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Abstract

With theexplosivegrowthof theinternet,autonomousagents
will increasinglyneedstrategiesfor efficiently retrieving in-
formation. The time anagent(or server) takesto answera
queryissuedto it is often a randomvariable,whosedistri-
bution can be estimatedby collectingstatistics. When an
agentA sendsa query to anotheragentB and the query
hasnot completedin someperiod of time, agentA faces
the dilemmaof whetherto continuewaiting or reissuethe
query(to agentB or to a differentone). Whensomeinfor-
mationis availableaboutthe probabilitydistribution of the
querycompletiontime of theagents,it is possibleto devise
schemesfor agentsto reissuequeriesin sucha way that the
expectedquerycompletiontimeis reducedsignificantly. We
designsuchschemesfor variousmodelsof query-answering
agents.Wheremeaningful,we takeinto accountthecostof
sendingaqueryto anagent.

1 Introduction

It is a commonobservationthatwhena server, or agent,on
theWorld Wide Web(WWW) is issueda query, theamount
of timeit takesto answerthequeryis notfixed.For thesame
query, thecompletiontimecanrangefrom a few secondsto
several minutes. This variability is attributableto, for ex-
ample,networkcongestion,andtheloadon theserver from
concurrentlyprocessingseveralqueries.It is thereforerea-
sonableto assumethat the completiontime of the queryis
a randomvariablewith a certaindistribution. This distribu-
tion canbeestimatedby collectingstatisticsatvarioustimes
during the day. Oncewe know (an approximationof) the
completiontime distribution,an interestingquestionarises.�
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After anagentissuesa queryto anotheragent,if the query
hasn’t completedafter a while, shouldit restartthe query
(on thesameagentor a differentone),or continueto wait?
Whenis theoptimal time to restartthequery?Doesit help
to repeatedlyrestartthe queries?In this paper, undervari-
ousmodelsof agentsprocessingqueries,weconsiderrestart
strategieswith theaim of reducingtheexpectedcompletion
time.

Let ustakeanexample.Supposeweareaccessinga par-
ticular web site, andwe have estimatedthat the pagewill
arrive in 5 secondswith probability0.6, andin 20 seconds
with probability0.4. If wedo not restartthepagerequestat
any time,thentheexpectedtimefor thepageto arrivewould
be ����� �	��
������� �������������������	�

seconds
�

By contrast,considerusingthefollowing restartstrategy:

Abort and restartthe pagerequestif it hasnot
completedin 5 seconds.

We makethe reasonableassumptionthat the restartedre-
questhasthe samedistribution as the first one, and is in-
dependentof the first request.Suprisingly, with this strat-
egy, theexpectedtime for thepageto arrive is significantly
smaller:����������
������� �����	� �����!�"� ����#�� �

seconds
�

Now supposewe abortthesecondrequestif it hasn’t com-
pletedin 5 seconds,andreissuethe pagerequest.The ex-
pectedcompletiontimenow is�$�������%
��&����� �'��#�� �(�����)����*	�(��
���*	�

seconds
�

which is evensmallerthanbefore!
Theabove typeof strategy canbeusefulwhenanagent

issuesaqueryto anotheragentor serverontheinternet.In a
typicalscenario,anagentthatneedssomespecifictaskdone
but is unableto performthetaskby itself, will delegatethat
taskto someotheragentthathasthatcapability. Thereques-
teewill processthetaskspecifiedin thequeryandreturnthe



results.Theremaybeseveralagentswith therequiredcapa-
bility+ , eachwith its own performancecharacteristics.Now
supposethe original agentsendsits query to oneof these
agents,andthisagenthasnot returnedtheresultsin, say, 20
seconds.Now shouldthequeryingagentcontinueto wait,or
shouldit abortit andre-sendthequery, perhapsto adifferent
agent?

Therehasbeensomepreviousworkonstrategiestoquery
web sites (as opposedto web agents). Sincesomeof the
sameissuesarisein the caseof agents,we briefly describe
this work. For instance,Etzioni et. al. [5] considera model
whereeachwebsitechargesa certainfeeto answera query,
andhasa deterministiccompletiontimewith a certainprob-
ability of successfullyansweringthe query. In this model,
there is a tradeoff betweensequentialquerying(which is
time-consumingbut cheap)andconcurrentquerying(which
is fastbut expensive). Theauthorsexaminesomestrategies
to keeptheexpectedcostplustime small. Oneweaknessof
their model is that they assumeeachsite hasa fixed com-
pletion time. In this paper, we makethe morerealisticas-
sumptionthatthecompletiontimehassomedistributionthat
canbeapproximatedby collectingstatistics.In addition,we
considerstrategiesfor abortingaquerywhile it is beinghan-
dled by an agent,and re-issuingit to the sameor another
agent.

In [2], Huberman,Lukoseand Hogg considerspecifi-
cally theproblemof restartingweb-sitequeries.They briefly
mentionthepossibilityof collectingstatisticsof web-siteac-
cesstimes,andmentionthat it is possibleto devise restart
strategiesto reducethe expectationandvarianceof the ac-
cesstime. In [4], LukoseandHubermancarryout ananal-
ysisof restartstrategiesundera modelvery similar to ours.
The differencesarethat (a) we design,usingdynamicpro-
gramming,an optimal restartstrategy for arbitrary multi-
valueddistributionsof completiontimes,(b) for two-valued,
andcontinuous-valueddistributionsof completiontime,we
show a succinctcharacterizationof whenrestartingreduces
expectedcompletiontime, and(c) for two-valueddistribu-
tionsof completiontime,weconsiderhow expectedcomple-
tion timedecreasesasafunctionof thenumberof restarts.

It is commonin the multi-agentliterature to use con-
tracts[7, 3,6] asamodelfor agentsdelegatingtasksto other
agents.For exampleif anagentA delegatesaninformation-
retrieval task to agentB, the two agentsenter into a con-
tract: agentA agreesto pay agentB a certainfee for B’s
services.Most currentwork on multi-agentcontractscon-
siderscontractsasbinding. Therehasbeena growing inter-
est in contingentcontracts [9], which canoffer eachparty
several agreed-uponflexibilities. For instancethe querying
agentmaybeallowedto abortthequery(andperhapssend
it to anotheragent)if thequery-answeringagenttakesmore
thansomeagreedupontimeto answeraquery. Suchflexible
contractshave beenshown to haveseveralbenefits[8]. Prior
work in this areahasnot explicitly consideredstrategiesfor

how bestto takeadvantageof this type of decommitment
flexibility . Thepresentpapershows strategiesfor agentsto
usethisflexibility , andhow theresultsdependon theunder-
lying distributionof querycompletiontimes.

Thepaperis organizedasfollows. In Section2, we con-
siderrestartstrategieson a singleagentwhich hasa simple
discretetwo-valueddistribution of completiontimes. We
characterizethe conditionsunderwhich restartingreduces
the expectationandvarianceof the completiontime. Sec-
tion 3 describesanoptimalstrategy for restartingquerieson
agentsthathavedifferentmulti-valueddiscretedistributions.
In Section4 wegiveconditionsunderwhichrestartinghelps,
for arbitrarydistributions. We show that for somefamiliar
continuousdistributions of the completiontime, restarting
can never reducethe expectedcompletiontime. We also
establishnecessaryconditionsfor theexistenceof a locally
optimumrestarttime. Section5 concludeswith adiscussion
of future researchdirections. The proofsof all our results
appearin thetechnicalreportversionof ourpaper[1].

2 Two-valued discrete distribution

Throughoutthis paperwe will have in mind the following
scenario.An agentA needsa certainqueryanswered,and
it hasone or more specializedagentsavailable to answer
it. During its previous interactionswith theseagentswith
similarqueries,agentA hascollectedstatisticsonhow long
theseagentstaketo completethequeries.It canthusmodel
therandomcompletiontime , of eachagentby meansof a
certaindistribution. Oncethis model is constructed,agent
A needsto devise a query restart strategy that resultsin
a smallerexpectedcompletiontime (or even minimizesit)
thantheexpectedcompletiontime of asinglequery.

In this sectionwe will supposethat agentA hasoneor
moresimilar agentsavailableto answerthequery, andthat
the completiontimes , of the agentsareindependentran-
domvariableswith thesamesimpletwo-valueddistribution:
With probability - , , �.�

, and with probability
�0/ - ,, �21

where
1435�

. SupposeagentA issuesa query to
oneof theseagents.If thequeryhasnot completedby time
1, shouldagentA abortthequeryandresendit (to thesame
or anotheragent).Canwe reducethe expectedcompletion
timeby meansof anappropriaterestartstrategy?Whathap-
pensto the varianceof the completiontime? If the second
queryalsotakeslongerthantime 1, shouldit againre-start
thequery?And in general,domultiple restartshelp?

To study thesequestions,we introducesomenotation.
Let 6 denotethe indicator randomvariable that equals1
when , ���

, and0 otherwise.ClearlyE 6 � - , and7�8:9 6 � E 6�; /&� E 6 � ;�
E 6 /&� E 6 � ;� - / - ; �



Thecompletiontime , canbewrittenas, � 6 ���%�/ 6 �%1:<
sotheexpectedcompletiontime for thequeryis:=?>� E , � - �����/ - ��1@<
andthevarianceis7�8:9 , � 7�8:9 ���A� 6 ����/!1�����B���/!1�� ; 7�8:9 6�B���/!1�� ;%- �%�/ - ���
Now supposeagentA hasmadethequery, andit hasn’t com-
pletedby time 1. Let us considerthe simplestrestartstrat-
egy: wait for time

�
after the queryhasbeenissued,then

restartit, and repeat,at most C times. We call this the C -
restartstrategy. We now show:

Theorem 1 The C -restartstrategy hasexpectedcompletion
time

EDFE ���HG - ��I EKJML ��1N/&�/O�HG - �P< CRQ �
which decreaseswith C for all CSQ �

if and only if
1�3�T�)�HG - . Thevarianceof thecompletiontimewith C restarts

is, for CUQ � ,7�8@9 D E � I
- ; �)I E:JML ��1 ; �V�WG - /O�/)��1�G - ��X� C I EKJML �$1N/Y�/X�WG - �M/ZI ; E:J ; ��1[/O�/&�WG - � ; � (1)

Provided
1\3]�^�_�HG - , this is smaller than 7�8:9 Da` for all

sufficiently large C if andonly if
1b3c�A�V�WG -�d�e ; .

How dowemakeuseof thistheorem?Clearlytheparam-
eters- and

1
completelycharacterizetheagentsthatagentA

cansendthequeryto. If
1�3f����HG - , thenagentA knows

that it shouldabort and restartthe query if it hasn’t com-
pletedby time

�
, andthe expectedcompletiontime will be

reduced.However, if thereis a costto issuingqueries,then
agentA shouldnot restartmore often than its “querying”
budgetallows. The above theoremonly saysthatprovided1g32�^�_�WG - , repeatedrestartingwill reducethe expected
completiontime.

Examples. Supposethat eachagentthat is availableto
agentA hasthe following characteristics.With probabil-
ity - �h����


the agentcompletesthe query in 1 second,
while with probability0.5,theagentcompletesin

1
seconds.

Thetwo thresholdsuponwhichthebehavior of theexpected
completiontime andits variancedependare(we expressall
timesin unitsof seconds):�A�&�WG - �i�A���WG���
^����j	kl�A�&�WG - d�e ; �������	����j	�

Let usfirst consider
1����

, sowehave
1�3��A���WG -�d�e ; . The

expectedcompletiontime for a singlequeryis

E , � - �����/ - �%1��&#�G	�(������
	j�<
andits standarddeviation ism 7�8:9 , ��n - �%�/ - �P��1/X�W� ; ����� 
	j��
For C �_�

restart,theexpectedcompletiontime is, from the
above lemma,

E DML �i�HG - �o�%�:/ - � EKJML ��1H/��:/��HG - �N���W�	�o�$���p/q�H
��%G:��������#�
�j	<
alreadybetterthan3.5s. The standarddeviation is 2.487s,
which is alsobetterthan for C �2�

. For C �r

, E D E ������@�'#�j

and
m 7�8:9 D E �s�	� �	�:��j

, both significantlysmaller
thanthecorrespondingquantitiesfor thezero-restartcase.It
is easytoseethatasC�t)u , EDFE't �WG - ����j

and
m 7�8@9 DFE'twv xy ���� �F���'j

.
In Fig. 1 we show a plot of the expectationE DFE and

standarddeviation
m 7�8:9 DFE asa functionof C . Weshow the

plots for
1z�{�	j

,
1U�{����
�j

and
1z�|�	j

. When
1z�{��� 
	j

,1\35�^�_�HG - but
1\}5�^�_�HG -�d~e ; , so in accordancewith

Theorem1, the expectationE D E decreaseswith C , but the
variance7�8:9 D E is larger than 7�8@9 D ` for all C 3��

. In case1!����j
,
1

is lessthan
�(���WG - (andhencealso lessthan�A���WG -�d�e ; , sotheexpectationE D"E increaseswith C .

3 Multi-valued discrete distributions

We now examine a more generalsituation. Supposethe
queryingagentA hasaccessto � differentindependentagents� L < � ; <H�W�H�F< ��� . Let thecompletiontimeof agent

���
bethe

randomvariable , � . By collecting statistics,agentA es-
timatesthe distribution of each , � . In particular, for � ���<���<H�H�W��< � , , � has� � possiblevalues

1 � L <�1 � ; <W�H�H�"<�1 ���^� , where1 � L }O1 � ; }��W�H�	}Y1 ��� � <
andtheprobabilityP

� , � ��1 ��� �
is - ��� , for � �B��<���<H�W�H��< � � .

WesupposethatagentA is ableto re-issuethequeryupto C
times(Perhapsthereis a certainfixedcost

1
dollarsto issue

a query, andagentA doesn’t want to spendmore than C 1
dollarsonqueries).Whentheagentreissuesa query, weare
assumingthat thecurrentqueryis aborted.Also, thequery
maybereissuedto any of the � agents,includingthosethat
have beenqueriedbefore.Our goal is to devise theoptimal
queryingstrategy for agentA, i.e., the strategy that mini-
mizestheexpectedcompletiontimeof thequery.

Let ���� denotetheminimumexpectedremainingtime to
completethequery, giventhatthereare � restartsremaining.
Whenthereis just � �|�

queryremaining,agentA merely
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Figure1: Expectationandstandard deviation of completion
timewith C restartsin theexample,for

1�����j	<�����
�j
and

��j
.

Thesolid curveshowsthe expectationE D"E and the dashed
curveshowsthestandard deviation

m 7�8:9 D"E .

sendsthequeryto theagentwhoseexpectedcompletiontime
E , � is smallest,so

E � L �V�z���� E , � < (2)

where

E , � � �����W� L - � � 1 ��� �
Now when thereare two query-restartsremaining,A first
decideswhich of the � agentsto sendthequeryto, andalso
decidesat which point to re-issuethe query to another, in
casethequeryhasn’t completedby this time. If A decides
to first sendthe query to agent

� �
, thereare � � possible

restart-points,namelyat times
1 � L <�1 � ; <H�H�W�F<�1 ����� after issu-

ing the queryto agent
� �

. Of course,if the “restart-point”1 �����
is reached,then A doesnot re-issuethe query since

agent
� �

will have completedthequeryby this time. When
thedecided-uponrestart-pointis reached,A canre-issuethe
queryaccordingto the strategy that achieves the optimum
E � L that A hasalreadycomputed.For a given restartpoint1 ���

, theexpectedtime takenby thequeryupto thatpoint is���W� L 1 ��� - ��� <
andwith probability �/ ���W� L - ���
thequerywill not have completedby time

1 ���
, andsincethe

agentsareindependent,theexpectedremainingcompletion
time is thenE � L . ThusA cancompute

E �; ���U���L�� � � �"� �z���L�� � � ��� �
���W� L 1 ��� - ��� �¢¡£N�/ ���W� L - ���W¤¥ E � L@¦¨§

(3)

Continuingin thisway, A cancomputeE �E
E �E ���z���L�� � � � � �U���L�� � � � � �

���H� L 1 ��� - ��� � ¡£A�/ ���W� L - ��� ¤¥ E �E	©TL ¦¨§
(4)

Clearly, thecomputationof eachE �� takestime proportional
to ª ���� L � � , (thetotalnumberof possiblecompletiontimes),
so that A can computethe minimum expectedcompletion
timewith upto C queries,E �E , in timeproportionalto Cª ���� L � � .

We have shown how to computetheE �� values.What is
thestrategy for agentA thatachievestheoptimumE �E ? To
extracttheoptimalstrategy, A startswith thecomputationof
E �E . It sendstheveryfirst queryto theagent

�^�
thatachieves

theminimumin expression(4) (let uscall it �$� ), andwepick
the restart-pointas the index

j\�2j � that achieves the in-
ner minimum in that expressionfor � � ��� . If the query



hasn’t completedby time
1 � � � � , A re-issuesthe query. For

re-issuing« the query, it proceedsin a similar manner, i.e.,
pick theagent

� � � andrestartpoint
1 � � � � by examiningthe

computationof E �E�©ML . Similarly it determinesthethird agent
andrestartpoint,andsoonuntil it reachesthe C ’ th agentand
restartpoint. Notethatif atsomestagetherestartpoint

j � is� � � for a givenagent
� � � , thenagentA doesnot restartthe

query, andletsthecurrentqueryproceedto completion.

4 General Distributions

Wenow derivesomegeneralresultsthatholdwhenthecom-
pletiontimehasanarbitrarydistribution,eitherdiscrete-valued
or continuous-valued. We will usethe notationdeveloped
herein thefollowing sections.We first considerthecaseof
a singlerestart,whereagentA sendsa query to agent

� L ,
andif thequeryhasnot completedby sometime ¬ 3��

, it
abortsand resendsthequeryto agent

� ; . We let , be the
randomcompletiontimeof agent

� L , and ,® betherandom
completiontime of agent

� ; . We assumethat , < ,® arein-
dependentrandomvariables.We let D denotethe(random)
completiontime underthis strategy. Let 6�¯ bethe indicator
randomvariablefor theset °W,²±Y¬H³ , i.e., 6�¯ �B�

if agent
� L

completesthe queryby time ¬ , and 6~¯ �{�
otherwise.We

denotethe cumulative distribution function of , by ´ ��µF� ,
i.e., ´ ��µF�^� P

� ,s± µ"�
. ThusE 6�¯ � P

� ,¶±f¬ ��� ´ � ¬ � .
Clearly D is givenbyD � 6 ¯ , �&�%�/ 6 ¯ �P� ¬ � ,  �P�
We want to now computethe expectationof D , which we
denoteby · � ¬ � , to emphasizethat this is theexpectedcom-
pletion time whenrestartingat time ¬ . Takingexpectations
in theabove equation,andusingtheindependenceof 6�¯ and,¸ , · � ¬ �A¹ E D �

E,g6�¯ �&�%��/ ´ � ¬ �%��� ¬ � E ,  ��� (5)

If , hasacontinuous-valueddistributionwith densityº �$µ"� ,
E ,g6�¯ is givenby

E ,g6 ¯ ��» ¯` µ º ��µF�A¼�µT<
andif , cantakeonly discretevalues

1 L }�1 ; }i�H�W��}�1 �
,

whereP
� , �&1 � �A� º �$1 � � , thenE ,g6 ¯ is givenby

E ,g6 ¯ � ��$½ ¾�� �"¯ 1 � º �$1 � ���
In thecaseof a discrete-valueddistributionit is clearthatA
only needsto considerrestarttimes ¬ thatcoincidewith the
possiblevaluesof , . Notethatas ¬�t�u wehave · � ¬ � t E , .

The questionwe would like to answeris: is theresome¬ 3]�
for which · � ¬ �!} E , ? To gain insight into this

questionwewrite thecondition · � ¬ �} E , asfollows:

E ,g6�¯ ���%�/ ´ � ¬ ���P� ¬ � E ,  �A} E , <

which is equivalentto

E, ���b/ 6 ¯ ����/ ´ � ¬ ��� / ¬ 3 E, 
Notice that the first ratio term above is exactly the condi-
tional expectationof , , given , 3 ¬ , or E ¿ ,)À , 3 ¬�Á , so
wecanwrite thecondition · � ¬ �[} E , as

E ¿ , / ¬�À , 3 ¬%Á 3 E ,  � (6)

Thisconditionis easyto understandintuitively. It says:

Theexpectedremainingtimeagent
� L wouldtake

if it wereallowed to continue,given that it has
takenlongerthan ¬ , is greaterthantheexpected
time agent

� ; would take.

If thisconditionis truefor some¬ thenabortingandresend-
ing thequeryto agent

� ; at time ¬ will reducetheexpected
completiontime. Of coursethis treatmentalso appliesto
abortingandresendingthe query to the sameagent

� L , in
whichcasewehave E , �

E ,® .
In the following two sections,we apply theexpressions

derivedabove to somestandarddistributions.

4.1 Continuous distributions

Wenow considersomecommoncontinuous-valueddistribu-
tionsfor thecompletiontime , . Let º ��µF� bethedensityof
the distribution, andlet ´ ��µF�o� P

� ,Â± µF�
be the cumu-

lative distribution function. We write = � E, . Even for a
singlerestart,it is not clearunderwhat conditionsa restart
time exists thatyieldsanexpectedcompletiontime smaller
than = .

As we will seein the examplesbelow, restartingdoes
not reducethe expectedcompletiontime for somesimple
distributions: uniform over ¿ ��<�1 Á for some

1\32�
; the ex-

ponentialdistribution with density º ��µF�O�hÃ ©"Ä <�µ Q �
;

andthe one-sidednormaldistribution with density º ��µF�0�n ��G	Å�Æ�Ç�ÈÉ�Ê/^µ ; G���� , µ Q �
. We first establishnecessary

conditionsfor the existenceof a ¬ suchthat · � ¬ �4} · �$���
andcharacterizea localminimumof thefunction · � ¬ � .
Theorem 2 If ¬ is a restart time that resultsin a smaller
expectedcompletiontimethantheexpectedcompletiontime= of a singlequery, then ¬ mustsatisfy= ´ � ¬ �N3����/ ´ � ¬ �%� ¬ �
If ¬ is a (local) minimumfor the expectedcompletiontime
E D , then ¬ mustsatisfy´ � ¬ �F� = º � ¬ �A�B�
and º  � ¬ �}�/����/ ´ � ¬ ����G = ; �



Examples. We considersomesimpledistributionsof ,
for whichË theredoesnot exist a restarttime ¬ 3Ì�

that re-
ducesthe expectedcompletiontime. First considera uni-
form distribution: let , beuniformly distributedover the
interval ¿ ��<�1 Á for some

1U3S�
. Thusthe densityis º ��µF�o��WG�1

,
µ®Í ¿ ��<�1 Á , andthecumulativedistributionfunctionis

´ �$µ"�É�iÎ µ"G	1:< µUÍ ¿ ��<�1 Á <��� µU3Y1
Then = � E , ��1PG��

, and

E,g6�¯ � » ¯` µ º ��µF�A¼�µR�i�%�WG	1�� » ¯` µR¼�µR� ¬ ;�	1 �
Clearly, therestarttime ¬ mustlie in ¿ ��<�1 Á . For such ¬ , the
expectedcompletiontime · � ¬ �?� E D with restartat ¬ is
givenby (5):

· � ¬ �A� ¬ ;�	1 �&���/ ¬ G	1���� ¬ � = �� ¬ ;�	1 �&���/ ¬ G	1���� ¬ �)1�G	���� ¬ ��1� / ¬ ;�	1 <
andthis is lessthan = ��1�G	�

if andonly if1� 3 ¬ ��1� / ¬ ;�	1 <
or equivalently, ¬ 3Y1
whichcontradictsour assumptionthat ¬ Í ¿ ��<�1 Á . Thusthere
is no restarttime ¬ that reducesthe expectedcompletion
time.

Considernow theexponential distribution with param-
eter Ï 3{�

, whosedensityis º ��µF�R� Ï Ã ©ÑÐHÄ , µ Q �
, and

whosecumulativedistributionfunctionis ´ ��µF�¨�B�a/zÃ ©ÑÐHÄ <µ Q � . For thisdistribution, = � E , ���WG Ï ,

E ,Ò6 ¯ ��» ¯` µ º ��µF�A¼�µR�w/ ¬ Ã ©aÐH¯ / �
Ï Ã ©ÑÐH¯ �

�
Ï �

The expectedcompletiontime with restartat any ¬ 3Ì�
is

givenby (5):· � ¬ �A�B�WG Ï /ZÃ ©ÑÐH¯ G Ï / ¬ Ã ©ÑÐH¯ �XÃ ©aÐH¯ � ¬ ���WG Ï ��B�WG Ï � = <
sotheexpectedcompletiontimewith restartat ¬ is thesame
asthesingle-queryexpectedcompletiontime, regardlessof
thechoiceof ¬ .

Considernext theone-sided normal distribution whose
densityis givenby

º �$µ"�N�iÓ �Å ÆPÇ'ÈÉ�Ê/^µ ; G	���P<Ôµ Q ��<
andwhosecumulativedistributionfunctionis´ �$µ"�É�&�	Õ!��µF�M/&��<hµ Q ��<
where

Õ!�$µ"�
is thefamiliar cumulative distributionfunction

of thenormaldistribution:Õ!��µF�A� �m �	Å » Ä©ÑÖ Æ�Ç�ÈT�Ê/^× ; G	���É¼�×T�
We thenhave= � E , � Ó �Å » Ö` ×"Ã ©"Ø�Ù e ; ¼�×� �m ��Å » Ö` Ã ©"Ø Ù e ; ¼�× ;� n ��G�ÅM<
andsimilarly

E ,g6 ¯ � n ��G�Å4Ú��/!Ã ©F¯ Ù e ;�Û �
So from (5), the expectedcompletiontime E D with restart
at ¬ is· � ¬ �A�{Ú��N/)Ã ©F¯�Ù e ; Û n ��G	Åo�������/)Õ!� ¬ ���P� ¬ � n �	G�Åa���
It is easilyverifiedthat · ����� is indeedequalto = � n ��G�Å

.
In Fig. 2 weshow a Mathematicaplot of · � ¬ �M/ n ��G�Å , and
we seethat this is never negative. Thusagainthereis no
restarttime ¬ thatreducestheexpectedcompletiontime.

Despitewhat we have seenin the above examples,it
shouldbekeptin mind thattherearecontinuous-valueddis-
tributions for which restartingreducesthe expectedcom-
pletion time: simply takea 2-valueddistribution for which
restartingreducestheexpectedcompletiontime,and“smooth”
it to obtaina continuous-valued,bimodaldistribution. Then
restartingafterthefirst “hump” in thedistributionwould re-
sult in anexpectedcompletiontimesmallerthantheoriginal
expectedcompletiontime. This might lead us to conjec-
ture that whenever the completiontime , hasa unimodal
continuous-valueddistribution, restartingcannotreducethe
expectedcompletiontime. This, however, is not the case.
For instanceif , hasthedensity(shown in Fig. 3)

º ��µF� � Î �	G��W��< � ± µ ± �	<�HG��W��< ��}&µ ± 
�<
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Figure2: Plot of · � ¬ �Ü/ n ��G	Å vs ¬ .
thenrestartingat time

�
would reducetheexpectedcomple-

tion time. Indeed,first wecalculateE , := � E , � »)Ý` µ º ��µF�A¼�µ�B���	G��W�	��» L` µR¼�µ����%�WG��H����» ÝL µR¼�µ�B���	G��W�	�������HG��	�"�V���WG��W�	�����@�'G	���T�V�'G	�Þ�i�	� �	�����
Now if we restartthequeryif it hasn’t completedby time1,
thenfrom (5), theexpectedcompletiontimenow is· � ¬ �¨� E ,g6 L �&�%�/ ´ ���W�%���%�A� = ��B���	G��H��� » L` µR¼�µÞ�Ìßa�/&�$��G��H��� » L` ¼�µ�à!���A����G�����B���	G��H�����%�WG	���F���%�/)��G��H���P���É�!�'G	����B�W�	G�*Þ�B�������	��<
which is smallerthanE , .

5 Conclusion

As agentsproliferateon the internet,they will increasingly
beableto chooseamongseveral agentsto accomplishspe-
cific taskssuchas information queries. Also, as network
congestionincreases,so will the variability of querycom-
pletion times. Restartstrategiesattemptto reducethe vari-
anceof the accesstime, as well as the expectation. We
presentedseveral restartstrategies and the conditionsun-
derwhich they reduceexpectedquerycompletiontime. The
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4/12

6/12

2 4 6
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Figure3: A unimodaldensityº �$µ"� for the completiontime, . Whenrestartedat time
�
, theresultingexpectedcomple-

tion timeis smallerthanE , .

theoreticalcompletiontime distributions consideredin this
papercanbeusedasapproximationsto theactualdistribu-
tions.Thenwecanapplytherestartstrategiesdescribedhere
to reducethe expectedcompletiontimes. We arecurrently
collectingstatisticsof accesstimesin orderto studyrestart
strategiesexperimentally.

Themathematicalmodelfor restartstrategiesthatwehave
presentedcanbe usedto makedecommitmentdecisionsin
delegatingtaskstoagentsthroughnon-bindingcontracts.Cur-
rently, wearestudyingtheeffectsof allowingagentsto abort
andrestartquerieson theoverall multi-agentsystemperfor-
mance.In particularwe arestudyingunderwhatconditions
theserestartstrategiesleadto increasedmulti-agentsystem
efficiency, andwhethertheseleadto thrashingandinstabili-
ties.
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