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Abstract

The Spaceport Processing Systems Branch at NASA
KennedySpaceCenterhasdevelopedanddeployedanagent
basedtool to monitor theSpaceShuttle's groundprocessing
telemetrystream. The application,the NASA Engineering
ShuttleTelemetryAgent, increasessituationalawarenessfor
systemandhardwareengineersduringgroundprocessingof
the Shuttle's subsystems.The agentprovides autonomous
monitoringof the telemetrystreamandautomaticallyalerts
systemengineerswhenprede�nedcriteriahavebeenmet.Ef-
�ciency andsafetyareimproved throughincreasedautoma-
tion.
SandiaNationalLabs' JavaExpertSystemShellis employed
as the rule engine. The shell's predicatelogic lends itself
well to capturingtheheuristicsandspecifyingtheengineer-
ing rulesof this spaceportdomain.Thedeclarative paradigm
of therule-basedagentyieldsa highly modularandscalable
designspanningmultiple subsystemsof theShuttle.Several
hundredmonitoringruleshavebeenwrittenthusfarwith cor-
respondingnoti�cations sentto Shuttleengineers.This pa-
per discussesthe rule-basedtelemetryagentusedfor Space
Shuttlegroundprocessingandexplainstheproblemdomain,
developmentof theagentsoftware,bene�tsof AI technology,
anddeploymentandsustainingengineeringof theproduct.

Intr oduction
ProblemDescription
NASA KennedySpaceCenter(KSC) is responsiblefor pre-
launchgroundcheckout of the SpaceShuttle. The Launch
ProcessingSystem(LPS) at KSC provides facilities for
NASA Shuttlesystemengineers,contractors,andtestcon-
ductorsto command,control,andmonitorspacevehiclesys-
temsfrom thestartof Shuttleinterfacetestingthroughvari-
ousphasesincludingterminalcountdown, launch,abort,saf-
ing, andscrubturnaround.

LPS continually monitors the Shuttle and its ground
equipmentincluding environmentalcontrolsand hardware
that loadspropellants.Consoleswith vehicle responsibili-
tiescommunicateinformationdirectly to andfrom theShut-
tle computersystems.Consoleswith groundsupportequip-
ment responsibilitycommunicateinformation to and from
thehardwareinterfacemoduleswhich areconnectedto the
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Figure1: GroundControlandMonitoringatNASA KSC

numerousgroundsupportsystems.SeeFigure1. Eachmod-
ule is capableof interfacing to approximately240 sensors
or controls. Overall, some50,000temperatures,pressures,
�o w rates,liquid levels, turbinespeeds,voltages,currents,
valve positions,switch positions,andmany otherparame-
tersmustbecontrolledandmonitored.

Using LPS, NASA Shuttleengineersand contractorsat
KSC are responsiblefor certifying that ground checkout
of the SpaceShuttlehasbeenperformedaccordingto pro-
gramspeci�cations. The OperationsandMaintenanceRe-
quirementsandSpeci�cationsDocument(NASA 2005)lists
thoseprocedures.For over 25 years,engineershave used
LPS to verify SpaceShuttle�ight readinessandto control
launchcountdown. LPS hasperformedsuperblywell. Re-
cently, muchof theLPShardwarewasupgradedassuringits
continuancefor many moreyears.However, thesystemar-
chitecturewasnot changedandsoftwareremainsbasically
the same. As a result, the level of situationalawareness
hasnot increasedproportionally to what would otherwise
bepossiblewith moremodernsoftwaretechnologies.

After theShuttleColumbiadisasteron February1, 2003,
theColumbiaAccidentInvestigationBoard(Gehmanet al.
August2003)proposedrecommendationsto improvesafety
from bothanorganizationalandtechnicalperspective. The
Boardindicatedtheneedto “[adopt] andmaintaina Shuttle
�ight schedulethat is consistentwith available resources.”
Also, bothmanagementandengineeringsupportstaff must
maintainan awarenessof anomaliesandthosemustnot be
lost “as engineeringrisk analyses[move] throughthe pro-
cess.” Given two tragic lossesof a crew andShuttle,today
NASA engineershave an even greaterpressureto be more
vigilant in identifying problems.At KSC, groundprocess-
ing of theShuttleis performedby thousandsof employees,
bothcontractorsandcivil servants. Anomaliesmustbede-



tectedandreportedto preventproblemswith Shuttlesubsys-
tems,countdown, andlaunch.TheagingLPShardwarehas
limited resourcesandprecludesthelevel of automationand
noti�cation warrantedby thisdomain.

ContractorsatKSCareresponsiblefor thedayto dayop-
erations,checkout, and maintenanceof the Shuttle. They
arethe primary usersof LPS.NASA Shuttleengineersare
civil serviceemployeeswho overseethecontractors.Given
thelimitationsandresourcescarcityof LPS,NASA Shuttle
engineersneededa tool to provide moreinsight andsitua-
tional awarenessandoverseethe work performedby con-
tractors. An increasedinsight could help detectanomalies
that might otherwisego unnoticed,whetherby processer-
ror, softwareor hardwarefailuresin the monitoringequip-
ment, or many other possiblecauses.A tool was needed
to complementLPS that could autonomouslyandcontinu-
ouslymonitorShuttletelemetrydataandautomaticallyalert
NASA Shuttleengineerswhenprede�nedcriteriahavebeen
met. In the latter half of 2003, a software tool was pro-
posedto provide betterinsight into Shuttlegroundprocess-
ing andincreasethelevel of situationalawareness.This tool
is known astheNASA EngineeringShuttleTelemetryAgent
(NESTA).

Objectives
Data processedby LPS is distributed on a local areanet-
work. As shown in Figure1, the distributeddatais known
astheShuttleDataStream(SDS)(Lockheed1991)andcon-
tainsreal-timevehiclegroundprocessingdata.It is usedby
monitor-only applications.Theprimaryobjectiveof NESTA
is to provide full time autonomousmonitoringof the SDS
andto automaticallyalertNASA engineersin nearreal-time
when pre-de�nedcriteria have beenmet. Typesof moni-
toring criteria includeexpectedoperationaleventsor mile-
stones(e.g. vehicle power up, start of launchcountdown
test,etc.)aswell asunexpectedeventsor failures(e.g.large
differencebetweenredundantsensorvalues). NESTA al-
lows Shuttleengineersto work on other taskswhile mini-
mizing therisk of losingawarenessof real-timeShuttlepro-
cessingdataandevents.

NESTA actsasa softwareagentfor theNASA engineer.
For this discussion,an agentis de�ned as rule-based,au-
tonomoussoftwarethat reactsto its environmentandcom-
municatesresultsto a human,a NASA engineerin this us-
age.Agentshave beenextensively researched(Wooldridge
2000; Russell& Norvig 2003). Agents standards(FIPA
2002) and frameworks (Bölöni & Marinescu2000; JADE
2004)have alsobeendeveloped.

Theprimaryobjectivesfor NESTA include:

² Allow a NASA engineerto specifyrulesto beappliedto
measurementspublishedin theSDS.

² Generatenear real-time noti�cations and alerts in the
form of emailsor wirelesspages.Noti�cations may in-
cludea text messageandmeasurementvalues,andmay
besentto multipleuserswhentherule'spremisesaresat-
is�ed.

² Monitor up to four separateSDSsources.This includes
four control roomsusedfor checkout and launchof the

Shuttleandits components.

² Processmultiple typesandsubtypesof measurementsin-
cluding discretes(i.e. booleanmeasurements),analogs
(i.e. �oating point measurements),and digital patterns
(i.e. integermeasurements).

² Allow usersto createandmodify multiplemonitoringre-
questswithout restartingNESTA.

Why an AI Solution
NESTA leveragesvarious AI technologieswithin a rule-
basedparadigmincluding forward chaining, fast pattern
matchingvia theRetealgorithm,declarative programming,
predicatelogic, and more. AI was a natural �t for mon-
itoring the SDS sincepatternrecognitionand analysisare
theprimaryneeds.Althoughpatternidenti�cation couldbe
achieved by employing regular expressionlibraries within
various proceduraland object oriented languages,those
paradigmsarenotspeci�cally intendedfor thistypeof appli-
cationandhave lessef�cient matchingalgorithms.Thepat-
ternmatchingalgorithmsof rule-basedexpertsystemshells
arehighly specializedandtuned.Also, AI, particularlyrule-
basedlanguages,lendsitself betterto thisdomainsincepat-
tern recognitionwrappedwithin a premise-actionconstruct
closelymirrorsthelevel of abstractionat which thedomain
expertswork.

The type of datasignaturessoughtby Shuttleengineers
requiresthe derivation of rulesthat areof the samegranu-
larity asthosetypically usedin rule-basedlanguages.For-
tunately, Shuttleengineerswerealreadyaccustomedto rep-
resentingknowledgeat a �ne grainedlevel. The engineers
areadeptat eitherconstructingthe rulesthemselvesor ex-
pressingtheknowledgein pseudocodethatlendsitself well
for translationdirectly into declarative rules. Many of the
rulesareeitherstandaloneor work in conjunctionwith sev-
eralotherrules.Thissuggestsahighly modularsystemwith
a rulebeingasuitablysizedworkingblock.

Other Attempted Solutions
NESTA is a peripheraladvisorytool to the real time con-
trol systemwithin LPS.Therewerethreepreviousprojects
that attemptedto upgradeLPS in the last 15 years. Even
thoughthoseefforts hadsigni�cantly greaterobjectivesthat
spannedwell beyond just advisoryapplications,they were
advertisedto includemany of the capabilitiesthat NESTA
providesandmuchmore.Approximatelyhalf a billion dol-
lars wasspenton thoseefforts andupwardsof 600 people
workedon themostrecentof thoseupgradeattempts.There
werevarioustechnicalandpolitical hurdlesthatinitially im-
pededandthenultimatelydoomedthosefull scalereplace-
mentsof LPS.

NESTA's infusionof state-of-the-artAI technologiesand
engineeringwithin thelegacy launchsystem,LPS,is partic-
ularly notablegiven the numberandsizeof the preceding
attemptsto modernizethe groundcontrol systemat KSC.
Thosefallen projects,despitehaving muchgranderobjec-
tives,hadlittle to nospinoffs within theLPScommunity. In
contrast,NESTA is becomingacceptedandinternalizedby
membersof thelaunchteamandappearsto beon its wayas
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Figure2: NESTA Context Diagram

awidely usedtool. Fromabusinessvantagepoint,NESTA's
greatestassetis its developmentandmarketing asa value
addedproduct.Thatis helpingpave its pathto acceptance.

Application Description
SystemComponentsand How They Interact
Figure2 shows thecontext diagramfor NESTA. Theagent
processis representedin the middle circle. It communi-
cateswith varioussourcesanddatastores.A measurement
databaseis usedto decodethe SDS into usablemeasure-
ments. The SDS sourcebroadcastsmeasurementsas data
packets over local areanetworks. NESTA monitors this
streamfor datapatternsspeci�ed by the Shuttleengineers.
If a patternis matched,a noti�cation is sentin the form of
an email or wirelesspage. The Rulesdatastorerepresents
the Jessscriptsand knowledgebasethat de�nes the rules
for themonitoringcriteria. All messagesandrelevantagent
activitiesarealsolocally logged.

Languagesand AI ToolsUsedin Application
The Java ExpertSystemShell (Jess)(Friedman-Hill2003)
was selectedas the rule engine. Jesswas developedand
supportedby anothergovernmentagency, SandiaNational
Labs. As such,our developmentteamandcustomerhave
full usageof the tool via governmentlicensingwithout any
fees.This includesaccessto all theJesssourcecode.

Jess' forward chaining reasoningsystemwas modeled
after productionsystemssuchas OPS5(Brownstonet al.
1986) and CLIPS (Wygant 1989). It containshighly ef�-
cient andsophisticatedpatternmatchingbasedon the Rete
algorithm(Forgy 1982).Thisenablesits inferenceengineto
processmany rulesanddatarapidly. Theenginerepeatedly
processesthroughamatch-select-actcycle. As aproduction
system,its consequentscanbeactions.A con�ict resolution
strategy determinestheprecedenceof rule �rings.

Severalhundredmonitoringruleshave beenwritten thus
far for monitoring Shuttleground telemetry. Jess'predi-
catelogic lendsitself to capturingandspecifyingtheheuris-
tics and engineeringrules of this spaceportdomain. The

declarative paradigmof this rule-basedagentapplication
also makes it highly modularand scalableto spanmulti-
ple subsystemsof the Shuttle. Jessalso includesa fourth
generationscriptinglanguageandinteractive commandline
whichareveryconducive for prototypingandtesting.

Jessis written entirely in Java andhasaccessto the full
Java applicationprogramminginterfacefrom the scripting
language.It providesstandardcontrol �o w constructsand
supportsvariables,strings,objects,andfunctioncalls. Jess
automaticallyconvertsbetweenits own typesandJavatypes
insulatingthedeveloperfrom manuallyperformingthecon-
versions.Its useasa Java library madeJess'selectionmore
appealingsince Java supportsmultiple platforms with its
“write once,runanywhere”paradigm.Beyondthat,theneed
for NESTA to supportwebenabledclientsalsomadeJava a
natural�t givenits originsandstrongsupportfor developing
Internetbasedapplications.

Design
Java classeswere developedto parseand decodethe data
streamandrepresentmeasurementsasfactsin Jess'working
memory. To interfaceJess'rule enginewith theSDS,each
datameasurementis modeledand implementedas a Java
bean(Sun2004).Java beansprovide a componentarchitec-
tureto enableeasierintegrationof applications.A property
changenoti�cation mechanismis supportedthatallows one
objectto becomearegisteredlistenerof anotherobject.The
listenerobjectwill thenautomaticallyreceive changesfrom
thesourceobject.This is alsoknown asa publish-subscribe
or observer pattern(Gammaet al. 1995).Within Jess,each
Java beancorrespondsto what is known asa shadow fact.
A Jessshadow fact is a mirror imageof a Java bean,such
asa pressuremeasurement,within Jess'working memory.
All shadow factsareregisteredlistenersof their Java bean
counterparts.Thus,wheneverameasurementchangesin the
datastream,apropertychangeeventis automaticallygener-
atedfor thegivenmeasurementandits sibling shadow fact
is updatedin Jess'workingmemory. Figure3 illustratesthis
path.

After a shadow fact is updated,the Jesspatternmatcher
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will determineif thepremisesof any rulesmatchthenew or
modi�ed facts. Rulesarecomparedto working memoryto
identify premisesthat arematchedby the datain working
memory. For NESTA, this datarepresentsmeasurements
from the SDS and rules representdatamonitoring criteria
submittedby NASA Shuttleand systemengineers.Rules
with matchingpremisesare activatedand placedonto an
agenda.Next, theagendais orderedaccordingto Jess'de-
fault con�ict resolutionstrategy. Thehighestpriority rule is
then�red andexecuted.This match-select-actcycle repeats
until no morerulesareavailableto �re. An actionhandler
classwasdevelopedand is usedto build andsendthe no-
ti�cation messageto the Shuttleengineerwhenever a rule
�res.

KnowledgeCaptureand Representation

Figure4 showstheknowledgeacquisitionwork�o w for cre-
atingor modifying a rule to monitorspeci�c measurements
on theShuttledatastream.TheShuttleengineermustspec-
ify who is responsiblefor therule, thecontentsof theemail
noti�cations,therule's�ring conditions(i.e. antecedent,left
handside), and rearmingconditions. That is, somerules
mayneedto have a “one shot” behavior andonly �re once
whenactivatedthe �rst time. Other rulesmay needto be
re-armedaftera giventime periodor whencertaintypesof
conditionsaremet.

Thecurrentversionof NESTA doesnot have a graphical
userinterfacecapturingthis work�o w, but all of the steps
areeffectively provided within script �les. Those�les are
editablewith a plain text editorby theendusers.Hundreds
of ruleshave beenproducedby thecustomer.

As the rule databasegrew, patternsof rules began to
emerge. Patternsin software designand modeling have
beenextensively investigatedand reported(Gammaet al.
1995).Analogousto thosedesignpatterns,thedevelopment
teamand customerbegan recognizingknowledgepatterns
for this domainanddevelopedrulesfollowing thesestruc-
tures.Somepatternsinclude:

² Oneshot: Rule �res onceregardlessof how many times
factscausethepremiseto reactivate.

² Recurring: Rule�res eachtime thepremisereactivates.

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 timeor maximumnumberof �rings. Onecom-
positenoti�cation is sentwhenthequeueis �ushed. That
compositenoti�cation containswhat would have other-
wisebeenmultipleemailsor wirelesspages.

Somesamplerulesin Englishproseinclude:

² Notify ShuttleEngineerwhenmeasurementV79S4126E1
or V79S4132E1or V79S4138E1or V79S4143E1equal
ON. Indicatesthat Flight Control Power (ASA 1-4) has
beenactivated.

² NotifyShuttleEngineerwhenmeasurementV90Q8001C1
equals801. Indicatesthat a Shuttle is in orbit and is
preparingto initiate the on-orbit �ight control checkout
activity.

² Notify ShuttleEngineerevery 60 minuteswith current
valuesof Flight Control launch countdownmeasurement
list whenmeasurementNMAJORTESTequals7. Indi-
cateslaunchcountdown testis occurring.While in launch
countdown test,senda currentvalueemail containinga
list of Flight Controlmeasurementseveryhour.

² NotifyShuttleEngineerwhenFD N79IV019DBit masked
0x0001equals1. Indicatesthat an LPS commandand
controlprogramhasstoppedduetoafailureandiswaiting
on theoperatorfor action.

This is anactualNESTA rule written in theJessscripting
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 TRUE) (value ?val1))
(AnalogFd (fdName "V76V0200A1") (valid TRUE) (value ?val2))
(AnalogFd (fdName "V76V0300A1") (valid TRUE) (value ?val3))
(test

(and
(> ?val1 26.0)
(> ?val2 26.0)
(> ?val3 26.0)

)
)

=>

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



(notifyActionHandler nil nil)
)

For thisrule,if all threeanalogbusvoltagemeasurements,
V76V0100A1, V76V0200A1, and V76V0300A1, concur-
rently exceed26 volts, the ShuttleOrbiter is consideredto
bepoweredon. Anotherindicator, SOIADATAV, is usedto
assurethe validity of the incoming data. Data validity is
discussedlater in thepaper. Finally, anothermeasurement,
NORBTAILNO, is locatedon the rule's left handside. In
our terminology, wecall this aninformationalmeasurement
asits speci�c valuehasnobearingonwhethertherule �res,
but it is necessaryto include it on the rules left handside
so that it becomespart of Jess'activation objectand then
its valueis includedin thenoti�cation. Theactionhandler
parsesthe�elds in theactivationobjectandbuilds anemail
with all of themeasurements'valuesthatwerelistedon the
left handsideof the rule. ThenotifyActionHandler
call hastwo argumentsthat allow for the noti�cation to be
queued.This particularexampledoesnot usequeuingand
simply passesnil argumentsin the call. Queuingis also
discussedlaterin thepaper.

Figure5 shows an email that wasgeneratedfor the pre-
ceding rule. As illustrated, the exact valuesof all three
bus voltagesare listed along with the informationalmea-
surementshowing which of thethreeOrbiterswaspowered
up. In this case,103refersto Discovery. Theinformational
measurementprovesusefulin not only allowing theOrbiter
referenceto be includedin the email, but it doesnot bind
therule to a particularOrbiter. Thatis, NASA Shuttleengi-
neersareinterestedin any Orbiterthatmaybecomepowered
up. Therule'spatternmatchingprovidesthatlevel of gener-
icity in a very straightforward representation.Of course,
theengineermaybe interestedin beingnoti�ed only about
a speci�c Orbiter. This would requirea simple modi�ca-
tion to therule. Oneadditionalslot would bereferencedin
theDigitalPatternFd templatenarrowing thefocusto
a particularOrbiter. Thus,minor modi�cations to the rule
demonstratetherich behavior availableto theShuttleengi-
neerandshow thesemanticpowerof patternmatching.

Hardwareand SoftwareEnvir onment
TheNESTA applicationresideson a Dell 1.7GHz Pentium
server. The server includesthe necessaryuserandsupport
�les such as the facts scripts, rules scripts, measurement
database,logs,andmore.Currently, theserverexecutesona
MicrosoftWindows2000operatingsystem.However, since
Java was usedexclusively along with its virtual machine,
the ability to executesoftwareon other typesof servers is
readily available. Again, this was a primary driver in the
selectionof Java andJesssoasto not beboundto a partic-
ular hardwareplatformor operatingsystem.Customersre-
ceive noti�cation on standardemail clients including Win-
dows workstations,wirelesspagers,personaldigital assis-
tants,cell phones,andmore.

PerformanceRequirementsand Testing
Performance Characteristics of Shuttle Data Stream
At applicationstartup,NESTA connectsto a datastreamse-
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Figure4: NESTA KnowledgeAcquisitionWork�o w

lectedby the user. The datastreamincludesall measure-
mentsat their respective changerates.No datachangeswill
be missingfrom this stream. For this discussion,only the
FIFO streamwill bepresentedasit is thestreamof choice
for theNESTA customer.

The datastreamaverages5 to 10 packetsper secondand
peaksaround50 packetsper secondat launch. EachSDS
datapacket can hold up to 360 measurementchangesbe-
fore rolling over to anotherpacket. This calculatesto an
averageof 1,800changesper secondfor the FIFO stream
nominally, and18,000changesper secondpeakat launch.
During peakdataloads,the SDSis throttledat the source
anddoesnot maintaintruereal time updates.It maylag up
to 1 minuteor so,but all measurementchangesarebuffered
andnoneis ever droppedfrom the datastream.Throttling
of thedatatypically beginsat T+1 second,that is, just after
launch.Eventhoughit is thehypotheticalpeaklimit, 18,000
changespersecondis theperformanceload thatNESTA is
expectedto meetto avoid missinga measurementchange.
This is referringstrictly to updating18,000factspersecond
andnot indicatinghow many rulesmight �re. In fact,only
a small percentageof thosefactsis expectedto result in a
smallpercentageof the total rulesto �re at any given time,
evenduringthepeaklaunchdatarates.

The measurementdata in the streamis refreshedevery
threeminutesregardlessasto whetheror not it haschanged.
Sincethestreamis basedonUserDatagramProtocol(UDP),
this resultsin anunreliabledatagrampacket service.When



Figure5: EmailGeneratedby NESTA

a packet is droppedon the network, all measurementsare
marked invalid andthemeasurementschangebackto valid
oneby oneasrefreshdatais received until the completion
of a threeminuterefreshcycle.

PerformanceTesting Performancetestingoccurredonan
Intel Pentium4, 1.7GHzdesktopworkstationwith 768MB
of RAM runningMicrosoft Windows XP Professional.The
SDSreaderclassin NESTA parsesthedatastreamandup-
datesfactsin Jess'workingmemory. To testthereaderclass,
12 high speedanalogmeasurementswereselectedand in-
stantiatedasshadow facts.In therangeof 18,000(nominal)
to 36,000(peakat launch)datachangesoccurredevery sec-
ondin thetest-enhanceddatastreamandwereprocessedby
the SDSreaderclass. This includedvarioustypesof mea-
surementssuchasdiscretesandanalogs.12,000analogdata
changespersecondwerebeingprocessedinto currentvalues
andupdatedin Jess'workingmemoryby a propertychange
eventhandler.

Ruleswerewritten for 6 of the high speedanalogmea-
surements.Theother6 measurementswerestill relevant to
stresstheSDSreaderclassandupdatingof facts.5 of the6
rules�red onceeveryminute.The6thrule �red oncefor ev-
ery singlemeasurementchange(1,000persec)for two full
secondssustainedoutof everyminute.Thus,a totalof 2005
rules�red every minute,with 2000of them�ring within a
2 secondperiod. Analog measurementshave considerably
more processingoverheadthan the discretemeasurements
soit wasnot possibleto sustainthousandsof rulescontain-
ing analogsto �re every secondwithout causingCPUstar-
vation.However, the“f air test”wasconsideredto haveonly
a very smallpercentageof themeasurementsthatarein the

streamactuallycausingrulesto �re. It wasconsideredfair
to haveshortburstsof highraterule�rings but not longterm
sustainedhigh raterule �rings. NESTA is not intendedfor
usersto write rules to notify them via email hundredsor
thousandsof timeseachsecondfor a longandsustainedpe-
riod of time.

To summarize,NESTA sustainedthe above scenariofor
many cyclesonthetest-enhancedplayback�le withoutCPU
starvationandwithoutreportingany packetlosses.TheCPU
utilization on the developmentworkstationwasabout90%
prior to launchandhigherthanthatafterT-0. It washeavily
loaded,but NESTA maintainedthepace.NESTA performed
well consideringthat the datastreamwasstuffed with be-
tween1 and2 timesthehypotheticalpeakloadof measure-
mentchangesfor theperformancetest. The “long pole” in
theprocessappearedto bethenumberof rulesthatactually
�red every secondsustained.However, even underlaunch
conditionswhen a heavy datachangeload exists, thereis
notexpectedto bemany thousandsof rules�ring everysec-
ond.Evenseveralhundredrules�ring perminuteis consid-
eredunrealisticallyhigh, but this performacetestsuggests
NESTA couldreadilyhandlethatload.

Developmentand Deployment
Application Useand Payoff
At the time of writing of this paper, thecustomerhadused
NESTA for over a half a year. Hundredsof ruleshave been
written. Along with that,hundredsof NESTA noti�cations
have beengeneratedfor multiple NASA engineers.These
usershave receivedbothemailsandwirelesspagesat KSC
andotherremotesites. Sincethe customeris a NASA en-
gineerresponsiblefor oversightof contractors,thenoti�ca-



tionsactasanextrasetof eyesthatfurtherassurethequality
of governmentoversight.

To betterunderstandNESTA'spayoff, theresponsibilities
of NASA ShuttleEngineersmust be examined. They in-
clude:

² Understandingtheir systemandsupportingequipment.

² Knowing how their systemsaretestedandprocessed.

² Being awareof whentheir systemsareactivated,tested,
or in use.

² Analyzing performanceanddataretrievals from any use
of asystem.

² Beingreadyto answerquestionsabouttheirsystemssuch
as

– Whenwasit tested?
– How did testingproceed?How did thedatalook?
– Is it readyto �y?

NESTA hashelpedShuttleEngineersmeettheserespon-
sibilities in varying degrees. In one recentusage,a Shut-
tle avionics systemwaspoweredup over a weekend. The
NASA ShuttleEngineer, beingresponsiblefor thatsystem,
would not have beenawarethatthesystemwaspoweredup
exceptfor receiving a NESTA noti�cation. In this case,the
avionicsuserwasnotpartof theShuttleEngineer's immedi-
ateorganization.Thus,theShuttleEngineerdid not receive
any communiqúes regarding the system's weekend usage.
Due to NESTA, the ShuttleEngineerwas betterprepared
to addressquestionsabouthis system's usagewerethey to
arise. This hasnot beenan uncommonoccurrence.Shut-
tle Engineersutilizing NESTA beganrealizingthatsomeof
theirsystemswerebeingutilizedmuchmorethanpreviously
thought.Situationalawarenessincreasedmarkedly.

Aside from increasedawareness,NESTA increasesef�-
ciency. Somegroundoperationsspan24 hoursandinclude
dozensof asynchronouseventsthatarebroadcastonthedata
stream.For example,checkout of �ight controlhardwarein
theOrbiterProcessingFacility occurred4 to 6 timeswithin
the last year. The checkout includedlong hydraulic oper-
ations,powering up different partsof avionics, pressuriz-
ing/depressurizingthe Orbiter, and other work. During a
recent�o w, the NESTA noti�cations gave exact times of
events of interest to the Shuttle Engineer. That allowed
the ShuttleEngineerto quickly identify timelinesof these
lengthy operations.Effectively, a virtual roadmapidentify-
ing signi�cant eventswasautomaticallygeneratedandthat
saved an hour of labor. More ef�cient dataretrievals re-
sulted.

PhasedApproachto Implementation and Delivery
Multiple releasesof NESTA have beendeliveredto thecus-
tomer. Thedevelopmentteamhasfour memberseachwork-
ing approximatelysixty percentof his time on the project.
Theteamworksvery closelywith thecustomer. Generally,
theteammeetswith thecustomerat leastonceperweekand
hasmultipleothercorrespondencesvia emailandphone.

The initial NESTA releaserequiredsix months. There-
after, a releaseoccurredapproximatelyevery month. Prior

to adoptingJava and Jess,somepreliminary performance
testingwascompletedto verify that the Java languageand
Jessrule enginewerefastenoughto handletheShuttledata
streamrates.Concurrentwith thatcoarseperformancetest-
ing, theinitial setof requirementswerebeingdeveloped.

DevelopmentTools
In additionto JavaandJess,othertoolsusedinclude:

² Eclipseasanintegrateddevelopmentenvironment.

² Visio 2000to developUni�ed ModelingLanguagemod-
els.

² CVS for con�gurationmanagement.

² Ant for automatingbuilds.

² JUnit for automatedJavaunit testing.

² Emmafor Java codecoverageincluding measurements
andreporting.

² Optimizeitby Borlandfor pro�ling performanceandde-
tectingandisolatingproblems

TechnicalDif�culties
Data Validity As indicatedearlier in the paper, the data
streamis basedonUserDatagramProtocol(UDP).As such,
the connectionis not always reliableandpacketsmay get
dropped. This posesproblemswhen rules arewaiting for
datato arrive. Datahealthandvalidity becomequestionable.
If thedatastreamconnectionis lostentirelyor databecomes
stale(i.e. notupdated),falsepositivesor falsenegativesmay
result. That is, noti�cations of hardwareeventsmay never
besentor besentin error.

To partially addressthis data validity issue,additional
measurementsareincludedin therulesto checkfor theva-
lidity of thestream.Measurementsarenow marked invalid
for a droppedpacket(s)or whenthesourceof themeasure-
mentbecomesbad. Thereis still a larger problemof false
negatives and never receiving an email if the datastream
dropspacketswhile amonitoredeventoccurred.Asidefrom
notifying theShuttleengineerof adatalosswhenit happens,
we have not yet identi�ed a mechanismthat guaranteesall
noti�cations sincethedatastreamis unreliable.

MeasurementDatabasesChanges Multiple datastreams
andcontrol roomsexist. Often, themeasurementdatabase,
which is usedto decodethe SDS,dynamicallychangeson
the streamas a result of operations. When that happens,
decodingmeasurementsbecomesimpossibleandfactscan
no longer be updatedin Jess'working memory. A short
term �x to this problemwas to simply notify the NESTA
systemadministratorwhenthestreamchanges.A measure-
mentdatabaseJavabeanwasaddedandis usedwithin auser
ruleasa fact.Whenthemeasurementdatabasechanges,the
administratorautomaticallygetsan email and may restart
NESTA accordingly. Longerterm,automaticrestartsof the
agentwill beprovided.

Flood of Emails If anenduserincorrectlywritesa rule,a
possibilityexistedof �ooding thenetwork andserverswith
hundredsor eventhousandsof noti�cations. To preventthat,



multiple safeguards,suchasuserde�ned limits, werepro-
videdto �lter emailsaftera givennumberhave beengener-
atedfor aparticularemailaccount.

Beyondthatpossibilityof usererror, therewasa separate
needto queueemailsthatmayberelatedto somesequence.
Queuingprovides a mechanismwheremultiple messages
expectedto occur within a short time period are grouped
togetherbeforebeing emailedin bulk. For example,four
�ight controlavionicsboxesareoftenpoweredup in ashort
timeperiod.Ratherthanauserreceiving four separate�ight
controlemailsthatmaybe interrelated,it wasnecessaryto
provide a queuingmechanismthat allows a userto tie re-
latedemailsto the samequeueandreceive onebulk email
thatwasacompilationof whatwouldotherwisebemultiple
emails. Both the queuetime andqueuelengtharecon�g-
urableby theenduser.

Maintenance
New releasesaredeliveredapproximatelyevery monthby
thedevelopmentteam.Thosereleasesmayincludebug�x es
for problemsreportedin the former release.However, new
releasesare generallydriven by new functionality as op-
posedto beingdrivenby softwareerrors.

Thedesignof theNESTA applicationfacilitiesupdateby
the enduser. The applicationusesa datadriven approach
for theuser�les. All of therulesandfactsarestoredin Jess
scripts.Whenruleshave to becreatedor modi�ed, theuser
hasaccessto several text based�les. A facts�le allows a
userto addmeasurementsthatshouldbemonitored.A rules
�le allows theentryof new rules.Sincethesearetext-based
script �les, no compilationis requiredby theenduser. The
�les areparsedat applicationstartup. This datadriven ap-
proachispowerful in thatit enablestheenduserstomaintain
their own �les andnot be at the mercy of the development
teamto addnew supportfor new factsandrules.

Conclusionand Futur eWork
NESTA hasincreasedsituationalawarenessof groundpro-
cessingat NASA KSC. More and more Shuttleengineers
are relying on NESTA eachmonth and are creatingaddi-
tional rulesfor monitoringthedatastream.Theinfusionof
AI technologies,particularlytheJessrule-basedlibrary, has
provedvery fruitful. Interfacingandintegratingthesemod-
ern AI tools with a legacy launchsystemdemonstratesthe
scalabilityandapplicabilityof thetoolsandparadigm.

Theknowledgepatternsthatareevolving within NESTA
will make it easierto train new usersandalsoallow faster
creationof rules. Many other enhancementsare planned
suchasproviding an advancedgraphicaluserinterfacefor
creatingthe rules. AnotherprojectusingJessis alsounder
developmentat NASA KSC. It is calledthe LaunchCom-
mit CriteriaMonitoringAgent(LCCMA) andis intendedto
identify limit warningsandviolationsof launchcommitcri-
teria. As opposedto being usedprimarily for day to day
operationsasNESTA is intended,its scopeis targetedmore
for launchcountdown activities.

We areinvestigatingagentsthatpossesstheability to re-
vise previously concludedassertionsbasedon what may

now be falseor retracteddata. Belief revision (de Kleer
1986),alsoknown astruth maintenance,is particularlyim-
portantwhendeepreasoningof longinferencesis necessary.
Jesscurrentlyhasa very simpleform of truth maintenance
thatwearelookingto extendwith a full blown truthmainte-
nancesystem.
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