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Agentsrunningon distributedcomputeranay interactundera variety of resource
restrictions.Onerestrictionis bandwidth. Every transmissioralsotakestime sinceit
mustbe processedby boththe senderandtherecever. Studiesof humancommunica-
tion suggestshatfailureto optimisethe useof availableresourceganresultin ineffi-
cientcommunicatiorwithin organisations&ndconsequentaskerrors [Coieral1996].
How canwe minimize the useof thoseresourcedor agents andmaximisethe lik eli-
hoodthatcommunicationtasksaresuccessfullycompleted?

Considertwo humanscommunicatingvia a channelwith a certain bandwidth.
A rohust finding from humancorversationsis that restricting bandwidth has little
impacton the effectivenessof the outcomesof mary collaboratve problemsolving
tasks[McCarthy & Monk 1994]. This occurswhenthe communicatingndividuals
have a high degreeof sharedcommonground. A particularly striking finding is that
humansassumehey sharecommonworld views in corversationuntil they detectan
error, andthenattemptto probethe causeof theerror. Interestingly humancorversa-
tion seemgo consistof both an explicit small setof exchangeslevotedto testingor
confirmingunderstandingaswell asthe primaryexchange[H.H. Clarke 1991].

Canwe usetheseobsenationsto minimize the bandwidthrequiredbetweencom-
putationalagents?Supposegentanove throughalternatingstagesf assumeanodel
consensugjetectionof modelconflict,andthenmodelrepait While agentmodelsare
in conflict, we broadernthe bandwidthbetweerthem. Whenmodelsarein consensus,
we restrictthe bandwidthby assumingharedknowledgebetweeragents As aresult,
bandwidthis consered during conversationuntil it is explicitly demandedo recon-
cile the world modelsof corversingagents. Time is also consered by minimising
unnecessargharingof knowledgebetweeragents[Coieral999].

To applythis approachagentshave to continuallytestthat otheragentshold their
beliefs. Onemethodfor doingthis would beto askagentdo dumptheir belief setsto
eachother We considetthis approactimpracticalfor threereasons:

¢ |t incursthe penaltyof theinfinite regress;i.e. | believe thatyou believe that|
believethat....

e Suchbelief-dumpscould exhaustthe availableband-width.
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Figurel: C = 1—(1—a)". Theoretically4603probesarerequiredto achieve 2 99%
chanceof detectingmoderatelyinfrequentitems;i.e. onesthat only occupy which
To5g-th of themodel.[Hamlet& Taylor 1990].

e Agentsmaynotwishto give otherfull accesgo theirinternalbeliefs.For exam-
ple, securityissuegmay block anagentfrom onevendoraccessinghe beliefsof
anagentfrom anothewendor

Withoutaccesso internalstructureshow canoneagentassesthecontentof another?
Software engineeringhasone answerto this question: black-boxspecification-based
probing[Hamlet& Taylor 1990,Lowrey, Boyd & Kulkarni 1998]. Agent-A couldlog
its own behaviour to generatea library of input-outputpairs. In doing so, Agent-Ais
usingitself asa specificatiorof the expectedbehaviour of Agent-B,assumingur two
agentsrein consensudf Agent-AseeghoseoutputsvhenAgent-Bis presentedvith
thoseinputs,thenAgentA couldinfer thatAgentB hasthe samebeliefsasitself.

Unfortunately black-box probescan be very bandwidthexpensie. Equationl
shaws a widely-usedstatisticalmodelconnectinghe numberof probesN to the con-
fidenceC thatwewill find anerrorwith frequeng of occurrencex.

C=1-(1-a)¥ (1)

Equation1 saysthat for probesto be 99% certainof detectinganomaliesthenthe
numberof black-boxprobesrequiredis 4.6 times divided by the frequeng of that
anomaly(seeFigurel). For example,to be 99%certainthatAgent-Bhaslessthan1%
differencan its beliefsto Agent-A, then460probeswvould berequired.This statistical
modelis hencevery pessimisticon the possibility of Agent-A accuratelyassessings
consensuwith Agent-B,without usinglarge bandwidthsor the probing.

We arguethatFigure1 is a grossover-estimateof the numberof probes.Figurel
assumesio knowledgeof theinternalstructureof our agents.If we committo some
view of structure thenestimatecanbe generatedor the oddsof finding differences
betweenmAgent-AandAgent-B.Hence assuminghatagentsareusuallyin consensus,
thenwe canreduceinter-agentbandwidthasfollows:

o Assumeconsensuandrestrictbandwidth.



Figure2: Somesimulationrunsfor O[h] (selectedandomlyfrom the 240,000runs).

¢ As partof thenormalinter-agentdialogue Agent-A occasionallydropsa probe
guestionto Agent-B. If the numberof probesrequiredis very small,thenthese
procesaill addlittle to theoverall bandwidth.

o If conflictsaredetectedincreasdhe bandwidthbetweenAgent-A andAgent-B
to allow for discussions.

In our model, we assumethat probing meansbuilding explanationtreesacrossa
network towardssomefeatureof interest(i.e. we arecheckingthatwe canreachsome
faultor adesiredfeature).In this abstractiontreesarebuilt acrossand-ometworksto-
wardsrandomlyselectechodes.Networks arecharacterizedy, amongsbtherthings,
their size, percentag®f and-nodes/enodesandthe meanand standarddeviation of
the numberof parentsof and-nodes/enodes.The treesstartfrom randomlyselected
inputs. The network containsinconsistenpairs;i.e. constructingthis treeis aninde-
terminatetaskandis NP-hard.TheresultsareexpressedsO[h]; i.e. the oddsthatwe
canreachsomerandomlyselectechodeusingatreeof heighth from somerandomly
selectednputs.

This modelhasbeenrun 240,000timesover a wide rangeof parameterincluding
network sizes,and/ornodefrequenciesandnumberof and/ornodeparentdMenzies
& Cukic 199%]. From studyingthe runs, we saythat building the treeis like a war
betweertheand-nodesndtheor-nodes.Let oa betheratio of or-nodeparentgdo and-
nodeparents.At oa < 1 value,the and-nodesiominateandthe oddsof reachinga



nodeusingatreeof heighth plummetaway to very low levels. At oa > 1 value,the
or-nodesdominateandthe oddsof reachinganodeusingatreeof heighth rise quickly
to a very high plateau(that plateaubeingthe ratio of or-nodesin the program).Only
within avery narrov range(oa = 1) doesO[h] neitherplateauor plummet.
Thevaluesoa < 1, oax1, oa > 1 givesriseto thefollowing threetypesof curves:

Type#l curves. riseto a high plateau;e.g. curve A in Figure2. If a systemhasa
Type#1 curve,thenmostpartsof the programareeasilyprobed.

Type#2 curves: plummetquickly to very low values;e.g. curve B. If asystemhasa
Type #2 curve, thenmostpartsof the programareunreachableNote that, just
aswith curvesof Type #1, we only needto test Type #2 systemswith a small
numberof probessinceafew probeswill tell usasmuchasaverylargenumber
of probes.

Type#3: curvesriseslowly to alow peakbeforefalling away;e.g.curveC. If asystem
hasa Type#3 curve, thensomeportionsof the systemcanbe reachedpossible
with alargenumberof probes.

We arguethat Type#3 systemsccurveryrarely. Firstly, they only appearfor very
narronv parameteranges Secondlyour literaturereviews of thetestingfield showv the
samepattern:in mary studies,a smallnumberof probesyields asmuchinformation
asalarge numberof probegMenzies& Cukic 199%, Menzies& Cukic 199%]. That
is, contraryto Figurel, we canassumehatour agentsareof type Type#1 or Type#2.
Hence the bandwidthrequiredfor agentdo monitorconsensuseednotbeexcessve.
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