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Abstract

Wirelessnetworksare an ideal ervironmentfor mobile
agents,becauseheir mobility allows themto move across
anunreliablelink to resideonawiredhost,nextto or closer
to the resoucesthey needto use Furthermoe, client-
specificdatatransformationganbe movedacrossthewire-
lesslink, andrun onawiredgatevayserverwith thegoal of
reducingbandwidthdemandsin this paperweexaminethe
tradeofsfacedwhendecidingwhetherto usemobileagents
to supporta data-filteringapplication,in which numepus
wirelessclientsfilter informationfrom a large data stream
arriving acrossthe wired network. e developan analyti-
cal modelanduseparametes fromour ownexperimentso
explore themodelsimplications.

1. Introduction

Mobile agentsare programsthat can migratefrom host
to hostin anetwork of computersattimesandto placesof
their own choosing.Unlike applets,both the codeandthe
executionstate(heapand stack)move with the agent;un-
like processef process-migratiogystemsmobile agents
movewhenandwherethey choose They aretypically writ-
tenin alanguagehatcanbeinterpretedsuchasJava, Tcl,
or Schemeandthustendto beindependenof the operating
systemandhardwarearchitecture Agentprogrammersyp-
ically structuretheir applicationso thatthe agentsmigrate
to the host(s)wherethey canfind the desiredservice data,
or resourcesothatall interactionsoccuron thelocal host,
ratherthanacrosghe network. In someapplicationsa sin-
gle mobileagentmigratessequentiallyfrom hostto host;in
others,anagentspavnsoneor morechild agentdo migrate
independently

A mobile-agenprogrammethushasanoptionnotavail-
ableto the programmerof a traditional distributed appli-
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cation: to move the codeto the data, ratherthan moving
the datato the code. In mary situations,moving the code
may be faster if the agents stateis smallerthanthe data
thatwould be moved. Or, it may be morereliable,because
theapplicationis only vulnerableto network disconnection
duringtheagentransfer notduringtheinteractionwith the
resource. For a suney of the potentialof mobile agents,
see[CHK97, GCKROO].

Thesecharacteristicsnake mobile-agentechnologyes-
peciallyappealingn wirelessnetworks,which tendto have
low bandwidthand low reliability. A user of a mobile
computingdevice canlauncha mobile agent,which jumps
acrosgshewirelessconnectiorinto thewired Internet.Once
there,it cansafelyroamamongthe sitesthat hostmobile
agentsjnteractingeitherwith local resource®r, whennec-
essarywith resource®nremotesitesthatarenotwilling to
hostmobile agents. Onceit hascompletedits task, it can
returnto (or senda messagéo) its user usingthe wireless
network.

Clearlythe agentcaseavoidsthetransmissiorof unnec-
essarydata,but doesrequirethetransmissiorof agentcode
from client to sener. The total bandwidth consumption
from codetransmissiordependson the agentsize and ar-
rival rate. For mostreasonablegentcodesizesandarrival
rates,the savingsin datatransmissiormay be muchlarger
thanthe codetransmissionsOf course,eachclient’'s code
could be pre-installedon the sener! This approachpre-
supposeshowever, thatthe clientsare known in advance.
In mary of the ervironmentsthatwe considey new clients
with new codecanappearat ary time, andpossiblydisap-
pearonly a shortwhile later. In scenariodik e the onedis-
cussedn this paperwe needat leastadynamic-installation
facility, and mobile agentsgive us the flexibility to move
filtering codeto ary pointin the network, andto move the
codeagainasthe situationchanges.Although we do not
considersuchmulti-machinescenariosn this initial paper
they will beanimportantpartof futurework.

In this paperwe analyzethe potentialperformanceoen-

1In fact, mostmobile-agensystemsnclude, or planto include,some
kind of code-cachindunctionality so that the agentcodeis transferred
only thefirst time thatanagentvisits amachine.



efits of atypical applicationscenario.The scenarias suffi-

ciently generako reflectmary applicationsfrom amilitary

applicationin which field units aremonitoringinformation
sourcesasdiverseasweatherdataandintelligencereports,
to commercialapplicationsin which consumersare moni-
toring stockreportsandnews stories.

In our scenariahereare numerousnformationproduc-
ers, eachof which pushesout a steadystreamof infor-
mation, suchas weatherobsenations, stock quotes,news
stories, traffic reports,plane schedulestroop movements,
andthe like. Clearly eachsourcehasa differentdatarate
andfrequeng. Therearealsonumerousnformationcon-
sumerswhosecomputersare connectedo a wirelessnet-
work channel. We assumethat the information streams
gatherat a gatavay sener, which then transmitsthe data
acrossthe wirelesschannelto the consumers. Although
we modela singlesener, in a large systemwe expectthat
the sener would be a large multiprocessoopr cluster such
asthoseusedin large Internetsenerstoday Althoughwe
modelasinglewirelesschanneltheresultsareeasilyexten-
sibleto multiple channelseachwith its own sener, whether
in separat@egionsor in overlappingregions.

Eachconsumeiis interestedn a different(but not nec-
essarilydisjoint) subsebf the data. The consumeis inter-
estedin only a few of the information streams,and then
only in somefiltered set of itemsin thosestreams. For
example, a traveler may monitor the weatherstream,but
not the stock stream;of the weatherstream they may care
only aboutthe locationsaffecting their travels today The
first steprequiresno computation;the secondmay require
somecomputatiorrelatedto the sizeof the datastream.We
modela consumess interestsasa setof tasks all running
onthatconsumess singlecomputerclient

We compareawo approacheto solvingthis problem:

1. The sener combines and broadcastsall the data
stream®verthewirelesschannel Eachclientreceves
all of thedata,andeachtaskon eachclientmachinéfil-
tersthroughthe appropriatestreamgo obtainthe de-
sireddata.

2. Eachtask on eachclient machinesendsone mobile
agentothesener. These'proxy” agentdilter thedata
stream®nthesener, sendingonly therelevantdataas
amessagé¢o the correspondingaskon theclient.

We usetwo performanceametricsto comparethesetwo
techniques:the bandwidthrequiredand the computation
required. We can directly comparethe usageof the two
techniquesandwe canevaluatethe capacityneededn the
sener or the network. Clearly, the mobile agentapproach
tradessener computation(andcost)for savingsin network
bandwidthand client computationa valuabletradeof if it
is importantto keepclient weightandpower requirements
(andcost)low.

In the next section,we list and definethe parameters
that arisein the analysis. After that, we derive the basic
equationsandinterprettheir significance In Section3, we
describeour experimentsusedto obtainthe valuesof key
parametersin Sectiord, we usetheresultsof thoseexperi-
mentsto exploretheperformancepacegivenby ourmodel.
Wedescribesomerelatedworkin Sections, andsummarize
in Section6.

2. Themodd

Sincethedatais arriving constantlywe think of the sys-
temasa pipeline; seeFigure 1. We imaginethat, duringa
time interval ¢, onechunkof datais accumulatingn thein-
comingnetwork buffers, anotherchunkis beingprocessed
onthesener, anotherchunkis beingtransmittedacrosshe
wirelessnetwork, andanotherchunkis beingprocessedy
theclients.If thedataarrivesatanaveragerateof d bits per
secondthe averagechunksizeis td bits.

T, —> Ts » Tw > Te »

Wireless e ’

(Internep—{ [T T~Servep~{ 1] [I1]}—>Clienb
network

Information m—>

data streams

Figure 1. The scenario viewed as a pipeline .

For the pipelineto be stable,then, eachstagemustbe
ableto completeits processingf datachunksin lessthan
t time, on average(Figure2). Thatis, 77 < t, Ts < t,
Tw < t, andT¢ < t. In the analysisthat follows we
work with thesesteady-statassumptionsas future work,
wewouldliketo exploretheuseof aqueueingnodelto bet-
ter understandhe dynamicpropertiesof this system,such
asthebuffer requirementggueudengths).

Time »
0 t 2t 3t 4 5t 6t 7t 8t
Server receives chunk from Internet, T, ’ AlB DIE]| ..
Server processes chunk, Tg B|C|D|E
Server sends chunk across wireless, Ty, A|B|C
Client processes chunk, T¢ A |B D|E

Figure 2. The pipeline timing diagram. The
letter s represent data chunks. For example,
between time 3t and 4t chunk A is being pro-
cessed by the clients, chunk B is being trans-
mitted from the server to the clients, chunk C
is being processed by the server, and chunk
D is being received by the server.



2.1. The parameters

Below we defineall of theparametersisedin our model,
for easyreference.
d = input datastreams’'speedbits/sec);
t = timeintenval (seconds);
D = td, the size of a datachunkarriving during time
periodt (bits);

B = wireless channels total physical bandwidth
(bits/sec);

By = communicationoverheadfactor for broadcast
By < 1);

B, = Bps, the effective bandwidthavailablefor broad-
cast(bits/sec);

B. = communication overhead factor for agents

(Ba < 1);

B, = Bg,, the effective bandwidthavailablefor agent
messageébits/sec);

B = thebandwidthavailablein thesener'swired Inter-
net connection for receving datastreams(bits/sec);
presumablyB; >> B;

n = numberof clientmachines;

1 = index of aclientmaching(1 < i < n);

m; = number of tasks on each client machine 3,
1<i<m;

j = index of atask(1 < j < my);

m = Y m;, total numberof tasks;

r = arrival rateof new agentsuploadedrom the clients
to thesener (persecond);

K = averageagentsize(bits);

F}; =thefractionof thetotaldataD thattask; onclient:
chooseso procesgby choosingo proces®nly certain
datastreams);

F;; = the fraction of the dataprocessedy taskj on
client, producedasoutput;

cij(D, Fj;, Fij = computationatomplexity of task; on
clienti (operationsy
= the averagecomputationacompleity, for a given

D( = —X,c;(D,F};,F; . Itisacowenient
shorthand.

i i = averagenumberof operationseededor a new
agentto startandto exit;

, = performancef client machine; (operations/sec);
, = performanceefficiency of the softwareplatformon
theclientmachinei ( ;, < 1);

= performanceof the sener machine (opera-

tions/sec)’
= performanceefficiency of the softwareplatformon
thesener( < 1);

2Weexpectthat ~ will havelittle dependencen , directly, but more

on .
3We assumehatall agentsgyetequal-priorityaccesgo sener cycles.

Notes. B istheraw bandwidthof thewirelesschannelput
thatbandwidthis never fully availableto applicationcom-
munication. We assumethat a broadcasfprotocol would
actuallyachieve bandwidthB, anda mobile-agentmessag-
ing protocolwould achieve bandwidthB,,. In Section3 we
discussour measurementsf B, and B.
Whencomparinga mobile-agenapproacho amoretra-
ditional approachwe think it is mostfair to expectthata
traditional systemwould use compiledcodeon the client
(suchas compiled C code), whereasa mobile-agentsys-
temwould useinterpretedcodeonthe sener (becausenost
mobile-agentsystemsonly supportinterpretedlanguages
like Java or Tcl). The clientandsener will likely be dif-
ferenthardware and have differentspeeds, and , re-
spectvely. Becausehe language compiler and run-time
systemimposeoverheadtheclientrunsat afraction  of
thefull speed , andthesenerrunsatafraction of the
full speed . Of course < 1, andweexpect <
Ontheotherhand,wewould expect >>

Computed values.  As hintedin thefiguresabove, thefol-
lowing valuesarecomputedasa resultof the otherparame-
ters.
1 Thetime for transmissioracrosshe Internetto the
sener.
Thetime for processingnthesener.
Thetime for transmissioracrosshe wirelessnet-
work.
Thetime for processingntheclient.

Most of thesehave two variants,i.e.,
caseand for thebroadcastase,
and for thebroadcastaseand
and for thebroadcastase.

for the agent
for theagentcase
for theagentcase

2.2. Computing the constraints

As we mentionedabove, eachstageof the pipelinemust

completen lessthantimet, thatis, ; <t, <t, <
t,and <t
Internet, ;. Sinceweareconcernedvith alternatvesfor

theportionof thesystemspanninghewirelessnetwork, we
do not specificallymodelthe Internetportion. We assume
thatthelnternetis notthebottleneckthatis, it is sufliciently
fastto deliverall datastreamsn schedule:

1=57 <t 1)

d < Br 2

of course.



Server, In the broadcastcase, the sener simply
melgesthe datastreamsarriving from the Internet. This
stepis trivial, andin ary case < t almostcertainly

In the agentcase,datafiltering happenson the sener.
Thesener’stimeis acombinatiorof thefiltering costsplus
thetime spentinitializing newly arrivedagents:

_ cij(D, Fy;, Fy; rto g 3)

(]

If we know that the expectedvalue of the computing
compleity ¢;; is , thenwe can simplify and obtain a
boundon the numberof client tasks(agents);n. Thatis,
we assumehat

Zij cij(D, Fy;, Fyj m 4)
Now <t,
mortii< oy 5)
t
m < Toii — (6)

Wireless network, The broadcastaseis relatively
simple,sinceall of thechunkdataD is sentoverthe chan-
nel:

D
~ B,
d < By (8)

Recallthat B, = Bpf, andthatD = td.

In the agentcase,agentdfilter out mostof the dataand
senda subsebf the dataitemsacrosghewirelessnetwork,
asmessagebackto their taskon theclient. Agent; sends,
on average, D F, F;; bits from a chunk. The total time to
transferall agents’'messagess thus

72’ J DE,F, <t

<t (7)

9
5 < (9)
If we considerthe averageagentanddefine
! 1 !
F'F =  FjFy, (10)
m ..
ij
thensincetherearem agents
mDF'F
— <t 11
5 < (D

But it is not quitethatsimple.
Thewirelesschanneklsocarriesagentfrom theclients
to the sener, sowe mustadjustfor the bandwidthoccupied

by traffic in the reversedirection? Recallthat new agents
of size K jump to the sener at arater persecond. This

activity addsrK bits per second(rtK bits per chunk)to

thetotaltraffic. So,updatingequation(11) we have

!
mDF'F  rtK <t (12)
B,
whichleadsto a boundon the numberof agentqtasks):
B, rK
i ——
) (13)

Whendoesthemobile-agentpproachequirelesswire-
lessbandwidth? We can computethe bandwidthneeded
from the amountof datatransmittedfor one chunk, ex-
pandedby 1 $ to accountfor the protocoloverheadthen
divide by thetime ¢ for onechunk:

1.1 1.1

t(ﬁa( mDF'F  rtK < t(,BbD (14)
mdF'F  rK <=2 ﬁa (15)

ﬂb

1 B, rK

Note that inequality (16) is nearly the sameas inequal-
ity (13). If broadcasts possible(d < By), thenwe should
usebroadcastff m exceedsthe limit providedin inequal-
ity (16). If broadcasis impossible(d > By), thenof course
the mobile-agenapproachs the only choice,but the num-
berof agentanustbekeptwithin thelimit specifiedn (13).
Note thatin the broadcastasethe wirelessbandwidth
must scalewith the input streamrate, while in the agent
casethe wirelessbandwidthmustscalewith the numberof
agentsandthe relevanceof the data. Sincewe expectthat
mostof the datawill befiltered out by agentg(i.e., F'F <
1), theagentapproactshouldscalewell to systemswith
large data-flav ratesandmoderateclient populations.

Client, We consideronly the processingneededto
filter the datastream,andassumehat the clientshave ad-
ditional power andtime neededor an application-specific
consumptionof the data. Also, we assumehe client has
sufficient processingpower to launchagentsatrater n.

In the broadcastase the datafiltering happenson the
clients.We mustdesignfor the slowestclient,i.e.,

L w@EE
l] i1

If all n clienthostswerethe samewe couldwrite simply

m

=—— (18)
n

4Unlessthe channeis full duplex, in which casethereis noimpacton

the downlink bandwidth.Herewe assume half-duplex channel.




andsince < tisrequired,

m<n — (29)
In the agentcasethereis no datafiltering on the clients,
S0 =

2.3. Commentary

Theresultsaresummarizedn Tablel.

We canseethat the agentapproachfits within the con-
straintsof thewirelessnetwork if thenumber(m andr) and
size(K) of agentss small, or thefiltering ratios(F" F') are
low.

We believe that, in mary realistic applications,most
agentswill remainon the sener for a long time, and new
agentswill beinstalledrarely Thus,r is small. Most of the
time,r = . Thisassumptiorsimplifiessomeof the equa-
tionsinto a morereadabldorm, asshown in theright side
of thetable.

Notice thatthe broadcastasescalesinfinitely with the
numberof clients,but to addtasksto a clientor to adddata
to theinputstreanrequiregheclient processoto befaster
Oneveryclienti

cij(D, Fj;, Fij < (20)
p i
; oD By Fy. F;’ T o)

j K3

so,asd or t increase®r asm; (the rangeof j) increases,
; mustincrease.

The mobile-agentase on the otherhand,requiredlittle
from the client processoi(for filtering), but requiresa lot
morefrom the sener processarThat processomustscale
with theinputdatarate,the numberof clients,andthenum-
berof tasksperclient.

(22)

On the otherhand,it may be easierto scalea senerin a
fixedfacility thanto increasahe speedof individual client
machinesespeciallyif thesenerlivesin acomfortablema-
chineroom while the clients are mobile, battery-operated
field machines.

Buffersin the pipeline. Sincewe modelour application
asa pipeline,we are primarily concernedvith throughput
andbandwidth,ratherthanresponsdime andlateng. As

longasthepipelineis stablein thesteadystatej.e.,nocom-

ponents capacityis exceededthe systemworks. All of our

above calculationsarebasedbon thatapproach.

In arealsystemf course the dataflow fluctuatesover
time. Buffers betweeneachstageof the pipelinehold data
whenonestageproducesiatafasterthanthenext stagecan
processt. In amorecompleteanalysiswe would useafull
gueuingmodelto analyzethe distribution of buffer sizesat
eachstageof thepipeline,givendistributionsfor parameters
liked, r, andc( . We leave this analysisfor futurework.

Latency. Althoughwe aremostconcernedvith through-
put, in our applicationsomeclientsmay alsobe concerned
aboutlateng. In other words, it would be a shameif
time-critical data were delayedfrom reachingthe client.
Which approachleadsto lesslateng, say from the time
it reacheghe sener until thetime it reacheghe client ap-
plication?Considertheflow of a specificdataitem through
thepipeline:it is processednthesener, transmittecdbnthe
wirelessnetwork, andprocessedntheclient. It mustshare
eachof theseresourcesvith otherdataitemsin its chunk,
andit mustsharethesenerandwirelessnetwork with other
clients. On average,eachof m agentsmay requireonly
— CPUtime onthesharedsener. If thesenerdivides
its time finely andevenly, all taskswill completetheir com-
putationattime . If thesenerdividesits time coarsely
the averagetaskcompletesn half thattime, attime -
A similar analysiscanbe madefor the wirelessnetwork.
Assumingfine-grainsharingof the sener and network,
thelatenciesare

= (23)
= (24)
If we ignorethe arrival of newv agents(i.e.,» = ), and
assumehatall clientsareidentical,we have
m mDF'F
= — — 2
o (25)
D m
= — 26
B (26)
Unfortunatelyit is difficult to comparehesetwo without

specificparametevalues.

We wonder however, aboutthe value of sucha latengy
analysis. Given a specificdatarate d, one mustchoosea
senerspeedwirelessnetwork bandwidthandclientspeed,
thatcanjust keepup with thedataflow. Thatis, in timein-
terval t thosethreecomponentsnusteachbeableto process
D data. Their lateng is  t. With sufficiently small¢, say
1-10secondsit seemdikely this lateng would suffice for
mostapplications Althoughoneapproachmayhave alittle
lesslateng thanthe other, the dataflow rate remainsthe
same. One could reducelateng/ by making balancedm-
provementso the two componentsith non-zerolateng;
this improvementmay be easierin the agentapproachbpe-
causdt maybe easierto upgradethe sener thanthousands
of clients.



Table 1. Summary of the constraints derived earlier, along with simplified constraints that assume
and are not affected by . At the bottom, we show the comparison where agents require
less wireless bandwidth than the broadcast approach.

Limits Simplified Limits

Stage Broadcast Agent Broadcast Agent
Internet, r dSB[ dSB[ dSB[ dSB[
Sener, negligible m < ( T - 0 m < ( -
Wireless, d < By m < d < By m< —
Client, m < n( - negligible m < n( - negligible

Comparison Simplified Comparison
Wireless, m< —(— — m< — —
Wired 3.1. Measuring

Ethernet

\ Wireless chann(y

Server cluster

Client

Wired/wireless
gateway

Figure 3. The experimental platform, in whic h

the server is a cluster of workstations, send-

ing its data through a wireless gateway ma-

chine to the wireless netw ork.

[Client: Gatavay Solo 2300 laptop; Intel Pentium
MMX 200MHz, 48MB RAM, runningLinux 2.0.36.
Gatavay: Tecra500CSIlaptop; Intel Pentium120
MHz, 16MB RAM, running Linux 2.2.6. Seners:
VA Linux VarStation28, Model 2871E;Pentiumll at
450MHz, 512K ECCL2 Cache256MB RAM, run-
ning Linux 2.0.36. Wired network: the gatavay was
connectedo a 10 MbpsEthernetthroughahub,a 10
Mbps switch, and a 100 Mbps switch, to the sener
cluster Wirelessnetwork: 2 Mbps Lucent Wave-
LAN “Bronze Turbo” 802.11bPC cardsconfigured
at2 Mbps.]

3. Experimentsto obtain parameters

To measurehe value of several model parametersye
constructeda small test ervironment consisting of two
Linux laptops,a Linux workstationcluster anda wireless
network. Onelaptopsenedasthewirelessclient machine.
Theotherlaptopranr out ed to seneasagatavay between
the 2 Mbps wirelessnetwork andthe 10 Mbps wired net-
work. Our sener clustercontainedl4 Linux workstations.
We treatedthe 14 machinesasa single logical sener, be-
causeve neededhatmary to effectively measure , aswe
describebelov. The platform canbe ervisionedasshawn
in Figure3.

Becausethe language,compiler and run-time system

imposeoverheadtheclientrunsatafraction  of thefull
speed , andthe senerrunsat a fraction  of the full
speed . Unfortunately we do not know and cannotdi-

rectly measure .5 Onasinglehostof speed , though,we
canrun a compiledC programanda comparablelava pro-
gram,to obtain and , anddivide to obtain

We wrote a simple image-processingpplication (an
edgedetector)in C, and then portedit to Java. We ran
them both on one of our seners, using a sampleimage;
averagingover 100 runs, the Java programtook 111 msec
andthe C programtook 83 msec.In this measurementye
include only the computationalportion of the application,
ratherthanthe time to readand write the imagefiles, be-
causein our modeledapplicationthe datawill be stream-
ing throughmemory andnot on disk. Thesenumbersggive

, i.e.,C was25%fasterthanJava.

3.2. Measuring

The raw bandwidthof our WaveLAN wirelessnetwork
was2 Mbps(2,097,152bps). To obtain  values,we mea-
suredthe transmissiorspeedof sampleapplicationstrans-
mitting dataacrosghatnetwork, anddivided by 2 Mbps.

Tocompute for thebroadcastasewewroteasimple
pair of programspnebroadcasti999datablocksof 50,000
byteseachacrosshewirelesslink, for the otherto receve.
Thetransmissiorompletedn 1135secondswhichimplies
that

sec 7)
bps
— T bps (28)

5Recallthe difficulty of measuringhe “peak performance’of an ar-
chitecture,andall the discussionsboutthe value of MHz and MIPS as
metricsof performance.



In otherwords,broadcasbf thesereasonablyarge chunks
of datais 84%efficient.

To computeg, for the agentcase,we wrote a simple
agentprogramthatvisits the sener, andsendsabout50KB
of documentsvery 3 seconds.The agentcompletesafter
sending500 of these50KB messagesThe effective band-
width is computedasthe total amountof datatransmitted
divided by thetime requiredto transmitthe data,including
thetime sleeping.To betterreflectthe modeledapplication,
we actuallysentout severalagentgo differenthostswithin
our sener cluster andincreasedhe numberof agentsand
hostsuntil we reachedhehighestpossibletotal bandwidth.
We foundthat 14 agentsyunningon separatéostswithin
thesener cluster reachedaboutl.4 Mbps. Specifically

B, 1, ,1 bps
Ba=7 = =

B , 1

bps (29)

We usetheseconstantsn our equationgo obtaintheresults
below.

3.3.Measuring ; ;

Whenhostingagentsthe sener needsto supportall of
their computationalneeds. In addition to the processing
time requiredto filter the data,new agentscomeand old
agentsexit. In our model,r agentscomeandgo, per sec-
ond, on average. We model the computationaloverhead
of eachagents startand exit as ; ; . We wrote a triv-
ial agentandarrangedor oneof our sener hoststo rapidly
submitagentdo anotheisenerhost. After 5000submit/exit
pairsin 204secondswe concludethattheoverhead ; ; is
about40 msec(actually it is the numberof operationsor-
respondingo 40 msec). It may be less,becauseur mea-
surementvasbasedon wall-clock time, not CPUtime, and
this experimentdid not maxoutthe CPU.

4. Reaults

We now usetheseparametersn our equationso geta
senseof how they reactunderspecificconditions.
Unfortunatelyit is difficult to getactual , ,and pa-
rametersalthoughwe did measuresomeratiosabove. If we
assumehowever, thatour edge-detectiomlgorithmis rep-
resentatie of onesortof filtering operationwe do know the
time it took to executethat operation.On our client laptop
we measured
— = msec (30)

If this computatiorrepresentshe time neededor filtering
datathatarrivedovert = 1 secondsfor example,Equa-
tion 19tellsusthat

mn < — (31)

1 (32)
= (33)

Thatis, about40tasksperclient, for anarbitrarynumberof
clientsn. Of coursetheclientmachineshouldresernesome
powerfor consuminghedataafterfiltering, soit shouldnot
run arywherecloseto 40 suchtasks.

Similarly, onthe sener, if we ignorer, Equation®6 tells

usthat :
m < ( - (34)

Themachinesve usedas“servers”in ourexperimentsvere
not particularly speedy It is moreinterestingto derive an

equationfor m in termsof the relative power of the sener
andclient, usingquantitieshatwe alreadyhave measured:

m < —t (35)
= ———t (36)
= ! sec( —(1 sec (37)
= 1 — (38)

Figure4 shavsthetotalnumberof agentgfor all clients)
thatcouldbesupportedasthe powerof thesener  grows
relative to the power of the clients , for our 236 msec
sampletask as well astwo other possibilities. The plot
shavsratios reachingup to 200; largeratioscanoc-
cur if, for example,the sener is a large parallelcomputer
or cluster andtheclientsaresimplepalm-topdevices.

In Figure5 we show the constrainton m, in the agent
case. This graphplots the two constraintsfrom Table 1,
asd varies. The actualconstraintis the minimum of the
two curves. For lower F'F, the sener's computationis
thetighterconstraintfor higher £’ F', the wirelessnetwork
bandwidthlimits usmore. We useour earliermeasurement
of = 111 msec(the edge-detectioprogramrun-
ning on a 308 KB imageon oneof our seners). Of course,
in nearlyary application will varywith D (andthuswith
d andt); for the purposef this illustrative graphwe as-
sumethatt = 1 andthatthe computationis linear. In
otherwords,we imaginethat maybehae asfollows.

D
=Him e 4 sec 1Mbps (39)

In Figure 6 we look at similar resultswhenwe vary r
(the previous graphassumed- = ). In Section3.3 we
measured

‘i =  msec (40)

andin Section3.1we measured

— =111m ¢ (41)
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Figure 4. The number of agents that can ef-
fectivel y be suppor ted, as the server power
grows relative to the client’s power. We show
three curves, representing different possi-
ble computations; 236 msec represents our
image-processing sample application.
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Figure 5. The maximum number of agents
we can suppor t, given the constraints in Ta-
ble 1. Here Mbps, , ,

seconds, and is proportional to
as described in the text.

T T T T
c Computational limit
s 140 = Bandwidth limit, F'F = 0.010------ -
= N Bandwidth limit, F'F = 0.020-------
O 120F . Bandwidth limit, F'F = 0.050-- -
5] N
S 100+ -
g
c 80 o _
> AN
< N
e 60 . _
£
= 40 + \\\ -
] “\n \\\
2 20F e TN .
0 |<---Typical r=0.1 or Jow&r 210 I
0 1 2 3 4 5

Agent birth/death rate, r per second

Figure 6. The maximum number of agents

we can suppor t, given the constraints in Ta-
ble 1, as we vary Here Mbps,
Mbps, , seconds,
msec, and
msec.

andfor afixedt =1 secondsthecomputationatonstraint
from Equation6 is

(—
1 m c
111 msec T111 msec

m < t (42)

= (

Again, the actualconstraintis the minimum of the two
curves. For lower F'F, the sener’s computationis the
tighter constraint; for higher F'F, the wirelessnetwork
bandwidthlimits us more. Above a certainpoint the traffic
inducedby the jumping agents(r K) consumeghe avail-
able bandwidthB,, leaving nothingfor agentsto transmit
their data. With a chunksizeof t = 1 , we think it highly
unlikely thatr > 1, andmorelikely r << 1.8

Another useful way to look at the resultsis to graph
the bandwidthrequiredby eitherthe agentapproactor the
broadcastpproachgiven certainparametersin Figure7
we vary thefiltering ratio, sinceit clearly hasa big impact
on the bandwidthrequiredby the agentapproach.For low
filtering ratios, the agentapproachneedsless bandwidth
than the broadcastpproach. If d > B (not shavn), of
coursethe broadcastipproachcannotwork at all, andthe
agentapproachs the only solution.

(1 sec (43)

5. Related work

Performancemodeling of computernetworks and dis-
tributed applicationsis an old field, and our approachand

6We have heardof sometestsat Lockheed-Martirin which at
the peak.




3 T T T T
—~ m:4Q/,/
& 25| PR
Qo L
S
;’ 2 Raw channel bandwidth B e
8
E
g 151 ey m=20 7
2 ____Broadcast approaeh bandwidth -7
© ;[ _Inputbandwidthd -7 _
= e T m=10 .
o} L e
C o5F 7 T e .

0 G I”‘ 1 ] ]

0.01 0.02 0.03 0.04 0.05

Filtering Ratio F'F

Figure 7. The bandwidth requirements for
agent and broadcast approaches. Here
Mbps, Mbps, , KB,
, and Note that
the bandwidth required by the broadcast ap-
proach is , and appears slightl y bigger
than

resultingequationsare similar to mary previous analyses
of distributedsystemgKin90]. In addition,therehasbeen
somesimilar modelingwork specificallyfor mobile-agent
systems.

Strasseand Schwehm[SS97 developa generalmodel
for comparingthe performanceof RemoteProcedureCalls
(RPC) with the performanceof migrating agents. Using
their model, which is best-suitedor information-retrieval
applicationsthey derive equationdor the total numberof
bytestransferredacrossthe network, aswell as the total
completiontime of the task. The equationsinclude such
parametersasthe expectedresultsizeandthe “selectvity”
of theagent(i.e.,how muchirrelevantinformationtheagent
filters out atthe datasite,ratherthancarryingwith it for fu-
ture examination). Their byte equationsare similar to our
bandwidthequationsalthoughtheir time equationsarenot
directly applicableto our scenario sincewe areinterested
only in whetherthe sener cankeepup with the incoming
datastreamsnotwith thetotal completiontime.

KUpperand Park [KP98] examinea signalingapplica-
tion inside a telecommunicationsetwork, and comparea
mobile-agentapproachwith a stationary-agenfor client-
sener) approach. Startingwith a queuingmodel of a hi-
erarchicalsignalingnetwork, they produceequationsthat
specifythe expectedoad on eachnetwork nodein boththe
mobile andstationarycasesTheseequationsaresimilar to
our sener-load equationgfrom which we derive the con-
strainton how mary agentshe sener machinecanhandle
simultaneously).

Picco,FuggettaandVigna[Pic98 FPV9q identify three

main designparadigmshat exploit codemobility: remote
evaluation, code on demand,and mobile agents. Within
the contet of a network-managemerapplication,i.e., the
polling of managemerihformationfrom a pool of network
devices, they analyzethesethreeparadigmsand the tradi-
tionalclient-senerparadigm.They developanalyticalmod-
els to comparethe amountof traffic aroundthe network-
managemergener, aswell asthetotal traffic on the man-
agednetwork. Thesemodelsare similar to our bandwidth
models.

More recently Puliafito et al. [PRS99] use Petri nets
to comparehe mobile-agentremote-galuationandclient-
sener paradigms. The key parameterdo the modelsare
transitionprobabilitiesthatspecify(1) whetheratraditional
client or agentwill needto redo an operation,and (2)
whethera client or agentwill needto performanotherop-
erationto continuewith the overall task. Using the mod-
els, they comparethe meantime to task completion for
the three paradigms. Like the the work of Strasserand
Schwehm[SS97, thesePetri-netmodelsare well suited
for information-retrizal applicationsaremoregenerathan
themodelsin the otherpapersandarenotdirectly applica-
ble to our scenariowhich involves continuousfiltering of
anincomingdatastream,ratherthana multi-stepretrieval
task. Petri nets,however, could be a usefulanalysistech-
niguefor our scenario.

In addition to the mathematicalanalysesabove, there
hasbeena rangeof simulationand experimentaiwork for
mobile-agentsystems. Recentsimulation work includes
[SHG9Y, which considersthe use of mobile agentsfor
searchoperationson remotefile systemgsuchasthe stan-
dard substringsearchof the Unix grep command),and
[BP99, which examinesthe useof mobile agentfor mes-
sagedelivery in ad-hocwirelessnetworks. Recentexper
imentalwork includes[SDSL99, which comparediffer-
entstratgiesfor accessingWebdatabaseand[GCKRO0(,
which comparefRPCandmobile-agenaipproachefor ac-
cessinga documentdatabase Although we have not done
simulation or experimentalvalidation of our model yet,
suchvalidationis anessentiapartof futurework.

In our broadcasscenarioall of the dataare broadcast.
In our agentscenariceachagentsendsts own copy of the
filtereddatato its client, regardlesof whetherotherclients
may alsowantthe data. We may be ableto usetechniques
from thedomainof “broadcaspublishing”to obtainamore
efficentcompromiseapproachIV96].

6. Summary and future work

Inspectionof the above equationshovs thatwith small
filtering ratios(F" F), or smallnumbersf agentsamobile-
agentschemecan get by with less bandwidth,or slower
(i.e.,cheaper lighter) clients. Our analysisreinforcesthe



importanceof the engineeringchallengeto keep  andg,
large, thatis, to reducethe overheadof mobile-agentom-
putationandcommunication.

To further develop this performanceanalysisandto be
ableto useit predictively in real applicationswe needto
betterunderstandseveral issues: How variableis the in-
put data stream,in its flow rate? In other words, how
muchbufferingwould benecessarin thesener, andin the
clients? How mary differentagent/taskypesaretherein
typical applications,and how widely do thesetypesvary?
How muchCPUtimeis neededo supportthe network pro-
tocols? Are averageor expectednumbersacceptabler do
we needworst-caseanalysis?

Furthermore we needto address few limitations: (1)
The broadcastaseassumeshatnobodymissesary trans-
missions,or thatthey do not careif they missit, sothere
arenoretransmissiong2) Both casesgnoretheclientpro-
cessingconsumedy the endapplication. (3) We consider
only oneapplicationscenarichere. While it is widely rep-
resentatie, therearecertainlyotherapplicationtypesworth
analyzing.In particulay we would like to considerscenar
ios in which the mobile agentsmove up anddown a hier
archy of gatavay machines.We are alsointerestedn the
useof mobile agentsasa dynamicallydistributed,andre-
distributed,cooperatie cacheto supportmobile computers
in awirelessnetwork.
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