science return that may not have been possible
otherwise.
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ADDITIONAL GOOD TEXT

The barrier to adoption of any new software systam be
related to the difficulty of learning and interfagi with
that system. In addition, when an automation eelat
component that might introduce any degree of nigk &
mission is suggested for inclusion, a considerdbtgree of
trust from the mission must exist before that congm
has any possibility of being relied upon. A planie
particular is considered particularly complex i thense
that a user will not necessarily understand thecgss it
takes to arrive at its decisions. As it is not rsseeily
trivial for the planner to explain its reasoningarhuman
understandable fashion, an additional degree d&f ids
perceived even beyond something like an automatisk
where risk might include something simple like wiesta
timed event occurs on schedule or not. When teedrses
not understand why a software component performseso
action that increases the amount of trust requiced
adoption. Trust can be gained over time by a missi
using software in a trial environment.



MER

Operation of the two MER rovers, Spirit and Oppnitiy
has continued far past their designed ninety dayary
missions. < JPL partners in Ensemble have deplayed
new system for browsing images downlinked from the
rovers,

Phoenix

The Phoenix Mars lander launches for Mars in August
2007, and is scheduled to begin operations in tthn
polar region of Mars in early 2008. The goaltbé
Phoenix mission is to understand the chemistry aatbr
cycles in the Martian northern latitudes. Amoriheo
activities, Phoenix will scoop samples of the Mantisoil
and frost into an onboard chemistry lab for analysi

<PSI - includes Maestro, SPIFe, and Europa 2.
Interestingly, Europa was not originally baselinéat

inclusion in PSI due to the tight budget and schedfithe
PHX mission. As we developed the Europa 2 seaner
Ensemble plugins for MSL, it became natural

demonstrate it and eventually deploy it for PHXn PHX,

we do not make use of all capabilities of Europaag,
APCORE, a JPL plan analysis tool, plays some of tha
role>

to

MSL
This is example text.

Advantages of the Approach

» Another major feature that missions like to see is
the ability to use a particular piece of software
across missions. Multi-mission software reduces
the long term cost and once people are familiar
with it there is a major advantage to additional
missions using it both training and trust wise.
Low cost incremental improvements can be
applied to software to benefit from lessons learned
on each mission while still leaving the core
software.

- system engineering between missions
= we participate in system
engineering in multiple
missions, SO techniques,
components used for one can
flow across

- builds confidence
- reduced cost
e incrementality

- builds confidence
- lowers risk
- missions can easily evaluate/add
components being developed for other
missions
= Example: Europa on PHX
« flexibility in process
- allows our tools to fit into process
- allows non-linear process
* rapid feedback
- cannot stay on the wrong path for very
long due to user feedback, constant
demos

Risks That Must Be Managed

 mismatched requirements between missions,
common approach may be least common
denominator

e edits to one project may impact/break others

e having multiple missions makes PM more
difficult

« failure to take ownership --funding

Concluding Remarks

Mission systems have a certain amount of inertdhican
be difficult to change a system for the better ewden the
users know it would be beneficial. It is importaiat
remember that this is as much of a social challeasa
technical one. One of the most important lesseasnked
throughout this process has been that of recogn&inser
and process centric solution as having more sutbassa
purely technical one. By working within the exigi
process and slowly introducing new technical aspest
previous ones gain the acceptance and trust ahtbsion,
components that have a higher degree of risk iratblkan
be suggested.

Improvements in process by analyzing how software i
used and then designing software based on thatatien
rather than as an ad hoc integration of technoddgic
components can provide a compelling motivation for
adoption of a system. That said, the ease of teghn
integration cannot be underestimated. A “come cn&e
all” approach and being willing to interface to any
component brought to the system makes it morecdiffto
argue against adoption of the system.

Extended mission operations provide a forum for
somewhat riskier software to participate in a
mission. Planner usage that may not be even
considered during primary operations could one
day become essential to running an extended
mission with reduced staffing while providing a



Figure1l: MER rover, Phoenix lander, and M SL rover

deactivating flight rules and the ability to switblketween
Simple, agnostic interfaces active or passive enforcement of flight rules.

* no highly customized planner application per
mission

» standard API

» custom model generated from existing mission
artifacts

» small customization

e PA written at Ames. Ames and non-Ames
planners can connect
* we've turned the DS1 idea inside out
0 On DS1, the planner was connected to
planning experts — services that could
provide is specialized info on navigation,
etc.
In Ensemble, the planner is a set of specific
services that can be called by other applications

One way to lower the barrier to adoption is to dese the
complexity of implementation. This also lowers the
perceived risk to the mission if they later decidedrop a
particular feature. A small investment is easieapprove
than a major system integration task that they tace
heavily entrenched in to remove later if neededs itAis

M odels generated from existing mission artifacts

unknown what platform, language, or architectureiged A custom model of the spacecraft activities is megflito
by any particular mission system, it is necessamgetvise a gain the full benefit of the Europa planner. Asfipass
method by which most any system can interface with interface can be used without a model by using reige

new software component. The method chosen which model developed which allows the use of generitviagt
implements such agnostic interfaces is a network types. This only allows the planner to perform penal
component architecture, specifically known as web constraint problems but is still useful for rapidbation by
services in this context. allowing an immediate benefit to a mission to beds
with a minimum of effort.

XML-RPC, a relatively simple to use and widely

implemented protocol was chosen as the basis fer th An experimental language was developed [Bresina] to
interface between architecture components. This define the activity dictionary and to then autorcalty
lightweight remote procedure call protocol uses XKéL convert this to the model used by Europa. Thisvadd a
encode requests and responses and uses HTML as thevery lightweight dictionary to be used as a singteirce
transport mechanism. XML-RPC libraries are avédddbr data model for both the client and the back endrma
a wide variety of languages which makes it idealefasy While the experimental version had some specific
adoption by a prospective mission. The simple tionc assumptions that made it fairly domain specifics thi

based APl requires a minimal amount of time to concept could be expanded to make it even easier to

understand before implementation can proceed. produce models automatically and insure synchrdioiza
between multiple components in an architecture.

The API developed consists mainly of operationsteel

the to adding, modifying and deleting activitiesdan o

constraints and modifying activity parameters. Otice TheMissions (very draft)

activities and constraints are registered, thentlgan call

the various functions to determine the state ofridvork

or the activities, such as network consistencytirget list

of temporal and flight rule violations, or fixinghdse

violations. The interface also allows for actiwagtior

Steal text from IS infusion report

Copyright © 2006, ???. All rights reserved.
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Maestro Just a quick description and pointer to Maestro
papers, as this audience will think of “planning’raore of
what Europa does.

Science Planning Interface (SPIFe) The image above is
SPIFe, with data being provided by a number of
specialized services, including the Ames Europ&aner
and APCore, a JPL plan modeling system.

Europa 2 Server This is example text.

Eclipse

The Eclipse platform is an essential tool for depetent
within Ensemble. The benefits of extending Eclifiseuse
in Ensemble applications are:

]

Tooltips contain detailed
information about the

C__ moused-over activity

Additional benefits are gained through the use lod t
extension point model in Eclipse. The extensionnpoi
mechanism allows for loose coupling of software
components to each other. They behave as the ctmtra
between one component that defines an extensiomt poi
(such as a file menu that allows for additional méem

by requesting information regarding the name, iemad
action to be executed) and a component that impiesrie
This simple concept can be extended to provide eatgr
deal of information that may be optionally includiedthe
product or left out, and leads to Eclipse's plug-in
architecture that provides Ensemble with the flaxjb
necessary to mix and match features for particular
missions.

One dramatic example of this mechanism are the
perspective extension points. Perspectives in Eeligre
visual containers that encapsulate views, editorenus

« By using a toolkit that provides an API to handle and fundamentally the operation of the entire ajapion.

window management, file 10, dialog creation,
developers can focus upon their
competencies.

Using a perspective a user can rapidly switch bao#t

core forth from the data browsing perspective to thenpiag

and scheduling perspective with the click of a dutfThis

entire application

entirely different applications into a single degkt

Ul libraries to enhance the look and feel above interoperability —between

that of Swing based applications

the applications because
cooperation is no longer dependent upon external
interfaces (file 10, network communications, etoit can
instead implement application programming interface
(APIs) that are far more flexible and robust.
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Open Component-based Development

A second key observation from MER operations i$ tha

a mission with tight time requirements on the tzdti
planning process, lack of integration between dpmra
tools poses significant efficiency problems. ThéRI
operations process, along with that of many othissions,
was assembled from many existing tools. Typically,
experts on each step of the operations procesgsilgedc
above develop a specialized tool with its own user
interface, data structures and formats, and way of
conceptualizing the operations process. Thesettae
assembled into the operations process by adajterg to
each other with translators, scripts or other meahs
integration.

During operations, this means that users must nfimra
tool to tool to perform the operations flow,

Ops-time issues;
 Not designed to be part of same conceptual

process

* Duplicated, inconsistent interfaces to same
subtask

» Translations between components one-way, SO ho
going back

Development issues
* Tools are not integrated until very late, and in a
more ad-hoc manner. Not clear when it's broken
« Time is wasted developing incompatible and
redundant data formats, displays etc. Later more
time is wasted integrating them together.

Ensemble is a software platform for operations Wwhic
allows software from different teams to be integdat
together into a single ops application. Ensemblbased
on components, meaning different software functiare
delivered as re-usable components that can be oechbi
together depending upon what type of application is
needed. We are currently delivering overlapping but
unique applications to three missions and a hostradller

research projects. The figure above gives a flafghe
number and variety of teams involved to date.

Core parts of ensemble

e Shared data structures to represent plans and
lower level command sequences, checked at
compile time.

e Shared implementation of routine tasks (io, etc)

e Shared, cooperative design and implementation of
cross-cutting functionality

¢ Method of integrating

A variety of software components for different task-
from manipulating scientific images to validatingneplex
sets of spacecraft activities — have been pluggea i
Ensemble. The Ensemble platform is heavily baseshup
Eclipse, an open-source, component-based Javaaseftw
platform, which we discuss briefly in the next et

In addition to the client side plug-in componentsestro
also uses network components to gain additional
functionality.  Either for convenience of integoatj
architectural elegance, or for enhanced security, i
sometimes makes sense for certain componentsitte r@s
back end server processes and communicate wittligre

via some network protocol.

Computationally intensive components such as pl&@nne
can benefit from residing on appropriately sizedvees
that can perform reasonably without being boundethb
client machine the front end runs on.  This aflasgers to
gain the benefit of a planner without becoming tirated
by a lack of responsiveness they might otherwigeeix

Ensemble is also a software development procesgimh
many teams from different centers can cooperate to
develop mission operations software.

e Shared code and documentation repositories

« Early integration of components

e Continuous automated build and unit test

e rapid development process + prototypes



* The planning software itself is more correctly
described as a system of specialized,

being developed to fit an amalgam of the available
technologies, and made it clear to subsequent onisshat

interconnected tools that each perform a subset of we could hear and respond to their highest priority

operations, e.g must rely on other tools for
creating the activities we plan upon, estimating
their resource usage, etc

* The software ecosystem changes from mission to
mission

In the remaining sections of the paper, we distwss the
approach to design and development of planningstool
differs from that used on MER, including heavy uxfe
Human/Computer Interaction expertise and the iatban

of the planner engine within a multi-mission, coment-
based software tool set. We briefly describedntissions
where we are currently employing this approach, the
advantages we have seen and the accompanyingthisks
must be managed.

Approach

Based on observation of MER operations, experiesfce
team members developing tools for that mission, and
feedback from MER users, we take an approach tffatsl
somewhat from MER planning tool development. These
differences can be found at all stages, from howdegide
what it is we are building, to how we design andadiep it,

to how we deploy it. We describe a number of ¢hes
below.

Use of Human/Computer I nteraction Expertise

An advantage of following the highly successful MER
mission is that we can study and learn from that
experience. Planning experts and software engirfe@n
our current team were on the team that developed th
MAPGEN and Constraint Editor tools for the MER
mission, and participated in operation of the priyn@nety
day mission for the two MER rovers. In additienteam

of Human/Computer Interaction (HCI) experts from S¥\
Ames studied MER operations for ninety days. Th@ius
was to understand the MER operations process and ho
the entire human and software system operatedoidupe

a plan and command load every day, independenheof t
role of any particular technology.

When the opportunity came to develop a streamlined
activity planning system for subsequent Mars serfac
missions, the HCI team developed a prototype of an
integrated activity planning and scheduling appiarathat

problems. To this date, the HCI team remains amaleq
partner in delivering operations tools to missibgis
<EDIT THIS>
* Working with software engineers and planning
experts on a weekly basis to determine what
features and technologies will best
e  Story-boarding how users would interact with the
system
e Performing structured user tests to gather early
feedback and determine best designs and
processes

User Control

A key design element in the architecture of theteays
based upon MER feedback and HCI studies is thasef
control. When creating or modifying a plan, therusiust
have almost complete control over where activides
placed on a timeline. It can be very disconcertiog
activities to jump around for an apparently unknown
reason, even if it is to correct a temporal orHhtigule
violation. It is therefore important that the ukeow why

a particular action is taken place.

In the case of the current design, the user isndaflg
given complete control and uses the planner agiaisa.

As the user manipulates the plan, the system is
automatically communicating with the Europa planner
behind the scenes, determining if there are tenhpora
violations and allowing features like constraineave
where the interface will move constrained actigitigithin
their allowed temporal bounds as the user movesget
activity. The system will automatically generatdish of
violations that exist for various activities andeatpt to
explain what is causing the violation. The usen ca
manually select “Fix Violations” to have the Europa
planner attempt to fix all the existing violatioinsthe plan.

The main point is that the planner is almost alwagtng
in a passive way. It will alert the user to a aitn
without acting upon it unless explicitly told to do by the
user. The planner does not create user levelitesivor
constraints on its own. It will suggest such audido the
user in appropriate situations but then relieshenclient to
manipulate the plan according to those suggestbribe
user’s discretion.

showed how bottlenecks and frustrations encountered WOrk in a reference to Europa 2 changes that allewo

during MER operations could be reduced or elimigate
This helps to ensure that tools and technologiesdapted
to support the best possible process, rather thama@ess

do passive checking. Reference Bresina & Morri<CSIVI
paper.



planning in this context that are different thaonfr how
planning problems have typically been framed in the
computer science community. We suspect
differences may be relevant to a number of sintjipes of
operations processes.
changes in approach we have taken, from how wedédeci
what functionality to include in a planning apptica, to
how we design and implement it, to how we develop t
planning models. We briefly discuss the ongoing
deployment of a planning application across the PHX
MSL and potentially MER missions. Based on this
experience, we introduce some of the advantagefeele
this approach has allowed us, and the risks ibéhices.

Operation of a Surface Mission

When scientists and engineers operate a landever r

amount of the rover's shared power and data storage
resources. Since a detailed picture of the resousege of

these all scientists’ desired activities is not yet asbie, the

scientists are encouraged to oversubscribe sometshat

We then discuss some of theensure that the rover's resources will be fullyized.

In the next step in the tactical process, the olagen
requests from all of the scientists must be mergéd
each other and with engineering requirements (e¢hg,
rover may have to remain stationary at a fixed toheay
to relay its data to a satellite passing overheadhis
merging process may require deletion or modificatis
some activities, with accompanying negotiation lesstw
scientists, trading for more access to the rover on
subsequent sols, and so on. From the merged set of
requests, a detailed plan of activities is consgaidor the
upcoming sol. The plan must obey all applicabightfl

on a planetary surface such as Mars or a moon, theyryles that specify how to safely operate the roed its

typically have a strategic plan that lays out wkiats of
activities they would like the rover to perform ovine
next few days or weeks. With today's highly capable
spacecraft, many of these activities will involvermplex
interactions with the environment, such as drivilmgpugh
rough terrain, digging, heating core samples, dhenear
future, ablating rocks with a laser. The preastome of
these activities, from how much energy will be aoned
driving to a destination, to what scientific oppoities
will be revealed by digging and photographing adte is
difficult to predict in advance. Thus mission ogg®ns
will typically consist of a longer term strategitapning
process, and a tactical planning cycle that takée i
account the problems and opportunities encountenettie
surface each day, referred to as a sol on othaetda

The tactical commanding cycle might proceed as
follows. The engineering and science data gathéned
previous sol is analyzed to determine the statueofover
and its surroundings. This might include imagestaky
the rover, non-image science data such as speea@ings
from engineering sensors on the rover, and refortthe
state of batteries or data storage devices.

Based on this, and guided by the strategic plae, th
scientists determine a set of desirable scientifiectives
for the next sol. To do this, they might browse dbmked
images and data to determine what objects are nwitre
range of the rover’'s sensors and actuators. Thigytm
decide for example that a specific point on a logcak is
of interest for drilling or that features in thesdince should
be imaged. For each activity, there will be a numbk
science-driven parameters, such as which filteukhbe
used when taking an image, and science-driven N,
for example to ensure that an image is taken &nha of
day when the lighting is adequate. In additiorsédting
parameters and constraints, scientists must takes tbat
their desired objectives are not consuming an inatd

instrument suite, must remain within specified rtese
limitations, and should obey the science conssgitaced
upon each activity. Moving from the requested s&t o
observations to a valid plan may again involve reimp or
modifying activities or deleting or adjusting saien
constraints, with the requisite negotiations. Tésulting
activity plan is then reviewed and approved by the
scientists and engineers.

Once approved, the activity plan is used as théshas
create sequences of spacecraft commands, whicke driv
onboard execution. This sequence structure is then
validated, packaged, and communicated to the roVéwe
rover executes the sequences, downlinks the negudtita,

and the tactical cycle begins again. Dependinghupe
nature of the mission, the tactical cycle may répeathe
order of hours or days.

There are many points in the strategic and tacgitzaining
processes where planning software is helping theRME
mission, and will help the Phoenix and MSL missions
It's interesting to note however that there are ynan
important aspects of these mission deployments that
wouldn’t necessarily come to mind when thinking atbo
planning technology:

(Need to edit/add to these to make them foreshadow the
approach/advantages we have later)

¢ Human negotiation is used to determine which
goals should be in or out of a plan when

e Users must be able to work with inconsistent
plans, efficiently implement negotiated changes to
the plan or constraints, and explain the resulting
plan to their colleagues

* the planning software operates within a large
software ecosystem created by many specialized
teams often working in isolation until system
integration
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Abstract

A number of new tactical planning and operationsiso
were deployed on the highly successful Mars Expiona
Rover (MER) mission. Based on successes and lgsson
from the MER experience, a number of groups at NASA
Ames and JPL have developed a platform for devetppi
integrated operations tools, called Ensemble. Ebhkem a
multi-mission toolkit for building activity planngm and
sequencing systems that is being deployed on estend
operations for the MER mission, the 2007 PhoenixsMa
Lander and the 2009 Mars Science Laboratory rover
mission. This paper begins with an overview ofidsb
surface mission operations. After an introduction t
Ensemble, this paper discusses the componentssehthie
that focus upon what the planning and scheduling
community would consider the planning portion of
Ensemble. We discuss the deployment of a planning
application across the PHX, MSL and potentially MER
missions, some salient features of our design, |dpreent
and deployment process, how those features enaliteget

on the missions and support multiple missions, ahat
risks they introduce.

Introduction (very draft)

The Mars Exploration Rover (MER) mission is a highl
successful rover mission to Mars run by NASA’'s Jet
Propulsion Laboratory (JPL). Each day scientetsl
engineers must analyze what situation the two M&FrRns
are in and plan what activities the rovers willfpem the
following day. To support this process, a numbér o
planning tools were developed by teams at JPL aed t
NASA Ames Research Center, including a tool scétsti
use to define the activities they would like thereoto
perform (e.g., grind the surface of a specific réok 30
minutes) [ref SAP], a tool used to create constsain
between activities (e.g., the rock grinding mugetplace
before the picture taking activity that documenjs[ief
CE], and a mixed-initiative planning tool used ts@mble
the activities into a plan that is consistent withe

constraints, safe operations rules for the rovems, limits
on power and other resources. These tools have Uzl
for over two years on the two MER rovers, resultimghe
successful production of nearly two thousand planof
this writing.

The MER mission used planning technology in tattica
operations in a way that had not been done befdréhe
end of the ninety day primary MER mission, a cajlea
quipped that the best way to develop software fmission
was to fly the mission first, then write the softeia
because at least then the requirements would beirkno
In some sense, the authors have that luxury asqgbaat
team responsible for deploying activity planningdan
scheduling tools for the 2007 Phoenix Mars Lanaher the
2009 Mars Science Laboratory (MSL) rover missionhe
Phoenix and MSL missions are very different from RIE
in of scientific objectives, instrument packagesd an
spacecraft capabilities. But we have a model ofv ho
planning technology was used in MER operations, and
lessons learned from developing it, integrating and
participating in real mission operations. Moregwkiring
MER primary operations, a Human/Computer Interawctio
(HCI) team studied the MER tactical process to dvett
understand what task the combined human/software
process was attempting to achieve each day, howlg@eo
were actually using the planning technology thatswa
deployed, and how they would have liked to haveituse

All of these lessons have lead us to build on tleeass of
these tools with a somewhat different approach to
designing and deploying applications with planning
technology which we believe will make future apations
even more efficient to use and easier to impleme€his
experience may be of use and interest to peoplkimgon
similar kinds of applications, space related or. not

This paper begins with an overview of typical soefa
mission operations and notes some characteristics o



