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1 INTRODUCTION

The Australian Bureau of Meteorology1 head-
quartered in Melbourneis the national weatherser-
vice of Australia. It has a strong needfor complex
and evolvingsystemsfor managingits weatherfore-
casting,monitoring andalertsand is currently in the
processof developinga sophisticatedsoftware sys-
tem in whichintelligentagentsplay a signi�cant role.

Thereare a number of challengesto be met dur-
ing this development:

� The system must evolve over time. It must
include legacysoftware, and must include and
make useof new and more sophisticatedcom-
ponentsas theseare madeavailable.

� It mustbea distributedandopensystem.Com-
ponentsmust be able to run on di�erent plat-
forms, and must be able to be developed and
deployedby di�erent groupswith only looseco-
operation. As new componentsare addedthey
must be locatedand usedappropriately.

� The systemmust handlelargeamountsof data,
usedandproducedby manycomponentsinclud-
ing legacysoftware.

� The systeminvolvesa rangeof complexgoals,a
highly dynamicenvironmentandsomecomplex
inferencing.

The Forecast Streamlining and Enhancement
Project (FSEP) is a major project within the Aus-
tralian Bureau of Meteorology which seeksto im-
prove the quality, quantity, consistencyand timeli-
nessof weather products and servicesto the com-
munity and major clientssuchasthe aviation indus-
try, �re �ghters and emergencyservices.Additional
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potential clientsincludeshippingandagriculture. In-
creasingly, clientsrequirereal-timealertingof signif-
icant weatherevents. To improve the timelinessof
weatheralerts to clients,and to help streamlinethe
work-
o w of forecasters,intelligent alerting within
the forecastsystemhasa high priority in FSEP.

The domain is highly dynamic, with large
amountsof data about a (sometimes)rapidlychang-
ing environment. There are also a wide range of
tasks that must be addressedby the system,such
as detecting particular meteorological phenomena,
resolving inconsistenciesin information, providing
appropriate focused information to users, closely
watching particular geographicalareas(e.g. around
airports), etc. This combinationof a rangeof com-
plextasksanda highlydynamicenvironment,makes
a systemincorporating intelligent agents,which can
be both reactiveand proactive,a natural choice.

In this paper, we �rst introduce intelligent soft-
wareagents,before exploring the applicationdomain
further. We then describe our initial implementa-
tion, built usinga commercialagentframework, and
show how it addressesa number of these require-
ments. Finally, we outline our requirementfor 
ex-
ible alert noti�cation and indicate somepromising
research leadscurrently under investigation.

2 BDI AGENT SYSTEMS

The research ideas behind intelligent agents date
back to the mid 1980's (George� & Lansky 1986,
Bratman 1987). The technologyhas subsequently
been used successfullyin a number of challenging
applicationssuchasair tra�c control (Ljungberg &
Lucas1992) and spaceshuttle monitoring (George�
& Ingrand1990).

We are particularly interested in goal directed
agents using pre-speci�ed plans, such as those
supported by the agent developmentframeworks
JACK Intelligent AgentsTM (Busetta et al. 1999),
dMARS (d'Inverno et al. 1998), PRS (Ingrand,
George� & Rao 1992), JAM (Huber 1999), etc.
Theseare referredto as BDI (Belief, Desire,Inten-
tion) agents,becauseof the way that they represent



and work in terms of these kind of concepts. (In
particular we useJACK, an industrial strength sys-
tem for developingBDI agents,developedby Agent-
OrientedSoftware2 in Melbourne,Australia.)

The plans in thesesystemsdescribe a particular
way of achievinga goal (or sub-goal)in a particular
situation, known asa context. The goaldirectedna-
ture of the agent executionmechanismprovidedby
the systemensuresthat if an agent fails to achieve
its goalusinga particular plan, it will search its plan
library and try an alternativeplan if oneis available.
Appropriate plansfor useare decidedaslate aspos-
sible, i.e. only when the agent is ready to achieve
the sub-goal. Thus the choiceis always madewith
the currentsituation in mind. Planscanalsocontain
sub-goals,which allows for a hierarchical approach
wheregoalsare broken down into sub-goals,which
may themselvesbe further broken down. At each
levelthe appropriate plan for the current situation is
chosenfrom the library of availableplans.

The combination of reactivity and goal-
directednessof BDI agent systems makes them
an excellent candidate for complex applications
operating in dynamic environments. In addition
to this run-time 
exibilit y, BDI systemsare highly
scalable. As new situationsare identi�ed and ways
of behavingin thosesituationsdeveloped,additional
planscan be addedto an agent's repertoire, along
with a descriptionof the applicablesituation.

3 APPLICATION DOMAIN CHARACTERISTICS

There is a particular requirementfor improved avi-
ation and �re forecasts,and an important compo-
nent is the rapid amendmentof forecastsassoon as
the needfor amendmentis indicated. This may be
achievedby continual comparisonof weathercondi-
tions againstforecasts,whichwouldbe labour inten-
siveif doneby humans.An automatedalerting sys-
tem canperform a continuousweatherwatchanden-
sureforecasterswill be alertedto signi�cant weather
developmentsin real time so that amendmentsmay
be quickly issued.Lesssevereweatherchangeswill
alsobe alertedby the system.The quality and time-
linessof current aviation and �re forecastswill thus
be continuouslymonitored and corrected. Similar
mechanismscan be used to deliver these updated
forecaststo a wider audience.

3.1 Many clientswith di�erent needs

As listed earlier, there are many external client
markets for an automated,real-time meteorological
warning system. However, our experimental proto-
type is focussedon the aviation sector. Evenhere,
clientsfall into groupswith di�erent information re-
quirements: forecastersthemselves,regulatory au-
thorities (Air ServicesAustralia), commercialairlines
(passengerandfreight), military aviationandgeneral
(private) aviation.

Providingtargetted information to multiple fore-
castersis one thing, but the aviation market may

2http://www.agent-soft ware.com

be much larger. The Australian domestic pas-
senger 
eet is under 1000 aircraft but provides
over 500,000domestic(plus 100,000international)
passenger
ights (aircraft movements)per annum,
whereasthe general aviation 
eet is over 10,000
aircraft 
ying for around 2,000,000hours per an-
num (Civil Aviation Safety Authority 2002).

Figure1: A typical automatic weatherstation.

TAF YMML122218Z 0024
24006KT9999 FEW025BKN030
FM0218015KT9999 SCT040
FM1725006KT9999 BKN025
T 15 19 20 16 Q 1028 1026 1025 1026

Figure2: An exampleof a TAF, a forecastof weather
around an airport, encoding among other data the
future temperature(T) andpressurechanges(Q) on
the last line.

3.2 Many data sources

Thereare alsomanyexistingsourcesof meteorolog-
ical data currently availablefor generatingweather
alerts. Theseinclude

� raw observations provided by automatic
weather stations (AWS, Fig. 1) available
in 1 minute (instantaneous) and 10 minute
(averaged)forms;



� �ltered servicessuch as METARS (a routine
meteorological report issued every half-hour
from particular stations,eitherautomaticallyor
by human);

� localisedforecastssuchas terminal aerodrome
forecasts(TAF, highly abbreviatedforecastsof
weather around airports intended for pilots,
Fig. 2);

� thunderstorm predictions from the TITAN
(Thunderstorm Identi�cation Tracking Analy-
sis and Nowcasting) system, which produces
short term (up to 2 hour) trajectory predictions
as new radar data arrives every 5 or 10 min-
utes (Dixon & Wiener1993);

� email noti�cations, e.g. from the VolcanicAsh
Advisory Centre(VAAC);

� direct observations(such as Clear Air Turbu-
lence)from pilots en route;

3.3 Alerts

Alerts (or warnings)canbe raisedwheninconsisten-
ciesare detected,either betweena forecastandcur-
rent observations,or betweenmultiple observations
or predictionsfrom the sameor comparablesources.
Whenan inconsistencyis found, the systemcanalert
interestedclients.

For example, an inconsistencybetween a TAF
and corresponding AWS or METARS observations
can be deliveredas an alert to the current respon-
sible forecasterfor that regionwho may potentially
changethe TAFs issuedin the future, thus leading
to removalor lesseningof the inconsistency. An in-
telligent systemcancompare thesedata streamsand
analyzethem in various contexts: for instance, in-
consistency, TAF not issued,TAF expiredand TAF
unrealistic. As part of such a system, intelligent
agentscan reasonabout suchthings as

� whetherthis alert haspreviouslybeenissued,

� how important the alert is,

� whetherthe alertsare being respondedto,

� which forecaster(s)to direct the alert to.

4 AN INITIAL IMPLEMENTATION

The current prototype is an end-to-enddemonstra-
tion of all the architecturalcapabilitiesrequired(sub-
scriptions, data routing, communicationwith data
sources,self-describingdata, and simpleservicede-
scriptionsand servicelocation mechanisms).While
this exampleis relatively small, it providesa basic
structure that can be usedand re�ned for building
the larger system.

As described in section 2, BDI agents provide
a ready implementation vehicle for adaptive, dis-
tributed systems.Individualagentscanbe extended
via additionalplansto cope with newsituations,and
additional agentscan be deployed to distribute the

workload or providenew functionality. Ensuringac-
curatebut minimal communicationwithin the agent
network then becomesthe major problem.

4.1 A Pipe-and-Filter,SubscriptionArchitecture

The architecture of the systemcontains a number
of speciallydeveloped agents,a number of existing
components,includingthe real-timedata input sys-
tem, and the data representationand management
layer which is crucial to the overallarchitecture.

Thesecomponentscanall be run on the onema-
chineor canbe run on di�erent machinesacrossthe
network. In the pilot we have successfullyrun the
systemwith componentsrunning on an operational
serverwith real-time input data communications,a
test systemon a developmentmachine,and agent
driven graphical user interfaces(GUIs) running on
forecasterworkstationsand PCs. SeeFig 3.

The componentsare:

� Independentsourcesof AWS, TAF, VAAC and
TITAN messages

� GUI instancesthat receivealerts and display
them

� The main components of the systemthat re-
ceiveTAF, AWS, VAAC and TITAN messages
and issuealerts.

Thesecomponentscommunicateusing TCP/IP
or JACK MessageEvents, sendingobjectsencoded
using tree-table-xml (see Section 4.2) or serialized
TTablescontainedin JACK messages.

The main components of the overall system
are themselvesagent systemsthat each contain a
DataStreamDispatcheragent and somenumber of
Monitor agents. The DataStreamDispatcheragent
is responsiblefor managingincoming subscriptions
and for routing messages.A TAFMonitor agentwill
subscribe to TAF and AWS messagesand will gen-
erate discrepancybasedalerts that it sendsto the
DataStreamDispatcher,whichare then routedto the
appropriate subscribers. Similarly, AbsAlert agents
issuealerts when AWS valuesexceedtheir thresh-
olds, VaacAlertagentsissuevolcanicashalerts and
the TitanAgent alters on changesin thunderstorm
activity, basedon alerts or messagesfrom their re-
spectivesources,anddistribute thesealertsvia their
own DataStreamDispatchers.The internal structure
of eachagentcomponentin the prototypeisdepicted
in Fig 4.

Bene�ts

The pipe and �lter designservesto minimisecom-
municationrequirements,placingthe relevantintel-
ligent processingascloseto the requiredinformation
sourcesaspossible.The subscriptionmechanismen-
ables
exible decouplingof the producersand con-
sumersof alerts.
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4.2 FlexibleData Sharing via TTables

A generalizedXML format known as tree-table-
xml (Gorman et al. 2002) is under developmentin
the AustralianBureauof Meteorology. Its designis
intended to accommodate current and future me-
teorologicalXML format requirementsby being ex-
tremelygeneric.Insteadof representingmeteorolog-
ical metadatain XML tags, tree-table-xmlde�nes a
high-levelmeta-metadatastructurecalleda ttable .
This is not speci�c to meteorology, but is a generic
format capableof handling a wide variety of data.

This XML format alsoseparatesthe metadatafrom
the data. Its document type declaration (DTD) is
shown below:

<!DOCTYPEtree-table-xml [
<!ELEMENTtree-table-xml (ttable)>
<!ELEMENTttable (row*)>
<!ATTLIST ttable nameCDATA#IMPLIED>
<!ELEMENTrow (col+)>
<!ELEMENTcol (#PCDATA| ttable)*>
<!ATTLIST col nameCDATA#IMPLIED

type CDATA#IMPLIED>]>

Note that the tree-table-xmlDTD consistsof just
four meta-meta elements: tree-table-xml (the
root element), ttable , row and col . Minimal
attributes are de�ned for bootstrapping metadata:
type andname. The messagedata is containedin a
table calleddata and the correspondingmetadatais
containedin a relatedmetadatatable. Eachcolumn
in the data table has a corresponding row in the
metadatatable. For instance:
data
station wind wind air
name speed direction pressure
Melbourne 13.0 128 1001.0
Mildura 7.0 172 998.0
Avalon 20.0 117 1001.0



metadata
element unit data signi�cant
name type digits
station name - string 0
wind speed knots double 3
wind direction degrees int 3
air pressure hectopascals double 4

Bene�ts

This simplehigh-leveldesignfacilitates the develop-
ment of software that can processa tree-table-xml
document without knowing its content type. The
TTable allows any kind of data to be expressed,
including meteorological, servicedescriptionmeta-
data, systemadministrationdata,andagentoriented
information. New data types may be introduced
without impacting negativelyon existingagents.

5 EVOLVING AND EXTENDINGTHE SYSTEM

5.1 Adding VolcanicAsh Alerts

Partly asan exercisein determininghow 
exible the
alerting systemis, we put together an alert using
an email list from the VolcanicAsh Advisory Centre
(VAAC) basedin Darwin. To this end,we havecre-
ated a newemailclient and subscribed it to the vol-
canic email list. Theseemailswere then piped into
a transientJavaprocesswhichscannedthe emailfor
the strings`volcan',`erupt' and `ash' (not all emails
to this list are actually about eruptions) and the
nameof any volcanoin our region(from a database
of volcanonamesand locations). When found, the
systemsendsa TTablemessageto a JACK volcanic
alerting agent,which in turn can trigger an alert.

The volcanic ash alerting agent is availablefor
any other JACK agentin our Bureausystemto sub-
scribe to (seeFig 3). Thesesubscriberswill usually
be an alert GUI sitting on a forecaster'sdesk, see
Fig 5. The alert contains the �rst 30 lines of the
email, so it is availableto the forecasterwithin the
GUI to allow manualeliminationof falsepositives.

This systemextensiontook about 2 days to put
together, demonstratingthat our basic mechanism
is simple,
exible and functional.

5.2 Adding TITAN Alerts

Following this, we also addedan alerting agent for
the TITAN thunderstorm prediction system(Dixon
& Wiener1993). TITAN usesradar to detect thun-
derstorms within a 200km radius and tracks them
using a consistentlabel. Storm data are kept in a
�le whichis updatedafter everynewradar scan(5 or
10 minutes). We hook into this systemusingFAM
(�le accessmonitor) which runsa shellscript when-
ever �les of interest change. This script initiates a
Java job which converts the ascii TITAN data �le
into a multi-row TTable,opensa socket connection
to the machinewith the TITAN JACK agentprocess
running, and passesthe TTableacross.

The JACK agent process checks through the
TTable �nding new storms over certain thresholds,

or old storms recently exceedingthresholdsnot al-
readyalerted,and if any are found, createsan alert
TTable. This is then postedto all subscribersto this
service.

The information postedon the alert GUIconsists
of the radar name,the storm number (so forecasters
can identify it on externaldisplay systems),its loca-
tion (lat-long and radar centric), and the storm pa-
rameters(cubic kilometers,kilotons of mass,speed,
bearing, height in km, etc).

This extensionwas more complexthan that for
volcanicashalerts,but took just overa weekto add.

6 DEPLOYMENT EXPERIENCE

The alert systemhashad its �rst exposureto avia-
tion forecasters,the alert GUI usedcan be seenin
Fig 5. This providedvaluablefeedbackon a number
of issues,mostlyaroundGUI look andfeel,whichwe
will addressin the near future.

There were a number of deployment issues,
broadly: self-healingfrom systemfailure and system
evolvability.

6.1 Self-healingfrom systemfailure

To minimisesystemcoupling,we haveimplemented
the publish-subscribe pattern asnoted above: when
an agentsubscribesto a service,it is granteda lease
for a certainperiod. It then must resubscribe before
that period hasexpiredto continuegetting the ser-
vice. In this way, if a serviceis addedor replacedby
another, clients are able to seamlesslyreconnectto
the new service(assumingit has the samename).
This hasthe addedbene�t of providingself-healing.

All distributed systemsare vulnerableto failures
in software, machinesand networks, any one of
whichmay potentially bring down the system.Man-
ual interventionto �x failuresis unrealisticand self-
healing is necessary. In the publish-subscribe pat-
tern, eachservercheckswhetherclientsstill havea
validleasebeforeprovidingthe service,andif not dis-
cards that client's subscription. On the client side,
if a serverfails the client will attempt to resubscribe
until the serviceis again available. In this way the
entire systemself healswithout immediatehuman
intervention. This was amply demonstratedwhen,
during a recentsustainednetwork interruptions,the
system promptly reestablishedits internal connec-
tions.

6.2 SystemEvolvability

Software upgrades, updates and withdrawal of
agentswould alsoleadsto systemfailure if this were
not managed.

� The useof JACK facilitates easyimplementa-
tion of new agent behaviour by adding new
plans within a capability that are applicable
in certain situations, adding new capabilities
within an existingagent,or addingnew agents
to the system.For instance,the newsubsystem



Figure5: Examplealert GUI showing volcanicashmouse-overinformation

whichalertson volcanicashdetectionswasim-
plementedin lessthan two days.

� Leasingallows developers to withdraw and re-
placea component safely.

� Overridingthe JavaserialVersionUIDon trans-
mitted classes(to removedependencyon par-
ticular compilations of classesat either end
of a messagetransmissionvia serialization)al-
lows components commonly transmitted be-
tween machinesto be extendedand replaced
incrementallyand safely.

� The use of the generic data object TTable
(seeSection4.2) and its externalizedtext for-
mat tree-table-xmlallowssafeextensionof data
structureswithout recompilation.

The subscriptionmodel made the system very

exible, with alert GUIs running both on the fore-
caster'sdesk,and severaldisplaying the samedata
on the developmentmachine.The GUI on the fore-
casterdesksubscribed only to TAF alerts, whereas
the developmentGUI subscribed to both TAF alerts
and volcanicashalerts. The subscriptionsare con-
trolled by drop-down menuson the GUI.

The forecastersnow haveaccessto the alert GUI
via a menuoption on their workstations,so we can
easilyexposethem to future versionsof the system
simplyby uploadingnew Javalibrary �les.

7 PLANNED EXTENSIONS

In addition to incorporating new data types and
sources,for examplewild �re data, we now wish to
evaluatethe alerting systemwith additional clients.

One issuereported by the �rst set of aviation
forecasters,was the inability to be more selective
about whichalertsweredelivered.To date, the only
con�guration possiblehas been whether or not to
subscribe to a particular type of alert agent. It was
not possibleto limit alerts by geographicalregion
or selectivelymodify the presetthresholds.Regional
forecasterswill want a low thresholdfor alertswithin
their region,and higher thresholdsfurther a�eld.

Similar con�gurability will be requiredwhen de-
liveringalertsto aircraft en route. When
ying from
Melbourne to Perth, pilots will probably not be in-
terestedin thunderstorm alertsfor Cairns,or ground
level fog in Adelaideas they 
y high overhead(al-
though fog at Perth persisting until predicted ar-
rival would be of interest), or weatheralerts for re-
gionsthey havealreadypassedthrough. They may
alsowant to specify di�erent thresholdsat di�erent
rangesand times.

Additional scenarios involve the introduction of
new data sourcesand types,as yet unknown to po-
tentially interesteddownstream clients. Examples
include:

� a new localisedsevereweather alert of known
type, predicted to intersect the current 
ight
path,

� newtypesof weatheralert service,e.g. a light-
ningservice,becomingavailablealongthe 
ight
path.

To minimisecommunicationoverheads,it would
be best to pushsuchselectivity as closeas possible
to the alertingsources,rather than receivingcopious
unwantedmessagesandthenhavingto excludethem
locally. This will require 
exible and dynamicsub-
scriptioncon�guration, rather than the static imple-
mentation in useat present. Both intelligent agents
and human operators may be involved in this con-
�guration process,which could require severalex-
changes(in e�ect a con�guration protocol).

To date we have investigated the service dis-
coverymechanismsprovidedfor currentclient-server
and peer-to-peermodels,but theseseemlimited to
exactmatchingon typesand/or attributes (perhaps
due to their relianceon distributed hashtablesfor
implementatione�ciency). What we will requireis
morealongthe linesof the run-timemessage�ltering
providedby the JavaMessagingService(Chappell &
Monson-Haefel2000,SunMicrosystems2003). Fur-
ther alternativesare listedin (Campaillaet al. 2001).

Handling overlapping(and potentially con
ict-
ing) dataresourcesprovidesfurther complexity. Sim-
ple duplicationsshouldbe resolvedas far upstream
aspossible,in order to minimisetra�c; but con
icts



may need to be propagatedto a human operator
for resolution. Serviceduplication will also impact
recoveryfrom partial network interruptions.

8 CONCLUSION

JACK and TTableshaveprovenextremelye�ective
in building and extendingthis experimentalalerting
system. The level of data abstraction provided by
TTablesplusthe messagepassingprovidedby JACK
has meant that the underlyingcommunicationand
leasinginfrastructurehas not requiredmodi�cation
to accomodateadditionaldata typesasnewservices
are added. A new Monitor agent can be written,
or new JACK plansor capabilitiesaddedto existing
Monitor agents, in order to processthe additional
TTabledata.

The pipeand�lter architecturehasservedto min-
imise communicationtra�c, and provided a mod-
ular location for intelligent processing. Combined
with the subscriptionmechanism,this modularity
has also aided ready incorporation of new services
implementedasnewJACK agents.Severalvarieties
of JACK reasoning(event handling) havebeenex-
ploited in subscriptionand alert handling.

The subscriptionmechanismcombinedwith leas-
ing has also made the prototype more tolerant of
systemfailures.

The main problem to date has beenthe lack of

exibilit y in the \all or nothing" subscriptionsystem.
This will be the focus of the next stageof research
and development.
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