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Abstract

The Spaceport Processing Systems Branch at NASA
KennedySpaceCenterhasdevelopedanddeplo/edanagent
basedool to monitor the SpaceShuttles groundprocessing
telemetrystream. The application,the NASA Engineering
ShuttleTelemetryAgent,increasesituationalawarenessor
systemandhardware engineersiuring groundprocessingf
the Shuttles subsystems.The agentprovides autonomous
monitoring of the telemetrystreamand automaticallyalerts
systemengineersvhenprede nedcriteriahave beenmet. Ef-
ciency andsafetyareimproved throughincreasecautoma-
tion.

SandiaNationalLabs' Java ExpertSystemShellis employed
asthe rule engine. The shell's predicatelogic lendsitself
well to capturingthe heuristicsand specifyingthe engineer
ing rulesof this spaceportiomain.The declaratve paradigm
of therule-basedigentyields a highly modularandscalable
designspanningmultiple subsystemsf the Shuttle. Several
hundredmonitoringruleshave beenwritten thusfarwith cor-
respondingnoti cations sentto Shuttleengineers.This pa-
per discusseshe rule-basedelemetryagentusedfor Space
Shuttlegroundprocessin@ndexplainsthe problemdomain,
developmenbf theagentsoftware,bene tsof Al technology
anddeploymentandsustainingengineeringpf the product.

Intr oduction

Problem Description

NASA KennedySpaceCenter(KSC)is responsibldor pre-
launchgroundcheclout of the SpaceShuttle. The Launch
ProcessingSystem (LPS) at KSC provides facilities for
NASA Shuttlesystemengineerscontractorsandtestcon-
ductorsto commandgcontrol,andmonitorspacevehiclesys-
temsfrom the startof Shuttleinterfacetestingthroughvari-
ousphasedncludingterminalcountdaevn, launch abort,saf-
ing, andscrubturnaround.

LPS continually monitors the Shuttle and its ground
equipmentincluding ervironmentalcontrolsand hardware
that loadspropellants. Consoleswith vehicle responsibili-
tiescommunicaténformationdirectly to andfrom the Shut-
tle computersystems Consolesvith groundsupportequip-
mentresponsibilitycommunicatanformationto and from
the hardwareinterfacemoduleswhich are connectedo the
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numerougroundsupportsystemsSeeFigurel. Eachmod-

ule is capableof interfacingto approximately240 sensors
or controls. Overall, some50,000temperaturespressures,
o w rates,liquid levels, turbine speedsyoltages,currents,
valve positions,switch positions,and mary other parame-
tersmustbe controlledandmonitored.

Using LPS, NASA Shuttleengineersand contractorsat
KSC are responsiblefor certifying that ground checlout
of the SpaceShuttlehasbeenperformedaccordingto pro-
gramspeci cations. The Operationsand MaintenanceRe-
quirementandSpeci cationsDocumeni{NASA 2005)lists
thoseprocedures.For over 25 years,engineershave used
LPSto verify SpaceShuttle ight readinessandto control
launchcountdavn. LPS hasperformedsuperblywell. Re-
cently muchof theLPShardwarewasupgradedissuringts
continuancdor mary moreyears.However, the systemar
chitecturewas not changedand software remainsbasically
the same. As a result, the level of situationalawareness
hasnot increasedoroportionallyto what would otherwise
be possiblewith moremodernsoftwaretechnologies.

After the ShuttleColumbiadisasteron Februaryl, 2003,
the ColumbiaAccidentInvestigation Board (Gehmaret al.
August2003)proposedecommendationt® improve safety
from both an organizationalandtechnicalperspectie. The
Boardindicatedthe needto “[adopt] andmaintaina Shuttle

ight schedulethatis consistentwvith available resources.
Also, both managemeréndengineeringsupportstaf must
maintainan awarenes®f anomaliesandthosemustnot be
lost “as engineeringisk analysegmove] throughthe pro-
cess. Giventwo tragiclossesof a crew and Shuttle,today
NASA engineerdave an even greaterpressurgo be more
vigilant in identifying problems. At KSC, groundprocess-
ing of the Shuttleis performedby thousand®f emplgyees,
both contractorsaandcivil senants. Anomaliesmustbe de-



tectedandreportedo preventproblemswith Shuttlesubsys-
tems,countdavn, andlaunch. TheagingLPS hardwarehas
limited resourcegndprecludeghe level of automatiorand
noti cation warrantedby thisdomain.

Contractorsat KSC areresponsibldor thedayto dayop-
erations,checlout, and maintenancef the Shuttle. They
arethe primary usersof LPS. NASA Shuttleengineersare
civil serviceemployeeswho overseethe contractors Given
thelimitationsandresourcescarcityof LPS,NASA Shuttle
engineerseededa tool to provide more insight and situa-
tional awarenessand overseethe work performedby con-
tractors. An increasednsight could help detectanomalies
that might otherwisego unnoticed whetherby processer-
ror, software or hardwarefailuresin the monitoringequip-
ment, or mary other possiblecauses. A tool was needed
to complementLPS that could autonomouslyand continu-
ouslymonitor Shuttletelemetrydataandautomaticallyalert
NASA Shuttleengineersvhenprede nedcriteriahave been
met. In the latter half of 2003, a software tool was pro-
posedto provide betterinsightinto Shuttlegroundprocess-
ing andincreasehelevel of situationalawarenessThistool
is known astheNASA EngineeringShuttleTelemetryAgent
(NESTA).

Objectives

Data processedy LPS is distributed on a local areanet-
work. As shawvn in Figure 1, the distributed datais known
asthe ShuttleDataStream(SDS)(Lockheedl991)andcon-
tainsreal-timevehiclegroundprocessinglata. It is usedby
monitoronly applicationsTheprimaryobjective of NESTA
is to provide full time autonomousnonitoring of the SDS
andto automaticallyalertNASA engineersn nearreal-time
when pre-de nedcriteria have beenmet. Typesof moni-
toring criteriainclude expectedoperationaleventsor mile-
stones(e.g. vehicle power up, startof launchcountdavn
test,etc.) aswell asunexpectedeventsor failures(e.g.large
differencebetweenredundantsensorvalues). NESTA al-
lows Shuttleengineerso work on othertaskswhile mini-
mizing therisk of losingawarenes®f real-timeShuttlepro-
cessingdataandevents.

NESTA actsasa softwareagentfor the NASA engineer
For this discussionan agentis de ned asrule-basedau-
tonomoussoftwarethat reactsto its ervironmentandcom-
municategesultsto a human,a NASA engineelin this us-
age. Agentshave beenextensiely researchedWooldridge
2000; Russell& Norvig 2003). Agents standardqFIPA
2002) and frameworks (Boloni & Marinescu2000; JADE
2004)have alsobeendeveloped.

Theprimaryobjectvesfor NESTA include:

2 Allow a NASA engineetto specifyrulesto be appliedto
measurementsublishedn the SDS.

2 Generatenear real-time noti cations and alertsin the
form of emailsor wirelesspages. Noti cations may in-
clude a text messagand measurementalues,and may
besentto multiple userswhentherule's premisesaresat-
is ed.

2 Monitor up to four separatéSDS sources.This includes
four control roomsusedfor checlout and launchof the

Shuttleandits components.

2 Processnultiple typesandsubtypesf measurements-
cluding discretes(i.e. booleanmeasurementsyunalogs
(i.e. oating point measurementsind digital patterns
(i.e. integermeasurements).

2 Allow usergo createandmodify multiple monitoringre-
questswithoutrestartingNESTA.

Why an Al Solution

NESTA leveragesvarious Al technologieswithin a rule-
basedparadigmincluding forward chaining, fast pattern
matchingvia the Retealgorithm,declaratve programming,
predicatelogic, and more. Al wasa natural t for mon-
itoring the SDS since patternrecognitionand analysisare
the primary needs.Although patternidenti cation could be
achieved by employing regular expressionlibraries within
various proceduraland object oriented languages,those
paradigmsrenotspeci cally intendedor thistypeof appli-
cationandhave lessef cient matchingalgorithms.The pat-
ternmatchingalgorithmsof rule-basedxpertsystemshells
arehighly specializecandtuned.Also, Al, particularlyrule-
basedanguagedendsitself betterto this domainsincepat-
ternrecognitionwrappedwithin a premise-actiorconstruct
closelymirrorsthelevel of abstractiorat which the domain
expertswork.

The type of datasignaturesoughtby Shuttleengineers
requiresthe derivation of rulesthat are of the samegranu-
larity asthosetypically usedin rule-basedanguagesFor-
tunately Shuttleengineersverealreadyaccustomedo rep-
resentingknowvledgeat a ne grainedlevel. The engineers
are adeptat eitherconstructingthe rulesthemselesor ex-
pressingheknowledgein pseudacodethatlendsitself well
for translationdirectly into declaratve rules. Many of the
rulesareeitherstandaloner work in conjunctionwith sev-
eralotherrules. This suggests highly modularsystemwith
arule beinga suitablysizedworking block.

Other Attempted Solutions

NESTA is a peripheraladvisorytool to the real time con-
trol systemwithin LPS. Therewerethreeprevious projects
that attemptedio upgradeLPS in the last 15 years. Even
thoughthoseefforts hadsigni cantly greaterobjectvesthat
spannedvell beyond just advisoryapplications they were
adwertisedto include mary of the capabilitiesthat NESTA
providesandmuchmore. Approximatelyhalf a billion dol-
lars was spenton thoseefforts and upwardsof 600 people
workedonthe mostrecentof thoseupgradeattempts.There
werevarioustechnicalandpolitical hurdlesthatinitially im-
pededandthenultimately doomedthosefull scalereplace-
mentsof LPS.

NESTA's infusion of state-of-the-arA\l technologiesand
engineeringvithin thelegacgy launchsystem] PS,is partic-
ularly notablegiven the numberand size of the preceding
attemptsto modernizethe ground control systemat KSC.
Thosefallen projects,despitehaving much granderobjec-
tives,hadlittle to no spinofs within the LPScommunity In
contrast NESTA is becomingacceptedandinternalizedby
memberof thelaunchteamandappeardo beonits way as
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awidely usedtool. Fromabusinessantagepoint, NESTA's
greatestassetis its developmentand marketing as a value
addedproduct.Thatis helpingpave its pathto acceptance.

Application Description
SystemComponentsand How They Interact

Figure 2 shavs the context diagramfor NESTA. The agent
processis representedn the middle circle. It communi-
cateswith varioussourcesanddatastores.A measurement
databaseés usedto decodethe SDS into usablemeasure-
ments. The SDS sourcebroadcastsneasurementas data
paclets over local areanetworks. NESTA monitors this
streamfor datapatternsspeci ed by the Shuttleengineers.
If a patternis matcheda noti cation is sentin the form of
anemail or wirelesspage. The Rulesdatastorerepresents
the Jessscriptsand knowledge basethat de nes the rules
for the monitoringcriteria. All messageandrelevantagent
activities arealsolocally logged.

Languagesand Al ToolsUsedin Application

The Java ExpertSystemShell (Jess)(Friedman-Hill 2003)
was selectedas the rule engine. Jesswas developedand
supportedby anothergovernmentageng, SandiaNational
Labs. As such,our developmentteamand customerhave
full usageof thetool via governmenticensingwithout ary
fees.Thisincludesaccesdo all the Jesssourcecode.

Jess'forward chaining reasoningsystemwas modeled
after productionsystemssuchas OPS5(Brownstonet al.
1986) and CLIPS (Wygant 1989). It containshighly ef-
cientandsophisticategatternmatchingbasedon the Rete
algorithm(Forgy 1982). This enablests inferenceengineto
processnary rulesanddatarapidly. The enginerepeatedly
processethrougha match-select-aatycle. As a production
systemjts consequentsanbeactions.A con ict resolution
stratgyy determineshe precedencef rule rings.

Several hundredmonitoringruleshave beenwritten thus
far for monitoring Shuttle groundtelemetry Jess'predi-
catelogic lendsitself to capturingandspecifyingthe heuris-
tics and engineeringrules of this spacepordomain. The

declaratve paradigmof this rule-basedagentapplication
also makes it highly modularand scalableto spanmulti-
ple subsystem®f the Shuttle. Jessalsoincludesa fourth
generatiorscriptinglanguageandinteractve commandine
which arevery conducve for prototypingandtesting.

Jessis written entirely in Java andhasaccesgo the full
Java applicationprogramminginterface from the scripting
language.It providesstandardcontrol o w constructsand
supportsvariables strings,objects,andfunction calls. Jess
automaticallyconvertsbetweerits own typesandJavatypes
insulatingthe developerfrom manuallyperformingthe con-
versions.Its useasa Java library madeJess'selectionrmore
appealingsince Java supportsmultiple platformswith its
“write once runarnywhere”paradigm Beyondthat,theneed
for NESTA to supportwebenablectlientsalsomadelaaa
naturalt givenits originsandstrongsupportfor developing
Internetbasedapplications.

Design

Java classeswere developedto parseand decodethe data
streamandrepresenimeasuremensfactsin Jessworking
memory To interfaceJess'rule enginewith the SDS,each
datameasuremenis modeledand implementedas a Java
bean(Sun2004).Jara beangrovide acomponentarchitec-
tureto enableeasierintegrationof applications.A property
changenoti cation mechanisms supportedhatallows one
objectto becomearegisteredistenerof anotherobject. The
listenerobjectwill thenautomaticallyreceve changedgrom
the sourceobject. Thisis alsoknown asa publish-subscribe
or obserer pattern(Gammaet al. 1995). Within Jesseach
Java beancorrespondgo whatis knowvn asa shadav fact.
A Jessshadav factis a mirror imageof a Java bean,such
asa pressuraneasurementyithin Jess'working memory
All shadev factsare registeredlistenersof their Jasa bean
counterpartsThus,whenererameasuremerthangesn the
datastreamapropertychangesventis automaticallygener
atedfor the given measuremerandits sibling shadev fact
is updatedn Jessworkingmemory Figure3illustratesthis
path.
After a shadev factis updatedthe Jesspatternmatcher
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will determindf the premisef ary rulesmatchthenew or
modi ed facts. Rulesarecomparedo working memoryto
identify premisesthat are matchedby the datain working
memory For NESTA, this datarepresentsneasurements
from the SDS and rules representdatamonitoring criteria
submittedby NASA Shuttleand systemengineers. Rules
with matchingpremisesare activated and placedonto an
agenda.Next, the agendds orderedaccordingto Jess'de-
faultcon ict resolutionstrat@y. The highestpriority ruleis
then red andexecuted.This match-select-aatycle repeats
until no morerulesareavailableto re. An actionhandler
classwas developedandis usedto build and sendthe no-
ti cation messagdo the Shuttleengineerwheneer a rule
res.

KnowledgeCapture and Representation

Figure4 shavs theknowledgeacquisitionwork o w for cre-
atingor modifying a rule to monitor speci c measurements
onthe Shuttledatastream.The Shuttleengineemustspec-
ify who s responsibldor therule, the contentsof theemail
noti cations, therule's ring conditions(i.e. antecedenteft
handside), and rearmingconditions. That is, somerules
may needto have a “one shot” behaior andonly re once
when activatedthe rst time. Otherrules may needto be
re-armedafter a giventime periodor whencertaintypesof
conditionsaremet.

The currentversionof NESTA doesnot have a graphical
userinterface capturingthis work ow, but all of the steps
are effectively provided within script les. Those les are
editablewith a plain text editor by the endusers.Hundreds
of ruleshave beenproducedoy the customer

As the rule databasegrew, patternsof rules began to
emege. Patternsin software designand modeling have
beenextensvely investigated and reported(Gammaet al.
1995). Analogougto thosedesignpatternsthedevelopment
teamand customerbegan recognizingknowledge patterns
for this domainand developedrulesfollowing thesestruc-
tures.Somepatterndnclude:

2 Oneshot Rule res onceregardlessof how mary times
factscausehe premiseto reactvate.

2 Recurring Rule res eachtime the premisereactvates.

2 Timed Rule res every X minutesas premiseremains
true.

2 Queued Multiple ruleswill re but noti cations aresent
to a queuethatgets ushed basedon a usercon gurable
amountof time or maximumnumberof rings. Onecom-
positenoti cation is sentwhenthequeues ushed. That
compositenoti cation containswhat would have other
wise beenmultiple emailsor wirelesspages.

Somesamplerulesin Englishproseinclude:

2 Notify ShuttleEngineerwhenmeasuementvV79S4126E1
or V79S4132Elr V79S4138EDr V79S4143Ekqual
ON. Indicatesthat Flight Control Power (ASA 1-4) has
beenactivated.

2 Notify ShuttleEngineewhenmeasuementv90Q8001C1
equals801. Indicatesthat a Shuttleis in orbit andis
preparingto initiate the on-orbit ight control checlout
actity.

2 Notify Shuttle Engineerevery 60 minuteswith current
valuesof Flight Contmol launc countdownmeasuement
list whenmeasuementNMAJORTESTequals7. Indi-
catedaunchcountdavn testis occurring.While in launch
countdavn test, senda currentvalue email containinga
list of Flight Controlmeasurementavery hour.

2 Notify ShuttleEngineerwhenFD N791V019DBit masled
0x0001equalsl. Indicatesthat an LPS commandand
controlprogramhasstoppediueto afailureandis waiting
ontheoperatoifor action.

Thisis anactualNESTA rule writtenin the Jessscripting
language:

(defrule vehicle-pwr-on-rule
"Orbiter electrical power is up."
(recipient-list (recipient-list-name vehicle-pwr-on-rule))

?notPowered <- (vehicle-not-powered)

(DigitalPatternFd (fdName "NORBTAILNO") )
(AnalogFd  (fdName "V76V0100A1") (valid
(AnalogFd  (fdName "V76V0200A1") (valid
(AnalogFd  (fdName "V76V0300A1")  (valid
(test
(and

(> ?vall 26.0)

(> ?val2 26.0)

(> ?val3 26.0)

TRUE) (value ?vall))
TRUE) (value ?val2))
TRUE) (value ?val3))

)
=

(retract ?notPowered)
(assert  (vehicle-powered))



(notifyActionHandler nil  nil)

Forthisrule,if all threeanalogbusvoltagemeasurements,
V76V0100A1, V76V0200A1, and V76V0O300AL, concur
rently exceed26 volts, the Shuttle Orbiteris consideredo
be poweredon. Anotherindicator SOIADATAV, is usedto
assurethe validity of the incoming data. Data validity is
discussedaterin the paper Finally, anothermeasurement,
NORBTAILNO, is locatedon the rule's left handside. In
ourterminology we call this aninformationalmeasurement
asits speci ¢ valuehasno bearingon whethertherule res,
but it is necessaryo includeit on the rulesleft handside
so thatit becomegart of Jess'activation objectandthen
its valueis includedin the noti cation. The actionhandler
parseghe elds in the activation objectandbuilds anemail
with all of the measurementsfaluesthatwerelistedonthe
left handsideof therule. The notifyActionHandler
call hastwo argumentsthat allow for the noti cation to be
gueued.This particularexampledoesnot usequeuingand
simply passeqiil argumentsin the call. Queuingis also
discussedaterin the paper

Figure 5 shovs an email that was generatedor the pre-
cedingrule. As illustrated, the exact valuesof all three
bus voltagesare listed along with the informational mea-
suremenshaving which of the threeOrbiterswaspowered
up. In this case, 103 refersto Discovery. Theinformational
measuremergrovesusefulin notonly allowing the Orbiter
referenceto be includedin the email, but it doesnot bind
therule to a particularOrbiter Thatis, NASA Shuttleengi-
neersareinterestedn ary Orbiterthatmaybecomepowered
up. Therule's patternmatchingprovidesthatlevel of gener
icity in a very straightforward representation.Of course,
the engineemay beinterestedn beingnoti ed only about
a speci ¢ Orbiter This would requirea simple modi ca-
tion to therule. Oneadditionalslot would be referencedn
theDigitalPatternFd templatenarraving thefocusto
a particularOrbiter Thus, minor modi cations to the rule
demonstratehe rich behaior availableto the Shuttleengi-
neerandshov the semantigoower of patternmatching.

Hardware and Software Environment

TheNESTA applicationresidesona Dell 1.7 GHz Pentium
sener. The sener includesthe necessaryserandsupport
les suchas the facts scripts, rules scripts, measurement
databasdpgs,andmore.Currently thesenerexecuteona
Microsoft Windows 20000peratingsystem However, since
Java was usedexclusively along with its virtual machine,
the ability to executesoftware on othertypesof senersis
readily available. Again, this was a primary driver in the
selectionof Java and Jessso asto not be boundto a partic-
ular hardware platform or operatingsystem.Customerse-
ceive noti cation on standardemail clientsincluding Win-
dows workstations wirelesspagers personaldigital assis-
tants,cell phonesandmore.

Performance Requirementsand Testing

Performance Characteristics of Shuttle Data Stream
At applicationstartup,NESTA connectgo a datastreanse-
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Figure4: NESTA KnowledgeAcquisitionWork ow

lected by the user The datastreanincludesall measure-
mentsat their respectie changerates.No datachangewill
be missingfrom this stream. For this discussionponly the
FIFO streamwill be presentedasit is the streamof choice
for theNESTA customer

The datastreanaveragesb to 10 paclets per secondand
peaksaround50 paclets per secondat launch. EachSDS
datapaclet canhold up to 360 measurementhangeshe-
fore rolling over to anotherpaclet. This calculatesto an
averageof 1,800 changeger secondfor the FIFO stream
nominally, and 18,000changeger secondpeakat launch.
During peakdataloads,the SDSis throttled at the source
anddoesnot maintaintrue realtime updates It maylag up
to 1 minuteor so, but all measurementhangesrebuffered
andnoneis ever droppedfrom the datastream. Throttling
of the datatypically beginsat T+1 secondthatis, just after
launch.Eventhoughit is thehypotheticalpeaklimit, 18,000
changegerseconds the performancdoadthatNESTA is
expectedto meetto avoid missinga measurementhange.
Thisis referringstrictly to updatingl8,000factspersecond
andnotindicatinghow mary rulesmight re. In fact, only
a small percentagef thosefactsis expectedto resultin a
small percentagef the total rulesto re atary giventime,
evenduringthe peaklaunchdatarates.

The measuremendlatain the streamis refreshedevery
threeminutesregardlessasto whetheror notit haschanged.
Sincethestreanis basednUserDatagranProtocol(UDP),
this resultsin anunreliabledatagranpaclet service.When



Figure5: Email Generatedby NESTA

a paclet is droppedon the network, all measurementare
marked invalid andthe measurementshangebackto valid
one by oneasrefreshdatais receved until the completion
of athreeminuterefreshcycle.

PerformanceTesting Performanceestingoccurredonan
Intel Pentium4, 1.7 GHz desktopworkstationwith 768 MB
of RAM runningMicrosoft Windows XP ProfessionalThe
SDSreaderclassin NESTA parseghe datastreamandup-
datedactsin Jessworkingmemory To testthereaderclass,
12 high speedanalogmeasurementsere selectedandin-
stantiatedasshadav facts.In therangeof 18,000(nominal)
to 36,000(peakat launch)datachange®ccurredevery sec-
ondin thetest-enhancedatastreamandwereprocessedty
the SDSreaderclass. This includedvarioustypesof mea-
surementsuchasdiscretesandanalogs.12,000analogdata
changegpersecondverebeingprocessethto currentvalues
andupdatedn Jess'working memoryby a propertychange
eventhandler

Ruleswerewritten for 6 of the high speedanalogmea-
surementsThe other6 measurementserestill relevantto
stresghe SDSreaderclassandupdatingof facts.5 of the 6
rules red onceevery minute. The6thrule red oncefor ev-
ery singlemeasuremerthange(1,000per sec)for two full
secondsustaineaut of every minute. Thus,atotal of 2005
rules red every minute,with 20000f them ring within a
2 secondperiod. Analog measurementsave considerably
more processingoverheadthan the discretemeasurements
soit wasnot possibleto sustainthousand®f rulescontain-
ing analogsto re every secondwithout causingCPU star
vation. However, the“f air test” wasconsideredo have only
avery smallpercentagef the measurementhatarein the

streamactually causingrulesto re. It wasconsideredair
to have shortburstsof highraterule rings but notlongterm
sustainechigh raterule rings. NESTA is notintendedfor
usersto write rulesto notify them via email hundredsor
thousandsf timeseachsecondor along andsustainege-
riod of time.

To summarize NESTA sustainedhe above scenariofor
mary cyclesonthetest-enhanceplaybackle withoutCPU
stanationandwithoutreportingary pacletlossesTheCPU
utilization on the developmentworkstationwas about90%
prior to launchandhigherthanthatafter T-0. It washeavily
loaded but NESTA maintainedhepace.NESTA performed
well consideringthat the datastreamwas stuffed with be-
tweenl and2 timesthe hypotheticalpeakload of measure-
mentchangedor the performanceest. The “long pole” in
the processappearedo be the numberof rulesthatactually

red every secondsustained.However, even underlaunch
conditionswhen a heary datachangeload exists, thereis
not expectedto be mary thousandsf rules ring every sec-
ond. Evenseveralhundredrules ring perminuteis consid-
eredunrealisticallyhigh, but this performacetest suggests
NESTA couldreadilyhandlethatload.

Developmentand Deployment
Application Useand Payoff

At the time of writing of this paper the customehadused
NESTA for over a half ayear Hundredsof ruleshave been
written. Along with that, hundredsof NESTA noti cations
have beengeneratedor multiple NASA engineers.These
usershave receved both emailsandwirelesspagesat KSC
and otherremotesites. Sincethe customelis a NASA en-
gineerresponsibldor oversightof contractorsthe noti ca-



tionsactasanextrasetof eyesthatfurtherassurahequality
of governmentversight.

To betterunderstandNESTA's payof, theresponsibilities
of NASA Shuttle Engineersmust be examined. They in-
clude:

2 Understandingheir systemandsupportingequipment.
2 Knowing how their systemsaaretestedandprocessed.

2 Being aware of whentheir systemsare activated,tested,
orin use.

2 Analyzing performanceand dataretrievals from ary use
of asystem.

2 Beingreadyto answermuestionsabouttheir systemsuch
as

— Whenwasit tested?
— How did testingproceedHow did the datalook?
— Isit readyto y?

NESTA hashelpedShuttleEngineeraneettheserespon-
sibilities in varying degrees. In onerecentusage,a Shut-
tle avionics systemwas poweredup over a weelend. The
NASA ShuttleEngineey beingresponsibldor that system,
would not have beenawarethatthe systemwaspoweredup
exceptfor receving a NESTA noti cation. In this casethe
avionicsuserwasnot partof the ShuttleEngineersimmedi-
ateorganization.Thus,the ShuttleEngineerdid not receve
ary communiges regarding the systems weelend usage.
Due to NESTA, the Shuttle Engineerwas better prepared
to addresgjuestionsabouthis systems usagewerethey to
arise. This hasnot beenan uncommonoccurrence.Shut-
tle Engineersutilizing NESTA beganrealizingthat someof
theirsystemsverebeingutilizedmuchmorethanpreviously
thought.Situationalawareneséncreasednarledly.

Aside from increasedawarenessNESTA increasesef -
cieng.. Somegroundoperationsspan24 hoursandinclude
dozenf asynchronousventsthatarebroadcasbnthedata
stream.For example,checlout of ight controlhardwarein
the Orbiter Processindracility occurred4 to 6 timeswithin
the lastyear The checlout includedlong hydraulic oper
ations, powering up different parts of avionics, pressuriz-
ing/depressurizinghe Orbiter, and other work. During a
recent ow, the NESTA noti cations gave exact times of
events of interestto the Shuttle Engineer That allowed
the Shuttle Engineerto quickly identify timelinesof these
lengthy operations.Effectively, a virtual roadmapidentify-
ing signi cant eventswasautomaticallygeneratecaindthat
saved an hour of labor  More efcient dataretrievals re-
sulted.

PhasedApproachto Implementation and Delivery

Multiple release®f NESTA have beendeliveredto the cus-
tomer Thedevelopmenteamhasfour membersachwork-
ing approximatelysixty percentof his time on the project.
Theteamworks very closelywith the customer Generally
theteammeetswith thecustomeiatleastonceperweekand
hasmultiple othercorrespondencesa emailandphone.
The initial NESTA releaserequiredsix months. There-
after, a releasenccurredapproximatelyevery month. Prior

to adoptingJava and Jess,somepreliminary performance
testingwas completecto verify thatthe Java languageand

Jesgule enginewerefastenoughto handlethe Shuttledata
streamrates.Concurrentwith thatcoarseperformanceest-

ing, theinitial setof requirementsverebeingdeveloped.

DevelopmentTools
In additionto Java andJesspthertoolsusedinclude:
2 Eclipseasanintegrateddevelopmentervironment.

2 Visio 2000to develop Uni ed Modeling Languagemod-
els.

2 CVSfor con gurationmanagement.
2 Ant for automatingdouilds.
2 JUnitfor automatedava unit testing.

2 Emmafor Java code coverageincluding measurements
andreporting.

2 Optimizeitby Borlandfor pro ling performanceandde-
tectingandisolatingproblems

Technical Dif culties

Data Validity As indicatedearlierin the paper the data
streams basedn UserDatagranProtocol(UDP). As such,
the connectionis not always reliable and paclets may get
dropped. This posesproblemswhen rules are waiting for
datato arrive. Datahealthandvalidity becomeguestionable.
If thedatastreanconnectioris lostentirelyor databecomes
stale(i.e. notupdated)falsepositivesor falsenegativesmay
result. Thatis, noti cations of hardware eventsmay never
besentor besentin error.

To partially addressthis data validity issue, additional
measurementareincludedin therulesto checkfor the va-
lidity of the stream.Measurementarenow markedinvalid
for a droppedpaclet(s)or whenthe sourceof the measure-
mentbecomedad. Thereis still a larger problemof false
negatives and never receving an email if the datastream
dropspacletswhile amonitoredeventoccurred Asidefrom
notifying the Shuttleengineenf adatalosswhenit happens,
we have not yet identi ed a mechanisnthat guaranteesll
noti cations sincethe datastreamis unreliable.

MeasurementDatabasesChanges Multiple datastreams
andcontrolroomsexist. Often,the measuremerdatabase,
which is usedto decodethe SDS, dynamicallychangesn
the streamas a result of operations. When that happens,
decodingmeasurementsecomesmpossibleandfactscan
no longer be updatedin Jess'working memory A short
term x to this problemwasto simply notify the NESTA
systemadministratomwhenthe streamchangesA measure-
mentdatabasdavabearnwasaddedandis usedwithin auser
rule asafact. Whenthe measuremerdatabasehangesthe
administratorautomaticallygets an email and may restart
NESTA accordingly Longerterm,automaticrestartsof the
agentwill beprovided.

Flood of Emails If anenduserincorrectlywritesarule,a
possibility existedof ooding the network andsenerswith
hundredsr eventhousandsf noti cations. To preventthat,



multiple safeyuards,suchasuserde ned limits, were pro-
videdto Iter emailsafteragivennumberhave beengener
atedfor a particularemailaccount.
Beyondthatpossibility of usererror, therewasa separate

needto queueemailsthatmayberelatedto somesequence.
Queuingprovides a mechanismwhere multiple messages
expectedto occur within a shorttime period are grouped
togetherbefore being emailedin bulk. For example,four
ight controlavionicsboxesareoftenpoweredupin ashort
time period. Ratherthanauserreceving four separateight
control emailsthat may be interrelatedjt wasnecessaryo
provide a queuingmechanisnthat allows a userto tie re-
lated emailsto the samequeueandreceve one bulk email
thatwasa compilationof whatwould otherwisebe multiple
emails. Both the queuetime and queuelength are con g-
urableby theenduser

Maintenance

New releasesare deliveredapproximatelyevery month by
thedevelopmenteam.Thosereleasesnayincludebug x es
for problemsreportedin the former release.However, new
releasesare generallydriven by new functionality as op-
posedo beingdrivenby softwareerrors.

Thedesignof the NESTA applicationfacilities updateby
the enduser The applicationusesa datadriven approach
for theuser les. All of therulesandfactsarestoredin Jess
scripts.Whenruleshave to be createdor modi ed, theuser
hasaccesdo severaltext basedles. A facts le allows a
userto addmeasurement$iatshouldbe monitored.A rules

le allowstheentryof new rules.Sincethesearetext-based

script les, no compilationis requiredby theenduser The
les areparsedat applicationstartup. This datadriven ap-
proachis powerful in thatit enablesheenduserdo maintain
theirown les andnot be at the merg/ of the development
teamto addnew supportfor new factsandrules.

Conclusionand Futur e Work

NESTA hasincreasedsituationalawarenes®f groundpro-
cessingat NASA KSC. More and more Shuttleengineers
arerelying on NESTA eachmonth and are creatingaddi-
tional rulesfor monitoringthe datastream.Theinfusion of
Al technologiesparticularlythe Jessrule-basedibrary, has
provedvery fruitful. Interfacingandintegratingthesemod-
ern Al toolswith alegagy launchsystemdemonstratethe
scalabilityandapplicability of thetoolsandparadigm.

The knowledgepatternghatareevolving within NESTA
will make it easierto train new usersandalsoallow faster
creationof rules. Many other enhancementare planned
suchas providing an advancedgraphicaluserinterfacefor
creatingtherules. AnotherprojectusingJesss alsounder
developmentat NASA KSC. It is calledthe LaunchCom-
mit CriteriaMonitoring Agent(LCCMA) andis intendedto
identify limit warningsandviolationsof launchcommitcri-
teria. As opposedio beingusedprimarily for day to day
operationaasNESTA is intendedjts scopeis targetedmore
for launchcountdavn actvities.

We areinvestigating agentsthat possesshe ability to re-
vise previously concludedassertionsbasedon what may

now be falseor retracteddata. Belief revision (de Kleer
1986),alsoknown astruth maintenanceis particularlyim-
portantwhendeepreasonin®f longinferencess necessary
Jesscurrentlyhasa very simpleform of truth maintenance
thatwe arelooking to extendwith afull blown truth mainte-
nancesystem.
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