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cottrol of & productien process for Instarce and other axanples are uzsad
alaowhere In thie apacification.

The syvatemn comprises o oot of closacy {in the ebjeat-oriornted technology
sengs) implemerted in the Jeva pegramming lenguage, allowing |2 to run on a
varbety of hardwere pletforns. Jeve is a good cholea of languages for dsvaloping
ruli-agart applcatione becausa ft 2 ohkct-obentad and muitkthraadad, and sach
agent may conkiat of meny chjects and saverelthreecz, 1t sleo hes the advan;age
Of balng porabke BCross opsIanng sYSTAams, 25 wall B3 providing arich 21 of class
librarina thert Inchids axcallat network commurication fachiles,

Tha ctesses of the gretem can be categorisec into 1hree primany functonel
groupsz - an egent component librey, an egent belldieg tosl and sn sgent
wisusisaton tool.

Tha agant companant Borary comprigas Jeva classes that torm ths
“huading blocka® of individual agerts. Theas together implernant the *agant-wal™
functionaiity required for 8 cellaborative agent. Thus for inetanea far
communicatione, reaeoning, inter-sgert se-operation and the ehility to pearticipae
In goal-drivan Inieractions batwesn agams, thes systam provides:

n A parfarmativa-bassd intear-agact carrmunication mnguage

s Enowledge mpreasmtation and storegs using omokbgms

s AR amynchronous sacket-besed messige pasaing syatem

» A planning ond schaduting svatem

s An svent modal togethar with an applications grogramming irderface FAPY] that
allowws progrmmmens to monitor changes in the internal state of an agect, and
1o sontrol its behaviour externally

» A co~ordination anggina

» A ey of predefined co-ardinatdon protocola

s A libray of pradeafiied urguniaatiuﬁal relaticnghips

it further providee supnort egants of known ganaral typs oUch a8 name-
sarvers, facilicetore (clazsifiod dirretorioe), and visualmsara.

Praferably, componsntz of the system use standand technologizs wharsvar
paaslbla, such BE communizating tincugh 1CPIN aospets using B [ANQUEgs Dased
on the Knowlsdgs Ousry Managemant Languags (KOML]

Further deacristiona of thess aspacts can ba found bakow.
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I ths fnlhwing-, tha tarns “goal”, “task™ snd "job ™ are used. These e
cafired as follows: -

A “gool” : g logioal dadeipclan of 3 raseyras {Fact] whioh it 1= intendaz xn
egant should produca;

A “task*: a logtnal descript on of @ procass whith Ussd e HF Mok
ragcurses and producies ofw or mors resoarces; and

A "job*; refare 10 & goal or task depanding on the corrtaxt, (For instaraos,
in Ue cormeal vl te ybudliver 140 discussml bsdlow undar the beeding *E.
DEBUGGING AND VISUALIBATION®, it reéfers o goale.]

Refarring to Flgura 1, an sgant-baned system 100, builkk vaing the CAES
pletform, comprizas | sat of *ammunlexting agsnte 108, 110, 118, 120far
controllingrepressnting mntitias in en extemel gystem, wgathar with a set of
Infraatictiva AgaNTs 135, 140, 145,

The sgants of tha syatem 100 commuricete with sach using a network
guch as & Local Ares Netweork 150, Thay migh: alternatively communicris using
eapraity in the estornal syatem. itaalf.

Extarnal to the egemt sygterm 104, thers is a communlcations systam 125
with varioua camponants. Tiere is within b externel syatam 125, for nataihie, &
tarmingl 155, a anftware application providing authenticetion 150 and several
network links 166, 170, 176, Cna of tha natwark Inks 178 Is provided with an
cxtanal agent 180 whish is ooporoto from tho sgort-hasad eyetars 100 built uaing
tha CABS platform.

Tha CABS sqents 105, 113, 116, 120 have various taske o cary out and
ragources 1o corml, The agands il need both to collaborate together end to
cerry aut taska, The t2ska will include thoas drectly nvahesd In praviding services
tor a s But ey aled ncloece ousliory toxks.

In an exampla. in the eystem shown, if the user wents deta downloaded to
the termingl 196, the user agemt 110 wil hava the task of providing an
aLthertiestion rassurca 180, tha termina agan: 106 willl hava tha tesk of providino
sufficlent storage for the dela at the teminal 155 and tha network. sgents 116,
12Q will heve the sk of providing nemwark bawdwidth to carry the daly b Lhe
tarrical 165. The network agents 1195, 120 will o nasd to collaborese with
sach other, for (netanca by bidding egeimgt cne enothar in tarms ef cost. ties and
rqua ity of earulrs t0 peevulde the network bandwidth.
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Ater eninter-sgent collaberation stega, the ggermts 105, 174, 115, 149
will carry dut the taske by outputting control messages to the componems of the
syatern 125 thoy control. Tho torrinal cgort 106 mwst tharsfare santral tha
tarrninal 155 £0 as to provide the sorege cepadty it hes apreed. The user agert
110 muet wunch tha authartcatior applieation 160, Dne of the tevo newvork
agerts 128 must pravide the barsdwldth, agread as a result of the collabaretion, on
s reapectve nawork link 170.

Duritgy Umir eulivities, s sgenls 105, 110, 115, 120 will have accsas o
comTon rasourcas witain the CABS agemt system 100, mclading ‘or inetance the
infrastructars agants mantionad abave; B nams sarver agart 136, 8
dabugginpfault finding sgam 140, rafarred to hore az a Visuallser, and s facillator
Bgent 1485,

The SSparete ggent " B0, comroling e rewvword link 178 o the extarmal
systam 125, may pravide beak up "o the netwark agenta 116, 120 of the CAES
eyatem 100, in the avermt thit bancwidth Is not avelleble through netwiark Imks
direatly controlied by the CABS built ageamts 115, 1300 If will ba cdaar In that
circurnetancs that tha CABE agents 106, 110, 116, 120 wil nead to shars &
comman communication (anguaga with the separate agamt X 180, together with
some ot of co-ordination protocal  Corsmuonication with the socternal agemt 180,
for Ingtanoe to pirtaln cepacly on ite ink se & backup reacures, could be alocated

an atank te ary one o mers of the CABE ogonte.

2.  ATRUCTURE OF A 5INGLE AGENT BUILT USING CABS PLATFORM/TOOL-
RIT
Reforring te Fipure 2, the ittsme strucur of a singls, colaborsive agent
which can ba bult uaing SADS, for distributed contre, montaring and
maragoment of sxboarral aysams iﬂ-u; comprzes:

lil 8 mel box 200 ar cammunlesting davice whiagh handles
corrmunications between the aoftwere modula gnd othar [rdeenal or extymal
Eatowara or hAMOWArE EYSTAMS:

(il & rminssags bandler 206 which processes messeges incoming fram tha
tall box 100, dlepetshing tham to othar componants in the erchitecmre;
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(i) B co-ordination snging and remsaning sysem 210 wheh takas
deslsbons concaming the g-nfd: the egent shoukd be purguing, how seid goake
ahauld ba purausd, whean to abandan tham atz.. and hew ta eec-ardinats the
agent’'s ectivitiss with reapact ta oher CABS agare n the syetam, Thaeo-
ordinatton angine and mazoning syitern contains beth an ergine and & detabass of
coonfination piocaiorey 250

livl an scouaintance modd 215 which daacrbss the agant’s knowlisdge
abour tha capeblides ¢f ather agants In e SyEUeT;

vl & plennar and sohaduler 220 which plane and schedilsa tha temka the
agant is comtrolling, manitoring or maneging besed on decisione teken by the co-
ordination enging and massving syotem 210 ama the rieenurces and teske svailabla
to be contrelled, monitored endfor nanscsd by the agant:

(vl B Esource dattbaee 245 SCmtaming (ogica descriptine of ta
rascurces currartty evallable to the agemi; end arowiding an intarface batwasn the
darghans and axtarmal eystans swkh thet the datebess can query axterrat sygtems
ooyt the wemlaallity or resnarcss and inform acdtemal syateme when esources ara
nc langer needad by the egent, and extamal ayatems can o3 their cwn nitietve
add, delxts ar modify resourze item3a in 1 Hetabase, thua hideting changas (1 tha
epent’s behaviour;

{vill Brask detebase 230 which provides [ogleal dexefptdions of tazks
avallable for cantrol, manitcring andfor monagemamt by the sgant; and

[vil) an axscution monitar 236 which sterts, atope, and menitors axwernal
eysioms tesks chaduked for acscution o tarmnaticn by the planer snd
schaduler, and which ‘nforme tha eo-ordinatan anglne and reasoring evetem 210
of successful and excaptional terminating conditions to the tasks it i manitoring.

YWhen tne agent ix built, the dmlnpar uges various CABS-pravided oditors
to provide descdptons requirad for vericus modules of the egant architecturs
inelidingg the eerrdimaen and remonning angine 210, the acqgueintanea nadal 216,
the resource databass 225 and the task databaza 230,

In use, the agant 12 drivian by events which c3UEs T8 BgaT'S SE 10
change. The agent will runan event model provided oy the componant Bbrary of
tha rystam to monltor these Intamel chenges, making them vizible 1o a

programmar via an APl Thera pra thres posslbie extarnel swant sources (aes
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Figuwa 2); wxtarnal maesagas fram other agams Into tre Mailbox 200 {g.§ requeasts
for s service), extarnal awentz tnitiaad frem tha Exscution Monitar 240 montoring
axtarnal systams (o.g. feorm rariode songwe] ard ua el eeants inillated froos
charges tc the Rasoures Detabase 226. For axample, if tham is an svact whish
chenges tha atats of the agent, such B3 1055 of 8 resource, it will need to update
Tta mecards aceordingly.

A change in Fiate mwy initiste a spquarces of activites within and/or
auts de ths partlculzr. agent. For ex@mpls, 106Ng 8 Meeirsa (&g, through Talks)
which is required to provide seme ssrvice would requite the Planner & Scheculsr
mod.ls 220 to attemp! te gesure antiher repounte which may ba able to g0 tha
oamo job. ¥ |t sucasade, all ectivities a9 & regull of tho loos of the recavies can ba
civgined withln the agant. However, |f the Flenning and Szheduing medule 220
canmot locate another boal resourcs, the Coord nation Engine and Reasoning
Systermn 210 will be celled upen 1o attampt sither to gecure he resource from wome
orthar agart or delegatefcorttrect tha task which required thet rasource to another
agart. |a both casss, the Coordinadon Ergine ond Roseonltg Syetern 210 will
reqquest tha Mailbox 20{ vis tha Mezsnge Hander 210 to consirult 4 message and
dagpatch i to selacted other agants. In this way, cocrdinetion of activitiez with
other agerta |s resdised.

Furthr detalls of the companents of the sgant strozture which support
the akove meshanism are glven below.

2.1 " Muilhax 200

The meilbox 200 ig implsmantsd as 3 mult-threeded module with inter-
EQEnt communkation vie 0PI sockacs,  Ona Thread of SxecUtion, he cerver
thraad, continuoushy istens for end .an:ﬂapta incomng TCF connecton raguosts
fram othes agerts, receivea BNy iNcomimg mezeges from those agents and puts
the roogived maseagee Intc an intrey o queua). A zesond thrasd, the clismt
thread, opene TCP connactens with ather egermts to dellver messages. Massapgas
to ke delivered ers retrieved from an owi-tray [qusuel. When other moduylag of the
Bget request @ meseage tv be celivered o another agemt, those messages are
placed on the cut-trey of the melbox io ba Istar pleked Jp by the client-thread.

The rmesssgs languonge uzed in o ouront implomantatien & ths KOML agent
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communicstion languaga [Tim Fin, Yanpks Labrou & Jemes Wayfiad (1287,
KQOML &3 en Agant Communicatin Language, In Eradshaw, J (Ed.], Softwara
Agarta, Cambridge Mo:s: MIT Proos, Chapter 14, pagas 237 -318]

The malbox technology is relatively standerd ond could hava Sean
implamantsd using 2itamative communication protocel other ther TOPP guch ee
glactonic nall and Hypar Taxt Tramfer Protoco (HTTP.

Z.2 Massnge Harxler 204

Tha rrsesaage handlar 206 comtinuelly polls the in-triay of tha mailbax 200
for paw incoming méauagag, wihileh I+ dlgpatahan ra ster mdevser camaonents of
tha agant for dewilad arocesging, This module iz based ot gtandard tackso ogy,
Compriging a cobtinuously running thread whkh pole the madogx 200, and hae
access io hardfes of el the maor compooents of the agent for dispatching
masages o then.

In CART, the format of KOML mesesger ia me follawa:

KOHAL [ eandar immoanays Joontant|

Apant rreasages, inchuding inter-agemt communloatiang as usuzlly used in
co-owdinaticn in CAB3, uie KCML perfformetives, and  the detala af the
comnunlcationa sre usually >onteined in the KOML contert flekl A CARS agant
that puts forward a changs i state to other agenats [which may repreaemt A
proposal. counter-cropesal. or sccetance in the CARS ec-ordination protogol} uses
the KOML psrfamative “schieve”. HRecipient agemts rapy by using the ¥XOML
parfammativa “reafy ™ when they coanbsr-propusss wod “eceed” winmn Uey accapl &
proposal. .

23 Coordination Engine Gnad Raranning System 210

Fataming to kigures 2 and 3, the co-ordinatkan angira and raazoning
eyaiom 210 and tha planner end scheduler 220 ara both unigue In & CABE agent
and both ara how descrtbed In detall. Furthar reforernce iz made 10 tham balow, In
degeribing wes of thw CAES p-!tl‘fn-'l'n'l to> dazign sn BQEnt aysterm, unde- the
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headings *Step 4: Agant Coondinedfon Sretegy Specficotion” and "Stap Z: Ao
Daffnlton” respectively, in the zeciion ertitled “4. USING THE CAES PLATFORM
TO DESGN AN ACENT EYETEM™.

Coordinetlan & axtramely Inpotamt in CABS becouse e sgeria are
collaborative.  Colleborative software agamis refer to the complex ciees of gpents
which ere both sutcnomouws end whiclk ars capable of coopamtion with other
pgTts in order @ parferm teaks for the srtides they raprazamt. Tha;r may heve to
nagctate 0 order o resch ulually eucopewble sgesinants whh ather agents. For
ingtence, &h agant may racales a reguest for 8 resoursa from ancrther agett. 1t wil
respond excording to the ralatlonship bstwasn them and according o its own
partlvdar circumstances ("etrbe M1, such 18 whesther it hes thet resource available.
Tha response forms part of en interaction procase betwean the tvo agerts whilch
e dHetantined by A& “co-ardingdon provocol”. The coordingdon engines and
reasonmg gyster 210 allowe the agent to nte'not with other agemts weing o8 of
mors differartt ce-ordiration proissla, seectad by tha developaer ta be apprepriate
to tha mgurt's damaln.

Typically, in the pest, cocrdinaton protocols have been “hardwined® lnte
the way irdlvidual software agents work, sueh that chenging them roquirsa o tétal
re-write of tha ectira distributed spplication. In & CARS eyatam however, the
agomt iz providad with ona ar more co-ordinaton graphe 255 and an angine 210
for exocuting tham. Each greph eomaprises o oot of lnbala for nades tegether with
A sat of lebels for arce which idandfy trensitioy condidons for going from node to
nods. The epent is sleo provided with accass to a repository of the executable
forra of the nodes and Brcs identified by the lsbasls. This repestory mey be held
Intemaly In tha mgant ar axmemely from it. The co-ordinatien engine 210 uses
graph desgipbons o dynamically auld snd nun co-ordinatien prassass: by putting
together the procesa ateda dant(fiad Ev the node and arc [ebels o° the praphs.

At Bgert bulld time, the user samcts from & fo-ordination graphs detabase
210 thw wpanifls soaordinetion grepha for the agant. which are lcaded into the
eget’s ool eoordination graph datebase 266, (Tha CAHS uniqus visimllser agent
140 13 providad with & conmel 100l whiah alows ugera o moedify agams” co-
ardinetion graphs et rumtima. This is further described below, undar he hesding
“E. DEEUGGING AND VISUALISATION"}
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A pardoulerty imporam fasriea of tha CABE agent |5 that ks co-ordination
angine 210 can implamamt mors than ane ce-ordiratlon process, and themaiore
mara than ane caardinatlen protocol, smufiinnsovshs  Thie ie drne aflastively iy
muliplexing exmeution af tha eo-ardinaton graphs held in the co-ordination greph
detebesa 286 by an sgert. The sagine 210 dsals with the first node of sach oo~
ardination graph 266 it has been keded with. than stapes on saquartiaily 1o tha
sgeond noges of all the graphs, etc. Thus i; effectivaly steps Hwowgh the co-
erdinetion graphs 255 in parallsd.

CABS thus provides in the agent shell 3G0 2 co-ordination engine and
raasoning aystem 210 for which the functicnatity 1a determinad by gelaction from &
snt f co-opdinatan graphs 310 during egant build. Once snch agant | In uae, the
co-crdinadon grapha ara ussd by the co-ordingtion angine and reasoning Bystam
Z10 1o run specilied vo-ordinatlon Jrocaes staps arnd arotocols.

T repoeitory of procese staps identifisd by the [abels 8 not necessearily
lent hald i aach agent. |t may simply be secagond by tha agsnt at runtime, In
sccordanca with e ce-ardination grephlal,

{in the fol'owing, tha ¢o-ardnatlon angine and remscning aystym 210 e
alsn ratansd to @z the Coorcination Scttwars Modula 210.3

The ovarali architemture of the Coordiistdon Softwara hodule 210 1& one
of a Turhg stae machine.  H takes as Inputs various staty verisble waluas,
parametan, gosle, sxceptione and canetralnts, and [t ompute decikions.

In & multegent system, whan two or mare agems go through 8 Co-
ordinatlon prooese, ugng thair respectiive Coordination Software ModuEs L7110, the
overall procass functanslity cen gensrely to reprasentad by a “unhearssl co-
ordnetar protacal [UCP" a& follows:

Y
F'rupluual —p Coumer-propiosal —pe Acceptance’iomfimation
A |
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Thia UCP I= a 3¢hese sequence cof activities “pmpoeal”, “counmer-
propasal” and *accarrtanca/eonfirmation”. with possitie iteredons ea ahewn. Each
Rctivity ie reprégeited by a “node” [repracorisd Rera by a high level process
deacriptior] and tha nodez ma cotmseted Dy “smea” [shown here 25 errows) which
sech [ndicete & wansition condtion for mowing from node te nede. Tha
Coardinathn Sottware Madue 210 for each egent rmust be ¢apahia of aupporting
that sgent’'s rolwin tha UCP.

2.3." Ce-ordinethon Scftwesrs Module 210

The cowordination softwae module 213 it dasignad to averpret co-
ordinatian graphs whan givan an initial problemn] atera. The Initlal stata epacifles
tha nhlal condhtions of the probkany and Lhig pecaeney dals.

Exocixien of a graph by te cosrdneton software modula 213 procasds
a3 Tollows: the engine salects tha first node af e graph snd instemtigtes a procass
Idantflad oy the labal of the node. This process is wn by cabing |ts erecl] which
ratirna one of three passible reautta: FAIL, OF or WAIT, If axse{) rotun=s OK, &
progese [centified by tha labal of the first arc eawing the node is Instandarad and
exesuted. If the are test auceaeds then tie node poired to by the are o achedulad
for execulion. The graph wil ba sxecutsd In this way until B final nods is reschwad
froem which thars are re mene srcl.

The co-ordinetion software moduls 210 contlmuousl cycles  thraugh
graphs in the wnge tiet # monltors for avants 800 axceptione oocumng af Ay
time.

H an am test falle at a node, 1he naxt are from tha node 1= tried. If 2
node"s axscl meothed coturme FAIL or all gareo koving the nada fall than the node ic
bacctrackad cver by celling the node's Bacizrack)] mathod which undoes mny
chagea made by tha swacil method] te the previous node of the chaln.

H 8 node’s gxpel] mathed returns WAIT, then the node is pleced an 2 wadt
quese until one of two condiiona becatma vYue: atthar 3 naw sxtarnel evant ie
mcalved by the onglte (eg, v ropdy nnmesge s reudived Trom amther agantt or o
timaait zneaifed by the node io axcesdad. |n oither cass, the node I echeduled
for meacction ajaln. lm summary. the sngine performe w depth-firet smcot on of
the graph with backtracking allessd.
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Ohhar atbytas of the angie Insde:

il the ability to trom grephs and arca as sguivelant when an ore label |0 fact
denotes a graph - this glvea tha sngine recureive gowar; 2nd

(il the abllty to creata multple initences of the gama arc and mxscum them in
parallal with mavagemeant of tallure of the parallel orenches. 1.e. when one branch
of a parallel are faila, the angine sutermatceally fells al the other executng percallel

. brancnes.

10

15

27

The detaled logic of the coordination engine 210 is as follawa:

Yestor executinnGuae 7/ queue of noacs aweiting seeculion
Vestor meagogeliueus // quene of new nessoges
Vector messageWaitQueue /¢ queus of nodes owalting messages

pubtic void runl) {
MNode nede:

while{rumning] {
node = (Modejrda el
noderun{this);

1

void enqueue!Made node) {
add node 1o the exentiondheue
weke up the engine if it is sleeping
}
Mode dequeued) {
Mode sodae:

Time 1;
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while ( mﬁmﬂmua:isEmprr{] 1
// compurte timeout & wait
cotrpuTa the minimen titasur (1) of all the hedes K

the nessogeWniuee
¥=1-current_time

/{ raw walt by putting the engine to 2leeap
if (10} malt{t)

check if the timeaut of ary rode on the meszogeWaoitlueue
has bean exceeded. For these nodes whosa Timeout has baan
exceeded remowve them from the messageWaittueus and add then
1o exerrHonSjueuse
}
delete and retumn the first element of +he execotiontuele
}

wold dd(MNoce node) {
enguese{naoe);
¥

wiid add(Gaal goal ) {
select graph (3] from The groph librory anc run it
}

vaid add(Mesioge meseage) {
¥ mersage b= a4 prapasal
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ereate o hew goal fram the contents of the messoge ond
run o new graph with the Quuiu input
otherwige
ok mewcres ot st m .
wakep():
]
}

void wakeup(} [
remaye ali nedes from the mesiaoeWait Queve and add

ta the sxecutionCuaus

wvod wai tForMeq(ode noda) [
add nacle o messaceWait Queie
}

Vector rephyRecedved(String ey} {
find the set S of dll mestoges in the messogeliumne
with key fiek = key
messngeCRuE = mEssogeluemE - 5
refurn 5

The folbwing code frapeamts describe the basic babeviour of a “ooe.
Nots that in defining a new nods cnly the exec} and beekimekl]] furnetiong nssd bo
ba dafined. Tha orhar Tumcdons bDelow desUEM hw rodes moerget ywit ine
abgine and arcs.

S~ring]] arce [/ tha liet of arzs “rom thie moda
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String[]nodes // the ligt of node pointed to by the arge
MNade  previouws_nade // the previaus sede in the chain

20

PMCTCGRSAMLIAT

Graph  graph /7 the graph which led 1o the ‘retantlation of th's hodse
it stare S tha cureant srare of this node

B im

ecrremt_are /! the current arc owaiting exeartion

Object data // date dedcribing the current state enwhich this made acts

v d riniEnging engine) {

10

awi teh{atoie]) [
case READY.

18 ollowed

i1

H [ |graph.allow_execf) )

if the graphallow_sxacl) aske tha groph If executian of this node W

fnil{ergine faolse "Exec refused by greph™);
else

swtch! sxnc} X

case DK
shote = RUNNIME:
znyine. addf this);
break:

case WATT:
engine.writForiag(Thia)
break

case FALL:
fail(angine false, Node exez Failed");
break;



10

.t

VD DTS

21

breal;
cose RUNNING:
it { Igraph.allow_exec!) }
Fail{angine, frue,"Exee refused by groph®):
else if { areg == mull J
donelenging,"rarminal node reached™);
&lse 1 ( curren_ars = act.iangm )
faillengine true "All arcs Towersed™):
&lse
exes_gre{engine, drte);
break:
]
1
vold TalllEngine engire, boolean backtreck, Stmng recsan)
state = FAILED:
if { bocktrack 3
bocktrackiy
graph.failedlengine this);
i { previous_node |= null )
previoes_pode nexiArc{engine);
}
protectad int exec() £
! containz the actual emecutable code for
#/ thid node
}
pretected vord backrrach) {
#7 reset any staie changed by exec()
)

FCTGRHANZIT



WO WSS TCTHERORIEIEYT

void exec_arcEnglne angi_m]_{
haod process deseribed by currant_are and
ihe call the runi)y methad of the are.

B Tf the run() method succzeds |
create o new node procesd by caling
graph.ssawMode(label) where bhhel i the wede label ponted fa by
nedes[curremt_ars 1
Initiolise the newnade sith setInpat(date) and
10 odd the noge to the engine wit1 enginz addnewhode)
}
if the arc process conot be craated or the run methed
fails call the nexctArc() method of this naca
}
16
waid sefTnpurt{Ohject data) {
thix.detc = data
}

20  void nextArc{Ergine englna}{
i { lgroph.aliow_gxec(} )
fail{engine, true "Next e disallowed by groph®
alge { '
if { stgte == DOME &&karcs == mll }
b Ta engine, True, " All wes TRaversad™ ),
elee {
state = RUNMINE;
current_arce+)
angine.add{ thick
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The follawing code ragment descrtbes the fumctons thet implememt the
bahaviour of B greph. Note pgain that a user duss not nead to Implament thazs
funcHore. To describ= any gragh, the usar simply’ needs to provide a two
dimenginnal strirg] amvay listing the nodes and ama of 1tha greph.

Siring]][] nodes // two dimensicnal amray of Hsting the nodes and ores of the

graph
aming  Srart_node £/ the labelof The stort node

Siring  mext_node 7/ the Jobel of The next node

Mode  previous_mede // the process of the ket node of the graph

Mode begin_node /! the process identifier of the sfart node  Groph
parent_graph £/ the graph of whic thizis a subgroph

imt rtate i the current state of the groph

puilic void run{Engine engine, Sraph pa~ent_oraph, Node Jrevious_node,
String nexct_node] {

thigparent_graph = parent_graph;
this.previous_node = :prn'l‘uu:l__mdu;
this.next_ncde = next_rode: |

start{gngitearc_cdate)
]

public vold run{Engine angine, Object input) {
start{engine input]);
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pretected void start{Engine engine, Object imput}

}

grate =~ RLMMIMEG:

begin_nade = newhMade{stort_nede);

it { begin_node == rwll )
Tail{egine, Start node pat Found”
else {

}

begin_node zetInput{ingut previcus node);

engimecddibagin_nade

void done{Engine engine, Nade node) {
storte = DYOMNE:

IF { greph k= aull 3 {

}

}

hlode next = graph newhinde{nec_poda):

I { next == mll }{

}

stirte = RUNNING;
node nextArclengine]

wide [

}

O Jest drta = node.getData(k
next setlnprtidora hede)
engine, cdd {mexi ),

2%

PFCTIGESSR3T
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void faileci{Engire enginz, Made node) {
i# ( node = begin_node ) state : FATLED:
}
void faii{Engine engine, String reason) {
6 state = FATLED:
if { pravious_pode = null |
ey nodenextArciengtne )

10 Maode new™Node(String nome) {
create o new node procesa identifod by thelobel mame and
using the 2D nodes array find the ares leaving this node and
their dasttnction nades ond 2et these as the arc/mode doia
far the new nade

1E }

Beocw E Bn sxample of a graph descrplion which iz stofed . tha
coomdinatien graph database 255 snd uewd to oreats snd run B cerdinatan
proceas,

- 50",
"el® "g1",
"oz, "sdm,
"a3", "sd'],
25 s,
g *seh
ghm g3}
{*s3}
a4}
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The arrey describes a graph with Tour gtenes al-s4, and flve ace al-ab.
Fromr node 30 wo can teke #rc 8l t0 sete 51 or arc 82 to state a4 ar abemative
arc 23 to stete 4. When rmore than one can pe taversed from 3 noda, the erce
ara ttar in the ooder In which they ara presented o the graph deacniptian.

The coos with which a user dsfiress a8 node 5 3mply meguired to
implemert sm &xecd) and 3 bdactiraek] method. For aror the obde should

Implameant en exac(] mathod which returng 8 boglean result of tros or fake.

d.3.d Coondinatkn Machanzms

Refeming 1o Figus 11, in CABS agents avery coordination mazhanism |s
snadfiad in terms of 2 14-stage framework whare in each stogs gt lead one Btata
process function shoudd be Implerentad.  Tha 14-mege fremework can be
considered an *executive summay™ ol the dsmalled lagke of tha es-ardimatlzn
mjine 210 xat ot In oode ebove. Gaeric gtomic procsas dunctions for the
folrtaen omages ars listad balow, Figure |1 describog in achametic form tha stages
fisted bakyw.

tn this phasa, an agem AZ hes Desn triggered By an ineaming meseage from
smedhar Sgant A1 which for Insianes nesds tn ddegete terke. Tha incomid
meesags will ba sarm 12 tha co-ardination angine and reasoning syetem 210 of A2
which vwii call on the planrar Ared achaddier 220, #nd or tha various detebaasg
230, 22K 21B. 245 in budlding amd ranping 8 co-ordination graph In ordar to
mapand to agant A1, In the resource phase, sgent AZ will uss the tesk databass
230 to opo whot rosourooe a tack raguirse, and the regource end commitmant

datebnsas 226, 245 te sea if it has thoes regourcas avallable.

Stage Ore
Verl'y resource mvaiabiiity and determina ections  for sifustions  of
autficlantsufAclant rezocurcos;
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Dacigion:
+ |f r=3ources arg mmi:iatabﬂ:m‘tiulv suffeiart
ga o nxl slago;
n if rascureas ars completely 10t available
~ect end terminaie;
Jtaga Twno

Tantarlvaly reserve regources;
Dglegation Phesa

Thie ghate will only coma irte play if agant A2 dost not hwvs the razoarca
awllshle, kealf, to respond 1o agoent Al.

Smge Thres
Datermine the agemt's posltion/le in the whole coordination cortext
(khead —owrar of tha curment goeal, or nan hood 0. one to wham a euk-
goal hag bean dalsgatad) end dirtinguish the level of resource avalability
ipartialiy’complataly sufficinmt],
= if reasurces ars anty perieliy sufficieTt
go to next gtage {5, - S1
» H e resources are only partdzdly suificient, b 15 necawsay @ negodete
with other egentz ta find addilanal resource. Stages 5, to 5y bring in
nagotation process otepa which ama nat required f oresources are
rnmpletely sufficient. Hanca, if reecurces ars cempriatsly suiflelem and
the agant™s roke [ "head”
ga to Stage Thirsen (8 - 5.5,
® rEgOUrceN Ae comphetuly sl..iffiuiant bt the agant’s rolais not “heac”,
go to Stage Ten 15, - Bl
Ltags Four
Find tha first eat of tasks whose required resourcs Ganmot ba mat;
Remova the aplected sat |5,- 3,];
Stage Five
Craata & W propeas! usirg svary task in the anlnotad ant (8, - Bg);
Stmpa Glx
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Fail

Find a =t of egants 1o which the propossl can be posted [5; - 8,);

Femgn &by Plggan
Stefih Suven
{will deperd on co-grdiratlon strategy to bs applied, for inatance "Multiplz
Round Second Price Coen Hid™ gr "Cormract Nat® - sas balow.
¢ zand the propoal 1Se- S;);
param acoanmnea handling (&, - 5g);
+ (parform counierproposal handting) (B = S
{parform madifled-proposal processing) (S; - S.;

Stega Elghi
Summernae resulte obtained from napot ation phase [E; - Sl;
Stags Nina
Declsicr: sadact o 3=t of sccoptances from the reault (5, - Bk
Btoge Ton
Decigion:
* N there are pther sets ol tasks whoss requred reacurces cannot be met
go to Staga Three (S, - 5,);
» if thara ars na other ze7s of maks whose eguirag rassurean cannst be
e, aind Uiw agant s a asad agant
go to Stage Thirteen (S, - S,k
+ |f thera mra na other 91 of tasks whose reguirst rassurcea cannst ba
mrwrt, and tha agant is not a head egent
poin next atage (8, - 5.k
Stage Bevsn
+ gend acceptance and I'!:lll!.E B = 54k
« perferm confirmadoen bendling [S; - 5.0);
. = ¥ applicable, perform modified-proporal baedllng 15, - 5,3
Stage Twalva
Pecigon:
= if nal havimg dalegated and confhrnatlon received
go ta Stage Fourleen (& - Bl
= if having dekegated and eomfrmation. rocalved
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go 1o necct mtage {5y, - Sk
+ i no confrmation received
ropat and torrinate 15,; Sl
Stam Thirtesn
Sond conflernatdan (5,; - 54;

Stege Fourioon

Fimmiby 1eserve Lk reamnces ancd lenminabe 4y = Sy Ty = Sl
2.33 Defining New Comdnation WMaechantsms

Tha dmilgn of tha coordimation machine sllows virually infinits axtanselan
ig t1e vanous VCP-compliaht cocwdinatien graphe ard svan o non-uoP-compligem
graphs. Thiz is achieved by the fact that the coordination angine i 8 generiz and
domain-Indepsndant funcdon which imerpreta any gragh deseriptton of the form
denrribed asdisr. By ghving different coordination grapha 1t tha angine, A arant
coodinetion behaviou: wiill ba performed. Moreover. by altering the implsrmsnted
functiona {i.e. programal identifled by tha nods and arc labela of 8 graph, than on
expsudng that graph the sngine will bahavs &ffaranty sven o the set of givan
Iabels ramelns uncharged.

K haa baasn ronlizsed thet the UCP ond #o derlvetlva, tha 14-gstagoa
framawark, subksuma many existing coordination mechanizme. b hae also baan
rgglizged that thsas mechaciams ciffar snly 0 cantain minor, bt subtie, agpacta.
After aereful aralysie, it was found the by difersctating tha UCF [n 14 stegas,
most rmchanisns hava many of he stages in common avd only differ In 2 =madl
punibien of sioges. Thia makas [t posaibls o Implament o large amber of differant
mechanisms by devsloping onby & few new Wnctons and many of the common
funztdors can = reysed. In sdditjon, specifying mecraneEms using a unified
nniadylng framawnrk makee it poeaibls to solve a problem oeing 8 mixore of
differwert rschanisme.,

Givan a eoordinaken beheviour, In cxder w deflme 8 new UCP-compllen
cocrdingtion graph, the follawlng staps should suffice: -
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+ To raflne the behaviowr so thet the decigion-msking ardd procassing canform
10 e 14-stagee framawvark; :
a Sgarch the Jibmry «f tha coordinatan machime, ane muse exeting
implemantad functiona sa far a8 passible. This wil be where the functional
beheviour & identical to tha raquirad one;
+ For those steges where no implemanted funetions can ba rausad, Implamant
raw functions Inwhick the fallovring thres mathods mosk wrlst:
= proei to varly wiethar funatizn |2 oppliooblo, parforn tho Acoesoanry
cekange of state, megsaging, and certait databasas update;
+ baoktragk: to rezet sl the operatone pesfarmad and restors the otlginal
Hints:
= Labsl: gve any newy Impisememad function 2 label.

234 Adding New Coordisation Graphs to the Engine

Aftar n raponitcry of implemertsd functions has been defined. in order 1=
allow tha angine to use 2 perticular coardinetion graph, 2 string descriptlon of the
araph should 5mply ba added te the angina. {The engine can unify muidpks
coodinaticn graphs Irta one unifisd greph which contalne na dupleaton of setes.)

|f ore than ona coordinstion mechariam is requinsd 1o solva & parioular
problem, -he enaing should in thio caca ke glvan the graphs deacdhing ha regilised
coordination processes.  Following unification of the graphs, the enging ia adls {o
apply tha differemt mechanlbme implicit in the ynified graphs opporfunistcally.

2.4 Accpaalidancs Databess 2106

Tha resource, tesk, end scqueintance databases 225, 230, 216 primarily
anrve aa informaton reposttories, and con be implemented using comeantlonsal
detabase technolonies whigt supgert storage, retrieval and query facilllies. It ona
Irplementation, s hashtapls (linkig aach data (tam o be stored with & unigus key)
I weed 23 Lhe mmeln dite storgge siocine fue sech ecdule.

The pcqualmance databece 215 atores an acqueln-ance model for the
agart In the farm of 2 relationahip tabke aa in the follawing exemple:  the domain
In this axsmple iz e desllng =nvironmertt such as batwaen two shops: Shop 1 end
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Ehop 2. Refarring ta Figura 8, tha managsr- agent of Shof 1 (Aperi A1} has two
exslztants, Agenix B1 snd C7; whilst the meneger agent of Shap 2 (Agent AZ) hes
thras ahpleants Anarts B2, % ard D2

Neceasadly in (his acanaria. A1 knows of the wxistanca and sbillties of Bt
erd C1 zinae they are his Bssiztents, and smiledy A2 of B2, C2 end D2, Assume
that A1 knowa of A2 and the ksms A2 can preduce; however 22 hes no
knowledge of &1, Furlher, assurma that iy sach shaop, the ssststants all know one
anwihar and their roopactive ablfks. The 4we tiblse balow summarize ons
possble Instance of the orgenisational knowledge of the agarz in Shops 1 and 2.
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Table : An instance of the organlssilonal lnowledge of Shop 1 mgeniy

Bus Avgeril Frluliun Tergul Alkilive Buwe bolivwes To ol prmieemens
Agomt

A1 BT o B1 ity [bam1 ttme 4 (oost B, ...
U 0T C1 {zitem [tem 2 e 2 oot 4y,
paRr A2 (:itemn tam3 :tme b oot 8, ...

A1 subord nats Al
Co-warker c1 {:iter hamE :Hdme 5 e 31 ...

Ly subordinate Al
CO-Workar B1 (e hhmm 1 zdme & ocast B), ...

Table : Ao matrwce of the arpamictocal osewledpe of Shop 2 pgents

Baga Agant Relatlar, Targst Abiltlea Done boliowes Targem ponsasass
Apgart

AZ U on a2 :iem |tamsd itkme 2 oot &), ..
suparion ~2 {ritam Itemb Hma 3 enek 3], L
sapsriar D3 {:itemt emE (time § ort 7L o

a2 aubardinata AZ
Co-worker 2 [:item Hwrn2 (Hime & tcost 3), ...
So-worker D2 [:iteem ItermE iHma B eost B), ...

o2 subordinete AR
ac-workar B2 {iterm ltem 1 tima 4 coat 51, ..
eso-unrorkoar o2 {:Itam Itard time & oot B), .

D2 syboningte AZ
co-worker B2 {sitam et :thme 4 :cost B, -..
Oc-wWorkeay c2 [:lem kemd ;dme ¥ cost 8], ...

Tha Shop 1 Teble inboducss the four organisational relationahips uaed in
tho sumont implemontetlan of the CABS syeorom. Ty owperfor ard  subordireie

ralat arnahips mairtain ther naturel intarpratation ax vartbeal structural relationships
Peor and co-worker are hormontal structural

with authority umdsrtones.

10 ralationahlps; in CABS, 2 co-worksr is enother eoert in tie sama Static agancy
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whe s nather & supsdar nor & subordinsta. Pear relstionships arz the defaull, snd
refar to any agant known by the base agent who s nefther 2 superior, subordinate
nar oo workor,

Some of the impiications of the different crganisstiahal relationghips on
napotiation and cocralnatlon stretegies ere dscussed bodow, under 1the heading
4.4 Btep d: dgeat Coordimtion Strategy Specifoation B18°,

Mot thet crgeniaaticnal ralaticnshipe ars not by default bldirectonai.
Thot i, dthoughn an agoert R oeighl beleve Y e ke bew subordosls, it dooss ool
racacsarly Imply that ¥ balaves £ to be hor superior. i cen dsc be noted thaet -
the Shop 2 Tabla showa na pear ralstionship for the A2 sgant. This reflecis the
fact that 1be A2 agant hee no knawledge of the memager of Shop 1, the A1 aoant.

Mota alsa that ans agent’s belisfs about a sacond need not be consigtent
with u thd agente baliata (data] abour tha sstand. For exemple, In the Shop 1
Tabis, A1 beliavea & cen produes [bam2 at a cost of 4 units and wsing 3 teme
units. Howsver, B1 beliovsa diffarsnty that ©1 produces [tem2 &t cost 2 unlts
end using B time units.  This mey it practcs atien i agants hava diMEacant xardine

leval agresmants , for nstence.
2.5 Fennor & Bchaduler 220

The ral: of the plomnmorfashonuior @ ta plan and asheduls the teeke to bs
parformed by tha agam. Convartionel plenning (8.0. meena-end analycie na in the
BIPE pr Q-FLAN pimnvasre - sas papars in IEEE Expert: “lorieligent systems and
ther applceione”, Vol 11, Na, 6, Degember 1988], and scheduling {&g. job-shop
schedudingl techniques cen be uged. Howewar, the plarne and achesuler 220 of
U CARS wymid lag ohditienal, Innevaillve aspects. Nor mstonee it con affer an
ovarbooking faciity 1o enaurs masmilead vas of rasaurce.

The mplemantation of a CABS agant's plantar/scicduler 220 i3 a means-
end partinl Bnd hiarerchica plannar. Baferdng ako to Floura B, it meimane B
commitment teble (or detabagel 245 which & & two=dimensionsl arrey with rows
200 dendting avallabl procasesra and golumng S0O5 denoting thme poluts {using un
intsgar reprazamatior of timal. The beas time [Y07] of the tsbls bn tha current
Hme, whis ths madnum fime iz the curent tima plus the maximom plan-ahead

paarirard of tha apant.



10

ANy

1]

WO IS5 FCLAGEOENZ2Y?

34

Inputz to the plannerschedular 220 ara goals of the form: Produce
regsource A, by timz @, at mesimum cost o Meta, the god specification mey
Include ether poromotors aush 30 quolity. Thie will dopend an the planner balrg
ugad, ks outputs ang:

{E} output-tasks

- & sat xf tasks it Will need to parform to schiave the goel; and

(h] outpuk==zahgoEle

— & get of sub-gomles which tha agant muat cantreaet ot (o other agemts if the too-
level gaal ia to be schioved.

The bahaviour of the plannar & as follows:

1f [ e ¥ corrant-time or & » corrent-time= + plen-ahead 1 return fall.
F* Chaek to ansura we are within the time-range covarsd by tha 2garts planner *f

let applicabis-taake = the aet 3f tasks 11 the ajgentfa task databaes
which heve the degized secourcoo B oo ono of theds edfecs (produced

ltem=).

{* Mote depending on the planner the sopfcaide-rasks Gan be ordersd by cost,
quality, time, atc. That is, the cost of perfaiming the tagk, the quality of resourcas
119 tass producas, of the e b takes 1o pedform he ek, *f

For each task in the st gof spplicehle-tasks do
Bolompl by plave Ligw {oak in the commetmens takle in o skl A e
block of fram spaces, betwest the dealred and-time @ of tae task

el Ll wcosical—Lises.
If not anough frsa spacey Ase aviileple Tor tha task, ge on to the
&L Laah in Ll awl v apulicab e=-caaks,
IFf tapk has been successful_y pisced on tha table:
Add task Ta the st pUripun—iesks

the atart—time s of ke task i= given by dta stéct positine
gL the tebile

Let congtmad-regsurces = the ngt of resources raqulred to
PAETATE TRe EADE.

For tach resrnivae © LD consumed-IezedivcEes)
CfenK Tie FelduroE dardbass for L

SUBSTITUTE SHEET ( rule 16 )
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iFf the +*sasuyce cdatabmgs corkaina © than B locate & ™0
the tasks :

otbezwize create a pubgoal to achieve roscarite C by Lixe
a, and with other cocmatralnte such as quality similar ko
thoae ieposed of e top—lowel oal.

Hart, racaraively invoks the planner tz achizve the paw
subgeal O, dnd aprwnd the twe Sotpiivs af the planmer
resgectivaly to the s=ots outpub-taskr and outpud-
Fubpeelr.

ITf =he no taxk qin ha found to 2ohieve the reaonrae B Wwithin the tims,
regour=a Bnd other conetealnte, appead the goal te achlewa B te the
et cutpub-zuehgozls and retarn.

The computation of the otel cost of achigpving & goel ic taksn as the sum
of the ¢ost of parforming all thetask required to atam the god.

Cnce plancing has taken placs, the planoer fenizfrel)y books the plenmd
schedue into the cormmitment table. Cn receipt of a confimration of tha booking
f-om the coordnetion ergine, the schaduls will be firmfy booked and the tacks
mada raady dar pvacitior. at thalr sohocoled Hmsa.  This ixa of tantetive and fom
tooking gives the coordination engine time 1o deogate sxternal aubgosls required
D aciveve a gos!, and algo the aity 10 Carcel ComAmmments. .

The behaviour of the CABE agent plannsr introduces the following
particutarly umeful cancapte:

v the use of iEnitive and fHm boodngs gives the planner tha abllity to double-
boek alresdy tentetively bocked slets [simiar in principle 10 what alrlina
raservaton companlas do). This idea Improves the agant’s chances of opameting
at ‘ull cepacity. The machantemn for handing doubls-bocking operetes ao
fallows: The planmer mainteine o scserd sopr of the commitmant tabls which
raaards only the firmily bookad glois end double-booked teniatively boobad slots.
K doubla-booking ia allowad by th sgan:, thea planne exas this 1ebls in planmmg
when it pannat find fram glote for o tosk uaing the nonmal sornmkment table. W
frao elota ara found on the sscond table, then thoes siote wra marked 26 double-
booked. N The Curent 'mplemeTEnon, when twe goak ame booked on the
sama slots, the first goal to ba confirmed gets elooered the slots and the

SUBSTITUTE SHEET { rule 26 )
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aszond goal e rejected. Cther saleclion pelicies could ba implemerted, a.p.
highast pelority goel ar highest cogt gael, ete. It is alsc poasible 1o comtrol the
dogroo of deubls Booking by ghdng the plannsr 3 paroantaga of [ total numbar
of $lots thet can be Joubls-booked.

s bounding the maximum mumber of pargliel brenchae on the baeie of Gvailahble

proGsEsHrs,

s the preconditons of a task may be orderad, ».g. a task with threa precondifions

A, Barwd © arighit iopaess e sonalfaid Bl & sooel be schisved bafors &, then
C. Whila this is = Fsature of some conventional planners, in EA_EE such goaf
ordering leads ta the intwrisaving of planning with eardination. In comventional
agent-hazed gyeterme the coardination angine contmls the planner but In CABS
apents the planmer 220 ond the coordination enpne 210 ahere conmal vwhan
handling go=al croaring. For example, In 1he A, 8, © cese above, A migm be
planned for by tha agant and § sub-zontrazted vut. However, the choice of
agent te achieve & snd thw rmanme in which it will ke achleved [veriable
bindings], and the way in which A wdl b achiovad will all afest . Thue, tha
utimate dwclson abaut walch Bgent gets the condract dependz on the planner
ard is 1ot simply besed on a single factor swch ax chespest ccst.  Such
problems typically occur whan zub-goata are not indspacdent; and nteriesving
plannlng with coordinaton provides 1 flaxible machanism fn.r handling such

:lnpn-rl:in:n-l:u.

Acfarence ia mads abova to "veriablke brdngs™. Thase mre a8 Krown
cancapt for anfurcing an eguality constaint betwesn 5 variable and a fact ar
anotwsr vaflable, A bBinding i used when & variable is get equd to & fact. For
paungly, i vanialle “v* " squaks fact "7, say, “v1 " b aald te be bound te “f1°.

CAEBS agents can gleg allow an pptimiding scaaduler to be attached to the
commitment tebe. In 8 simple impemantation, a constraint satlefaction algorithn
ratt ha gard to rexchedide slmedy planned ectdvides aach thar nene o the
constraimts that wera Impoeed difng plenning i3 violated.  This ic uzaful in
hamdhing excophon ar i achieving polley goals. Optmisedon can pe added o the
consraint-besed reacheduler.

In the cese of exgaptions, an excepdon (Ubaxpectad Fallura condition)

tnight aecur when an executing task cweruns e schadulae tirma. I there are free
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slots i th: comrmitment table, thenm tha plarar sould possibly resrhm:lulp v -
activitias t6 glve he exacuting tesk more time. For a simple constaint sstistaction
typo moghadullng, tha planne trige to amrive &t 3 new arangamart oush thar none
of the orignal constranta irmpesed by the gonis are vickatad, For an optimising
resoredulet, the planner migtt alkw sosstraim vielatlon so long 88 an opimal
arrangemant §g found {optimality in this cese will be bassd an critsrda declded an
by the developerd. Fo' example 3 low sost job to which the planner iz elresdy
conieitted amy be drapped o Tavowr of extarding the proGeaaing time of an owver-
run Hgh coxt |ab.

A setidulsr might also be used o ensure palicy obiscthves. Fof axampls,
an agant might have s policy obtactva to ansure that jobs ae perfarmed as ouickly
as possible, In such 2 cese, in the commitmest table 245 shown 0 Flgure B, It
mey shft pub-TaEKE B and © two Bnd one el afmwards respactlvely and besgin
execJting them if the sgent has el thel required resources — such resched.ling
doas not victate any of the constraitts Inaesad by the top-Hevel goal.

2.4 Rmources Detabase 225

The resmurce detabase 225 storer resource definfions,

In general, & “variabe® ia : logleal dageripton of something whia a "fact”
i o opeciic inatnes of that something, with rolovant data added to the logical
desaiption. Fmeowga: in this context are facts which tharefora reguira the user 1o
provide dsta in relotion to mach resource for the pupoee of bullding the
commhment teble. The Fect/Varizbles Editar 365 is provided se a3 te aiowr tha
user to laad te necessary datg usivg 2 freme-based object-attibute-selus
TurrralizaTn.

A resource is defined a8 an nbjtet with attached attribute-valua pairs, For
exatnpla, an agert In & COmMmMUNiceEtione system mAY FEQUIrs B resnca in oroer to
provica f Filew-antle arweark conmaction from Landon to ipswich whict tanamits
vidan date. Tha rusnurc; meed of the agert can De exprassed as follows:

Sxampla 1:

{=type network-link
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sim=varakle falsa

ad 11001

;ottributes [ifrem Lendon
do ipswich
wconnection-typa flbre-optic
mpaad 1000
:fiata-typs vidao

The perteuwar rexeurces Bnd azsoarcinted ettribies chesen will depend on
howr -he user decides to rmadel tha dermain.

If the “ia-vardable™ fleg ia falaa as in the exampla abova, than the resource
is incaed & fect. Otherndse it is considered a vaneta. Tae *id* field gives tha
unlqua [Hantlfler of the rexource. The following two examnples ere of Teacurce

worinbloo:

Rugource Exaimpls 2

[:type video-ciata
siveweriable Lrus

vid 11002

iattrbutes (idata XXX

)

[:typa video-datatransmitsd
tis-variabie true
sid 11003
attibutes (:from Plocetdon
it Plocatlon2
adata Fany-data
!
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Mabe that '?anrthlng" denotes alocal variable.

Tlie 1wsueriay duldboss F25 alaa conlains the ertckogy dalsbase 200, Thiw
stores the logical definition cf mech fect typa - He lagal alributes, the ranpe of
Iszal walues for sach attribute, eny conaraims betwean sttmibute values, and any
raletiznehips batweaar the atidbutes of the fact and other lacts. Agents have to
use the game ontologice informatian [ they are to cnderstand wach ather.

2.7 Tesk Databaxs 2230

The tavk datubass siorasn tazk definitions that will ba used for inetanes by
tha plarnner and scheduar 220,

The task deflation provides B skeletal progremming framework which
comprides:

* A iequence of activitias
«  aslactlen (H, than.....]
= Jteretion (exit comdidan]

The CABS tagk dedinition [or deseripHon) alge introduces .the kdee of
“mandatory paralel” tesks and “optionsl porallel® taeks. Whars a taak deseription
ehgwe mendatary parailal actlvities, more then one egtivity hae to ba camiad ot
simuitaneogsly. This will pravent an agenl swith only g single revourte availuble
fram carmending far the taak.

A tEsk may e a gprimitlve task, comprieing only one acthvity, or may
lwedem & sak oF cab-tmaks.  An axemnple of tha Iattar is wheme the tazk iz to camy
out n simpla afthmeatle calewatlon such as “ax’ + dx + c.* I thiz task is shown
with the mandatary parelisl ndicATon, TFAN [he Thras values ax°, dx ard e will be
ealeslatad simubmneously, followed by the zequantial step of adding tha calculated
valuas togathar., Far a task of this neture, a decompoaitior 80 will be panerated
bv the work doefinltdan odibter 3536 (ese below under the heeding “4.B  Step B:
Tasks Definftran™ eng an important aspeet cf the task descriptlon will be the
interfaces betwean gutpura of one task actlvlby to Inputs of subsequent tazk
activitias.

A task dascription farther comprizez pre-conditiona for the teeck, such a2a

rmaourcas it will esquire ond tho ofects & will howve {nputo/outpuate), how long tho
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task will teke, logical deacriptiona for actuatly performing & tagh at tha soctsmal
systam 126 and, in the cese of complex tegke, the decompeeition 560 martionsd
abova which [a & llat of aub-traka within tae complax foak.

An output of the task e a callback 565 this batng the Instructlan which |=
oLtput via the executien moniter 250 to the external aysem 125 to pardotm a
rglervart functlor.  An axample might be to run a fecsimile ectivity. The |ogical
description compriaas & verishla 550 whdich descrtbas lording paper and dialling e
facs mille neTwork number. & decompeshion S60 for the task would lls1 sub~-Asks
such s detecting prazanca of the master sheet to be sem, or of & bleck of text
deta in the comact buffar, cdetecting riog tone, dstecting cell pick up &nd
carnmencing trenemisgion, or detesting busy tone, storing the ranuieed romber anc
ratry ey aftar & sl tima interval, [These are claery sub-teske which ezuld ot be
done in parallel or dvided amongst facsimite machines,) [1he calheck 535 18 the
inetructon to a facsirre rmacking In the real wardd to cary out the sctusl facamile
BCtWLY.

Taske ard teek defimitions sre digzugead in mors detell balow (under tha
heading “4.5 Step 5: Taxks Defnftion”).

aE Emacudon Monitor Z1Q

T exacution monhor 250 hes interfazes to the eximrnal ayatern 125, to
the planner and achedyler 220 asd to the co-ordination engine and resasning
systam 210,

Tha sxecutbon manior 260 achieves an egent’s noals by causing tasds tao
ba parformmed o tha sxternal systam 125. For every task typa in the CARS
amvironment, 2 usaer-iefined 1eak calkback funcition I3 povided. Wi L
sxatution moniter 280 decides 1o axénuta a marticular tase, It does so by calling
the appropriste task nell-beck functions and outputting tham to the extemel
eyatam 135,

To sitpify tha constroctlon of 2ABS, the ectusl axecution in thass task
cel-back functiopne iz gimulated. OO0 suesssstul completion of @ teak, the
sxpcution monittr 260 watl be eipnelled. Monethaless, fdlure of task execution
{m.g there may have been 8 herdvwars probermn in roho: arme of the extornel

oystom 126} san ales ke gimulated 0 thesa crcumataness, the execiion menitor
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250 will be alerted of the falure and herce approprista corectiva actiohs can b
dasigned. For Instance, tha agent designar may design the sgent, upon failure, 1o
ra-gchaduls the goals to ks achlevsd By waning alternote toak call Booh funotions
or by delegeting tham m othar agants threugh the caardinetlon engine 210,
Furthermere, the sxezution monitr 250 zan deckds that 1he tirre required
to axeciLta & task has sxceeded fits expected duration, the asecuiion monitor 250
not having recaived an appropriate input slgral, By the same token, the sgent
desIQnEr cIn demmine whsl appropriate actlons should be carrled oul in sush a

CHZH,

Tha executicn manitar 260 has tha fallewlng “unctions for proposalz
labelied by P10 and San:

Book (rasarvas E30Urnes]

Book [ PID, Level Seq, AlD ]

W e
— HD. Proposal-(0, Iebals 8 perticudar propoeal;
— Lavel, Seq £ Z ig tha lava numbar and saquence number of proposal.
— AID apacifies the 1D of the acticn returned by the fungtien.

UnBooK [cancals The reservedon ol reaourcngl

UnBeok [ PID, Level, Seq, Al ]

wihare
= MO, PopozakiD, labals g particalar propogsak
— level, Seq = £ ie the lave nuMber And esqLEnCe RUMDET 07 Proposal.

— AID speclfias the ID of the actien ratumed by tha function.
Commh (mloculey resoarces)

Corrmit [ FID, Level, Seq, AID
wrhiarea
— FID, FroposaldD, kbels a perticulsr propoga ;|
— Level, 5eq £ Z Ig tha lavel rumoar and seagquence numbe: of propoosal
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— AID specifias the 10 of the actinn rsturad by tha funezion.
Unacmmit icwneee the allocefion of raasraas)

Fras | PID, _aval, 3eq, AID ]
whara
- PD, PropoealHD, labals a particuar propogal;

= Lawvel, Sen & Fia the kvel numbar and sogquetica nurnbar of propessl.

= AT specifies the ID of the acton mtume by the fanctboa.

[Thie functon can ecly ba evasrred anly H tha exscution of the propasel

has not yet Commensec.)
3. OVERVIEW: CABS PLATFCHM

Asfarring to Figurs 3, the moma for captaring odate for loading xald
arzhizactuts , for ganarating & systam comprising one or multiple entitiss acconding
to seid architecturs, and for auzometcally building B aofiware module accordirg o
gald architecwurg, is provided by the CARS glatfertn. Fhig provides en agert
tamplate 300 which dictetes the mgen: siructura shown In Fgure 2, a user
Imanace 335 which Is pdmarily o set of sditcre for idardifyriog & ast of agents,
ealacting egant functionality and inputting tesk and comeir-relatsd data, a library
of co-ordingtion strategies 310 and a sst of starderd-type, suppaning agents 215,

The agent shel 300 ig aimuoly tha framewnork 1o SUppart an Agant strudture
as shown n Fgure 2 and described in full herein. The sditos ara dascribad below.
Thea zo-rardnaton erratagies 310 am deseribed abrove. unde e lvadig 2.3 G-
ordinstien Englne prnd Reasoning Swtn;m 2107, Ora of the supporting egents 316
It partieularly Imporcant however, and navel. This |2 dazerbed bow, unde- the
hoading *5. DEBUE@ING AND WSLUALSATEHINY. |t eould have spplioatian In
othe- mult-agart and distdbuted systems, not just those built using the CABS
ystem.

The sdioms of the weer interface 305 support end record decisions 1aken
by ths developer during egent creation end input vla a design Interface 36C. In
moro datal, they cempries tka fallowing:
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» mn agant defintion aditor 320 {refsrrec to below vnder "4.2 Step 2: Asaar

Definjtion 5007 for providing g logical description of the agent, s skiftlas and

infial resourcoo oka

» an orgarization aditer 325 [raferred ta belew upder Y43 Swep 3 Asom

Orgenisations 5357 For describing the reladonel links petwesn agents n 2
scenann el Elsc the bellefs that aach agstt has ebout othwr agants n the
syatam

* a co-ordinatlon sdhar 330 frefemed oo oelow under ~&.4 Stap 4: Afgem Co- -

orifmeiion Sirelegy Spachicatoe BYDT} for selecting andi/or deacibing co-
ordinetion strelegies of the agerriy

& ntask dexpriptinn saditer 336 referead te Balevw adar "4 5 Rhap 5 Yapkw

Dafnifion 520" for deacrbing the teaks that the agemis in the domain can
partorm

+ pmn ortolgy ecitor 3440 [referred to Below under “4.1 Siep 1:  Domslr Siody

and Agent idantiffcaton 5157 for desorlblng a sultabla entolagy for tha dormaln

= g fectivarimbbe oditcr 355 {rafemed 0 below under "4F  Step 2@ Agent

Daiettion 5007 ard under “34.5 5tep B: Tawir Defindifon J207 for descrizing
spacific Inatancaz of facts and varlablas, usling the tamplates pravided by tha
onbHogy aditer 340

* a code generetion ecitor 330 (re‘emred to belw wnder 4.6 Stap 6: Domain-

apaclifc Probifany Soivimg ol Mroduction S35 for gansratdng code accarding
to the definibons grovided for sach mgatt

= g gummery task editor 265 {refomed to beiow under £ 5 Step B Tepks

Definition 8207 for descriking summary tasks which ere 1gaka composed of ona
or more sub-tasks which have to be pefonmned In gome order

» a constralms aditor A70 [refered to below under "8 &Smp B: Taxks

Deftmiion 5207 for dancriking tha ni:lmtminu betwean li| the preconditions and
efacts of a tazk, [i) one or moere preconditiang of a teek, ard i) the effecis of
& precacing tack and the preconditions of » tusceeding ozl in & summany tezk

dezcrpton.

The putput 144 of tha CABS plat’'nrm is then a tegical dagzriftion of & set
of egants end & sat of Bsks © be camiad out in a domain, tcaether with

execitable code ‘or each agext and stube for exacutele code for sach taek,
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CARS embodies o eyatarn of mathadz plue prvlranmennT 1o prmvide & mult-
sgent sysems developer wi-m ihﬂ mesens 19, -
= pArliguie it of differend agents ol vaaying Twwlbionalily and behadoor,

* organiss they 0 whataver manser she choooas,

= imbue each agarm with communicative and co-ordinetion abilites aslazied from
e TABS-umpliad lisi,

* supply sach agant yrith tha necessery domeirgpedflc problem-zolving code,
B

a gutomebicslby generata the requived exaeutektlas for the agamts.

n additlan, the CABRZ piatheran can pravide the daveloper with 8 eulte of
support apents 315 of know general type auch ga neme-eervars, faclioatars
iclassified directories), and visualisare, Cwarall, CABS aliows the system devdopar
ta oxncenrate on domaln-spacific analysis wittout having 1o expend aflor on
Afant-ralaad ssies,

LS U3ING CARS PLATFORM TD DESIGN AN AGENT SYSTEU

Tha CABS platfarm |5 bazed on & matyadalogy for desioning collebo-ative
goftwware agents wheh views the sgemte as having flva primary ssts of
cheractardsdcs, or “layars”. RAelaring @ Figurss 4 and 3, T methodoiogy
Faquires devalopars 1o provide Inputs in respeor of three of these, g definition [eyver
400, an ogenisstion Inyer 435 and & cogrdmeat on laver 414, a5 follaws.

Ir en "agent definition™ step SO0, relevant tn tha dafinition layer 400, sar
inpLts delermmine the sgent in tarma of its regaoning [snd learningl abilties, goale,
rasoUrcas s, _

In an "agent crganisatlar” stap 505 ralavant 1o the argenisation layer

E, user ingua detarmine the agent In tenms of B3 raletlanships with other
ageata, ©.9. whot ogoneigo it bolorgs <o, whot roles [t plays In thees sgsicler,
what otter agents It is awere of, wiat eblitiee 1 knows thosa other agents
poRcess, Mo, LAn agarcy | @ group of Bgemts which shere & comman ettibute
sut:n ez balonging to tha asme compaty. Agencies mey be virtusl or real. A
virtual agency i 8 proup of agamts wrhich share soma sor of coo-operation

sgrocment.}
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In an “egent co-ardination” step 610, relevant to the cocrdination jayer
410, usar fnputs detarming the coordination and negotiation technlguas for tha
Sy turri.

The twa othar “layes”™ which will ba prasant in sach agant are shown in
Figure 4. They &re & commuiication leyer 15, which handiea technicel aspects of
imer-agent communication, and an application progamming imerface (AP layer
420 which provides an interface for externel systems to add, modify or delete
reercas avallabla io the agant, In the structhawe shown b Flgure 2, the
aommnunicadon Bysr 416 wil be provided by the maitbex 200 and the messags
hardler 2058, Tha APl layer 420 will be provided by the interfeces betwean
axtamal ayatams 340 aned tha reeanrns daxtabhass 296 and the aveeuthn monbar
236, Theis ara therefors hoth pravidad by the agant tamplate 300 of Figure 3.

The use: Inguls required by the SARS methodolegy to the dehniion leyer
400 the organlsatdon lsvar 205 ind the coondination laver 410 are struchured
according to the falawning aiz ataps:

1. Domaln study end agant dentfceion 616,

2. Agsnt definftan 500,

3. Agemtls) orgenEsoor 506,

4. hgent coorsnation strategy specificasion 514,

5. Tasks definflon 220, anc

&. Damalrspadfle problem selving code production 326,

Referring to Fipues 3 end 6. the CABES platform provides vlsual
programming aditors vla the user imerface 36 to support and automes Stepe
1—%. These @iepe should b parformad herathvaly wnlil Uk developsen i sas (o

that the final suite of egents accurately capict tha prebdem 2ging madalled.
Use of the CRES pletform to cemry out Stapa 1-8 12 now described In mane
deatall.

4.1 Stap 1: Comant stedy amd agent Mantii-ation 5TE

The CABS pistform ia for vas by a devaloper whe is e domain edpert

rother thm a oeftwore ngom owpert.  Thio fimt chep will 26 caried ost in &8 Wway
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that the domain exper] conasiders best. h might ba that the domain oot for
Inetance basax a decision on whers contrsl processes have 1o be carrisd out ir the
domein. | bwrawer, tha praferad apprasch la te emphoaie aufoaomauns decivan
making abffiy as the mein citerion far dentifying the Initlal sat of candidates for
agants In the domain. The lavel of grenularity & which tha domain iz medellad will
ba caterrinad by the doman expert ard will determine the beundariga of the
condidets sgants, As w sterting peird, candldate agents will usually be identified
whersver tharg |a a declelorHaking amtity In the doarnatn.

The user input st thia stepe will samply be a lst of agent |deantflars,
mprasanting the #et of candidete agents selected by tha domain expert as likay to
provide & reasorabla madsd of, and therefore workabla contral structure for, tha
domatn. The SA3S systemn will allccata each of the 1dantifiars & copy of the agent
shall 300 and the cuipat of Sap 1 1= thie gt of egent ahalls 300,

H at & |ater staza It |5 found that there is conflict, for instance s candidate
agem heving to ba allptitad dacislons In aspac: af a process it cannet influence in
praciles, then the Het of spemt idarmiifiers can be wnended to edjust the set of
candidara agante, for Instance to introduce B new one, and tha design praces: will
e reitergted to meflact 4w changas.

N¢ specific aditor is necessary for sgam: idantification.

Another important user mout is the vocshuaty of tha domain. Tris |5
bypur valng the cntelagy adior 349, An ontokegy or deta dictiorsry fo0 & denain
deecribea all the pagsible ccneepts or objects thet can exiet in tha domain,  In
CADS, an cbject-stmibde-valus formallsm is Lssd for describing domein objects
and conceota. The omolomy edimor 340 simply provdes amplams for describing
thesa oblacts, thet is (i} the ditfereat object tvpee, (i) the list of attribuies of ench
of trasa ablect types, I the Ly of vaues o Lhiel oach slbibug ke, cod fivg
the default vales {if any) for mach sttrlbusta,

This editor provides B tamplate or form gg that you can dascriba the

waegbulary of the domain which ths agants will s rortradiieg.
The ontolagy sditer 330 amllows the user to denbfy an BNTITY, s

ATTRIBUNES, the VALUES the atwlbutes take, and typical DEFAULT values. An
exarplg ir. the commuicaticna natwork fiald would be as fallows:
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ENTITY Link
ATTRIBUTES typa papagity
YALUE vidao, astellite, cptical, et 10Mbita/s
DEFAULT ¥alLLE FMbitsfs

43 Stp2:  Agent Oafinition 506

Fo* each of the egent= idantified n St ‘1 the following user inputa neve
to be made, via te Agemt Definition Editor 320:

identitiaa of the tasks tha egert can perfarm;

the number of teaka tha agent can pertarm conoumertiy;

tha tima perdod over which the agant will omelly silocate its resources
Iekan ke actvitiask and

+ the regouracs avalabls to tha agant.

Thia data will b routed to the planner and schaduler 220, dexcrbed sbove
In reation to Fgure 2, ‘or ugs tn building 2 cammitment taipls 245,

Duta emry conceming tak |dartifiers, the number o° teaks and tha
plenning tlme frame is 2 Tahly swight foraacd pracess, except that where the dme
frame i3 concerned, differant foctors will eoma into play. For instance, in aome
sCENarios, an egent which can only plan shead for shorter durations is Bes able te
MANT COSTMEr requests ot rmay ba mare reactive 1o chenging  aconomic
glreumstanass.

Tha tasks are defined et g (ener arege, discussed beluvy under D Dadiig
4.8 Step 5: Tasks Cedfinidoan”, end at thie gtaga it i& only nacassary to input the
identifiara. Howaver, the meources syadeble to the sgent have to be dalined.
Slnoa the comtext in vwhich tha agant may be functioning =ould na sny of & large
number of vary dHferent contexie, it i\ nacesgary to glve the egent 8 definition of
the resounces which it suffielent for it 10 build 2 consct eRleal madel of the resi
physicel reaources avallahle to the egent suzh thet it could plan he ectivities
properly. CABS providea a “wet/Mariables Editor 366 which i ueed far deser|bing

tha rasaurces owailablc to on aport
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Such ar approasch may be helpful In same cirzumstancas with distributed
acftwarg, hut certainly not al.  Thera are rmarry claseas of arrore which oocur in
multi agant syatomo. Thero may bo otrustural crers ot tho lzval of aingular oganta
within tha mubtiF-agant syetam, such as wieng or missihg aqualntanca raiatlanships
betwsen egante, miseing reaourcas, intorectly spagitied [typically shortl time to
run tesks etc. There may be unctionsl erors, is errorz which relame to the logic of
the tazks that the agantx are perfoming Thes: can ba compourded by the feot
Ined Ivkdual egents may be funcHonally “vormact”, ot the emargent behaviour of tha
overdl et up of distibuted cormrol agarms mey not be whéat wee expected, Thie is
typleally dus to what might oe caled co-ordinetion errors. In gcme cesed, uch
bahevicur can laad 4o ireslarant minltbagant sysrams.

Some exemples of the sor of undesied balbaviours which srisege fram
guch systems INncuda the following:

+ Deadfook: whera apants may be conterding for shared mecurces. An agemt may
grab & vitel zheoad mesarcs and fall @ rallnquieh (£ for soemme reaxen, perheps
tisnause of some failure for sxample at the leval of the individual agert. But this
raxourcs ik Invaluabds to other agents vho “heng up” weitng for this rasource 1o
be relinguishad. Basicelly, daadleck redare to a state of affalrs in wheh further
action betwoen two of mare agents iz impoesibla.

+ Uivalock; wher agermts continuoualy oot fe.g. imomeet or exchange nsasageal,
but no progrese is mads in soluing the problem & hend. This is commen in
cwges whera e sgants co-ondinate thalr activities viz decentraizec planning.
Here. the sgents can indefiniely exchame subplans withouwr mecaserily
prograssing tha co-ofdination effort, especially where there ere o strucharal
checke 1o datect anc prevent ndeflnhie loops In thae plannineg prouess.

» Chaog: Cheotic behaviour & alvways .pn'.nnﬂalll.r possibla in A diztributed et w.

Sieh bahaviourz, in additien tn smodem linecserast Babssdenrs o0 baigs an
the part of Incdlyldusl Bgents, fequemtly lead to uncoordineted behavigurs.
Maturlby, & distributed contral Swstem shodld normelny De coordineted. A corracthy
cogrdingted setup fully axplodte the capabllides of nclvidud agants and minlmlses
conficis, resadrcs comenmtiong ant radundancy batwesn tharn. Clsarly than, oo

ordination & a dasirable proparty u-f agent oyetams.
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As well as debuggng, vsuslization eisc ellows the user to r:unfm.
underatane, contral andfor unul'.rse e behaviowr of the system.

Wisuadisera of 1l Ty dascribad Lalew can provide meara to analyse and
debug euch diatributas condmi aottwere so thet the behaviours obtalned ata as
interded by the degigners. The svisualcer provides a genaric, customisabla snd
scalaahls visuplEatlon systsm for use with a domain-inmdesendent toolkr. for
congtructing mukt-agecd apallcations,  Tha visualiser partlelarly descriped is
genae In the sanse that it could be used with any sgphcaton developad using tha
toolkit, and customlesbla b the sansza tha: |t provides buiding blocks for
constructing applieation spadfie visuxllears. Tha zcamabliity raquirsmert implas i
shovld support rioualivrtion of tyoteme comgrizing any rumbsr of sjemte with
iimtad degredetion in performarce. The distiaed neture of molti-egent
applicatlores racesserily required that the visualiser should be able o visualss
remeie 3gete soross a wids zrea nsowoerk.  Further, for edminisitetive and
debugging purpoges, itis mportant thet the visusligar fungton both ordine and off-
iine.

in ambodiments of B viouaiser sacording to the presamt invertten, thers 1o
provided an arrsgement for Bnglysing and locating uninvended behaviours in
digtributed cormtrgl oystems, which arangamert comprises a sultte of wools which
all provide different viewpnintz ta the anglyeis of the distrbuted control seftware
SYFEM.

Al the differert taals stera dHfarsnt stats dats,  Although ro tool is
capable of pravidng a mmplome aralyelz of te distrbuted system, the
camblnatan of ans ol with ansther zen.  Diffarent tools provids oF suggest
diepgnness. Whan tha avidencs of one tool comoboretes thet from another too, the
trusoworthinaes in that diagnosis B horeared. THhere |3 Thergiore & grearer
likatihood thet tha disgnosis may Eill:.| to a3 successful dabugging of the prooslerm.
YWhere the evidsnce iz eonficting, the combingtion of ane tool with another may
olirinate 3 hypotheric or ba suggeetive of other pogeibla dagnotes.

Tha taos In the current CADRS Visualiser/Debuogging tools sulta heluda:

» A Soocety Tool which shows tha imteractlons (messeges pesasdl betwean
different agemts in the whola soclaty. This Incluces 8 video type ool which &

capable of rogordirg tho moonagos pasced batwasn differant agems for leter |
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"3t mortam® analyslx, Thase messsges are stored in e datebase fiom which
ralaticna guares cen ba mads for mem in-depth stdy o the interacsions. This
tool con be waed to onolyac oithor a oinglo agsrdt o 1 sockety of agante.

A Statlstles Teol: witch captures various statistics on individual agerts {a.g. the
typos ard the numbsers of massages belng exchanged by egants). For example,
It answers guesdone like ‘How many messages awere sert from agem A to
agert B during seme particular tima frama?’ o ‘Plat me tte number of messagas
That Agemt A has besn ceseiving oven birge’, wis, The slallzibcs ool provide: pls
ard bar chart wps visualsation of indlvidual egant activities in eddition to
vlous grapha. With both the video ard the statisticx tools, you cen select tha
aporte of lntarast and xtody thair recorded egents’ statas moere closaly. Thie
took gen be used to analyss aither B xingle agant or 8 eocisty of apents.

A Micro 1aol: which shaws Tha Intwnals 0T BN Bgem 19 30me degres of
atstracton. Indeed, frequently juet by watching the micro tool, the designer is
akle 1o ancartaln 1 tha agem is "deed’, "deadiocked’ @r “allve’; altarratively, he
or ahe mey eecartain if pats of the agent’s ittarnals are feiling for anma raasan.
A Reports Tool: this provides a GANTT chart type presentation of the averall
taek which an agent for expmple meay be contralling. Typleally, &an agent enllsts
the halp and mrvicea of many other agents, and thia tool aBows the deslgnar to
choosa some particuler agart and one task (of popsible mary tacke} tha: tha
agent is cortreling. This shaws up & GAMTT ohart of hone it hoo deoompaoed
tha tast [i.e. what sub-tesks thara aml, whileh tiske heve been aloceted to
whom, whers the a:scution of the teck hes raachsd, snd what the steteses of
tre different sub-teeie ara (a.g. unndng, falled, suspended or waiting).

Cantral Monitor Tocl: this is 8 wery important adninistretive tool which is used
Tor killlng adl agants, suspanding gerne sgeniy, suspa adiog o failing seme of the
tegicz thay ar parforming in order .tn study the smargitg sxcaprtion behaviour,
atc. Thiie ie alen en important testng anc debupging toal in the sense that
sartain sgente may ba susparwiing. kllad from tha sorciety, et so that apaelfle
afgante wra stdies mare cogely.

Tha visualieer 140 compriges g software agent having e same genaral

framawork a8 any other of the oolaboredve egente in @ CABS syetam. b hes the

capability of puling data off ather mgents in the sysem. It in passhes o the sease
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that # doms tot negotiste with cthar sgents bt it ragisbers realf with tha name
gerver 136 and also vicualices itself.

Referfing to Figwe 10, tho ovarall  architacture of tha
Dabuyginghfzual setdon Softwere Wodule 140 comprices 4 cantral hub mada oy of
a malbox 1000, a massaga handler 1008, a message context databazs 1010, and
a too leuncher 1815, The hub has watlabla to £ a sat of tosl outlines 1020,

The mailbox 1000 provides ‘aciites for meisaging betwsen the
DabupgerNisuallser 140 ared  wllisn wgenls,  weing e comumen agent
communication languags whith In thiz cesa |5 KQML.

The 1ol launchar 1815 lunchex {on demand by the uesrt metances of
tha diffarent toale in o tha tool est, namely lnecancae ef the Society. Statistics.
Micra, Boparts, avd Contrel Tools. There are g fargs numbar of dimensions dong
which & malt-agant SysTerm can b visuelised. Develaping a singla complex tool
whict suppars sl the diffsant slsuallsation mode: could make the vieuelzer
diffienlt to use, inflaxible end diffizult to maintain: henca the uie of a guite of
toois, tha tosl sat, whkh ssch tool zhering & common lank and fael and Ealng
dadireied ¢ 8 mingle vievalisation task. All tocls are leunched from a cartral hub
and share & common irterfeca with the huib. This wey, tha visualiser is sesiar to
mainmin and readlly sxtanslole, Toe sel of toole aalsctad are those which have
been found moat washd In visuellzing, comtrolling and dabugitreg mult-agant
&ystarns.

Prmarily, the visualiter 140 sends nxjlast measzages to other agentz for
data which thay hebd. |t queries the neme aervar 136 for agent addresaes ond
then uesa thoss addrassss. The messige handler 205 of tha receiving sgemt
routes tha received requast massage approprietely, depending whare the deca of
Irtwrest will Lo wuntel,  Sola secaived by the visuliser 149 from all the othar
aqams i= stored, remieved snd nrucaaa.&d‘fur aparoprate disolay.

Tta vizuallear 140 can 850 install deta in an agent. |t can therefore be
used to madify o agamt’ s bebavioer. Thix ig furthar cescribed balow.

The 'messaaa handier 1005 of the visugiser 140 handisa incomtng
meassages recoved by the malibo |00 and delivars Them 0 oM Inmances that
barwe ragisiered an interest in message= of that nyepd.  Toal instences regiater an
imtarget in racelving massages of a pertcuder iypa by uzing the message GoItET
dusbuse 1010 which is consulted by the messsga handlae 1006 durdng  t=
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processing. Thus, aach tool instancs intsrasted in raceiving report massages of a
pertitular type from g get o° sgemta wil fist, using the mailbox 1000, send a
roqueat te theso ogenta thot they should gand roport mosoogea te the
Deabupgerisualisar 140 wharnsvar svarts of that typs occur [usng an “If, than”
type of comrel iretructon], end secand, register in the memmage comex: datebaze
101C an Imerest in recebing copies of all incom ng report messages of the desired
typw. This arrangernant ellows a user of the Debugger®isusliser to dynamizelly
deckia gt runtdme the =t of svents hsfsha |s Inksrasted In monhkoring, and aleo to
change at eny time thie set,

In perdcaler, the KOML repdy with [ootpoing messagel end in_raphs to
linrtcmitgy Taaeagal fllae are uzed tn acxmnimee an idermtifler to each Mezsege.
whic1 i uniqua 1o tool ingtances and avatt-types. TE& way, the meess)s handlar
does not nead to scan the cotiendz of a Megeape 10 catadfitoiy wWhich thal IRaTines
requiras [t. Thiz emangement allowa ugers of the viwabzer 10 dacida st runtime
tha ot of svertt: they ara ImMerested In monltoring, end alse to change the sgt 8t
mny tima. Furtharreoss, sxtenszlon af dbs tasls suite with a8 ysw ool endlfor
montaring of 8 new avent type mguires no modification to the basic support
infrastructure.

Tha vieuallsa 140 iz not a8 full epository of data for an agent systam. [t
only storea date for a limited tiima frama, far Ingtance wo days, If.the USEr Wants
1o siore persistent dets, it needs te be mored, for inctance in tha widee type taal
includad In the Sapiety Taol. The tme frame for which the vieualear 140 will hodd
data will ba affactad by tha slze, activity and complexity of the CABRS ggent
avetern 6. if thare are for [natancs too many sasnts, the yWsuaBsar 140 may need
to be extended.

Thv wiuslser 13 only provides o Digloeic aoeshoniving i e o oeal-Lioe
actiuity of the systern. It is pasaible f.nr the visualiser 134 to receive maxaagas in
the wrang ordar. To avold misinterpretedon, the visueliser 140 is provided with a
tnitad hoHar 1028 wriich rearganisas mansagez in their comact 5mMa EQUENCE.
(it should be notad the, the messapes comaquenty ars nacassarlly time stamped. )

Hetermng to Fgure 12, in 8 simpla Irpliemantad seanaris, the demain |5
supply cheln provigloning in which sperits colleborete to manufacturs asdfor
proveion goods making up ® sarvice. Figure 12 showe g view of the demagin

which could ba preducad by the zociety tecl.  in the sxempls, wa have five
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principel sgente. €, & mrnl:lutﬂl‘ manufacturar, baa twe auberdinates, M and U. M
produces moniters, and knuws C B9 it superior end U aa its co-worker, U
produces cermral procassing uiils [CPJs], and sdinilarly kreevss © ax ils superiar amd
M as its co-wwarker. Both M end L share twea subordinetes (X and ¥). © knows of
ancthar agent P ae a pear wia produces arintar ink and tonsr cartidgas, P hss a
subordinats T thet producea prindar ok and tonar eatr|doss.

Co-workers are agents in the same orjenisation who heve no sutherity
relation between tharm whils pears xs agents baanging to dirferent organsations.

In ~he exemple, the preduction of a computer recquines thes bass unit {ZPL
and manlor) as well a5 an approprista primer.

In the anwironment are threa additonal eupport agente: an  egent
nameaerver LANS which provides a whhe-pagss facllity for agant addrazs [ook-up;
8 broker sgent [PG_Broker; which provides g yaliow-pages facdity through which
aqenta find athar agents capable of performing 2 task: and 8 datebase proxy Bgem
iDE) whose sole function it to store and reirisve messages ‘rom propeletary
databases on doemend from cisoalisers. Thsae agants alay cemmunkzate In tha
cotnmon ajent communication jsnguepge [ACLI,  Finslby, there g the visuadsse
apart itealf (Visuall.

Uge of amy of ithe tools in the suite requires that onze the tod i1 leunchad
users connect 1o one gor more narmeservs. Ina mul-agart system environment,
nAMEERYATS contaln the names and addremees of sl "llwe" agams (n tha
gnviranmeant. Thuse, connacting to 3 nameserser involves sending 8 request to the
nEmeseryer to kst all ggerds in tha anvimnment and any agems which ater come
onlima. Im an envirenmert with many naneararaare, tha Likar can sadec- wihdeh 1o
gonneet to, affactivaly filtering the wiswelisetion effort to o subeet of ageme of
intargxt.

E.1 Tha Sooloty Tecl

The codety ool of the visualiser sends aut three tpes of request

MEegIagae.

Eacdety Toosl Maasagys
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Meseage Typa Ta WH-EIlﬁ Purpcse What is returmed
Regquest Agent rums Sarver | raturn addresses Agdresses
of all sgants
Request Al ggarte raturn relationships | Refationships
Mequeat Mara, actae of all | co all mesangea oa"cd mosongc
agants

Referting to Figura 12, the soclety tool allows 8 user to select 8 39t of
agurde and view (a) the sructwal cogenisstional ralatistships, ard (h] the
messaging batwaan tham. [t theretore acoemses the IcqUaiTiance models 3o
stored in the incividue! sgame. K can also set & fiag thet cauzes th: message
handars 228 of the agents te copy all meseeges to the visuallser 144,

To wview {8l or {b}, uesrs Lee merdd iteme ta sand requarts to deoignoted
subssts of sgerT reguasting they updsta the tool ingtance with their curent
knowhndge of the orgenigetional relatinne, or t ssd copies of all thair outgoing
megssae ta tha tonl iretence regpactivaly.

Tte organigstianal ralationships deseribe rols relaiions such & supariar,
subordinete, co-worker or peer.  Knowirg thess malstdonshipa ia imporont durdng
dubwgging because they affect how the sgenta migyt coordinat: thelr acthwtes.
For wxampls, the egents may be configurad o try padfonminyg all tesks 1irst, | that
fgils dalegate to subardinates, if that fails eubcomtract to ca-warkers, and onby If ail
feil subcontract ta pears. The tool suppors grophical layout of tha sgeants
paacrding co rale relgtienshipe. Cumamk layoute Include v vorlical leywul os alivam
it Figura 12] emphesigng the verticel superior-subordinats rslatlorabip, 1 harizonta
circuler leyout emphaslsing co-workers, with groups of co-worker arangsd in
circlzs, a harizantal circule wyeot amphaxzlidng pears, with proups of oears
arranged In circles, and 8 singla agent-centrad [ayout En which ell the ather apent=
ara ~antred abaut B usar-designeted certrel epat.  n° the Iayout graphs the inks
batwesn the agemts are colour-coded aceording to thelr role eslationship. Fadiities
are pravidsd to eallapsa, expand, Hide ard show nodes of the vadaus graphs. Tha
differont koyoutn aro importayt aepecially whan veed with the mescaging foatura of
the tool, because they allow the uesr to readlly eas the organizational strusture of
the agents and ow cpordimaton prouasds whhin that structare, This elloyws him
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or her to identify bupe sither in the way ln which the sgents are orgarised, or in
tha mennat in which coardingtion prceeds withn the srganisatian

I alroubkd e ooeec that ne 2ingles agemt weaaearily poasaesea & il picturs
of tre orpenisgtional sbusture, k1= tye responsibfity of the socisty toob to
integate local informetign reboenwd by che agants nto B globel picture of the
arganisation.

Meesagas batwasn agents can bz colouroded (for aeay visuabsstion) by
type, 8.0. 8l recuEst MASEAJAs N ONE COKWUN, OF DY COmem, e.g. =il memaagas
partaning to & particular job in ome caobur. [0 edcition, the tool sudporia the
fittaring of mazsages before digplay. Mearagas may ba flltarsd by ssnder, recelver,
typa or comtart. For sxemple, 8 filter option mipht ateda “shawe anly eoustar-
propess messeges [type filter] from the set of agerts ... [sender filter] to the 5=t
of agants ..[recipient fharl sbout job ... [contaert tiiter]™. |hese teatures fecibate
dabugoling by aflewing the user to fecus-n on 1tha partdcular rmescages of interest,
Further, combined with tha off-ine replay fodiities with ‘orwerd and backward
widme mades {dizoussod noxt], they provide s pewarful debugging toal.

Ar mentione=d earlier, the oogisty toal alee provides facllities for the
gtorege in 8 datsbaxe far fater playsack of the neeeages ssnt and received by the
agents. Again, meseage flters car be used during sworage and/o- replay to sdect
partizular messages of intersst. Raplay faclitles support the video mataphar,
glicwing 8 uzer @ review thy messagey 1 forweard or revarse mode, inoaingle stop
fashion or aimated. Further, beceuse the messepes ars storsd n 8 relationsl
datasase, usera ¢<an maka jorma (eg -eletional] deisbess type quetes on the
atared meizegas, a.g. “how many messages dd Agent & send out meparding Job
21*. The vides rephy fedlities with rmssage fliters end the database query
support significasly ermence the dabugg'og affare of 1 uswr, by aluwing hime s bor
to focus-in or out and dynaricelly :huﬁga perspactvea whils trylng ta make sense
af the imeractions between the agents.

Im the graphical user irtocFacs shown I Flguse 12, 1t iz poeeibda to ana tha
layout of agarta 1200 in the eupehly chein provislaning scenerlc described above.
On +e left of e windew are layout angd view contrals 1210, 1eelbar buttons
1220 on the right carmral video-style reoley of messsges while thoss on thi left
1230 and 8 pop-up menu 12440 zontral the positon end visibiity ol the agert

lears.

SUBSTITUTE SHEET ( rule 26 )



14

16

20

25

WO B8RS POLIGEAG2EYT

The actual =torage of measages in @ detebeen iz parformad by opeaning a
link to a database proey agent, end sending 1o it copies of the messages to b
gtored. Retricers procsends in A elmilar mannesr, albsht In reverea, Thie amangemant
provdes & flexitle spproach aince any propeistary datebase system can be used
simply by Interfazing it with a standard pooxy which hdarsiand and eommunlcates
in the agent cosmmunicstion Anguegs.

0.2 The Aepurte Tl

r
In 8 collaborathes radteagan set-up, genzrelly it is tha behaviour of tha socieby aa
A whala [l.a. tha combned inpues of all the agante! which i= importart and ned that
of an Individual sgent. A typical problerr in debugglrg muktl-agent sysiems arises
from the fact Trat azch agent provides only & local view of tha probam-sclving
effort of tha socaty.

Eech sgant only knowe abiut Jobs and sublobs which heve besn ellogatad
t andfar by it. Mo gingla sgent helda dete for tha avsrall braakdown and tha stere
of all the jobe,

For example, n order 1o produce a computss, agemt © might conhtract aut
part af thiz taskio P ta provide a laser pdntar. P In tuen, might delegate part of ita
eordract %o T W provide 8 toner certrdge,  Hacause ol tha sutonomy of tha
indiviguwal sgants, C ia srby aware of the oort of the toak it @ saheduled to parferm,
and tha part it contractad om to Fr It ramalns unawere of the pert dalegated by P
to T. Thus, & user yiewing amy ans of he agerts 0 isplation gets an incomplate
pletura of the problsm sofvirg effort of te ecdety. 5o, if lor axample C reports a
failure 1o parform the task, the uzer wil e unable 0 mmediately detamning, for
inEtancy, et Ui soul couas of 1w Talure was becouas T foiled to grovids the
toner carridge €8 requeatsd by P. '

Tw RAeports Tool is sble to request <he relevant date from sach of the
mpanta, sellnre  oard depict it The Raporta Tool appllss tha Blogoritem set out
below to collata the data end generate 8 full pietors, which cen then be
remrasanted in 8 GANTT ¢haT of The T/pe Shown In Fgur 1.

Referring to FAgura 3, for this taol, nota that a job J given te an agent A
may be split up Imto subjobs J7 snd 2 which ara sllecated to sgenis B wnd ©
razpuctivaly.  Subjob 12 mey furtier be eplit imtn 31, 023 023 and allecetad 1o
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othar agents £ F end G. Subjpb J1 may also be split. agert B retaning
raspanalblty for a subjsh J1° but eliocetng 8 sJbjob 112 te agent D. '

The unpartant thing ia to cngure cooh bop loval ok, sush ac Jos .J, hae 2
unigue idantiflar whizh le malnteined even It sublobs [and subsubjobs, ste) of this
top-evel jeb get geneated. This Is recerded in eech sgent by memne ol tha
commitment table of Figpua 9 ano as & result of decisiona by he co-ordination
angthe and reesoning system 210, 5o whan Agane A splits a Job having idamifier
=J7 Inue gubjobs J71 &l JZ sl allisules dwen o gllm agenls, thess ciher agants
mairtain the idendfier “J", ¢van whan thay thamzaikes further aplit te subichs
(J1, J2, at] Inte yat further subjobs and sllcceta tham to vet other agenis. Mote
that m sukjoh “.1" ka2 adied Itz own dentifer *1° in addhitlon ta “J° to race
where it ariginetes from if it qets further decomposed, and this applias whan a
subjob such 85 ~J1" gets furiher decampossd iTta “3117 and “J127. In thig case,
both identifiars *J" anc °17 heve been reteined.

Thue, ueing a muat goal kentdfiar and parent-chid linke, the report tod cen
araph a globat teak decompodition acrots the society.  In fact, the same
mecianienm 6 ugad In the sociaty tuv-ul 1o coiour-cods mexseges by goals.

Hanews, {be algarithm of tha Repora toal for processing the data {netreved
from Bl the agartsl i as follows.:

] for gome Agert “A”, salest 3 Jobfigoal owned by that agert;
1] rericye the unique idantifisr for 4he gaal, for axampla L L
fikh ta a s=erch to retrieve all sther [ohaf/gals with thet dentfiar

and retum bath the jabs/goeals ard their ralatistehips (with respact to the
sdlected goal ~J°1;
v} Graph the reletionships lacd states), as shewn in Figara 7.

Rafarming agait 1o Figure 7, ﬁunaida’ the gcenarle with tree agems A, B,
and E. In order to parfonn 3 |ab, M say, Agett A might dalegata & subpart (J114
of tale jab to Agamt B, whn in turn delsgates 3 subpart W5110ak J117 to Agant E.
Bacauze of the autanomy of the ndividual apents, dgent & is anby awars of the
subsart of J7 # 1E 3chedulsd to parform, and ths subgar (J111 k calegamd to
Agert B; it rarmalns unaware of tha aubpart [1111} delegated by Agent B to Agent
E. Thua. 8 umer viewing any ona of te pperms In I&oledon gets an incompleta
picture of the poblam eelving effort of the sociaty. Ea U, tor exvample, Agant A
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reportz & failure <o parform 11, the usar will be unable ta Immed ateby detsomins,
by laoking =t Agent A, thet the oot cases of the failure wee becauss Agent E
failac 4o achibeyva J111.

The regporte ool providas a global Waw of problem solving In 2 sockety of
agente nnad is useful both B3 @ debugging end an admiristtative tool. 1t allows &
upar to aslect a eat of agars and request thel they report the status of all their
jotm o 7. Maxt, the waar can salect 2an egent of Interest end B job owned by that
egent. [An agam owns 8 [ob § i s scheduled to perfonn e Jub or sulgsad 0l b
root node in & task decompowition hlararchy for the [ob.) For the salaction af agent
and job, the raperts tool generetes the GANTT chert type graph 700 of Figure 7
showing tw dexympesitlan BED of tha Jak, fhe sliocation ot ite congtduent
subgparts to different agerts in the commonity, and tna ralevart states of the Job
ervd aubparta. Other attributes of the jobs might also be shown on the shert, such
B3 when esch epent ‘s acteculed to parform [t part, their cesta, the priority
azslgned to them by the aperts, and the iwegurces they require.

Refarring to Figure 73 and ratuming to tha “MWakaCompotar®  task
mentioned abava, tha GANTT chart 700 might be dieplayed on screan with
selactlan boxes for selecting the agsnt and tack to leck Bt. A9 shown, the
aalectlon boxes 1306, 1310 heve heen used 1o selest task “MekeComputer” for
pgert C 1300, The GANTT chart 700 shows the datomposition af tha
“MukeTorptar” Taak bhto MaksTarmcCartddge (Agemt Th 1315, MakesMcnitor
jAgent M) 1325, MakeCPU {Agert U] 1320 and MekePrinter (Agertt F1 1318, The
Task Btetus ¥ey 1336 shows by colour coding (not wislble in Flgure 13) thet the
MaksTonerCartridge end MokehMonitor teske 1315, 1325 are running. the
MekaCPL) task 1320 Is completed and the MekePrimter and MakeComputer -aska
1218, 1390 gre waling. A diaiopgus box 1230 has Law brosghtl oo Wl
details of tha MekeTonerCerridge tEBE 1315,

Tha reperts tool thersfore needs eceese for incmres to the tash
decompoeitiona 380 and to thae sommitmant dassbage Z45 n ornh apaey

Az mertioned, tha job grapk croated by the reports tool also showi the
curmant status of each subpert of the job, i.e. Stbht WANAE, FUINHRE, Cvmpieies or
faffed. Thus from the graph | ueer ig mmedietaly abla t2 datarmine tha ovarall
statun of a Jab, and If the joo foils whers exacily it dd ec — which obvlously alds

SUBSTITUTE SHEET ( rule 26 )



10

1b

20

25

WO 00N PCTEBAMALLAT

&4

tha debugging affort. For eesy visuelisgion, the diffsment states of a pb cey be
colour-cadsd i the graph. - '

Fippawe 7 o oo wively slwwe o Ladx vapoet 700 for ol J1 overeend by Agant
A. The zubpart .117 [Agont E] hae failed, whila J12 Agam C) i runnlng and 113
[Agent D1 15 comoleted, J11 {Agert Bl and J1 Agent A} are waiting, bt becausa
af ths foilura to achiave 111 will both fall unle=s action is taken to achieve 111
in some other wey,

Ife tool Else provioes the user with faciliies for colapeingaxpanding
sactiong of the graph awd hiding’shewring nedes on the graph — thig is important in
doaling with & very large graph elhce it alowe a usar to focus-tn on tha reéqlans of
intereat, reducing tog muegh datail which might Hodar <he dabuggirg effort.

Tha algo-ithm for ensuring the correct inteprakion of task descriations intg
graphs relies on two facts: fist, the agent on which the gosl is initistec assigns 8
gyEtem-wide umigua identifler o tha goal that i propagated down the tesk
decomposition hierarchy of the goel. Second, whanavar a1 agant decomposss a
ek wte subtasks, |t crestes unigquo idemtificrs for tho subtoaks ond raooerde tho
identifigrs ‘aith tha parant taak (this happens whether or not other egents parform
the subtagks]. Thua, using tha root goal Hantiiar and parem-chlld Inks, the repont
toal can greph the gicbal teak deidmpterion across the soclaty. in fact, the
sarme machanism 15 waed In the gogiety tool t0 goloar-cooe meesages by goals.}
Tha sgme machani:m glap allows the dsplay of |uintl gaphs, wwhorgin e Lk
decomposition graphs em firked by ona or more tasks. This happens when side
effests of a task In one goal decomzoeiticn gregh are utlllasd in arothar.

Rmllady ta tha soclety tod, the repart tool 8leo supperta onine logging of
rapct massagasto 3 cstahasa, and then subsequent off-line replay.

6.3 The Micra Tool

Refarring to FAgure 14, the mioro tosf ellguws a uoor to tolect a cingla
ggert, Agent © 43 ehdnm, and review |t processing by locking et iie current date
ard at the messages haing ssnt armd moslved by different componmnts of the
egent.  For instance, it maght look @ the [ast ten messages for a selected
component. Looking at threade in tha mailboe, ft might rrdaw messsges under

canatructlen to qo out, or mogeoges roooTthy roaeivesl It 0an rogquoot 1o esa!
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1. “Massags in gusua™ 1400 most recan: meesagas racelved and still 1o be dealt
withs

2. “Message oyt gueye” 1405; masseagaz to be gart out;

2. *Vazsage handler summary® 1410 a summary of the actione mken in
resoonadta incomling massagas, ‘or axampls, to what module o the
agermt haa the messapa baan dispached for datallad processing:

4, “Co=prdination grapl ™ 1416: visually Jdopivls Uie dyoonnic olals ul axecutlan of

the co-ordination angine 5o 85 to visuallsa the progress of e realisation
of some goal. Wihare tham are multipla goats e agent |5 Tyng to
anhlave, the uzar canralact 8 paricular ona in ordear to visdalios b
prograss. At aich noda 1420 of the graph is running, it shows GREEN.
i that necle tails, it ahows REDY

B. “Execution monitor summery™ 1425: g diary detslling tha tasks the agent hes
committed itgelf to parforming, aw the currant status of those tasks fi.e.
walting, rurning, completed or feiled} a.g. the menitor might ndless &
tesk wheh hxs fallad to start baceuse of inadequate resources (for
example, results sxpecied ‘nan enothe agant might never Brive or arive
ton late), or It might fleg Bn exscutivg task wheh has bean stopped
becouss & overran Bs scheduled ellacatdon of processor tir.na}

E. “Mesource dombass summery™ 1430: surtirmary of the resources tho opoert
renages. It also showe wheh at fras, which hava bran elocatsd, 8nd 1o
whant; and

T, "Corrizmend tabla® 1436 visual dapaoton of howr tesks have been schaduled.
This is 8 gummary cf the easults of ronitarng executing tesks or wake
suloduisd o skl eacualbsn; gy U msenibon mighe. incdicste & task which
ha: faled to :tert Eecausa n.f inadequets rescurces o it might flag an
axpouzing task which has oeen stopped because it overren ite schadulsd
allnrating of prassssar tiwe. A shawn, Agent C e firmly eommbed 1o
the tagk Mekelomputer at tims 4.

The micre tool provides a usar with a finer look at th Internal proceasing
of an agent and has obvlows debugoing potertial. =or exarnpla, tha flagging of

axoouting tack: which have bean stopped becauss they over-ren thai alloestesd
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procagsor ime might indicats to & Jaer that e or she undarestmated the smaunt

of tire ragquirad 1 run those tesks. (It 1& nesured that usersfdavelopers pravide a

aanesrvativa astimata aof the proseeeoss thiva pooaded ta v asah task, whish in

used by the agert in scheduling e activites, )

Aa andther sxample, by Insking at the cumnt staie of the coordination

process for & job [from the graphical depiction of the coordinetion process), B user
might bs eble to infer, for instance. why the Jab was relected by the agert. Sinca

wach node of the Gowrdinatlon graph ndicales & pardcalar state of Pwr poocaos, e

trace of a ob on tha graph imferme the waer of moat of all there & 1o Xnow ohout
the coordioatlon of that |ob. For nstanca, from 8 trece, 8 user might Infar that

JokAl, say. failsd basawses It raquired cectaln waouress which the agermt dic nom

heves further, the egent could no; find any other sgent Ghat could provide the

resourca swithin the required quendwy’, Tma, chsl and Ooher ConsTrants.

5.4 The Coriirol Morsior Tool

It atlowws for the foliwving functiona:

Browsa=through
Add

Mok fy

Delea

Thess functione act on curent geals, jcbs, rasources, tasks, organisatianal

redet o end knowledpge, and co-ordingtion etiretegies. Other funcions incluge

Suzpand (Jobs or agartal
resume |joba or sgants]

Eil [epantal

These lauer thrae arg dene by ganding TequesT MEEEEHBE 10 IMEEE BRAMIE

with the contents being the tbove e.g. asuspeEngion olicel.
Tha control maonitor tool agein works in relation to gngle sgerta.

prenddan an onllee verdoan of the ordginal ZARBRS agent-building capahllitle:.
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Tha cantral menttor ool alows 4 user to sel=ct an agen: of imemeat and
browsae-through, add, maddy or deletm |t5 current Jobs, resounces, tesks,
organigational ralatione and knmetedpa, and enaordinacian steareglax.  Forthar, the
Lsar 1m0 suspend or resume jobe, and eles suspand, reaurma or evan kill agenrs, A
facility iz alea providsd tor the User to tUne vanous paramerers of en agent such ag
how lang il ywette for replies fram other agants befora assuming a null rasponsa, or
how the egemt should split ite time betwaer performiing tasks 1t has alrasdy
comraittad to and caardinoting nows tacke. Booowoo difforgnt multl agent syerana
or applicatons may use diffarant ontolagies o dets dictionerisa to epecify data
ltams, this tool allows useis to ipad an entology databese 2BO defining tha
ontology of their specific systam or applicetion.

Tha contrel rronftor tool i3 useful ir debugging and/or analysing the
Lealviour wi o aociely af sgents by sllowlng & waer to dynamically reconfigure the
goplety and 2nelyga kg subeaguert behavewr,  This 18 useful when testing
hypottasas, The uxer cen ugs it to atady the effecta of warkus changes an
sganta’ conetitudon, organisetdonel relaiions. co-orgingtion behavlour ste.  Far
example, an agert might, contrary to apectaians, consistently rejec: & job far
which it TS edeguete krow-how (@ek] but lacks the required resources althaugh
thers am ather egents In the sociedy thai con produce the required resou-ces.
Liging the comird moanitar tool ta browse through the teska end rasouicas of the
Bgant, @ uaer might onvines hercalf that the agent posssssas tha knoa-how e
lecks the resources. {hacking the agant's |lst of coordinglion stracegiea may, for
axampts, [wdicate thet the sgertt dees hewe the coordination abdity o ubcamtract
aut “hi produetion of the requirsd rasources to other sgenta in the setdup,  Snoe
the agertt rajacts tha jsb thoagh, tha usar migkt pogit two hypathesas, that sither
(A the agomt [0 wnawere of other ogonto [n the epcisty that can produce the
raquired rezeurce, or (2] the tirnﬂ-i:rut'piri:ud thet the agart walts for accepiance
aftar sandng out job request mesasges 1o other agema might ba lees than tha Hma
needsd by thoss agemts ta detemina whether or not o eccept a job, Uslhg the
comred tool 1o browae throwgh the orgenleational raletions and Enowlsdoe of the
ayent might vonlinm @ iefuts iypothesis (A1, aod agaln uang this ool to nG-ease
tha sgert’s wait-acceptance tima-cut might confirm or rafute hypothesls (B).

Crber tools such B3 the micro or society tool might sisa bs used in tavdem
witt the tantral monlter tool to Irvestipate these hypotheses.  Jzing the soclaty
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tngl, for inmtanegs, the vser mighl obaarve te apant sending out job reguest
maszages - refuting h?pn'ti"ns'i:s [&); wrd using the misro tool the user might
abaarsa that in the coordinatiam troce for tha b, the eagert progresase poad tha
wait-geeeptance hoda befare raplles o ks job reguest mossoges are recaived —
confirming hypothagie (B].

A orowwser window for the contral tool migt for instence allow a user 1o
ramotely biowse, add, dslats andicr modfy the task apacificationa of agants n a
soctery. Such | window micht show [Isx boxes Tor the agents In the soclaty, the
ent of tazks of the currart salscted agent, and the status of the selscted task. A
text srea might dhow t1e specifleailan of the current edactad tasd, “ModHy™ and
“Add™ bamtions rright launch 8 task specification editer therigh which an axigtbing
task specificatior. may be modified or @ naw task defined. The sttus of the tasks
are set to UK whan, 85 tar as the tool 13 aware, the task definition n the toel 11 tha
sams as that in tha relevent egert’s tazk datebaze. A steus value of UNKMOWN
indicates that tha user haa modifled the tack spacifkation but, 0 far. the agant
hae not yet returned acknowledgement of recgipt of the now specficertbat.

Tre control tacl I8 useful Ir dabugging andfor enekyzing the behaviour of a
gacicty of agarts by allowing a vsar to dynanically recaorfipure the society snd
Bnalyss its subseguert behwyviour. Thet is, it allws tha sgent systern to Be
redafined rt ntme.

The strangth In the comtrol tocl llas in the wis of high lewel meaoages in
eommunicetion, parheps KAGML and Hs rslatad languages.  With highHdews]
massages, nevy specifications of whatever bahaviour can be zant to an agsnt and
ik is tha agant’s function to nterprat the specification imo the mekevant
funciionalicy. K ora wem ta use oblect-lavel rmessaging such dynamism ig
ImumediEiel [GEt,  An Bnalogy B tha reatlaonshlp betweear Interpreted languagas
guch a5 Frolog end Lisp that srovida démamit: redefinition aof program babawiaur and
complied linguages such 88 G+ + and Fortran ihat de not.

Bicauze differsnt mufci-sgert zystem applicationas mey ome  diffameet
ottologian ar data dictionarlss to spacify date [tams, this tool allows user to ioad
an gniglogy database cefining tha antalagy of thsdr spacite appltcation.

B.B Tha Stadatlos Tod
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Referring te Figure 15, this teol diows g use- to caligte verious statistics
sbow: a sodiety of pgents on e por agent besis s wall 85 on B community basxis.
The slaliathce colacted might include for instanca, but pre not limited to:

(&) tre nEmber of messzges and their types san by tha apamts ower & tima parod;-
b1 the numbar of messages sent by the azents in coominating differart Jobs:

ic] the sveraga luadimyg of the agents, [e. the propartion of dive agents spand
actually exacuting tasks; and

(gl tw coordineion wersus execution Ome redo, ia. how much tma iz spem
coordinating Tasks as oppoesd to actually running them.

Etatlstlos such 85 thage ere partcularly usehd in debugging or Fne-t.ning
the parformance of & soclsty of agents. For ¢example, ueing the contiol monitor
toal and the etatletics tool, & usar 12 better able o angwer guestions such a3 “nrhet
orgenisgtional soucturing, snd distrbution of task and coordination know-how best
minimiscs the timo wpont coordinatng jobe and maxilzese thse tme epant
axacuting them i.e, inoressing the profitabilioy of the eacietyl®. |f the aganee in
the cocioty learn from sxparkence, he statistics ool becomes even morg ueahul in
gsseising the performance «f differart [2arning stratsglas Eince qaruin statistics
gitch as the average rumber of messapgaz sert by 1he agatit per job andfor the
coordinatlon versus oxecutlon Llime relie wen save o pofoemenge magice for
magsuring learning success.

TEe perticuler screen shown [n Figume 15 shows tha amount of tratic
ganarrted 1RO hy the prncipel sgants U, T, P, f'nﬂ.5 € in achlaving the gaal
MaksCompLrtar. As axpacted from the sk decomposition 700 showr in Figure
14, Agant & sanda qut threa achinve-rrassages whie Agent F only throws oun
ona. The reply messsges :urrnapun;d io negotiation and post-agotiatlan rask
manigerent] dielogues.

The too can suppeot differant Jizplay formats, sueh ac histogram, pla,
lIna, ar sy-soatter graph formate for the display of stetletlzs. Tha chotes of formar
i& war-getann inabls, using taolber bittons 1809, aithough thare sre pre-specified
defaulta fermata for the vadous statistics

Similartly tp te eczlety and rsport toels, the statintis tool supports
dataseza Joineg and vidoo wiyko r_upll;u,.r ol agord etatdetice. For gararallty, onby raw
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las cpposed to procassed) egent date |5 saved onto databese, thus, on pleytack,
Aty mlavant statistle can b recragted. '

6.6 An Exterded Exampla

Roeturning to Figura B. while aach tool des:rbed abowve B useful s a
debupgging sid when uesaed in isolation, when weed in eombination with the other
toals they provide aven graaler detugging End enakrysg support By grvirg the ueer
a rmulbd-parspactive viawpolm of the agerts’ bshaviour. By way of illugtretion, Bn
extended exampk of uelng diffarant toos to zasaas diffarsnt acpecte of agamts’
beheviour in 9 debugging prablam ic dagciibed kalowr.

Cconsider 8 mutl-egent society comprisng seven ggents &-G a8 ghawn in
Figure B. Tha uzar ballaves that the agamts haya besn configured such that given
job J to agert A, the decompxsithor of the job ecross the scelety would arocsad as
Nlustrated; 2. J° 1o egent B, J2Z2 to sgan; G, J12 {0 egent [ etc. However, when
jab s glven ta agamt &, R reporta a feilure In gdenning out the job.

To debug thia problem, tha user might for sxample vse the ociety tool,
partiadarly the messepe storaps, vdeo-atyle playback and iliter factitlas te rewlew
tha soardination sctiviies of agams when job J vwes pmeéntad to ageant A. Tha
usar notws, for eampla, that 2s exgpecied, agent A sends out & request (Propese
meszage] o agent Btz achlava J1 and anoiher request {Sropese niwssaga] Lo
egent G io echieva JZ. Agein, as sxpecied agatt B asnds cut a requast to agent D
ta achleve J12. Agernt C however sends aut no requeste, elthoupgh @ had baen
avprrtar fh sated ol it thems.

In a rerun of tha econarks. using tha micro tool to view the internals of
agert L, 1t 13 noded Trgm thae trace of it coprdination gragh Tor pob J2 That J2Z was
succazsfuly decompesed imo J2°, JZE end JZ3, bt tha coomination process
failed whee o candidesta agents could be found to subcomrect J22 1o, Laing the
gontral momiter teal ta raviaw tha erganleadanal relationg snd knewledge of agamt
G, it is noed that no emtries specifying agents that could achieve J22 were isted
In agant C's organisatiznel knowladge-baee — ‘hus, en amtry is added to agert C's
organlsational krowledge-hese to fix this “bug’,
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The problem i3 agaln rerun and. this time, agert A reporte sucCess in
dlstrbuting the task scrose the sogiaty but later raports failure die 1o nadecuatée
racsaraae whan Ik trlad to actually perfors e gubpare of tha [ab

Liding the raparts tool, in & rerun, the user notas thet folloveing suecseshd
problem decomposition aciots the sochty, agents £ F, G and © successfully
startsd and ran ta completior their -eapective subparts of the job. Howewer, egent
O {afed 1o achleva J12, which in tarn casged the faibira of agent B to schlewe J1
mined @ barn sk of sypant A fc achicds J.

The usar rarune the scanatlo anc wses the micre tool to nonitor egant B
Ehe notices thet D succepsfully stats J12 but later stops it because J12 ran out
of ha allocated processor time (indiceted by an exscution monitos: message). The
cont-ol momtor s ussd te modify the definition of J12 to inerease he astimated
rur-dme.

The =cenaric is agair rerun. aneg thla tias svarything runs o completicn.

Alcarnathvaly, task J12 may have had tima to sxecuts but produced the
wrong outpute (a tha taek hedy waz wrangly specifiad). [n this cass, tha miore
ten] will not detect that J12 ran aut of Hwe and the task body will have 1o ba
tevicwed and coTected.

In e differant fault scenaio usng the seme arrangament of agents &5
zshown | Figure 3, the statietlos too! may Instasd ghow thet agent C in fact cands
sut bwe requesta (Propoac moooagas) in vaspsat of the J3 teek, althouph thres
roquaets would be axpected R ic now pogeibla to fanm the hypothesis thet the
capea of failura i lacawmd in ngent C, probably due to one ar boath of thae following:

il an arror in the apeciflzatan of tha .2 task. The task epecifizarisn =
mpected te ke {21, 022,183} = (J2], that |3, givon J21, J22 ond J23
than J2 can & produced, K there i an srror I the specification, far
exampls {J29,022.023}={J2] instasd, then thers would Brize two
Pmposa meseages sent out for jobs J22 and J23, but no eguivalnt
Propase messpge for 129, Agant © will not send ocut 8 Froposs mMessags
for |ob J28 ENce T goeEy'T know of any ol sgenl el o prodoce
J23;

[i1} an oty in & spacificetian in the squaintance detebase of agent C.
Agsuming the task = properly specified, than the most [Ikaly reasor why

SUBSTITUTE SHEET ( rule 26 )



10

20

b

S0

W0 BIAEE FCTIGERNZZT
i

the third praposs messegs waa not sent out would be [once momd that ne

ggent ie isted in agent Cs aquantance datebese cepable of performing

the third job.

The cverall hypothass that the feilure kes in agent C can be varified by,
for exampla, wugEng the miery tool for viewlng the Internals of agen: ©. For
instance, it might be noted from tha trace of (& co-srdinetion greph thet egent ©
could not plan or coominal@ the actividea the actvitlas invelvad in J2, hus
confirmting he hiyaatheds,

Regarding the bypothasaz (b and ], the control tool zan be used to
ramotaly review the task spacification datsbaxes of agent G, |f that is comect, (il i3
alimiradad. To aonflrm hypothesia [, the contral ol can ba usad to directly
review tha aguairtancs datebaze of egent C, chacking all specificetions mlating
JZ1, Ji2 mnd J23 (by Browsing mrni.lgn The aqualrtance detebzsa of agem C
usirg & task browser window af the contra tenl.

AhErmnatively, if the epaeimtance databasw |5 largs, 1t is poisible to uge the
sorciaby tool 1o raview the measages sent out by aganrt G 0 might ba discovarsd
that agert € sant out messajes to egents F and G to parform jebis J22 and J23
raspectively. Mow it is resaonakly certain that tya fallure to perform job J was dua
to a specification arvar in the aqueirtenca detabase of agant C, regarding J 21 (tha
gosd] and sgert E. Thia can be ponfirmed by uzing the sonrol tool to evlaw and
madify the aquaimonce dotobana of sgsrt C.

It should be notad thet the sulte of reals darcribad above cannot detmet
pvary possibls cause of fallure in & muttiagent ayatem i 5 used o montor o i
mekes the dabugalng task Immeeswrably sesier.

Although deascrihed i ralaclon to the porticuler CABS mulilagent systam
duscr bed above, ung g peae ol he debugging tools could cozily be weed with
other multagent systans, based on diffarant srchltectures, agents, reletdconehips
and iznguages. B would gimply be nacageary that <he agsnts of the debupgmo
talia]l Aane af the mORagest syeterm baing debuogsd wore abls 1o understand
messapes end other irformatlen, sich es tesk specificatiors, in the sama wey a
that the debuggng toolla) ocoldld understand Whet 118 Mesaagsd concarnsd and

could review end amend the athes infarmatlen,
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Emogdimante of the presert Inventlon =an be used I relation o B wide
renge of multi-agent an,rm;-am:-l. For instanse, It has besn svaluatsd |n partieular In
Lha Followeylieg ol s
« & traval menegement applicetdon nvolring 17 agema, in which a travel managar

agart negotiatas with hotsl, alrding, car, triln and taxi reserveilon agent: to
penarate an itinerary for a ¥ansatdartie lp far a user:

» 3 {alsesmmunicadons network manegement spplication with 27 agents.  Haew
pganta emntroling network BNks negotmts 1o provinon vriuel private netwarks
for users, For this application 1the report teol was very saslly customised to
support a diffe~ant diepley fonmat for Task decompositian graphs; and

= an clastsnis commerce applicetion where sgermes buy @nd ooll pooda and
services uging differant neqotiaton ctratagles. This application invelved awer
100 egerts smultaneously parfwining mamy differsnt 1asks, and tie Gelour-
cding of messages by goal waa gecential in undarstanding tha rtaractons
balyrean tha agarts.

Ahhoug b differaerr langusges and hardwora mey well be found opproproto
I warleus circurmatances, embodimeants of tha prasant inverion can be
Implamanted antlraly in the Java progremming lsnguapge and run ar Unilx, for
inatanca Sglana, and Windows NT workstations,
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CLARMS

1. A module for usa in @ segitware syatam for disirlbuted control, moenitoring

andfar wanngament of a proceas or sppantus, tha madula carmadsing:

[i communicetion maans tor communicatirg with oiher software macdulag;

(M axXscutable software for use in coordinating with other scitware modules
in the selection of taska to be allceeted po raspesctve softviare modules;
anal

§diii] B aBte stare, of accogs o A data stara, for storing teak definitane

Induding time data indicatirg tash axacuticn timoas,
geid modils further camprising scheduling meanz for staring data salactad from at

Ieest one of seid task dsfinidons, Induding seid [ime data for the reapsctivs teek
deilnitlon o dafiritlons.

2. A moduls aenarding 1o alelm 1 in which the schaduling means can ba usad
by tFe softwere svstem far alloeating tesks amongst s plurality of moedulas during
cantal, mankoring and'or menagemart of & proXes Of GpPaAEtUSE.

3 & moduls according to either one of the precading claims wheren the
scheduling means for ana module mey store data from mare than ane tagk
definton, srdering the deta anae te dararmina the arder in which, in use of tha

systam, tha modale will contol or gerry our the relsvant Tesk.

&, A mndula agearding o Clalm 3 whergin the gcheduling means may store
the task data togethar with an indicatar of stens selected from et lsaxt wo
altarotlve atotuoes ueh oo "tortxlliva® and "Am”, esid indicater of etabae

dwtm rmining & mede in which the scheduler deak with the relevent tesk data.

B. A moduks aecording to Claim 4 whereir the achacular operates a tima-out
in relgtion to tesk deta heving ane of sald indlestors of stee, after which the data
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ie delated by tha schadulsr, andfor can be ovarwethen oy subsaguent Incoming
data. .

B. A module according ta Glaim & whereln the schaduling means may

pvarbook resoureas by stofing data Fom mors than ane teask definkion, sald data

storirg overlaooma time cormraite [ ralaton to the aame resourcs oF reEaUrcEL.
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