM receipt. The HIMptovides a layer of interaction mechanisms

to the MM at minimal resources costs.

4.4.3 HIMM System-level Characterization

The HIMM system is an ADEPT implementation with an added layer supporting
parameter registration amdtside input Adding an extra layeof functionality should not add
significantcomputatioal overheaduch that it creates resource issue for the mission designer.
The HIMM mission designer must understand hownges to a parameter might catise need
to replan all or part of the ns®n but should not worry about thocessingverhead of
message passing to keep paransatpdated in the MM and the Uln section 3.4.2, the thesis
discusses that parameters in the HIMM are either classified as Aetdéyor Local, and based
on this distinction are stored and retrieved in different way@examinethe costs associated
with theinteraction mechanisms of the HIMNhe system was run 1000 times without any
interaction mechanismsThe test was repeated wéh the functionality othe HIMM in place
and withthreeparameters registergetractivity object The same @ivity tree with depth three
was usedor all tests and eaclparametehasa numerical valueThe leafactivity objectsin the

hierarchyreplan once halfway througheir cycle to show that the replanning mechanisms are
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also functional. Each time an@ivity objectis monitored, itthange®neparameted galue
whichthengeneratea MMU pdateObject Thistesttranslates t@an ativity objectchanginga
paramet&d galue every fraction of a millisecorsihce an etivity objectis monitored onceer

kernelActivation Loop.

The system is timed with all registered parameters classified as Aatiieyand then
the test is repeated with Local parameterexplore thalifferences in how the system processes
the two types of registered parameterie results are illustrated irable3 andFigure20.
Mission timing differences betweenteractionmechanismgnabled ersus disabledhowsthat
there is extra processing necessary to incorparatkind ofinteraction Additionally, Activity -
wide parameters are more cogtign Local parameterd he difference waa 40 percent to 80
percent increase in time to run timéssion if a change to the registered parameters occurred
during everykernelactuation loop This difference is expected because Activitigle objects
are sored based on the name of the activibjeat they are associated with and the name of the
paraméer while the Local parametease retrieved based on only their nanTdne extra search

to retrieve an Activitywide parameter from a Map explains the difference.

Theresourcesieededo run a pseudmission that included more than Kérnel
actuation vops ran in close to 4.5 millisecondgich isin itself smallin comparison to the one
second requirement fgust a singlekernelActuation loop This test was a stress test, running
thekernelactuation loopsn quick succession to illustratiee difference irresource usage with
t he HI MM6s interaction mechani sms enabl ed.
resource usager background processing the worst caseyhich would still leave more than

99 percent of processing time to activitijjects. Thereforethe HIMM system does not increase
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computatioal complexity by more than a constant fadiependent on the number of

simultaneous updates

Table 3 Comparing Mission Timing with and without Interaction Mechanisms Enabled.

Test Time Standard Deviation
(milliseconds
Averaged over 1000 Trials)

Run Mission without Interactiol 2.467 0.012
mechanisms
Run Mission with Interaction 3494 0.031
(Local Parameters)
Run Mission with Interaction 4.373 0.026

(Activity -wide Parameters)

Figure 20 Graph: System Timing of a Mission with and without Interaction Mechanisms

4.4.4 LPR Testing Scenarios and Rationale

Timings taken using the Lunaahding mission are focused on showing how parameters
used withinthe same algorithm can have different castsedon the design of the algorithmin

this scenario, theperatothas a limited amount of time with which to make a decisioa on
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