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Abstract

in & mabile compuimg environmani that supports mobils
agents, a clenf can send an agent o visit a8 sequence
of servers in the network. Trecking the location of
agents becormes a oritical problem i managing a
mabie aganf senvice nefwark In this research, we
gropose a new search sirategy that can change the
basic aigonthm during the search of & mobife agent
Thiz strategy makes use of the up-to-date nformalion
obtained form the senvara thal hava besn visied by the
farget agent. By knowing tha deparfure Nma af the
target agant from a senver, the search agenl can sither
recalcuiate the location predictian or simply swilch from
the origing! search strategy fo the sequential search.
When appiying thiz sirategy fo the praviously proposed
bind and infelgent searches, we can oblain &
signifizant improvermant on the search efficiency.

Keywords: Mobdle Computing, Mable Ageni.
] Thhmhpunhrh-u:pa-dbf MAVEEL granl under MOEMA
Distritrunnd [y

effalian Procasalng Pregeam (Coanfac] number G3-
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1.1 Agent and Agent Mobility

A ubiguitous information  service network provides
information to the users any time anywhers [1.83].
Cliart users can access 1o the network through a
wirgless mobile communication network. In addition, the
sanvice network must provide soma  mechanisms
allowing clienl users access 1o various information
rezources comveniantly, which is referred to as mabile
campuling [1,2,3].

Because the distribuied computing technology ks not
sufficiantty mature 1o support rmabile computing in such
a scale, cliant users have to access network rasources
in & prescripthve fashion by iMeracting with individual
garvers ané By one o accomplish a complicated fask,
However, in most mobile computing ervirenments, tha
nature of communications s intermiitend and the batlery
energy i lirmfed so that i is vary difficult and expensiva
ta accomplish a complicated task. The mobie ageni
paradigm, which allows clienis 1o interact with mulipla
servers in a dynamic fashion has besn brought wp 1o
copa with this problem [1,2,3,8,10],

Sirply speaking, a mobils agenf is an electronic
massage thal camies a compuler paogram, whether
procedural of declarative, which can be executed by the
receiving servers on behall of the originating cliant. The
pragram in tha message can algo instruct a receiving
server fo forward automatically the messaga dAsed to
another server, on which the program is axecuted
confinuously in a pipeline fashion. Good examples can
be found n [3].

Since an agent may move continuely in a service
network, 1he ariginating client may not be able to fraca
or conlral its operation directly. A service network rust
provide sarme mechanlerms allowing s clianis 1o fraca
and contral these agents, This problem is referred to as
tha sgent makilty managemsnt

1.2 Open service network architecture

To establish a large scale service network that can
support mobile agens, we proposed an open sarvice
network architecture i [3], which separates sarvice
nefworks from  transpod nebworks. | also  allows
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sarvices of any scale and any quality to be introduced
ino tha network easily. Readers are referred 1o [3) for
details,

Ln tha top of the open erchitectsre mamionad
above, we alse proposed a hybrid aperation made in [2]
thal alows & service provider 1o offer beth centralizad
and distributed cperation modes 10 ds subscribers,
Subscribers can choose to use their own Intamet
facility, called Home Base Mods (HEM), to share the
OAAM [Operation, Administration, and Maintenance)
duties. (Typical OARM functionalities are biling, client
location register, agent tracking and contral, agent
slatus holder, eic) Al thewr own expenss, subscribers
can also designate some OAEM dulles 1o the
centralizad facility managed by the sarvica providers. In
this paper, we assume that a service Retwork that
supports mobile agents 5 established based on the
proposed open architecturs and managed using the
proposed cperatien infrastruciura [2,3,5],

1.3 Search of a mobile agent

Aftar an agent is dispatchad inla & service network, the
client or the network manager may need 1o know ils
current keealion in order 1o inguire #s status, or to
contral 1S execution, elc. A simple way iz 6 send
another agent, called search agent, to search tha
original agent along the original path, or to braadeast a
massage 1o every server whers tha agent might have
wised, There are some problams associated with
these straightforward solulions:

1. Sending many messages over a wirsless network
rray be oo expansive,

2. A sequential search may take too much time.

Therefore, better ways 10 locala an agent ane in nead.
In [4], we proposed and analyzed several search
glralegies, which will be described in the next sactian.
Among the propesed strategies, the inelligant search is
the most promzing one f the =spdice times of aach
individual task can be estimated using prior statistics,
To reduce the compuiation time that is required 1o
estimate the best possible location af a larget agen, wa
studied various ways based on the aggregated
stafigtical properies 1o improve the computational
performance o the intelligant search stratagy (IBS)
proposed in [4). They will be summarized in Section 2.

1.4 Adaptive Search

Tha search strategies previously proposed are all static,
which means that the search strategy is fived when tha
search agent is dispaiched to the netwerk. For a
particular  search strategy, the search roule is
completely datermined by the path taken by the target
agent. They do nol make use of ather information,
such as the depadure tima when ke farget agent lef a
garder, 1o adjus! the search sequence,

One way to improva the proposed search strategies
is to recalculate the residing probability, based on the
departure time when the ftarget ageni lel, sach time
afer a search agent probes a server, For instance, if

an IBS search agent finds cut that the larget agens hag
already visited and |eft the currently probed Server, &
will know that the estimation is nel accurats, The
search agent can use this departure time inforrmatian i
recalculate the Most Probabla Server (MPS). This may
be batter than blindly searching lorward along t1he
ariginal planed path,

The rest of thiz paper is organized as follows:
Section 2 will review the search strategles propasad i
[4.6,7); Section 3 will discuss the various adapiiva
search sirategies; Secton 4 will

complicated issues and future ressarch diractions,

2. Previous Work

The strategies proposad in [4] can ba catagorized inio
two types: blind and intelligent searches. The intelligent
search strategies make use of prior knowledpe about
the execution of all tasks, while blind search sirategies
dan't,

Tha following notations will be used in the fallawing
seclions:
+ 5={5,5;....8.) the set of distinct servers
visited by an agant,

« T: the elapsed time gince the fargst agen was
originated,

+ Ty: the time duration that the target agent stayed at
sarver 5;. M is called the senvice lime at server 5,.

In this paper, we assume that the target agent visits
151,52 ...,58,} sequentially and nonrecursively.
Further, the time for the target agent to mave from ona
server to anotheér is considered nominal and is
negleciad.

Mote that a recursive execution sequence can ba
easly expanded to a nonrecursive one by treating each
visit (i.e. the target agent visitz & server) a new sarver
rather than a revisit. Further, i the tima for an agent to
move from one server to another is 1oo long to be
ignored, the agent migration can be modeled a5 a
sérver 5o that our algorithma and analytical resulis can
be apphed without any modification.

2.1 Chase-from-holder Algorithms

In the hybrid cperaticnal infrastructure we proposed in
[2) users are encouraged to use their cwn HBENs to
participate in the management of their agents, One
possible usage of HBMs is io store the current status of
agents, including agents” locations. Thus, the current
reported location of an agent can be cbiained right in
the status holder (ig. HBN) of s originating user, i the
&ccurats current location is needed, the search agent
can visit the reported location first and procesd with a
sequential search right frem thare if the target agani
had paszsed that server, This typa of algatithms is called
the Chase-from-holder algorithms, In face, it is a

ilustrate  oyr
experiments; finally, Section 5 will discuss sore |
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combination of tracking and searching methods,

Dbviously, one major problem with the Chase-fram-
holdar algorithms is the extra exgpense o updatle stalus
periodically. The update cost has af leasi two majer
componants: the induced network traffc and the
resgurca consumption in the ateius holder. The sysiam
resounces could be very expensive ¥ the siatus holdes
iz designated to the network rranagerment cenfer,
Thus, the trade-off betwesn update cost and stalus
availability must be carefully balanced, Depending on its
gtatug inquiry frequency, a client may choose fo
command an agen repod its slatus either complately or
salectively, The following search strategies are useful
when the current location of an agent is not available in
s status haoldar.

2.2 Binary Search Algorithms

Tha Basic Binary Search algorithm (BES) i similar 1a
the binary saarch in searching a date object in a sorad
list. The ssarch agent probes the middle server in tha
gearch list and excludes half of the servers out of tha
gearch list at a tirme. The search is perfermad
recursiely until the target agent is found or tha st is
exhausted. In average, the number af probes required
to locate the fargel agent iz in the order of login),
where n = the number of servers in the search list
BBS might be a very good search strategy for blind
sgarchas. Howsaver, BES may fail to locate the tanget
agent if tha target agant conlinues 1o move during the
search, Dwring the course of search, some unvisited
semvars may be excluded aut of the search st after a
servar is probed. Unforunately, the targel agem may
gip throwgh the search window sa thal the servers it
vizitz afterward are not included n the search list. A5 a
resull, the search agent will fal to locate the farget
agent. Although BBS iz naive and faully, it provides a
basis to mutate into other search stralegins as well as a
basabne lor pedormance comparison.

The Extendsd Bingry Search (EBS) algorithm
corracts the slip-through problem by not excluding any
umvisited server oul of e search §s1 af the cost of
demanding more search probss,  Fortunalely, the
average number of probes required to locale the target
agenl (s still in the order of lag{n), only with a karger
coefficiency,

In |7], we found a wery surprising fact that in
Extended Binary Search algonthm, the best picin
{sarvar) o probe is not nght on the middle of the serazh
lizt. This iz because forward and backward probes ars
treated differently. Probing a visited server can excluda
some sarvers oul of the search list, while probing an
unwlsited sarder can't. In our simulation study, we faund
that the best probing ranga is batwean (.25 and 0.4 of
the search kst starting from the head

Above search sirategies are classified as blind
ssarch because they do not use prior knowledge about
the status of the target agent and sarvers.
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2.3 Intelligent Search

If a client has a good estimation on the sarvice tme in
gach server, hefshe may be able 1o guess the
spproximate Jocation of an agent. By uging this
information in a search, wa will ba abla (o reduca the
ssarch fime significantly. Tha tarm intsligenl search
here reflacis the fact that thesa algorithms make wsa of
sarvice lime statistics and thus, is non-blind

We assurme thal an agent visils a sei of semers,
548y ...,8, in sequence and it stays al each
server, says S, for a time duration of T,. Al any
elapsed tima T, the cwrent location of the agent, S5
can be determinad by the following forrmuda;

-1 &
rhaT<ET
= i

Howaver, it is impractical to know in advance exactly
how long tha target agent will stay &t each semver, The
service fime in each server iz most lkely probabilistic
and cen be pre-estimated through either sample
collection or experiments, Furthenmore, for security and
privacy reasons, i may be more practical 1o obtain
glatistics rether than defalled execulion time records
from servers. As a resull, the location of the agem is
probabilistic, We can calculate tha location of the targat
agem with the highest probability, next highest, =ic.,
and then search the targat agent according 1o the order
of probabilty. Assuming that the service time of sach
task is wnidormly distributed, we dedved a lormula o
calculate for esch server the probabiiy thal a target
agent might reside [4]. For simplicity, this probability is
called the residing probabilly. In our proposed
Intefligent Binary Search algorithm {IBS), the search list
iz presoried according to the calculated probabilites.
Then, the search agent probes the servers in the
search =t sequantially,

Intelligent search algorithms are much betier than
blind search algorithms because they make use of pricr
knowladge about the service ime of each task in each
server. Howeyver, #l reguiras the sservice tima 1o ba
pradictabla. In ather wards, the algc mthm assumas tha
larget agent and the service netaork work nurmall:,r
withaut any excepiion. Thus, these algomthms have
bafter be used under healthy operation conditions. They
may nol be appropriate 1o be uwsed in  handling
excaplional cases.

Ancihar problem associsled with the inielligen
search strategy = & quadratic computation time 19
calkculate each individual residing probakility. Evan if 1tha
computation averhead can be compensated by using
fester processors, the collaclion of the entire service
tima distributicn from every server will still consuma
significant -zystem and network resources. To reducs
computation time, we proposed fo use aggregated
slatistical properies to predict the kecation of a mobile
agent [B). Our analysis and experiments showad that,
under a vanely of circumstances, the mean service tima
it a rellable index fo predict the loecation of a mobile
agent. Readers are referred 1o [6] for details,
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3. Adaptive Search 11e) if (target in 5.} return(Foumgm,
A5 mentioned in Seclion 1.4, the searek siratagias bt TN I
proposed so far are all static. An adapive search 3 il
stralegy makes use of the information available in al Ha: i Bt o Sui
ax =] hSa
senvers that have been probed 1o improve the search | € = h + 12x(e=h41)

efficiency. Considering the siuation thal the target
agent just left a server when the seamch agent is
probing the sarver, tha search agent can go directly 10
the “next” server instead of continuing the ariginal blind
search. Thara iz a high probability catching the target
agent within a faw sequential probes, Further, in an
intelligent search, the search agent can recalculata the
rasiding probability, based on the deparura time whan
the target agent left, each tima atter the search Boent
probes a server, For instance, # an MBS search agant
finds out that the targst agent has already visited and
left the currently probed server, it will know that the
#slimation of the MPS is inaccurate. Tha search agani
can use thiz departure time information 1o recsleylats
the MPS. This may be better than blindly searching
forward alang the original planed search sequence.

This adaptive technique may improve the
performance of blind search strategies by a significant
margin,g In this paper we will focus on applying this
adaptivity 10 the blind seanchas,

3.1 Binary-Sequential Search (BSS)
Algorithm

We assume that evary sarver maintaing an axecution
log that stures various execution siatus including the
deparure lime when the targe! agent movad to 1he naxi
server. By making use of this information, a search
agent can choose the best search strategy dynamically.
Wa first investigate the perfarmance impact on tha EBS
whan the adaptivity is applied. In the fellawing Binary-
Sequential Search algorithm, the search is divided into
two phazes: binary phase and sequential phase. The
search agent firsl uses EBS to search the target agent
in the binary phase, and then switchas to the saquantial
phase using a sequential search if the target mgent
“just” leh tha currently probed sarver net lang ago.

Binary-Sequential Search (BSS) Algorithm

Main
Erhset = [5,55...,5,}
3, = Middls Server in the Srh3et
BSSrhitarget. Srhsee, 5, )
¥
Frocedurs BS5Srh (target. SrhSat, S5 ]
(1] Lf (SrhSakE = BFEEY)
(2) then return |NOT _FOUND|
[3) if (rarget im 5,0 return (5]
14y 4if (carget had visited -

{8} chan |
i8] Erhfat = (S ..., 5
(7 if | earget is near )
[B) chen [
while | SrhSet is not empty) |
(9] 5, = head of SrhSat

]
[15) returm [ BSSrhitarget, Srhset, 8 1

There are some parameters yet to be determingd,
The most critical one is the proper eandition 1o hava tha
search agent switch fram a search strategy to anather
{Line 7 of B55). One simple condition is 1o use tha
elapsed time since the target agert left the curranthy
probad server as a measure. It requires an intensive
expenment to determine the preger values,

The second parameter 10 be investigated is tha best
probing range fe be used in EBS. As mentionad i
Section 2, the bast server 1o probe may not be fight on
the middle of the search list dus to the different
freatment of forward and backward probes, Intuiteehy,
the adaptivity may have impact an the probing rangs as
wall. Because the search agent can make use of th
log infermaticn to sbfain a more accurate pradiction, i
may prefar prabing a visiled server. Therelare, we could
adjust the range of search probes further 1o increass
tha possibility of prebing a visted server,

3.2 The ABSS algorithm

The above BSS algorithm is then madfied as follows 1o
take this idea (asymmetric prebing range) inte account:

Asymmetric Binary Sequential Search {ABSS5)
Algarithm

Maln |

Srhfet = {51,52, v a .Sﬂ}

c=nxd

hBESchitarget. Srhset, 5, )

!
Frocedure RBSErh (target, SrhSet, S ]

(1] if (SrhSat = empty] ratura (NOT_FOUND)
12) if (rarget in &) return (&)

(3) elself (rarget had wisited 5,1 |

(4} Srhger = (8., ..., 5}

[31 if [rarget 1= near] SegSrh(targst, Schis
6] elase |

{7 0 =c#A=c41) % B

11

(B} mlse | :

(%] h= index of head of SrhSat
1101 = h & Bxfe=h+1)

I\

(11} return (ABSSrhitarget, SrhSet, 5,1}

The parameter & in ABSS is a value 1o ba
researchad. The procedure SagSeh i a sequential
search algorithm. (The details are ignored, U is the
same as the block from Ene (8) to {11) in BSS). Sirmilar
to BSS, tha mest critical decision iz line (5) which is 1o
decide the proper condition to switch to the sequeniial
Sgarch.
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it is not difficull to figure caft that it is more benaficial
swilching from the EBS 1o the ssquenilal search if the
fargel agent is within the range o logglength of tha
sparch list) gince tha average number of gearch probes
for the EBS iz m the order of O(fogalV). In other
words, il the target agent s within the rangs of
loglengih of the search list) away from the currently
pruh-d server, the sesarch agent had betler swilch 1o
the sequential search, The main prablem to carmy o
thiz idea iz thal the search agent might not know
exacthy whathar tha target agent is within that ange or
not, One possible way 5 o make a prediction and
accapt the possible penalty caused by tha astimation
erfars. Thus, it is a challenge 1o find a practical methad
that can minimize this penally, Since the thearstical
analysis = non-trivial, we proceeded with a simulatian
sludy far the initial cheervation,

3.3 Gambling Range

Although the elapsed time is a good measure 10
determine whethar fo swiich from the EBS fo tha
sequential search, il depends on the axecution time of
the targeli agem in esch server and, thues, is
incorvanient 1o be wsed in  simulation sludiss.
Therefora, we propese the following moeded 1o faciltala
the simulation study. Wa first define the following
termes:

= targel gisfance:
the distance (number of sarvers) between tha
cumenily probed servar and the server where tha
target agant currenily rasides;

= gstimared largal disfance;
tha larget distance thal the search agent estimates;

= gambiing range:
the farthest estimated target distence that tha search
agent s viling 1o switch from EBS 1o the sequential
saarch,
Since there 5 no practical way to know exaclly the
target distance, a seafch agem can only eslsmate i and
make & ~gamile". Tha choica of gambling rangs
depands on the accumacy of the estimation and the
trade-off betwesn the “win® and “lese®. A winning
gambla will reduce the numbaer of search probas, whila
a lesing gambla will increase . An aggressive search
siralegy could takes & longer gambling range, while a
less aggressive search strategy could take a shorter
one, Inihe following section, we will prasen a sedies of
simulation  studies that, hopefully, cam cffar some
knowledoe 1o help users in datermining their best
g.;.mhln-; slralegies.

4. Simulation Experiments

In our simulation experimants, was ypes of gambling
strategies are compared. A slafic gambling sirategy
uses A fived gambling range regradiess the length of
the search list; whila a2 dynamic gambing stralagy
changes its gambling range eccording to the current
length of the search list. To simplify the simulation, the
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search agent doesn't make any prediclion. Instead, i
gwitchas 1o the sequential search directly when ihe
targel agent iz within tha gambling ranga. In other
words, the decigion ig made by tha simulator, not the
gearch agenl B the simuletion. Thus, tha perormancs
of a search algoribhm thalt wses a dynamic gambling
range represents a theoretical upper bound, in which na
penalty s incured due o any estimation eror, On the
other hands, & search algorithm that uses a statie
gamiding ranga will be clesar 1o the realily since # uses
a less apgressive gambling strategy for its lack of
pradiction accuracy,

4.1 Binary-Sequential Search

We first siudied the perdommance of symmetric BSS
where the search agent always probes the meddle
server of the search Bsi in the binary search phase.
The number of servers is sl a1 30. The BSS was
sirmulated wilh the [nl}m\'ing garmbding ranges: 0, 1, 3, 3,
and dynamic. When the gambling rangs is saf al O, the
BS5S is aciually a ragular EBS without any adaptivity at
all. The simuiation resulis are shown in Figure 1. As
we can see that the perdormance of the one with
dynarmic gambling range is the best representing an
upper bound, while the one wih 0 gambling rangs is
the worst, The pedormance of those with 2 non-zero
gambling range are all batier than EBS. The adaplivily
aciualky olfers a :.in;ni'u;a.rd p-n'inrr'nann: enkancemeant,

4.2 Asymmetric Binary-Sequential Search

We then repeated the simulations fof the ABSS, All
parameters but the probing range are the same. The
probing ranges are first sat 81 0.4 as suggested by our
previous sludy [7]. The simulstion results are shown in
Figue 2. The adapiiviy actually oflers some
parlormance  enhancemant to ABSS. As we have
expaciad, the perdormance of ABSS iz better than BES
due to the perdormance gain obtained fram  the
asymimeirie probing range. The comparizon = shown in
Flguru 3 whera the probing rang® = sef af 0.4,

4.3 Observations

Frarm the simulation resuls shown above, we can seg
that the adapiivity actually reduces the number of
search probes for tha EBS. It also prafers an
asymmetric probing rangs in tha binary phase becauss
probing a visited sarver may obtained some helpdul
information in pradicting the kecation of the 1argst agant.
Furthermore, an  apgressive search  strategy  that
chooses a lvnger gambling range may not always batlar
than a less aggressive one dus to the estimation arrars

5. Concluding Remarks

To kcate an agen i a mobile agen service network is
a critical problam, In this paper, we demonsireied a
new technigue, adaplivily, thal can be applied to tha
most existing search algorghms o reduce the nember
ol search probes, An adaplive seanch strategy will taks
different search stralegies adapting 1o the most current
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astimation based on the most currant knowledge about
the target agent. In 1his paper, a search agent can use
the elapsed time since the target agent |eft a sanver 1o
pradict the cument lkecation of the target agenl. Dus 1o a
lack of knowledge about the exact execution time in
aach server, this location pradiction is restricied within
the near neighborhood of the currenily probed server,
Chur sirmulation studies show that the adaptivity actually
reduces the number of search probes for tha EBS.
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