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1 Intr oduction

Electroniccommercehasbecomemore and more importantwith the growth of the
Internet.In particular, auctioninghasbecomeoneof mostpopularmechanismsof elec-
tronic trading,aswe canseefrom the proliferationof on-line auctionson the Inter-
net.Multi-agentsystemsappearto offer a convenientmechanismfor automatedtrad-
ing, duemainly to thesimplicity of their conventionsfor interactionwhenmulti-party
negotiationsare involved. AI researchershave beeninterestedin two areas:auction
marketplacesand the tradingagents’strategiesandheuristics[5, 18,20]. Apart from
web-basedtrading,auctionsarethemostprevalentcoordinationmechanismfor agent-
mediatedresourceallocationproblemssuchasenergy management[20,19], climate
control[6],flow problems[6],computingresources[4], publicmonopolies[1] andmany
others[2].

From the point of view of multi-agentinteractionsin auction-basedtrading, the
situation is deceptively simple. Trading within an auctionhousedemandsthat buy-
ersmerelydecidean appropriateprice to bid, andthat sellersessentiallyonly have to
choosethetime to submittheir goods.

Thework relatedhereis acontinuationof theFishMarket(FM) project[17,16].The
goal of FM is to developmeansfor the specificationanddesignof electronicinstitu-
tions,whereby electronic institution we meanan organization[12] wherethe agents
caninteractfollowing someprotocols.Commonly, theinstitution is formedfrom a set
of connectedscenesandthe agentscanmove from oneto anotherwhenthey satisfy
someinstitution-definedconditions.The scenesare the basicelementsof the institu-
tions andit is therewherethe interactionsbetweenagentstake place.Eachscenehas
its own protocolthatdefinestheinteractionbetweentheagentsandtheagentswithin a
scenehave to observethis protocol.

As an exampleof an electronicinstitution a groupat IIIA have implementedthe
FishMarket[21]. The FM is an electronicauctionhouseusedasa test-bedfor trading
agents.The FM hassix scenes,two for admissions(buyersandsellers),one for the
staff, two for settlementsandtheauctionroomitself.

In this paperwe focuson theauctionroom,andespeciallytheprocessusedfor the
resolutionof bids.In all theversionsof theFM to date,thisprocesshasbeencarriedin
acentralizedmanner. While thatcorrespondsto thephysicalrealityof auctions,it is not
necessarilyanappropriatemodelin a computingcontext dueto two problemsthatare
not commonin physicalsituations(pacetelephonebidders!):breakdown of processes
or communications— so-calledstoppingfailures— andintermittentlyfaultyprocesses
or communications,leadingto unreliablemessages— so-calledByzantinefailures[7].
As a first stepto addressingtheseproblemswe herepresenta distributedsolutionto
whichothertechniquesmaylaterbeaddedto handleresilienceissues,whicheffectively
doesaway with theauctioneer, thusremoving a centralsinglepoint of failure.In some
sensethe interagents— the market interfacesfor the buyers—, aswe shall seelater,
arereally replicationsof the auctioneer, in commonwith the architectureproposedin
[3].

In thecurrentFM all thebidsaresubmittedto anagentcalledtheauctioneerwho
controlsthewholeauctioningprocessanddeterminestheresultof theround.Fromthis
point of view, theresolutionof thebiddingprotocolis centralized.Whatwe do in this



new versionis distributethisprocessamongthebuyers’market interfaceagents(called
interagents)— seeFigure1. Thus,theauctioneersendsthebuyers(via theinteragents)
theinformationaboutthelot andthenwaitsuntil onebuyerinteragentsendsit theresult
of theround.During theinterveningperiodthebuyerinteragentsresolvethebidsusing
a distributedprotocol.Thus,thework of theauctioneeris reducedto:

– controllingwhich buyersparticipatein theauction,
– startingtheroundsby sendingtheinformationon thelots
– waiting for theresultof theround

Wehavetwo motivations:to haveanotherwayof applyingauctionprotocolsandto
have a way to avoid theauctioneerbecominga bottleneck.With this new mechanism,
theloadof messagesis distributedbetweenall thebuyers.Theideais thatthisalgorithm
can be appliedto an existing auctionhouse,providing an alternative way to deliver
differentauctionprotocols.

Thebasisof thedistributedapproachis theLeaderElectionalgorithm[8]. It canbe
understoodsimply asan algorithmfor choosingoneprocessorin a network of many
andthe versionwe have adaptedherederivesfrom that usedin token ring networks,
whereit is usedto regeneratethetoken.

In thenext section(2) weexplain thenew organizationin theauctionroomin order
to applythealgorithm.In section3 wegiveabrief summaryof � -calculus.In section4
we outline how to apply the LeaderElectionalgorithm in auctionprotocols.Finally
(sections5-9)weexplainhow to usethisalgorithmfor arangeof auctionprotocolsand
give their specificationin � -calculustoo.

2 Organizationof the auction room

On first looking at the auctionroom we canseethat we have two kind of agents,the
auctioneerand the buyers.The auctioneeris an institutional agentwho controlsthe
correctrunningof theauctions.It controlswhenbuyersenterandleave,startstheround
andreceivesthe resultof it. Finally, it declarestheendof theauctionswhenit hasno
furtherlots to auction.

We have addedanotherkind of institutionalagent,theso-calledinteragent, [9] an
autonomoussoftwareagentwhichmediatesinteractionsbetweenabuyerandtheagent
societywhereinit is situated.An interagentis connectedto abuyerandabstractsit from
communicationproblems.Thus,eachbuyeronly hasto communicatewith its interagent
soit canfocusonits strategiesfor bidding.Theuseof aninteragentalsohasadvantages
for the institutions,becausethe interagentalsoforcesthe buyer to follow the auction
room protocol.For example,the interagentwill prevent the buyer from makinga bid
betweenrounds.Theinteragentsalsoimplementtheresolutionof thebiddingprotocol.
Previously, this taskwasdoneby the auctioneer, whereasnow it is distributedamong
the interagents,which are linked in a ring in order to apply the particularversionof
LeaderElectionwehavechosen[8].

An importantpointhere,is thatthechangein theprocessof biddingresolutiondoes
notaffect thebuyers.It is aninternalchangeof thesystem.Thisprocessis opaqueto the
buyerswhichcannotseetheinformationpassedbetweeninteragentsin orderto resolve
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Fig.1. Organizationof theagentsin theauctionroom

thebiddingprotocols.In otherwords,from thepoint of view of thebuyersthereis no
differencebetweencentralizedbid resolutionandthenew scheme.

Thebuyersarethe participantsin the auctions.As we have said,eachoneis con-
nectedto oneinteragentin orderto communicatewith theotheragents.Of course,we
cannotspecifythebuyersherebecauseeachoneis potentiallyunique.All wecandefine
arethe channelswith which the buyerwill be suppliedin orderto communicatewith
its interagent,themessagesthatit will receiveandwhenit is allowedto submitabid or
leavethesystem.Therefore,in theauctionroomthereis oneauctioneer, asetof buyers
andoneinteragentfor eachbuyer(seeFigure1).

Wewill focuson thespecificationof thedistributedresolutionof thebiddingproto-
col. We omit thespecificationof theauctioneerbut notethat its principalwork now is
to sendtheinformationaboutthelotsat thestartof eachround.

3 The � -calculusin brief

The main featuresof the � -calculus—andthosenecessaryto readthe remainderof
this paper—arethemeansto readandwrite informationover channels,thecreationof
channels,andparallel,alternative andsequentialcomposition.Termsin the � -calculus
aredescribedasprefixesfollowedby terms,whichis intentionallyarecursivedefinition.
Syntacticdetailsareoutlinedbelow1.

3.1 Summary of 	 -calculussyntax and semantics

In orderto keepthispaperto areasonablelength,wecannotprovidea full introduction
to the � -calculus,limiting ourselvesinsteadto thissummary. For moreinformation,the
interestedreaderis referredto Pierce’sexcellentarticle[14] andsubsequentlyto Milner
[10] andthewider literature[11].

1 A wordof warning:thisdescriptionshouldnotbetakenasdefinitive,sincetherearenumerous
interpretationswhich vary slightly in detailsof syntax,andsometimesof semantics.It does
however represent� -calculusadequatelyfor thepurposesof thediscussionin thispaper.
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y� : readsanobjectfrom channelx andassociatesit with thenamey. This operation

blocksuntil thewriter is readyto transmit.Thescopeof y is limited to theprocess
definition in which y occurs.Channelnames,on theotherhandmaybelocal (see� below), parametersto processdefinitions(seebelow), or global.

x 
 y� : writes the objectnamedby y to the channelx. This operationblocksuntil the
readeris readyto receive.� x ...: createsa new channelnamedx. The scopeof x is limited to the � expression,
but the channelmay be passedover anotherchannelfor useby anotherprocess.
For example,acommonidiom is to createa channelusing � , transmitit to another
processandthenwait for a reply on thatchannel:

� 
 x� y 
 x � question��� x 
 answer�
�����

: the terms
�

and
�

behave as if they are running in parallel. For example,
x 
���� � y 
���� outputs� on channelx and � onchannely simultaneously.�����

: eitheroneor theother(non-deterministicchoice)of
�

and
�

proceeds.Nor-
mally, theprefixesof

�
and

�
areoperationswhich couldblock, suchaschannel

transactions,andthis operationallows usto expresstheideaof waiting on several
eventsandthenproceedingto actupononeof themwhenit occurs.For example,
x


a� � y



a� waitsfor inputonchannelsx andy, associatingtheinformationin both

caseswith a. As soonasonebranchof suchanalternativesucceeds,theotherscan
beconsideredto haveaborted(seediscussionin section3.2).� � � : theactionsof term

�
precedethoseof term

�
. For examplex



y� � z 
 y� readsy

from x thenwritesy on z.

In addition,we includeanability to associatea termwith aname— thatis adefini-
tion — andfurthermore,thatin sodoingaglobalchannelis declaredwith thatname,as
in:

� 

x1� x2� x3�"! ..., which definesa process

�
takinga three-tuple.In practicethis

alsomeanswe have declareda channel
�

suchthatwe may invoke the process
�

by
writing a three-tupleto the channelnamed

�
. We will usethis conventionto obtaina

form of parameterization,allowing usto passprocessesasarguments(high-orderpro-
cesses)by passingthechannelby which they areinvoked.This syntacticconvenience
canbedescribedprimitively in the � -calculusbut we omit thesedetailshere.

3.2 Eventsand choice

Of the many variantsof the � -calculus,we choseas a startingpoint, the basicsyn-
chronousform asfoundin [10]. Oneof theessentialpropertiesof thekindsof markets
we want to modelis liveliness,which in practicaltermsmeansanevent-basedmodel.
Thenon-deterministicchoice(sum)operatorhasthereforebeeninvaluable—although
it alsoraisessomeinterestingquestions.To quote[10]:

Thesummationform #$�&%�� � % representsaprocessableto takepartin one—but
only one—ofseveralalternativesfor communication.Thechoiceis not made
by theprocess;it cannever commit to onealternative until it occurs,andthis
occurrenceprecludestheotheralternatives.



Whenviewed asa mathematicaldescription,for example,for the purposeof de-
termining bisimilarity, thereis no problem.However, when viewed as a programto
run, thereis anelementof time andthereforesequenceinvolved.Considertheprocess'�( � � ( � '*) � � ) . If amessagearriveson '+( just beforeonearriveson '*) , dowe expectto
become

� ( , or do weexpectanon-deterministicchoiceof
� ( or

� ) ?Certainly, we can
become

� ( , but mostpeople(andthe quoteabove canbe interpretedto supportthis),
would saywe shouldbecome

� ( . If not thenthe � -calculuswould be a difficult tool
indeed,requiringmany synchronizationsto enforcethis naturalbehaviour, andthese
synchronizationswould generallyhave no counterpartin a “real” program.In the fol-
lowing descriptionswe have assumedthat thenaturalinterpretationis thecase,this is,
choicesaredeterminedasandwhenmessagesarriveonchannels.

A furtherissue,of wantingto givepriority to onechanneloveranother, is addressed
by thedefinitionof thetest/0 process,whichis muchusedlateron.Thisprocessis used
to checkif thereis informationwaitingto bereadonachannelbut withoutblockingthe
processattemptingto read.

test/0 , event- then- else. =/ , c1- c2- c3.
c3 0213
event,2.54 c2,2.54 c1 0 then176 c2,2.84 c1 0 else13
c3,2.94 c2 02184 c1, x .54 x 021

Thefunctiontriesto readfrom thechanneleventandif it succeedswritesonchannel
then, otherwisewrites on channelelse. The versionpresentedheredoesnot readany
datafrom the channeleventbut we assumethat we have other versionsthat do and
writesit to then. We will differentiatethenumberof argumentspassedby addingarity
to the nameof the process(following a Prologconvention).Thenthe function test/0
is theonethatdoesnot passinformation,theprocesstest/1 is theonethatpassesone
itemandsoon.

4 Leader Election

Leaderelectionis a distributedalgorithm usedin somekinds of networks to electa
leader. For example,it is usedin a tokenring network whenthe token is lost andit is
necessaryto generateanew one.Thealgorithmassumesthatall thenodesareidentical,
exceptin eachhaving anuniqueidentifierandthey have to selectonenodeto generate
thetoken,but only onebecausetherecanonly beonetokenin thering.

Therearedifferentversionsfor solving the LeaderElectionproblemandwe have
basedour work on theLCR version[8]. This algorithmusesonly unidirectionalcom-
municationanddoesnotrely onknowledgeof thesizeof thering.Otheralgorithmsuse



moreknowledge(equalsmoreconstraints)to reducethe complexity of thealgorithm,
but do not changeit in essence.

It is presumedthattheuniqueidentifierssupportanorderingsothattheleaderwill
betheprocesswith thelargestidentifier. Firstof all, eachnodesendsamessagewith its
identifieraroundthe ring. Whena processreceivesa messagetherearethreepossible
actions:

1. if theidentifierin themessageis greaterthanits own, it passesthemessageon.
2. if theidentifierin themessageis lessthanits own, it discardsthemessage.
3. if theidentifierin themessageis equalto its own, it declaresitself theleader.

Thus,only theprocesswith thegreatestidentifierwill receiveagainits messageand
it will declareitself asaleader. Wecanseethatall theothermessageswill beeliminated
becauseatsomepoint they will arriveat aprocesswith agreateridentifier.

Theimportantpointof thealgorithmthatwehaveto bearin mindis thatit only uses
local informationin eachprocessandall of themareidenticalexceptin their identifiers.
Theprocessesdo nothaveglobalinformation.

Thenext stepis to seehow we canapplythis strategy to theauctionprotocols.The
first andobviouspoint is thatwehaveto comparethebidssubmittedfor thebuyers.The
winnerwill be the buyerwith the greatestbid. Whena processreceivesa message,it
will haveto comparethebid in themessagewith its bid. Thereis oneaspectthatmakes
processingbids trickier thanstraightleaderelection:all the identifiersweredifferent,
but it is quite possibletherewill be equal(highest)bids posted.Namely, thereis a
collision if thereis morethanonebid at thegreatestprice.

We haveto definefirst whenthemessagesaregeneratedandwhatthey shouldcon-
tain. Whento generateis obvious, the interagentswill senda new messagewhenthe
buyermakesa bid. For thesecondpoint is not enoughjust to sendthebid: we needto
know whohasgeneratedthemessagebecauseit canbethatmorethanonebuyermakes
thesamebid andwhethertherearemorebuyersthathavemadeabid at thesamevalue.

Thusthemessageswill havetwo fields:

1. a list of theidentifiersof thebuyersthathavebid at pricebid,
2. thebid itself

Fromthelist we canlearnwho hascontributedto themessageandif thereis more
thanonebuyerbiddingat thatprice.

Now wehaveto analyzewhathappenswhenaninteragentreceivesamessagefrom
its neighbour. Whenthe bid in the messageis differentfrom its own, it actsasin the
LeaderElectionalgorithm:it passesthemessageon if thebid is greateranddiscardsit
if it is lower thanits own.

Theimportantpoint is whathappenswhenit receivesamessagewith abid equalto
its own. Therearetwo possibilities:

1. This is the message generatedby itself which implies that this interagent’s buyer
hasmadethe greatestbid. However, this is not enoughto elect itself asa winner
becauseanotherbuyercouldhavemadeabid at thesamevalue.To distinguishthis
case,it hasto look at the list of identifiersin the first field of themessage,andif



thereis only its identifier, it candeclareitself thewinner, otherwisetherehasbeen
acollision, in whichcaseit will generateacollisionmessagein orderto inform the
otherinteragents.We will explain laterhow to usecollision messages.

2. Or, it is a messagegeneratedbyanotherinteragentwhichindicatesthatotherbuyer
hasmadea bid at thesamepriceandit couldbea collision.This is not enoughfor
declareacollisionyetbecauseanotherinteragent,furtherroundthering,couldhave
madeagreaterbid. It will only beacollision if this is thegreatestbid.Theproblem
is thattheinteragenthasonly local informationandit only knowsthatit couldbea
collision.Theinteragentcanonly declarethecollisionwhenthemessagehasmade
onecompleteroundandit so it is surethat this is thegreatestbid. All it cando is
addits identifierto thelist andpasson themessage.

As wecansee,no interagenteliminatesamessagewith abid equalto its own. Thus
whenthereis a collision, this will bedetectedfor all the interagentsinvolvedin it and
eachoneof themwill generatea collision message.Thus,after a collision, therewill
be onecollision messagefor eachbuyer involved in the collision. In the versionthat
weproposehere,theinteragentsrestarttheroundafteracollision.Importantremaining
issuesarehow thecollision messagesareeliminatedandhow to ensurethateachinter-
agentreceivesonly onecollision message.Thesolutionis thateachcollision message
travelsover thepartof thering from the interagentgeneratingthemessageto thenext
interagentinvolvedin thecollision.Thuseachinteragentwill receiveoneandonly one
collision message.

Another point is what shouldan interagentdo when it knows that it haswon a
round.The answeris that it hasto senda messagearoundthe ring in orderto inform
all theotherinteragentsthattheroundis finished.An issueto noteis what information
shouldbepassedon to thebuyers.They could just benotifiedof theendof theround,
but morelikely they couldbesentsomeinformationabouttheresult,suchastheprice
and/orthe identity of the winner. Precisechoicesheredependon the conventionsof
the institutionbeingmodelled,but arenot importantotherwiseto thediscussionhere.
Thismessagesynchronizesall theinteragentsandsubsequentlythewinner’s interagent
sendsa messageto the auctioneerto inform it of the resultof the roundandalsothat
theroundis finished.

Now we have describedall the possiblecaseswhenan interagentreceivesa mes-
sage.Hence,we cangive a genericvariantof theLeaderElectionfor theresolutionof
biddingprotocols(seeFigure2).

The last difficulty to addressis what to do when no buyersmake a bid. In this
situation,no messageswould be generated,so leadingto deadlock,becauseeachof
the interagentswill bewaiting for messages.To avoid this, eachinteragentis required
to generatea messagefor eachroundunlessits buyer hasnot submitteda bid. These
messageshave a bid valueof the negationof the identifier of the interagent.Thus if
no onehassubmitteda bid, only the interagentwith the lowestidentifier will receive
its messageback.It will thendetectthat therehave beenno bidsandit will notify the
auctioneerthatthelot is withdrawn.

Beforeexplainingthedutiesof theinteragent,wepresentanexamplein Figure3. In
this exampletherearethreeinteragents,two of themwhich bid 10 andanotherwhich
bids 8. This provokesa collision which is detectedby both when the interagentsre-



1. if the interagentreceivesan end of round messagewhich it did not generate,it
passesthemessageto thenext interagent

2. if it receivesanendof roundmessagewhich it did generate,eliminatethemessage
andsendtheresultof theroundto theauctioneer

3. if it receivesacollisionmessagein which it wasnot involved,it passesthemessage
to thenext interagentandrestartstheround

4. if it receivesacollisionmessagein whichit wasinvolved,it eliminatesthemessage
andrestartstheround

5. if it receivesamessagewith abid greaterthanits own, it passesthemessageto the
next interagent

6. if it receivesa messagewith a bid equalto its own andit is not its messageit adds
its identifierto themessageandpassesit to thenext interagent

7. if it receivesits own messagebackandit only containsits identifierin thefirst field,
it is thewinnerof theroundandit sendsanendof roundmessage

8. if it receivesits own messagebackbut thereis morethanoneidentifier in thefirst
field, thereis a collision andit generatesacollision message

9. if it receivesa messagewith a bid lower thanits own, it eliminatesthemessage.

Fig.2. Specificationof thegenericbiddingresolutionprotocol

ceived backtheir messageswith morethanoneidentifier. Thenthey generatea colli-
sion message,which hasidentifier :;� . We canseethat eachinteragentreceivesonly
oneof them.The interagentswhich have participatedin the collision wait until they
receive anothercollision message.At that point, they eliminatethe collision message
andrestartthe round.The examplefinishesat that point but after that the interagents
will restarttheround.
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id ={-1} bid =10

Fig.3. Exampleof collision resolution

In the next sectionwe will give the specificationof the interagentin eachproto-
col. We will explain how to apply the algorithmoutlinedabove to eachoneand the
modificationsto takeaccountof their individual characteristics.



5 The Interagent

As wehavesaidearlier, theinteragenthastwo importantfunctions,handlingcommuni-
cationbetweenbuyersandtheinstitution(external)andresolvingthebiddingprotocols
(internal).

Thefirst function givesthe buyer the communicationinfrastructureto enablepar-
ticipation in the auctionsby passingto the buyer the information that it needsabout
the stateof the auctions.For example,whena roundstarts,the characteristicsof the
lot offered,if he haswon a round,etc..Furthermore,it passesthe buyer messagesto
theotherinstitutionagents.Thesearethebidsof thebuyerandwhenit wantsto leave
the system.It alsochecksthat the messagesof the buyer follow the protocol.For ex-
ampleit doesnot allow to the buyer to make a bid at the wrong time. The ideais to
abstractbuyerdevelopersfrom communicationproblems,allowing themto concentrate
on biddingstrategies.

Thesecondfunctionwhich is independentof thebuyers,consistsof decidingwho
wonaroundor whethera lot is withdrawn,usingthemodifiedLeaderElectionprotocol
with somevariationsdependingon the auctionprotocol.As we have saidbeforethe
buyersarenot allowed to seethe informationpassedbetweeninteragentsin order to
resolve a round.The interagentshave to be robust and have to incorporatesecurity
measuresin orderto protectthemfrom maliciousbuyers.Otherwise,buyerscouldread
the messageswith the bids of the othersbuyersand then generatenew bids out of
sequencewith help of additionalinformation.This is a point to be bornein mind but
herewe focusjust on thealgorithm.

Fromthepoint of view of an interagent,a roundis dividedin four stepsaswe can
seein Figure4.

Start Round

 Waiting for bids

Waiting for msg

Resolve bids

auc(new_lot)

buyer(exit)

   buyer(bid)

interagent(msg)

  buyer(bid)

auc(result)

Fig.4. Thefour stepsof a biddinground



1. Start round: This stepcorrespondsto theperiodbetweentwo rounds.In thatpe-
riod, new buyersareaddedto theauctionandexisting participantscanleave. The
stepfinisheswhenthe interagentreceivesfrom the auctioneerthe informationof
thenext lot to beauctioned.Thisstepis thesamefor eachprotocol.

2. Waiting for bids: This stepcanbeseenasaninitialization step.For eachroundit
hasa pre-determinedtime expressedin the lot information.The buyershave that
time to make their first bid. Exceptin theEnglishauction,thatis theonly moment
thatbuyersareallowed to submitbids.Whenthis stepis finishedwe canbe sure
thateachinteragenthassentits neighboura message.It is for that reasonthatwe
saythatit is aninitialization period.

3. Waiting for next message:In this stepaninteragentwaits for a messagefrom its
sourceinteragent(the previous one in the ring) or for a messagefrom the buyer
with a new bid. In the first caseit passesto the next stepin order to handlethat
message.If it receivesa messagefrom thebuyer for a new bid it generatesa new
messageandsendsit to its destinationinteragent(thenext onein thering). In the
protocolsthatwe specifyhere,only in theEnglishauctionarethebuyersallowed
to submitbids at thatmoment.In the otherthreethey canonly submitbidsat the
secondstepandthis steponly consistsin waiting for a messagefrom the source
interagent.

4. Resolvebids: This is theimportantpoint of thealgorithmwhenaninteragentuses
the casesexplainedbeforewith the last messagereceived and its information to
decidewhatit hasto do.Subsequently, it returnsto thepreviousstepto handlethe
message.

As we cansee,thefirst stepis commonfor all theprotocolsandtheotherspresent
somedifferencesbetweeneachone.Theinterestingthing is thatall of themfollow the
samepatternunlessthey have their own characteristics.We will focuson thesethree
stepsfor eachprotocol.

Thefirst stepreceivesthe informationof thenext lot from theauctioneerandcalls
the WaitingBid function of the correspondingprotocol.This is when the buyerscan
leave theauctionandnew buyerscanjoin in.

Before presentingthe specificationin � -calculusof eachprotocol we definethe
channelsusedfor communicationbetweenoneinteragentandtheothers.Theseare:

– in: receiptof messagesfrom its predecessorin thering.
– out: transmissionof messagesto its successorin thering.
– b/int bid: receiptof thebidsfrom thebuyer.
– int/auc res: transmissionof theresultof theroundto theauctioneer.
– int/b: transmissionof informationto thebuyer.
– b/int exit: receiptof messagefrom buyerof desireto leave theauctionroom.

Apart from thechannels,theinteragentalsokeepsinformationin orderto compare
it with that in theincomingmessagesandtheparametersof theactuallot in casethere
is a collision andit hasto restarttheround.Normally in thefirst caseit keepsthe last
bid submittedby the buyer— but in theEnglishauctionmoreinformationis needed:
we will explain this later.



First we give the specificationof the protocols.We will begin with the complete
specificationof First-Price/Sealed-Bid,being the simplest.Then we will explain the
changes,by referenceto that for theVickrey andDutchprotocols,becausethey areso
similar to thefirst one.Finally wewill explain in moredetailthelastandmorecomplex
Englishauction.

FP-WaitingBid , id - in - out- b/int bid - int/auc res- int/b - time. =/ , done- then- else.
int/b 0 time14 FP-bid , b/int bid - time- done.3

done, bid .4 out 0 bid 14 FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time.
FP-bid , id - b/int bid - time- done. =/ , then- else- done2.

delay , time- done2.3
done2,2.4 test/1 , b/int bid - then- else.3

then, bid .94 done 0 bid 176 else, junk.54 done 0=< id 1
FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time. =

in , id >?- n bid .4 FP-ResolveBids , id - bid - id > - n bid - in - out- b/int bid - int/auc res- int/b -
time.

6 First-Price/Sealed-Bid

Themaincharacteristicof this kind of auctionsis thatyou candivide it in two phases.
Thereis a time for submissionof bids andafterwards,analyzingthe bids to choosea
winner. For eachlot thereis givena time for the buyersto submittheir bidsandafter
that the interagentsdecidewho is the winner. The winner will be the buyer who has
submittedthe greatestbid and this is the price that he will pay for the lot. The lots
auctionedin this protocolaredefinedwith oneparameterwhich indicatesthetime that
thebuyershaveto submitbids.Thelots auctionedin this protocolaredefinedwith one
parameterwhich indicatesthetime thatthebuyershaveto submitbids.

1. Waiting for bids: This stepcorrespondsto the time that thebuyershave for sub-
mitting bids.This processusesan auxiliary processcalledFP-bid to checkif the
buyer hassubmitteda bid in the time given. It will generatea messagewith the



valuereturnedfrom this processandthenpassesto the next stepof waiting for a
messagefrom its predecessor.
TheFP-bid processfirst waitsfor thetimespecifiedusingthedelay process(defi-
nition not givenhere)which waitsfor theunitsof time thatit receivesasa param-
eter. After that it usesthe function test/1 in orderto seeif the buyer hasmadea
bid. If it has,it returnsthevalueof thebid,otherwiseit returnsthevalue : id which
indicatesthatthebuyerhasnot submitteda bid.

2. Waiting for next message:In this protocol this step only waits for one mes-
sagefrom its predecessorin the ring becausethe buyersarenot allowed to sub-
mit multiple bids.After readingfrom channelin it sendsa messageto theprocess
FP-ResolveBids for furtherprocessing.

3. Resolvebids: Thisis themostcomplex andinterestingfunction.It appliesthealgo-
rithm explainedbeforewith its own bid andthelastmessagereceivedfor theinter-
agent.Thealgorithmhereis exactly thesameasexplainedabovewithout changes.

7 Vickr ey’s auction

This protocolis very similar to theonebeforein thesensethatit is alsodividedin two
phasesandwith thesameprocessesasthepreviousone.Thesoledifferenceis thatthe
winner is thebuyerwho hassubmittedthehighestbid but theprice thathehasto pay
correspondsto the secondhighestbid. That implies addinga field to the messagesto
containinformationaboutthesecondhighestbid.

We do not give the specificationbecausethe only changefrom first-price is that
themessageshave oneadditionalfield. This field, correspondingto thesecondhighest
bid, is initialized to zerowhenaninteragentgeneratesa message.Whenaninteragent
passesa messageon it hasto comparethis field with its bid andit updatesit, if its own
is higher. The only otherchangeis whenan interagentis the winner of the round.In
thatcaseit hasto sendthesecondbid to theauctioneer.

8 Dutch auction

The main characteristicof this protocol is that it is a descendingprice auction.The
roundstartswith a high pricedescendinguntil onebuyersubmitsa bid. In realDutch
auctionsit is the auctioneerwho calls out the offers until onebuyer bids.Here,each
interagentsendsindependentlythe offers to its buyer2. While this confersseveral ad-
vantagesin a distributedsettingthatcannotarisein thephysicalscenario,it doeshave
the drawback that in contrastto a real auction,wherewhen a buyer seesa offer he
knows thatno onehassubmitteda bid at a higherprice,whereasherethebuyercannot
besureof this becauseeachinteragentis runningindependentlyfrom theothers.This
couldchangethebiddingstrategy of thebuyers.

Theparametersof this kind of auctionareslightly different,being:

2 This techniqueandits justificationarepresentedin [13]



FP-ResolveBids , id - bid - id > - n bid - in - out- b/int bid - int/auc res- int/b - time. =@AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAC

if car , id > .EDF<HG@AAAAAAAAAB AAAAAAAAAC

if n bid D bid@AB AC if bid IKJ
int/auc res 0LJ�-MJ+1
otherwise

int/auc res 0 id - bid 1 3 int/b 0 “Winner ” 1
otherwise
int/b 0 “End of round ” 13
out 0=<HGN- n bid 1
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if n bid D bid
int/b 0 “Collision ” 13
FP-WaitingBid , id - in - out- b/int bid - int/auc res- int/b - time.

otherwise
int/b 0 “Collision ” 13
out 0=<RQ�- n bid 13
FP-WaitingBid , id - in - out- b/int bid - int/auc res- int/b - time.

otherwise@AAAAAAAAAAAAAAAAAAAAAAAB AAAAAAAAAAAAAAAAAAAAAAAC

if n bid D bid@AAAAAAAAAAB AAAAAAAAAAC

if car , id > .ED id@AAAB AAAC
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3
id > 3 DFQ

out 0=<HGN- bid 1
otherwise
out 0=<RQ+- bid 13
FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time.

otherwise
out 0 id >TSVU*WLXZY - bid 13
FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time.

otherwise@AAAB AAAC
if n bid [ bid
out 0 id > - n bid 13
FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time.

otherwise
FP-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - time.



DA-bid , id - b/int bid - actual price- decrement- reserveprice- done. =/ , then- else- done2.
int/bid 0 actual price154 delay ,=Q+- done2.3

done2,2.4 test/0 , b/int bid - then- else.3
then,2.84 done 0 bid 16 else,2.
4
@AAAB AAAC

if actual price < decrement [ reserveprice
DA-bid , id - b/int bid - actual price < decrement- decrement- reserveprice-

done.
otherwise

done 0=< id 1

– start price: the startingprice at which the interagentsstart sendingoffers to the
buyers.

– reserveprice: the minimum price at which the lot may be sold. If that price is
reachedthebuyerlosestheopportunityto for bid for it. If all theinteragentsreach
this pricewithouta bid beingmade,thenthelot is withdrawn.

– decrement: thedifferencebetweensuccessiveoffers.

Theprocessthatis differentfrom First-Price/Sealed-Bidauctionis FP-bid. All the
other processesare identical except that the time parameteris replacedby the three
parametersthatcapturethestateof this protocol(givenabove).

The DA-bid processsendsan offer to the buyer, thenwaits oneunit of time and
checkswhetherthe buyer hassubmitteda bid. In that caseit returnsthe actualprice
asthe buyerbid, otherwiseit repeatsthe processagain.This function stopswhenthe
buyersubmitsa bid or thereserveprice is reached.

9 English auction

This protocolis themostcomplex thatwe have specifiedandtheonethatpresentsthe
mostdifferenceswith theothers.Herebiddingstartsataminimumpriceandthebuyers
submit increasingbids until all of themstop.Eachbuyercansubmitasmany bids as
it wantsbeforea winner is declared.In the real auctionsthe auctioneersaysgoing,
going, goneafter a bid beforedeclaringa winner. In orderto modelthat here,before
an interagenteitherdeclaresitself thewinneror detectsa collision, its messagehasto
make threeroundsof theinteragentring.

Thisprotocolstartswith adescendingbiddingprotocolasin theDutchauctionuntil
onebuyersubmitsa bid. After that theauctionfollows thepatternjust described,with
thebidsgoingup.

In orderto countthelapsof themessagewith thegreatestbid received,eachinter-
agenthasto keepmoreinformation.It hasto keepthe last messagethat it haspassed



EA-WaitingMessage , id - bid - in - out- b/int bid - int/auc res- int/b - l id - l bid - count-
start price- decrement- reserveprice. =@AAAAAAAAAAAAAAAB AAAAAAAAAAAAAAAC

if l bid I\J^] counter D_G
in , id > - n bid .4 EA-ResolveBid , id - bid - id >?- n bid - in - out- b/int bid - int/auc res- int/b -

l id - l bid - count- start price- decrement- reserveprice.
otherwise
in , id >=- n bid .4 EA-ResolveBid , id - bid - id >�- n bid - in - out- b/int bid - int/auc res- int/b -

l id - l bid - count- start price- decrement- reserveprice.6 b/int bid , n bid .4 out 0 U*WLXZY - n bid 14 EA-WaitingMessage , id - n bid - in - out- b/int bid - int/auc res- int/b - id -
n bid -`Ja- start price- decrement- reserveprice.

on becauseit is theonewith thegreatestbid sofar, andthenumberof timesthatit has
receivedit in orderto countthelaps.

Thereis anotherimportantpoint in which it differs from real auctions.Thereare
two situationswherethe buyer is not allowed to submitbids but wherethey can be
allowedlater. Thefirst oneis whenthebuyerhasnot madeabid at thewaiting for bids
step.After that thebuyerwill beallowed to make bids if the interagentreceivesa bid
from anotherone.The secondsituationis whenthe interagentreceivesa messagefor
the third time. From the point of view of the interagentthe round is over. Although
thereis onepossibility it may not be: if anotherbuyersubmitsa greaterbid beforeit
hasreceivedthemessagethreetimes.In therealauctionsthis doesnot happenbecause
theauctioneerdeclarestheendof theroundsin acentralizedway. Whentheauctioneer
declaresthata lot is withdrawn or thereis awinnerthereis nopossibilityof continuing
theround.

So,whenaninteragentreceivesanew messageit hasto compareit with theonethat
it haskept.If thebid is lowerit discardsthenew message.If thebid in thenew message
is greaterthenit keepsit, it setsthecounterto zeroandit passesthemessageon.

We have to bearin mind that therecanbemorethanonemessagein the ring with
thesamebid valuebecauseno interagentdiscardsany messagewith a bid equalto its
own. So,whenaninteragentreceivesamessagewith a bid equalto thatin themessage
that it haskept it comparestheidentifiersto seeif they arethesamemessage.If not it
passesthemessageonandwaitsfor anotherone.If they arethesameandthecounteris
lessthantwo it passesthemessageonandincrementsthecounterby one.If thecounter
is equalto two it checksif it is its own message.In thatcaseit declaresitself asawinner
if thereis only its identifierandthebid is greaterthanzero.It declaresthelot withdrawn
if the bid is lower thanzeroanda collision if thereis morethanoneidentifier in the
message.If it is not its messagethenit passesthemessageon but its buyerwill not be
allowed to make morebids unlessit receivesa new messagewith a greaterbid aswe
haveexplainedabove.
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Onepoint hereis that the identifiersin the list arealwaysaddedat theend.So, in
order to determineif two messageswith the samebid are from the samebuyer, it is
enoughto comparethefirst identifierof eachone.

The last point to consideris that a buyer hasalwaysto submita greaterbid than
thelastthat it received.Giventhis constraint,aninteragentcanonly possiblyreceivea
messagethat it hasnot generatedwith an equalbid to its own whenits messageis in
thefirst lap aroundthering. In this situationit hasto addits identifier to the list in the
first field of themessage.

The first stepis the sameasin the Dutch auction,startingat oneprice andgoing
down. Therefore,wewill just specifytheothertwo.

10 Relatedand futur e work

As weproposedatthebeginning,wehavepresentedadistributedmethodfor theresolu-
tion of theclassicbiddingprotocols.For thatpurposewehavedistributedthetaskfrom
theauctioneerto theinteragents.Thustheloadof messagesis alsodistributedbecause
in thecentralizedversionsall themessagesgofrom theauctioneerto eachinteragentor
from eachof themto theauctioneer.

With the useof interagentsthis very significantchangecan be donewithout af-
fectingthebuyerswhich canrun without any knowledgeof theway in which thebids
areresolved.Theinteragentsalsodefinethecommunicationinfrastructureandthusthe
buyerscanfocuson biddingstrategies.

The specificationgiven hasbeensatisfactorily implementedusingPict [15], a � -
calculusinterpreter, giving someconfidencein the validity of the method,although
without adirectly executablespecification,it doesnothingto verify thespecification.

We have given thespecificationof four protocolsbut we have definedthe general
stepsin orderto resolve bidding protocolsin a distributedway. Thusit may simplify
thespecificationof new auctionprotocolsin a distributedmanner. All thatis necessary
is thedefinitionof thethreestepsfor thenew protocol.

Anotherimportantpoint is that thefact that in basingour algorithmon theLeader
Election,we canusethe theoreticalresultsestablishedfor LeaderElection.This in-
cludesthe algorithmicimprovementsmentionedin the introductionand,moreimpor-
tantly, its combinationwith techniquesfor terminationdetectionandhandlingof stop-
pingandByzantinefailure,whichis animportantaspectof our future(implementation)
work.

Our plansfor the immediatefuturearean implementationin theframework of the
FishMarket, so that we will have two ways of resolve the bidding protocolsin our
electronicauctionhouse.TheFM alreadyusesinteragentsfor communicationwith the
buyersandwith the otheragentsandso all have to do is modify themto handlebid
resolutionasoutlinedhere.In consequencewe cantake benefitfrom all the otherin-
frastructureof theFM in orderto getour specificationrunningeasily.
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