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In this papemwe extendthe formalizationof Carrel, a virtual
organizationfor the procuremenbof tissuesfor transplantto
dealalsowith organs.We focuson the organallocationpro-
cessto shaw how it canbe formalizedwith the ISLANDER
specificatiodanguagendwe alsopresenthefirst versionof
a mechanismto federateseveral geographically-distribted
Carrelplatformswith the objective of addressingomeof the
technicalissuesin the establishmentf a pan-Europearis-
sueandorgandistribution service.

1. Intr oduction

Organtransplantsare amongthe mostcomplicated
medicalprocedureperformedoday Organtransplan-
tationfrom humandonorsarebecomingcommonlife-
savzing therapiesand the only option available when
thereis majordamageo or a malfunctionin anorgan.
Today mostdonatedrgansandtissuessomefrom pa-
tientswho arepronouncedrain deadasresultof dis-
easeor injury. At the time of writing, morethanone
million peoplein theworld have successfullyeceied
an organ, and thereafterin most casespeenableto
lead normallives. But while theseoperationsare be-
comingmorecommonplacethereis a major shortage
of organs.At the time of writing, ten peopledie daily
dueto the shortageof transplantablergans,while a

Al Communications
ISSN0921-7126)OS PressAll rightsresered

Organ Allowabletime from Donor
to Recipient
Heart 4105 (hours)

Lung 5to 6 (hours)
Heart-Lung| 4to 6 (hours)

Pancreas | 12to 15 (hours)
Liver 12to 18 (hours)
Kidney 15to 18 (hours)

Fig. 1. Cold ischaemidime for solid organtransplantation

new nameis addedto the transplantwaiting list every
18 minutes.

Over theyears transplantechniqueshave evolved,
knowledge of donorrecipient compatibility has im-
provedandsohaveimmuno-suppressadtugregimes,
leadingnotonly to anincreasen the differentkinds of
organgthatcanbetransplantedyut alsoin therangeof
transplantsmoving beyond organs(heart,liver, lungs,
kidney, pancreasjo tissuegbones skin, corneasten-
dons).The allocationprocessor tissuesis quite dif-
ferentfrom thatfor organs becausef thetime organs
canbepreseredoutsidethehumanbody (seetablel).

Tissuesareclustersof relatively homogeneousells,
so the optimal temperaturdor preseration of all the
cells composingthe tissueis almostthe same.Thus,
tissuescanbe presered for several days(from seven
daysin the caseof corneasto yearsin the caseof
bones)in tissuebanks.For tissuesthe allocationpro-
cesds demand-dsien,triggeredwhenthereis arecip-
ientwith aneedfor a certaintissue atwhichtime sev-
eraltissuebanksaresearchedor a suitablepiece.

Organs,on the otherhand,arevery complex struc-
tureswith severalkinds of cell typeseachwith differ-
entoptimal preserationtemperaturesThatfactleads
to quite short preseration times (hours),no needfor
anorganbank,andanallocationprocesghatis supply-
driven, triggered when a donor appearstaking the
form of a searchfor a suitablerecipientin somenum-
berof hospitals.
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1.1. Theneedof softwae systemgor the organand
tissuemanaement

As explainedin [22], theincreasingrate of success
of tissuetransplantsthatis literally aseconcthanceat
life, is leadingto anincreasen the numberof requests
andthisvolumeis startingto overwhelmthehumanco-
ordinatorsat hospitalswho areresponsibldor manag-
ing the transplanfprocessand furthermoreis leading
to tissueloss, becauseavailable tissuesare not being
assigneeforethey exceedtheir shelflife asa result
of thelengthof time it is takingto procesgequests.

In the caseof organs,successfukransplantshave
alsoled to anincreaseén demandor organsfor trans-
plantationpurposesHowever, thereis not anincreas-
ing volumeof donationgo matchthe demandandthis
is creatindists of transplantandidatesr waitinglists.
Typically, thereis onelist perkind of organ.Because
of theorganshortagethe proces®f managinganddis-
tributing the organsthat are availableis complex and
often surroundedby controversy Much researchhas
beendoneto enablethe definition and implementa-
tion of policiesfor donoridentification(to increasehe
numberof availabledonors)[10], organallocation(to
find a suitablerecipientfor eachorgan)[20,7,16] and
in extraction, preserationandimplant proceduregto
increasehe chance®f success).

The relative scarcity of donorshasled to the cre-
ationof internationakoalitionsof transplanbrganiza-
tions. This new, moregeographicallyistributed,envi-
ronmentmakesan even strongercasefor the applica-
tion of distributedsoftwaresystemso solve:

— thedataexchange problem:exchangeof informa-
tion is a major issue,as eachof the actorscol-
lectsdifferentinformationandstoresit in differ-
entformats.The obvious,andeasilystated solu-
tion is the definition of standarddatainterchange
formats.

— the communicationproblem: countriestypically
usedifferentlanguagesnd terminologiesto tag
thesametemsor facts.Eithera standardotation
or astandarantologyor evenatranslatiormech-
anismis neededo avoid misunderstandings.

— the coordination issues:in orderto managere-
guestsat aninternationallevel, thereis the need
to coordinategeographicallydistributed suigery
teams,andto coordinatepiecedelivery at anin-
ternationalevel.

— the variety of regulations: an additionalissueis
thenecessityf accommodating comple setof,
in somecasesconflicting, national and interna-

tional regulations,legislationand protocolsgov-
erningtheexchangeof organg20,7]. Theseregu-
lationsalsochangeovertime, makingit essential
thatthe softwareis adaptable.

Thefirst two pointscanlargely beresohedby stan-
dardsoftwaresolutions.For instancethe EU projects
RETRANSPLANT and TECN have largely focusedon
the creationof a) standardormatsfor the storageand
exchangeof informationaboutpieces,donorsandre-
cipientsamongorganizationsp) telematicnetworks,
or c) distributed databases Another project ESCU-
LAPE usescorventionalsoftwareto helpin checking
tissuehistocompatibility

In the USA the United Network for OrganSharing
(UNOS) is supportingtools like ULAM [19] thatare
usedfor the simulationandanalysisof nationalcada-
erickidney andkidney-pancreasllocationpoliciesfor
transplantatiorio permitcomparisorof multiple liver
allocationpolicy proposalssothatthe policiescanbe
testedprior to implementation.

Thethird point(coordination)s harderto solve with
corventionalsoftware.But a sound,if relatively new,
approachs the useof softwae agents An Agentis a
computemprogramcapableof takingits own decisions
with no externalcontrol (autonomy, basedon its per
ceptionsof the environmentandthe objectivesit aims
toreach[23]. It notonly reactgo theervironment(re-
activity) but alsopro-activelytakesinitiatives.The so-
cial ability of agentsallow themto grouptogether(in
agencie$ sharingcommonobjectvesanddividing the
tasksin orderto achierethoseobjectives.All theseuse-
ful attributessuggesthatmulti-agentsystemsarewell-
suitedfor solvingcoordinationissues.

It is the last point (variety of regulationschanging
overtime) which underpinsour casefor the useof so-
calledelectonic institutions whosepurposeis to pro-
vide over-archingframeworksfor interactionof agents
capableof reasoningaboutthe normsgoverningindi-
viduals’ actions,in the sameway as physicalinstitu-
tions and socialnormsdo in the real world (see§?2).
Electronicinstitutionsandthe normsthatgovernthem
arethe key to a systemthatis ableto adaptautomati-
cally to changesn regulations.

In summary our proposaladdresseall four issues
identifiedabove, by the useof multi-agenttechnology
not only for coordinationand regulation but also for
servingasalanguagéenterfaceamongteamsusingdif-
ferentterminology andactively distributing the infor-
mationto be shared.
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1.2. Organizationof the paper

In §2 we introduceour point of view of electronic
institutionsas social structues andthe useof norms.
In §3 we give adescriptionof Carrel our electronicor-
ganizationfor the procuremenbf humanorgansand
tissuedor transplantatiopurposesHere,we focuson
the organ allocation processto shov how it can be
formalizedwith the ISLANDER [4] specificationan-
guage.In §4 we discussthe main characteristicof
Carrel andfinally presensomeconclusionsn §5.

2. Electronic Institutions

Building a Multi-Agent System(MAS) is acomplex
task,asdevelopersneedto find anacceptabldalance
betweenthe autonomythat agentsshouldhave in or-
derto actin unforeseerircumstancesandthe control
thedesignemwantsto have over emegentbehaiour in
orderto ensurethat the systemwill achieve its goals.
Oneway to tamethe compleity of building a MAS
is to createa centralizedcontroller, thatis, a specific
agentthat ensurescoordination.Coodinator agents
areagentswvhich have somekind of controlover other
agents’goalsor, at leaston part of the work assigned
to anagent,accordingto the knowledgeaboutthe ca-
pabilities of eachagentthatis underthe Coordinator
AgentscommandHowever thisapproachs notgood,
asthis specialagentbecomesa bottlene& in the in-
formationflow. An alternatve is to distribute not only
thework load but alsothe controlamongall theagents
in the system(distributed contmol). That meansto in-
ternalize control of eachagent,which hasnow to be
providedwith reasoningandsocialabilitiesto make it
ableto reasoraboutintentionsandknowledgeof other
agentplustheglobalgoalsof thesocietyin orderto be
ableto coordinatesuccessfullywith othersandalsoto
resole conflictswhenthey arise.However, asMoses
andTennenholtstatein [13], in thosedomainswvhere
the costof aconflictis dear or if conflictresolutionis
difficult, completelyindependenbehaiour becomes
unreasonablerhereforesomekind of structureshould
bedefinedn orderto easecoordinatiorin adistributed
contml scenario A goodoptiontakenfrom animalin-
teractionds thedefinitionof social structures

Social structues', define a social level where the
multi-agentsystemis seenas a societyof entitiesin

orderto enhancethe coordinationof agentactiities
(suchasmessag@assingnanagemenandthe alloca-
tion of tasksandresourceshy definingstructuredpat-
ternsof behaiour. Socialstructureseducethedanger
of combinatorialexplosionin dealingwith the prob-
lems of agentcognition, cooperationand control, as
they imposerestrictionsto the agents’actions.These
restrictionshave a positive effect, asthey:

— avoid potentialconflicts,or easeheir resolution

— makeeasieffor agivenagento foreseeandmodel

the otheragents’behaiour in a closederviron-
mentandfit its own behaiour accordingly

An Agent-MediatecElectonic Institution (e-institu-
tion for short)is kind of social structure wherethein-
teractionsamonga groupof agentsaregovernedby a
setof explicit normsexpressedn alanguageepresen-
tationthatagentscaninterpret.

Therootsof thisideacomefrom the studyof human
organizationsMost humaninteractionsare governed
by conventionsor rulesof somesort, having their ori-
gin in society (emegent)or the laws (codification of
emegentrules) that society hasdeveloped.Thus we
find that all humansocieties gven the mostprimitive
ones,have somekind of social constraintaupontheir
membersin orderto structureand regulate the rela-
tionsamongtheir membersSomeof theseconstraints
are quite informal (taboos,customs traditions)while
someothersareformally defined(written laws, consti-
tutions).In fact,modernhumansocietieshave defined
collectionsof expectedbehavioural patternsthat have
aneffectin specificscenariogsuchasashop,bank,a
corversationalectureor anexclusive club).

DouglasNorth? refersto this corpora of constraints
asinstitutions In his studies[15], North hasanalyzed
the effect of institutionson the behaiour of human
organizationgincluding humansocietiesandhe con-
cludesthat institutional constraintseasehumaninter-
action(reducingthe costof thisinteractionby ensuring
trust), shapingchoicesand makingoutcomedoresee-
able.By thecreationof theseconstraintstheorganiza-
tionsandtheinteractionghey requirecaneachgrow in
compleity while interactioncostsremainstaticor are
even reduced.Having establishedheseinstitutional
constraintsgvery competenparticipantin the institu-
tion may act—andexpectothersto act—accordingo
alist of rights, duties,andprotocolsof interaction.

The main reasongroundingthe creationof institu-
tionsis to createtrust whenthe partiesknow very lit-

1They arealsocalledArtificial SocialSystemby ShohamMoses
andTennenholtin [13,18]

2DouglasNorth receved the Nobel Prizein 1993for his studies
ontherole of institutionsin the performancef organizations.
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tle aboutothers.No institutions are necessaryn an
ervironmentwherepartieshave completeinformation
aboutothers(e.g. a village market wherevendorsand
buyersknow eachotherandinteractonaperiodicalba-
sis). However, in ervironmentswith incompleteinfor-
mation (e.g. internationalcommerce)cooperatie so-
lutions (basedon trust) could breakdown unlessinsti-
tutionsarecreatedo provide sufficientinformationfor
individualsto createtrustandto police deviations.

The samestatementsand ideascan be broughtto
the field of agents.An e-Institutionis the modelling
of aninstitutionthroughthe specificatiorof its norms
in somesuitableformalism(s)that canbe followed by
agents.One of the hypothese®f the field is that the
essencef an institution, throughits normsand pro-
tocols canbe capturedin a precisemachineprocess-
ableform (this key ideaformsthe coreof the nascent
topic of institutionalmodelling). Themainobjectiveis
to createa safeervironmentwhereagentscantrustin
otheragentsasary violation of anormsmayleadto a
compensatinganction.

Theeffect of normson agentshouldnotbe seenas
a constraintbut a guidewhich reducegshe compleity
of theervironmentbecauséheoptionspaces pruned,
and henceallows the agentto make betteruseof its
(limited) resources.

3. An Institution for the distrib ution of organsand
tissues

The Carrel agentplatform modelsan organization
that receives a tissuerequestfrom one hospital and
thentriesto allocatethe besttissueavailable from all
the known tissuebanks.Within this organizationdif-
ferententitiesplay differentrolesthat are determined
by their goalsat any particularmoment.Figure2 de-
pictsall the partiesthatinteractwith the Carrelsystem.
Therearea)thehospitalghatcreatethetissuerequests,
b) the tissuebanks,and c) the national organ trans-
plantationorganizationsthat own the agentplatform
and act as obsenrers (in the figure the organizations
in Spainare depicted:the Organizacdn Nacionalde
Transplante5(ONT) [17] andthe Organitzacd CATa-
lanade Transplantament§OCATT)). In the proposed
systemall hospitals eventhoserunninga tissuebank,
mustmale theirrequestshroughCarrelin orderto en-
surea fair distribution of piecesandto easethetrack-
ing of all piecedrom extractionto thetransplantasthe
ONT andOCATT requirefor organg(thatis, noinsider
trading).

3National TransplanOrganization
4CatalanTransplanOrganization

Fig. 2. Carrel: An Agent MediatedInstitution for TissuesAssign-
ment

Therole of theCarrelinstitutioncanbe summarized
in thefollowing tasks:

— to make surethatall the agentswhich enterinto
the institution behae properly (thatis, that they
follow thebehaioural norms).

— to be up to dateaboutall the available piecesin
thetissuebanksandall therecipientghatarereg-
isteredin thewaiting lists.

— to checkthat all hospitalsandtissuebanksfulfil
therequirementgor interactingwith Carrel.

— to ensurghatthe commitmentsmadewithin Car
rel arefulfilled.

— to coordinatethe piecedelivery from onefacility
to another

— to record all incidents relating to a particular
piece.

The participationof hospitalsin Carrelis basedon
thenotion of membershipThatis, hospitalsbelongto
Carrelandrespectthe neggotiation (assignationyules,
andtheagentghatrepresentheminsideCarrelareun-
ableto breakthesecorventions.A Hospital interacts
with Carrelthroughthe TransplantCoordinationUnit
Ageng/ (UCTX. This ageng (depictedin figure 16)
senes asinterface betweenthe sugeonsand Carrel.
Whena sugeonneedsa piece,he makes his request
throughthe UCTx system,which analyzeshe infor-
mation entered,addsinformation aboutthe recipient
andfinally createsa Finder Agent, which goesto the
institutionlooking for a suitablepiece.

The information required by the Finder Agent to
look for a piecein Carrel is enteredin an electronic
SealedEnvelope Theervelopecontainsthe following
information:

— Urgencylevel, thatworksasanelectronicpostage

stampandsetstheurgeng level of therequestin
Spain:normal,urgeng-1 or urgeng/-0)
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— Hospitalidentification a certificateissuedby the
CertificationAuthority associateavith Carrel[2],
to allow the authenticatiorof the senderof each
requesto ensurehatonly Finder Agentswith re-
guestdrom authorizechospitalscanenterandne-
gotiate.

— Tissueinformation(type,parameterstc) andre-
cipientdata(age,se, laboratoryanalysisetc).

— The selectionfunction which is composedof a
setof rules,eachone being a constraintthe se-
lectedpiece(e.g. a cornea)mustsatisfy Someof
theseruleswill typically comefrom the policy of
the transplantunit of the hospital,while the rest
will beintroducedy thesurgeon,who cansetthe
constraintsxeededor agivenrecipient.A rule of
the selectionfunctioncancontain:

predicatesaboutthe piece: predicateshat
describethe constraintsthe selectedtissue
hasto satisfy suchasthe ageof the donor
or thedimension®f the pieceitself.
predicatesaboutthe tissuebank: predicates
thatcansetconstraintsaboutthetissuebank
preferredby the suigeonor the hospital.
predicatesabout the cost of the piece: a
predicatethat can seta maximumcost for
thepiece.Thiscostonly coverspieceextrac-
tion and presenration, and is paid through
a clearinghouseby the hospitalwhich re-
ceivesthepiece.Thereis nopriceassociated
with the pieceitself.

3.1. Extendinghe Carrel institution

In orderto extend the Carrel systempresentedn
[22] to handleorganaswell astissuedistribution, we
must augmentit for the organ allocationprocess.n
mostof the official organallocationorganizationsthe
processs composeaf two phases:

1. Eachhospitalinforms the organizationaboutpa-
tients that have beenaddedto or removed from
the waiting list of thathospital,or patientseither
to beaddedo or removedfrom the national-wide
MaximumUrgeng Level® Waiting List.

2. When a donor appearsthe hospitalinforms the
organizationof all the organssuitablefor dona-
tion in theform of offers sentto the organalloca-
tion organizationwhich thenassignghe organs.

5In Spainthe MaximumUrgeny Level is calledUrgeng-0

This processcanbe modelledformally by specify-
ing interactionsbetweenagents.To give a formal de-
scription of the interactionamongagentsin the Car
rel systemwe will follow the sameformalism used
for the caseof tissueg[22]. The ISLANDER formal-
ism [4] views an agent-baseelectronicinstitution as
a type of dialogical systemwhereall the interactions
inside the institution are the compositionof multiple
dialogic activities (messagexchanges) Theseinter-
actions(calledillocutions[14]) arestructuredhrough
agentgroup meetingscalled sceneghat follow well-
definedprotocols.

However, insteadof creatinga separatenodel for
theorganallocationprocesswe will extendthe model
for the tissueallocation process Someof the scenes
thatweredefinedfor the caseof tissueswill beshared
for organsby extendingtheir functionalities,anda few
new scenesare created.The resultingsetof sceneds
thefollowing:

— ReceptionRoom the scenewhereall the exter-
nal agentsidentify themselesin orderto be as-
signedthe roles they are authorizedto play. If
theseagentsare carryingeithera requestor one
or moretissuer anoffer of oneor moreorgans,
thenthisinformationis checledto make surethat
it is well-formed.

— ConsultationRoom the scenewherethe institu-
tion is updatecaboutany eventor incidentrelated
to a piece.Agentscomingfrom tissuebanksup-
datetheinstitutionabouttissueavailability, while
agentscoming from hospitalsupdatethe institu-
tion aboutwaiting lists andinformationon piece
(organor tissue)reception transplantoperations
andthe healthof recipients.

— Exdhange Room the scenewherethe assignation
processis made.In fact, there are specific ex-
changeroomsfor managingtissuerequestqTis-
sueExchange Roon) andfor organoffers(Organ
Exchange Roon).

— ConfirmationRoom the scenewherethe provi-
sional assignmentsnadein either a Tissue Ex-
change Roomor a Organ Exchange Roomare
confirmedor cancelledbecauseof the arrival of
anotherequestvith higherpriority. In caseof the
confirmedones,adelivery planis built.

Anotherkey elementof the ISLANDER formalism
is thedefinitionof agentroles Eachagentcanbeasso-
ciatedwith oneor moreroles,andtheserolesdefinethe
sceneghe agentcanenterandthe protocolsit should
follow (the sceneprotocolsare definedas multi-role
corversationapatterns) Therearetwo kinds of roles:
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Consultation
Room

Tissue
Exchange
Room

[y:hfl 5
< [y:hf]

Fig. 3. The Carrellnstitution performatve structure

the externalroles (rolesfor incomingagentsjandthe

institutional roles (roles for agentsthat carry out the

managemendf the institution). The externalrolesare
thefollowing:

Hospital Finder Agent(hf): agentssentby hospitals
with tissuerequestor organoffersthatareseen
from the point of view of the institution as re-
questsfor finding an acceptabldissueor recipi-
ent,respectiely.

Hospital ContactAgent(hc): agentsfrom a certain
hospitalthatarecontactecdy theinstitutionwhen
anorganhasappearedor arecipientthatis onthe
waiting list of thathospital. Theagentthenenters
theinstitution to acceptthe organandto receive
thedelivery plan.

Hospital Inf ormation Agent(hi): agentssentby hos-
pitalsto keeptheCarrelsystenmupdatedaboutary
eventrelatedto a pieceor the stateof the waiting
lists. They canalsoquerythe Carreldatabase.

Tissuebank notifier (tb): agentssentby tissuebanks
in orderto updateCarrelabouttissueavailability.

Theinstitutionalroles consistof oneagentto man-
age eachsceneand one agentto coordinateall the
scenerelationships.Thus we have: Institution Man-
ager (im) which coordinateghe scenemanagersRe-
ceptionRoomManager (rrm), TissueExchange Room

Manager (trm), OrganExchange RoomManager (orm),

ConfirmationRoomManager (cfrm) andConsultation

RoomManager (crm).

3.2. Theperformativestructuie

The connectedgraphof scenesonstituteshe per-
formativestructue. It is a network of sceneghatde-

(3)—s—> 9(0k) —>

9(faulty-woid)

)@7 5(fau|ty

Fig. 4. The corversationgraphfor the Receptiorroom

Msg | lllocution
(request (?x hfJhc|tb) (?y rrm
1 (adm ssion ?id.agent ?role

?hospital certificate))

2 (deny ('y rrm) (!x hf hctb) (deny
?deny._r eason))

3a (accept (!'y rrm) (!x hi) (accept_hi))

3b (accept (!'y rrm) (!x tb) (accept_tb))

3c (accept (!'y rrm) (!x hf) (accept_hf))

3d (accept (!y rrm) (!x hc) (accept_hc))

(rnform (?x hf) (?y rrm) (petitroniissue
4a ?i d_hospi tal ?urgency.l evel
?time_to-deliver ?piecetype

(?pi ece_paraneters) (?inforecipient)))
(Tnform (?x ht) (?2y rrn (petitionorgan

4b ?id_hospital ?timefor_availability
?pi ecetype (?pi ece_paraneters)

(2i nf o_donor)))

5 (inform(!'y rrm) (!x hf) (petitionstate
?idpetition ok faulty))

6 (inform (?y rrm (?x hf) (init_exchange
?pi ecetype ?i d_exchange._roon))

(Tequest (7x Af) (2y rrm
7a (ti ssue_exchange_entrance.r equest
i d_exchange.r oom))

(Tequest (7x Af) (?y rrm

7b (organ_exchange_ent r ance._r equest
i d_exchange.r oom))

(rnform (?x hc) (?y rrm

8 (cal | edfor_organ ?id.hospital
lidpetition))
9 (inform(!'y rrm) (!x hf) (calledstate

lidpetition ok faulty))

Fig. 5. Theillocutionsfor the Receptiorroom

finesthe possiblepathsfor eachagentrole. In accor
dancewith its role,anagentmayor maynotbepermit-
tedto follow aparticularpaththroughtheperformatie
structure.

With all the scenesandrolesidentifiedin the previ-
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oussectiontheperformatvestructurecanbedrawn, as
depictedn figure 3. Nodesarethe scenedisted above

plus enter and exit nodesin orderto definestartand
end pointsin the diagram.Arcs arelabelledwith tags
variable:role, wherevariableis an agent androle is

one amongthe identifiedroles for the Carrel system.
Thediagramin figure 3 shaws, for instancethatscene
managergo directly from the enternodeto the scene
they shouldmanagdthe* meanghatthey aretheones
creatingthe scene)while all the externalagentsmust
proceedhroughthe ReceptiorRoomscendn orderto

be registeredandthenbe directedto the properscene
accordingo theirroles.

3.2.1. Authenticationof externalagents

As explainedabore,in the ReceptiorRoomexternal
agentsenterandareregisteredinsidethe platform. In
this roomanauthenticatioomechanisnbasedn elec-
tronic certificatesensuresthat external agentscome
only from authorizedorganizationgwhich previously
recevedtheelectroniccertificateto beused).Oncethe
sendethasbeenidentifiedandauthorizedthe external
agentsarethendirectedto the properroom according
to theirroles.

Theprotocolof thisscenecanbeseernin figure5: An
agent makesa requestfor admission(1) that canbe
acceptedmessagesa,3b, 3c,3d) or refusedmessage
2, exit state ). Dependingontherole of agent:

— it is directedto the ConsultationRoom(exit ),

— if it brings a requestfrom a hospital,a check-
ing of suchrequestis done(messageg and>5).
Thenagent waits until a properExchange Room
is availableto dotheassignatior{message6 and
7afor tissuesp and7bfor organs).

— if it wascalledby theinstitutionto receve anor-
gan offer, the informationit bringsaboutthe re-
cipientis checledand,if all is correct,thenis di-
rectedto the Organ Exchange Roomthatsentthe
call.

3.2.2. Rajisteringtherecipientsandthe available
pieces

In orderto manageheassignatiorof organsandtis-
sues,the Carrelinstitution shouldbe kept up to date
about:a) all the available tissuesfor transplantation,
b) the stateof hospitalavaiting list for eachkind of or-
gan,andc) thewhereaboutsiboutall piecesthathave
beenassignedy Carrel.

The ConsultationRoomallows agentscomingfrom
hospitalsor tissuebanksto keepCarrelupdatedabout
all the facts mentionedabove. The protocol of this
sceneis showvn in figure 7. The incoming agentscan

17 16 18

Fig. 6. Corversationgraphfor the Consultatiorroom

Msg | lllocution

(rnform (?x hr) (?y crm) (prece_arrival
10 ?id_hospital ?id.tissue_bank ?id_piece

(?state)))
(rtnform (?x hi) (?y crm
11 (transpl antation_eval ?id.piece

?i drecipient ?date

(?info_transpl antation)))

(rnform (?x tb) (?y crm

12 (tissue_bank_updat e ?id_tissue_bank

?i d_pi ece (?specifications)))

(rnform (?x hi) (?y crm

13 (wai tinglist_update ?id_hospital
?i d_pi ece ?idrecipient ?tine.n

(?inforecipient) ))

(Tnform (?x hi) (?y crm

14 (maxi mumur gency.l evel _updat e ?i d-hospi t al
?i d_pi ece ?id._recipient ?urgency. evel

?time.in (2inforecipient) ))

15 (inform(!'y crm) (!x hi thb)
(notificationack !id._piece okerror))

16 (query-if (?x hi) (?y crn) (?query))

17 (inform(!y crm (!x hi) (queryresults
(?results)))

18 (request (?x hi tb) (?y im (end))

Fig. 7. lllocutionsfor the Consultatiorroom

performnotifications(messaged0 to 14) andarein-
formedif the notificationis successfu{messagéb).
The agentscoming from hospitals—whichrepresent
theHospitalTransplanCoordinatof3]—canalsoper
form queries(messagd 6) abouthistoricalfacts(e.g.
statisticson, say successfutorneatransplantover a
certainperiod).Thequeriesareansweredmessagé7)
with the level of detail thatis permittedfor a certain
role,asall accesdo the databasés controlledthrough
a Role-BasedAccessModel [9]. Whenthe incoming
agenthave performedall thequeriesandnotifications,
they exit the Carrelsystem(messagéd 8).

3.2.3. Allocatingorgans

For organassignmenta new scenethe Organ Ex-
change Roomhasbeenadded.Numerousfactorsin-
fluencethe probability of succesén solid organtrans-
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Fig. 8. The corversationgraphfor the OrganExchangeoom

Msg | lllocution

19 (query-if (?x hf) (?y orm
(recipient for_organ ?id_petition))

(query-1f (?x orm) (?y hc)

(cal | for_recipient ?idrecipient

20 lidpetition ?timefor._availability

?pi ecetype (?pi ece_paraneters)

(?i nfo.donor)))

21 (inform(!'y hc) (!x orm) (call_answer
lid_petition ?idhospital))

22 (inform (?x orm) (?y hf) (recipient_found
lid-petition lid.recipient !id-hospital))

(query-1T (?x hc) (?y orm

23 (change.reci pi ent (!id-previous.recipient

?i d_new.r eci pi ent _?change.r eason)))

24 (inform (!'y orm) (!x hc) (accept_change))

25 (inform (!'y orm) (!x hc) (reject_change
reason))

26 (request (?x hf hc) (y im (exit
?exit._reason))

27 (inform (?x orm (?y hf)
(reci pi ent _not found reason))

Fig. 9. Theillocutionsfor the OrganExchangeRoom

plantation Both patientandgraft survival canbeinflu-
encedby factorssuchasrace,histocompatibility im-
muneresponsienessage,sex, body habitus,primary
diseasecauseof donordeath andothercharacteristics
of the candidateanddonors.It shouldbe possiblefor
eachhospitalto createa setof rules, seefor example
therulesin figure10,for cadaersolid organtransplan-
tationthatmaximizeghenumberof additionalyearsof
patientlife systemwide or thatmaximizeshenumber
of yearsof transplanfunction.
The protocolof this scenedepictedin figure9, can
bedividedin two parts:
— the arrival of an Agent (hospital Finder Agenf)
with anoffer of anavailableorgan(states and
), waiting for anotificationthata properrecip-
ient hasbeenfound (message?, exit state )

or not (message7 leadingto a requestfor exit
throughstate ).

— theloop of the scenemanagetooking for recip-
ients. Basedon the information of the waiting
lists storedin Carrel’s databasethe sceneman-
agersendsacall to ahospitallmessag@0) where
thereis asuitablerecipient.ThenanAgent (hos-
pital ContactAgent) entersthe sceneto answer
the call, sayingwhetherit acceptsthe organ or
not (message0). SometimesAgent , represent-
ing thehospitalTransplanCoordinatorexpresses
theintentionto usetheorganin adifferentrecipi-
ent(messag®@3),achangehat,dependingpnthe
reasongyiven, caneitherbe acceptedr rejected
(message®4 and25). If the scenemanagerand
Agent agree,then Agent is notified of the re-
cipient,otherwiseAgent exits the sceneandthe
loop startsagainwith acall to anothethospitalfor
anotherecipient.

The searchand assignmenprocessedy the scene
managerare driven by knowledge of donorrecipient
compatibility that is codedin the form of rulessuch
asthosefor kidneys shavn in Figure 10. Rules1 to
8 arerelatedto size compatibility, either considering
ageranges(rules1 to 7) or weight differences—here
the criterion permitsa 20% variationabove or below.
Rules5 to 7 considerquality of the kidney ¢ and as-
sessnot only the limit thatis acceptabléout alsothe
transplanttechniqueto be used(to transplantone or
bothkidneys). Rules9 to 10 areexamplesof diseases
in the donorthat do not leadto discardingthe organ
for transplantationif aproperrecipientis found(in the
example arecipientthathashadalsothe samekind of
hepatitisB or C in the past).Finally, rules11to 13are
examplesof rejectionrules’, asdeterminedy current
medicalknowledge.

It is importantthat suchpoliciesnot be hard-coded
in the system,as suchrules evolve with practice(for
instancesomeyearsagodonorswith ary kind of hep-
atitiswerediscarded)Expressingheknowledgein the
form of rulesis a techniquethat allows the systemto
be adaptabldo future changesn medicalpractice.

Anotherrestrictionwhich mustbe encodednto the
systemis theallowabletime betweerretrieving the or-
ganfrom the donorandtransplantinghe organinto a
recipient(seetablel).

8Glomerulosclessisis a negative decayfactorin kidney filtering
behaiour, while CreatinineClearanceis a measureof the amount
of serumcreatininethe kidney canfilter

“Therulesin figure 10 are orderedand groupedonly for display
purposesThe orderhasno precedenceneaning(for instancefule
11 shouldprecedeary other).
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1- (age_donor <= 1)
-> (age_recipient < 2)

2- (age_donor > 1) AND (age_donor < 4)
-> (age_recipient < 4)

3- (age_donor >= 4) AND (age_donor < 12)
-> (age_recipient > 4) AND
(age_reci pi ent < 60)

4- (age_donor >= 12) AND (age_donor < 60)
-> (age_recipient >= 12) AND
(age_recipient < 60)

5- (age_donor >= 60) AND (age_donor < 74) AND
(creatinine_clearance > 55 nl/mn)
-> (age_recipient >= 60) AND
(transpl ant _type SI NGLE- KI DNEY)

6- (age_donor >= 60) AND (age_donor < 74) AND
(gl onerul oscl erosis <= 15%
-> (age_recipient >= 60) AND
(transpl ant _type SI NGLE- KI DNEY)

7- (age_donor >= 60) AND
(gl onerul oscl erosis > 15% AND
(gl onerul oscl erosis <= 30%
-> (age_recipient >= 60) AND
(transpl ant _t ype DUAL- KI DNEY)

8- (wei ght_donor = X)
-> (weight_recipient > X*0.8) AND
(wei ght _recipient < X*1.2)

9- (di sease_donor Hepatitis_B)
-> (disease_recipient Hepatitis_B)

10- (di sease_donor Hepatitis_C)
-> (disease_recipient Hepatitis_C)

11- (di sease_donor VIH)
-> (DI SCARD- DONOR)

12- (gl onerul oscl erosis > 30%
-> (DI SCARD- KI DNEY)

13- (HLA _conpatibility_factors < 3)
-> ( DONOR- RECI PI ENT- | NCOVPATI BI LI TY)

Fig. 10. Exampleof someselectiorrulesfor kidneys

3.2.4. Allocatingtissues

TheTissueExchange Roomis theplacewherenego-
tiation over tissuess performed.The protocol of this
sceneis shown in figure 12: Agent (hospital Finder
Ageni) asksthescenamanagefor tissueoffers(tissues
matchingthe requirementsncludedin their petition).
Thenthescenemanagegivesalist of availabletissues
(message?9) thatis evaluatedby the external agent
(messag@80). With thisinformationthesceneamanager
canmalke aprovisionalassignmenandsolve collisions
(two agentsinterestedn the sametissue).Whenthis
provisionalassignments delivered(messagé&1) then
agent exits the sceneto go to the ConfirmationRoom
representedby state . Thereis an alternatve path
for the casewhenthereareno available piecesmatch-

ing therequirementslescribedn thepetition(message
9 with null list). In this caseagent requestsan exit
permissiorfrom theinstitution (messag&2, exit state
), includingthereasorfor leaving. The reasorpro-
videdis recordedn theinstitutionlogsto form anaudit
trail for the relevantauthoritiesto inspect.For further
informationaboutthis negotiationprocessee[2].

e— 28%?— 29(offers)—>@— 30*)@
31
v

29(nil-void)

O —n—®

Fig. 11. The conversationgraphfor the TissueExchangeoom

Msg | lllocution

28 (query-if (?x hf) (?y trm)(offer.ist
?i d_petition))
(Tnform (Ty trm (Ix Af) (offerdrst
29 lidpetition (list (?idpiecel
?i nf o_pi ecel) ... (?id_piecen
?i nf o_pi ecen))))
(Tnform (2x Af) (?y trm (welghtedJ1st
30 lidpetition (list (!id-piecel ?weight)
... (lidpiecel ?weight))))
(query-1f (?y trmy (?x hf) (pieceoffer
31 ?i d_petition ?id._piece
( p p
?cost _esti mation) void))

(request (?x hf) (y im (exit
32 ?exit._reason))

Fig. 12. Theillocutionsfor the TissueExchangeRoom

3.2.5. Confirmingthe assignation

In the ConfirmationRoomscenethe provisionalas-
signmentsmadein a Tissue Exchange Roomor an
Organ Exchange Roomare either confirmedor with-
drawn. Figure 14 shaws the protocolof this scenethe
agent cananalyzetheassignegiecedataandthenac-
ceptor refuseit (messag@&3). If theagent acceptghe
pieceandno higherpriority requestsappearduring a
certaintime window thenthe provisional assignment
is confirmedanda delivery planis givento the agent
(messag@4), andthenit exits the Carrelsystem(exit
state ). Whenthereis arequestwith higherpriority
thatneedshe pieceprovisionally assignedo agent a
conflict arises.To resole the conflict the sceneman-
agernotifies the agent that the assignmenhasbeen
withdravn (message35) and that he is then entitled
to afreshrequestor anothermpiece,if available,(mes-
sage36) to be nggotiatedagainin the Exchange Room
whenceit came.
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3*\33("*’@* )
35 35
33(refused) \@Di 36 —>

O

Fig. 13. Conversationgraphfor the Confirmationroom

Msg | lllocution

32 (request (?x hf) (y im (exit
?exit reason))
33 (inform (?x hf) (?y cfrm (piece_eval
?id_petition ?id_piece acceptedrefused))
(itnform (?y cfrmy (?x hf) (piecedelivery
34 ?id_petition ?idhospital ?idtissuebank

?delivery.plan))
(inform (?y cfrm (?x hf)

35 (pi ece_r eassi gned_exception ?id_petition
?i d_pi ece ?reassi gnnent reason))
36 (query-if (?x hf) (?y cfrm

(anot her offer_list ?id_petition))

Fig. 14. lllocutionsfor the Confirmationroom

3.2.6. TheMulti-agentarchitectue

Theagentarchitecturghatsupportgheinstitutional
roles(seefigure 15) shavs oneagentmanagingeachof
thescenesthe RR Agent for the ReceptiorRoom the
CR Agent for the ConsultationRoom an ER Agent
for eachExchange Room(eitherthe onesfor organsor
the onesfor tissues)anda CfR Agent for the Confir
mationRoom Also thereis an agent(the IM Agent)
playingtheinstitutionmanaer role.

In orderto assistheseagentstwo agentsareadded
for specifictasks:the Planner Agent, to build the de-
livery plansthatareneededn the ConfirmationRoom
andthe DB Agent, which handlesaccesgontrolto the
internaldatabasefor solid organsthe Planner Agent
hasto considerthe constraintsmposedby the conser
vationof thosepiecesasdescribedn tablel.

3.3. Extendinghe UCTx

Adapting the UCTx ageng in orderto assistnot
only in thetissueallocationprocessut alsoin the or-
ganallocationprocesss notdifficult. In thecaseof tis-
suesijt isthesulgeonsvhoareresponsibldor creating
thetissuerequestshroughtheir SurgeonAgent[3]. In
the caseof organs,however, it is the Hospital Trans-
plant Coordinator whois responsibldor issuingorgan

Fig. 15. Themulti-agentarchitectureof a Carrelplatform

offersto the institution or answeringa call for recipi-
ents.So the architecturepresentedn [3] (depictedin
figure 16) is not modified but ratherthe Coordinator
Agent functionality is extended.

3.4. A networkof Carrel institutions

In the precedingsectionghe Carrelsystemhasbeen
describedas an institution that works alone, manag-
ing all the requestsaindoffers comingfrom the hospi-
tals. However a distributed systemis neededn order
to managethe allocation problemat an international
level, whichis oneof theaimsof our scheme.

To do so,we proposethe creationof a federationof
geographically-distribtedCarrelplatforms.Hospitals
andtissuebanksregisterthemseleswith the nearest
platformandinteractasdescribedn previoussections.

As a result, the searchprocessmay becomedis-
tributedthroughthe platformsexchangingnformation
amongthemselesvia their DB Agents Theprocesss
thefollowing:

— The DB Agent of a certainplatform recevesa
guery eitherfrom an Organ Exchange Room a
TissueExchange Roomor the ConsultationrRoom

— It accessethelocal database.

— If theinformationis not availablelocally, thenit
sendspart of the query to other DB Agents in
otherCarrelplatforms.

— All the differencesin terminologyare solved at
this point by the useof domainontologiesshared
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Fig. 16. The multi-agentarchitecturdor the UCTx system

by all the platformsthat define a common ex-
changeformatfor theinformation.

All Carrel platformsare aware of the existenceof
theotherplatforms.The communicatioramongagents
of differentplatformsis donethroughthe mechanism
the FIPA specificationestablishegor communication
amongAgentplatforms[5].

4. DISCUSSION

The currentsystemsf organprocuremenandallo-
cationworksreasonablyvell, but significantimprove-
mentsin bothits fairnessandits effectivenessouldbe
made.We presentherean Agent-MediatecdElectronic
Institutionfor thedistribution of organsandtissuedor
transplantatiopurposesThepolicy thatwe areimple-
mentingherefollows the Spanishmodelfor organand
tissueprocuremenandSpanistregulationsfor alloca-
tion but we believe thatthis modelis generakenough-
andvery successfulto usedasanexample.

Our aim with this work is not only to apply multi-
agenttechnologieso modelthe organandtissueallo-
cationproblembut we alsohave devotedsignificantef-
fort to formalization,following the recommendations
in [6] aboutthe needfor formal designmethodswhen
applyingagentsto the medicaldomainin orderto en-
surethe safetyand soundnessf the resultingsystem.
In our casewe have chosena formalism called IS-
LANDER [4], basednthedialogicalframenork idea,
to getanaccuratelescriptiorof theinteractionsamong
theagentsBy meansf suchformalismwe have been

ableto designa systemthatcombineghe strengthsof
agentswvith theadwantage®f formal specification.

As far aswe know, therearevery few referencesn
theliteratureto the useof agentsn thetransplanido-
main.[21] and[12] describesingleagentgo solve spe-
cific tasksneededor this domain(respectiely, a re-
ceiver selectionalgorithm basedin multi-criteria de-
cision techniquesand a plannerof transportroutes
amonghospitalsfor organdelivery). [11] proposesa
multi-agentsystemarchitectureto coordinateall the
teammembersnvolvedin a transplant[1] also pro-
posesastatichierarchicabgentarchitecturdor the or-
ganallocationproblem but noformalismis usedin the
developmentof the architectureandno mechanisnis
presentedo make thearchitectureadaptve to changes
in policiesor regulations.

5. CONCLUSIONS

Publicinterestin the utility andfairnessof solid or-
ganandtissuetransplantatiois amongthemotivations
of thiswork. Transplantgrotocolsasabove explained
have mary characteristicthatsuggestheappropriate-
nessof amulti-agentsolution:

— they aresafetycritical;

— they involve largeamountsof data;

— thedataarediversein sourceandformat;

— comple inferencesnustbe madefrom combina-

tionsof data;

— co-ordinatedactivity acrossnumerousagencies

may beindicated;andfinally,

— stronglegal and ethical obligationsunderpinthe

interactiondetweeragencie®sONT or OCATT.
Carrel is anagent-basedolutionmeantto helppolicy
malkersin designing,implementingand verifying or-
ganallocationpolicies (like for example[8]) so that,
say graft survival ratescanbe maximized Finally, we
summarizethe propertiesof our proposal,which we
believe might helpto addresgoncernsaboutwhatfair
distribution mightmean:

— Experimentatiorwith allocation policies before

deployment,for example:

Old-for-the-old

Childrenfirst

Allocation basedn waiting time
or combination®f theabove andotherschemes.

— TheCarrel systemmay helpto speeduptheallo-

cationprocesof solid organsfor transplantation
andin thiswayto improvegraftsurvivalrates Re-
call thetemporalconstraintdmposedby the con-
senationof thosepieces(seetablel)
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— The federationof several platformsof this kind,
asdescribedn 3.4,wouldmakeit possibleto ex-
tendthe benefitsof sucha systemto alargergeo-
graphicalarea(e.g. from countryto country)eas-
ing the communicationamongthe differentOr-
ganExchangeOrganizationsThis will allow the
unificationof policiesin the EuropearSpace.

Futurework aimsto explore other alternatve for-

malismsto describemulti-agentsystemsin comple
domainsAs partof thatexplorationwe aim to expand
the PROforma [6] formalism,which is well-suitedto
modeldecisionsupportsystemgor domainswith un-
certainty to includeagentcommunicatiorandthedef-
inition of multiple roles(in the sensehateachrole has
adifferentview of the problemto solwe).
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