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Abstract:

This paper introduces MICP, a nowel multi-version integrated cade eplacanent and préetching
algorithm desiged for dficiert cache andransation management in hybrid data deivery networks.
MICP achiewes ths by taking into accounthe dynamically and spaadicaly changng costbendit
ratos of cacled and/a dissemnatedobject versons by making cache refacment and pefetching
decsiors send#tive  the objeds accessprolabilities, thar position in the broadcastcycle, and thar
updae frequercy. Additionally, to elminate he issueof a newy creded or otdaed, bu re-cacheale,
object version replacing a version tha may not bere-acquredfrom thesever, MICP logcdly divides
the clent cade irto two varable-sized partiions, nanely the REC and the NDN-REC paritions fa
maintaining recachable and nm-re-cacheale olject versions, repedively. Besides judicioudy
selecting replacenent vctims, MICP seledtvely prefaches popubr ohed versions fromthe broadag
channéin orderto further improve transation respase time. A simulation gudy conpares the MCP
algorithm with oneoffline andtwo orline cacle redacenent andprefetching agorithms. Peformance
resuts for the workloadsand systemsetings congdered denonstate that MICP improves trasadion
throuchpu rates byabout18.9% corparedto the bet peforming online algrithm and it perbrms
only 40.8% wasethan anadaptal version of the offline algrithm P.

1 Introdu ction and Motivation

A mobile hybrid daa delivery network is a communicaion infragructure tha allows bi-directional
communicaton betwen afixed host al caled Mobile Suppot Staion, andmobile clients ether
through a bw bandwith point-to-point chand or to all acive clents throudh a hidh bandwidh
broadasg chamel. As thenane indicaes hybrid dda delvery conbines push-and pulbased data
delivery in an efficient way by broadcasng the daa items that are of interest to a large clent
populdion and uricasting less ppular dat itens onlywhen hey arerequesed by the clents. While a
combined puskpull daf delivery mode has rany advantages seh & use scalability, bandwidh
efficiency; suport for disconnetions, etc, it dso siffers from two nmgjor disadvantags: Frst, the

client data access btency depends otthe ength of the broadast cyle for dat itens that ardetched



from the broadas chamd. Second, imice nost of he datarequess can @her be satfied by the
clients thenseles @ the broadtas chanrel, the rver lacls clear knowedge of the dient acess
paterrs. While the later weakness ca be diminishedby regularly sendng data sage profles tothe
sener, the former can berelaxed by desgning and deployng an éficient cade repacenent am

prefetching pdicy thatis doselycouped with the rarsacton manager of the nobile client.

Due to he physical congraints immanent in anymobile conmunicaton environments, such shigh
communicaton laercy, low networkbandwidh in the uplink diredion, intermittent comedions, et.,
the ngjority of applcations exected & mobile cients ae of he read-only type. Since hliere ae
typicdly many more readshan wites in podudion datalase systens [HSY99a, HSY99b], wst of
the daa conertions anmong transations resilt from readwrite canflicts. An alternaive appoach ©
redue, but ot diminate, cita cantention caised bysimultaneou$y runningtransacionsis to rmeintain
two or multiple versions of datba® items. Mult-versioring, also cHed transient versioning, is
effecive in rdaxing readwrite conficts tha may occur when eadwrite ard readenly transations
are pocessé corcurrertly. Interfeene beween readwrite ard read-only transcions can be
diminishel by forcing readonly trarsationsto readobsolde daabaseitens, this increasing thelevel
of corcurrency Forexanple, forcing a read-only trarsacton T to readdat grarulestha were up+o-
dateby the tme T darted o sonetime befoe, allows the ranscion scheduler to seralize T before al
concurently active readwrite transicions, theeby improvng the perfomance 6 the sptem
However, dimnishing the datacortertion béween readwrite trarsadions bymeansof maintaining
multiple daa versions is not as effective asfor read-only transa&tions since read-write transicions
typicdly need to acess ugto-date objetversiors to provde seializability guarantes.Therefore, n
this pape we conceftrate on multi-versioning to improve the perforrance ¢ mobile appications

issung real-only transations.

1.1 Multi-version Client Caching

So far, we hawe indicatedthat multi-versioning is a \eluale ard practiceble appioach b proces read-
only and readwrite transctions cowrurrertly. In what fdlows, we hidnlight various issies a nobile
cache ad pefach manager need to take into acmunt sotha key performance netrics suchas
throuchpu is maximized and abd rae is minimized. In particular, we popose anew conbined
caching and préetching algorithm idedly suiedfor mobile cients tha use nuilti-version corurrency
contol (MVCC) protocols [SSO01]to rdlax conficts betwen conarrert trarsactons. Sirce daa
cachng is an efedive (if not the nost dfective) and lherdore indspenséle way to redwee tarsadion
respase times [(K89], cache eplacenent pdicies hae been exnsvely stulied in conveniond
datalase nanagement systens [EH84, CD85, SS8@&R D90, 190, OOW93,JS94, N98, LKN+99].

Since conertional cahing techniqus are iefficient for mobile néworks where communication



channés form an irtermedigde memory level between tle clent and the sener am where
communicaton quality varies over spae andtime, nobile ca&hing pdicies [AAF+95, TS97, L98
KL98, XHL+00] hawe beendesiged, tha are tilored b the pecliaities and codraints of tre nobile
emvronment. Howeer, to our knowledg, none bthepropogd cabing strateges designed ather for
the gationary or for the mobile clent-server architectue tackes the problem of managng multi-
version dient bufer pook efiiciertly. Multi-version clent caching differsfrom mono-version czhing
by at least tw key obsenrations. Frst, the cot/bendit ratio of disimilar versions of a datatemin the
client cache may vary over time depaéding on the sorage belavior of the ®rver, i.e., if the sever
discards an olject version useful for the dient, this version’s cest/berefit ratio increa®s $nce it camot
be reacquied from the sever. Second, ersions d different ditaitems may for the sane reason hve

disgmilar cog/bendit ratios desjite beng equdly likely to be réerenced.

The following exanple illustates thke afadementioned pecularities. Suppee adiskess mobile clent
exectes a eadonly transation T, with BOT seializability guarantes [S01], i.e,, T; is forcedto real
the nost recent olhject versionstha existed by its garting pant. Assune the gart timestanp TSof T;
is 1 and tke daabase comsists of four oheds {A, B, C, D}. The dient cache s$ze is very small and nay
hold only two obed versions. Futher, it is up to the dient how many versions d each objed it
maintains. For spce ad tme efficiercy reasos, the datdhas sener hdds a resricted nunber d
versions nanely the las two committed versiors of each dta item Additiondly, assure the clier
access attem is totaly uniform, i.e.,eacholjec is equaly likely to be accesed.At thelogical time 5
(readwrite transction with conmit timestanp 5 has justerminated theclient cache hids the sé of
objects {A, B} and the sever keeps ofects {A1, As, By, B1, Co, C4, D2, Ds}. Note thd the subsripts
assiged to oljed versions coresmnd tothe commit timestanp of thetransa&tion that aeded the
resgecive version. Now, sipposethe client requres readinga trans&tion-consisert version d obhed
C. Since tlere is no sah version of olject C catheresiden, the clent fetches te missingobjed from
the rver. By the ime the olject arives at the client, the locd cachereplacement polcy needsto
select a replacenent \ictim to free sone cachespae. h this ca®, ajudicious cahe regacement
strategy would evct B, since itis the orly object \ersion thd can beae-acquied fromthe serer, ie.,a
cachereplacenent wlicy sutalde for a multi-version cahe reed © incorporate both probablistic

information o the likelihood of obect references in the future anddata re-acquistion casts.

1.2 Multi-version Client Prefetching

Apart from denmand-driven cacling andjudiciousevction d object versions from the cack, another
technque that an be sed to reduce on-demand feches is dat prefeching, by which the &ent
optimistically fetches versions of d#a itens fromthe serer andor broadcast channel into the achein
expedation of a later request. Sirce pefetdiing, espeially if integated with caching, strondy affecs



trarsadion repong time, \arious combined caching andprefetching tedhniqueshawe been stulied in
staionary conputing [PZ91, CFK+95, CFK+96,TPG97, N98]. Work on preféchingin mobile daa
broacdtaging envronments has been condted by [AFZ96]. Again, as for cachingpreetching
mechanisms proposedin the lterature are indficient for mobile data dssemination apjications
utilizing MV CC shernes b manage readonly transations. The reasos ae twofld: Frst, dgorithms,
such as P{ and LIX, propsed fo daa pefetching in broadas envronments AFZ96] are basd on
simplified asunptions sich as no daba® updates ad no use or ailability of uplink
communicaton faciities. Second,and nore inportantly, al previous prefetching straeges are for
mono-version déabase sgtens and thezfore lack theability to meke proper préetching decsions in a
multi- version envronment. In contrag, we base oumodel on nore redistic asumptions and deslop
a prdetching algorithm that is nulti-version mmpliant. As preetching may unfold itstotal strengh if
deeplyintegrated with daa caching, our preféching algorithm uses the saencostbendit metric for
evaluatng prefetching candidéesas tke cahe eplacenent algrithm. To ensue tha the piefaching
algorithm doesnot hutt, but improve peformance,we allow only prdetches of versionsof objects that
hawe beenreently referenced anl whos catberefit raio exceed the value d any caded dject

version.

1.3 Paper Structure

The pape is structured asfollows: Secion 2 desaibes te nmodel undeying MICP (Multi-version
Integated Gching and Préetching algorithm). Secion 3 contéans a @tailled desaiption induding the
pseudoesode of MCP and $ conduded bya dscusion of algorithm implementaton and prformance
isstes. Seton 4 repaots on detded expeimentd resilts thda show the gperority of our algrithm
conpared to pevioudy proposed &ching and preétching policies and pesers the peformance gp
of MICP comparedto an offline dgorithm having full knowledge of the client access pttern. The

papers condusionsandsummary are tobe foundin Secion 5.

2 Systen Desgn and Assunptions

The pimary conponents of the da ddivery architedure ae the dtabase erver, the hyrid néwork,
and he nobile dients The fdlowing subgdions depid the desgn of the hybrid daa delivery
network the aganization and stucture ofthe cient and senercade, anl the dient cacheinvalidaion

and syichranization schene.



2.1 Hybrid Data Delivery Model

We have cho®na hybrid data ddivery systemasthe undetying netwak archtecture for MICP sine

a hybrid pushpull scheme has the ahty to mask the disadarntages of one dta delivery mode ty

explating the adwentages of the dher. Snce boadcasing is epeaaly effective when used for

popula daa, we asune that the sever bradcasts only such datahat is o interest tothe ngority of

the clent populaton. Our broadad structureis logically divided irto three segentsof varying size:

a) index segnent, b)daa segment, andc) corcurrencycontol informationsegnent. Each minor cycle

is aupplemented vith an index to eliminate the need fa the clients to listen to the broadcast

coninuouwsly in order to locatethe desred olject version onthe ctanné. We choose {, m) indexng

[IVB97] as the ndetying index alocation method bywhich the wholeindexis broadcat m times per
major broad@g cycle. The data sement, on the ther hand, sadly contains hotspot dda pags. Noe

tha we assuma fla broalcast dsk apprach fa pag schediing, i.e., ech and eery hot data pagis

only broadcast one within a ngor cycle. Fo data congstercy reaons, we model thebroadcast
progam so ttat all data pages diseninated ae a consitent snaghd as of the begnning of each
major broadcast cycle. Thus, tle nodified o newly creaed oled versions committed dter the

begnning of an on@ing major broalcast cycle will na be ircluded n anydatasegment. To guarariee

cachecorsistency despte sener upddes, each mnor broad@d cycle is preceded with a CCR as
descibed bdore.

The secand cae conponernt of the hyorid dat ddivery systam is the pint-to-point chand. A point-
to-point clanné may be utlized by the dient to reques locdly missing or nonscheduledobect
versionsfrom the sever. Further, clients are allowed to wse the kack chanmel to the srver when a
requred ohject version is £heduded far broadcasting, but its expeted ariival time is abowe the uphk
usa@ thieshdd [AFZ97] dynamicaly set upby the sener. This gotimization helps clients improve

there resporsetimes.

2.2 Client and Sever CacheModel

Conventioral caching and prefdching strateges are typicaly pag-based sine the opgmmal uni of
trarsfer between systens resoucesare pags with sizes rangng from 8 KB to 32 KB [GG97]. In
mobile daa ddivery networks cacling and pefeching data on aoase gandarity such a pages is
inefficient due to the plsjcal congraints andcharaderistics of themobile environment. As mentioned
befae, the communicaton in client-server diredion is handtapped by low bandwidh wireless
channés. Chmsing page-sized ganulesto be he unt of tranger for dat upoadswould be a wste ¢
bandwdth conparedto sending oljeds d much smaller size in ca® d alow degreeof locdity. Sine
a dat broadcasting sener typicaly senes hundreds of thausards of nobile clients andead client



tendsto hawe its own setof frequently accessel dda itens, itis not unrealistic to assure that the
physical déa orgnization of the serer may not conply with the indvidual access patiern of the
clients. Therdore, in order to increag thehit ratio of the client cacte and to sawe scarce upink
bandwidh resouces, we deployour catiing and préetcting schene on an ofect bass. Hower, to
allow dientsto cachepages aswell, we opt for a hybrid client cacle casisting of a snall-size page
cache ad a larg@size object cahe. Whie the pag cache is u=d as wrking storag@ nmemory to
extrad and c@y requetedor prdetched olject versions irto the olject cacle, the ohject caches tak
is to efficiently maintain those ofed versions,i.e., it is uised & daa gforage memory. Note that ou
intuition abou this cachke stucture has leen confirmed expemmentaly by a perbrmance sudy
[DMF+9Q] denonstating that anobject-basedcaching architecureis supeior to a pag-based cehing
architecure when phical clugering is poor ad the dient's cacle siz is snall relative to the e of
the datbase which is typical for a mobile emvironment. We further asure tha the broaccag sener
also manages its cade by a hybrid of page andolject cacling. The stucture d the server cadeis
similar to the one degribed in [Ghe95] with the excaption tha multiple versions d objects may be
maintained fa concurrercy contrd purpose. Again, the e d bot cachetypesallows usto exploit
the virtues & each.While the pag cache s usdul to efficiertly sene broalcast requests, indallation
reads [0S94, dc.,theobject cacheis atiractive for recording ojec modifications.

2.2.1 Version Control Model

To implement \ersiontracking, each ofect version is assigied a nonotorically increassing timestanp
that refleds the logcd time when it has beecreasted. Wheneer a red-write transation T issus a
write opesation on an oject X and T commits at the major broedcast cycle MBCj, it crestes a new
version d X, deroted X;;, wherethe sibscipts i and j symbolize the nurber ofthe ngjor broactas
cycle (MBC) andminor lroad@g cycle resgecively, tha existed by T's commit time. Assaiating
timestanps o olject versionsis requredin order to distinguish between different versionsof the sane
object andto synchronize readenly trarsadions wth conmitted andor curently adive readwrite
trarsadions [SS01]. Snce multi-versioring imposes dditional memory and procesgooverheadson
the client and srver, we assune tha the nunber d versions maintained in the involved memory
levels is restricted. Fa clientsit is sufficient to maintain a mosttwo versions of eachdaabase dject
at awy time sirce we assime that clients d nat execue transcions in padlel. In cortrast, the sever
may need tomaintain ewvery objed versionin orde to guaranteetha any readenly transction can
read fom a transation-consisent daabae snpshd. Since sub an appoachis impracicade, we

assune tha the srver naintains afixed nunber d versions.



2.2.2 Cache Synclhonization Model

Hoarding, caching, or replicaing datain the dient cache B animportart mechaiism to improve data
availallity, respnsetime, andto reduce powe-consunption of mobile dients. On tre dhe hand,
data ypdaes onthe sener make cache cosistency a chalenge. An effective cache syclhronization
and upate srategy must ensurecorsistency andfredinessbeweenthe achel dataon the client and
the original daa on the saver. Wlile invalidation messags ae spae andtime efficient, they lack the
ablity to upda¢ the @che with rew object versons. Dueto the inheent tradedfs betwen
propagtion and invalidaion, we erploy a hyrid of the two tchriques. O the or hand,the
broadcast server peiodically disseminaes a propagation report, caled CCR, whth is a simple
structure tha cortains, in addifon to conairrency contol information, idertifiers ard values d
versions of those ohects nodified during the last minor broadcast cycle [S®1]. Based onthose
repats, mobile clients operding in conneted node can eady updae thdr cache at low costs
However, since CCRs contain only conaurrency control information wrt the last minor broadcast
cycle, ttoserepats ae weles for cache synchronization of fresly recomeded clients that hawe
missed one omore CCRs. D redlve ths problem, we assuratha the srver maintains the updae
history of the lag w MBCs as popasedin [BI94]. The hstay is usel for client cacheinvalidation as
follows when a robile client wakes up froma disconecton, it waits foar the net CCR to appear @n
checls whether the fdlowing equationis valid: tccrc < tccr, + W, Whee tecre denotes the timesemp
of the curent CCR and ccr, represerts the timestanp of the latest CCR report received by the client.
If so, a d@dicaed invalidation repat (IR) can be requesed by the dient to invalidate its cache
propely. An IR is implementedasa list of tupges that congins the same elerrents asa CCR, with the
excepion that orly the denifiers of the nodified objects are naintained. F the dient has been

disconededfor more than w MBCs, tle erire cacle mntents hasto bediscardedupon econrecion.

3 New Integrated Algarithm

The design of MICP consits of two conplementary algorithms tha behawe synergsticdly. The first
algorithm, resposible for sekcing redacenment vctims, is @led PCC (Probabilistic Cost-basel
Caching and the seond one for daa pefetching is dended as PCP (Probabiisic Cost-based
Prektdiing). While PCCmay be enployed without PCP in ordeptsawe scace CPU processg and
batery power of mobile devices, P® lesto be coupled with acacheredacement pdicy tha usesthe

samne or simlar metric for decison mekingin orde to explat its pdertial.



3.1 The Multiversion Cache Replacement Algorithm

The principle goal of any cacheredacement polcy designed éther for broad@stng or for unicasting
envronmentsis to minimize the average respnsetime a usgprocess experiences when requesing
dataiterrs. Tradtiond cade replacenent pdiciestry to achieve this goal making use oftwo dfferent
appraches. The first caegory requies irformation from the databse apgicaton. That information
can e either oltained from the appication drectly or from the quey opimizer that procesgs queaies
of the wrrespnding applcaion. The £condcaegry of redacement algrithms bags its desisiors
on obsevations d past accessbehavor. The algorithm proposedn this pape& belong to the latter
group, exends the LRFU policy [LK N+99] andborows from the 2Qalgorithm [JS94. Like LRFU,
PCC quanifiesthe probability of an olped being reteferencd in the fuure by assotating with eah
object a scoe vaue tha reflecs the é&fects of he frequencyand reency of past references.More
predsdy, PQC conputes a comined reency and fequencyfador for each olject X whene\erit is

referencedby a transaction usingthefollowing formula:

CRF, ,(X) 1 2 (0D cRrE(X) with 0 1 (1)

where (RF,(X) is the conputed \alue ofthe conmbined reency and fequency factor of olgect X over
the lag n referenees, t. denotes the rderence nunber assoiated with the wrrent time of objea
reference, {(X) is the rerence nunber assiged to olpect X when & was last acessed, and is a knd
of “dide cortroller” that allows PCCto weagh theimportance of recercy andfrequencyinformation
for the regplacenent séedion. Note tlat if converges towads O PCC behas nore like an LFU

policy and cotrarily when appoachesl it acts norelike an LRU pécy.

In contras to the LRFU dgorithm, PCC basests replacement decsions nd only on recency ard
frequency information of historical reference péterns, bu adlitionally makes use 6 three further
factors besides the future reference pobabiity of objeds as epres®d by CRF. Firs, in order to
reflea the stuation tha instartaneous acces cests d dat itens schedled for broad@aging are non-
consént dueto the seial nature of the lroadcast medium, PCC’s replaenent deisonsaresengtive
to the actual stae andconentsof the broadcast cycle. More predsdy, PQC accauntsfor the casts of
re-acquiing object versions by evicting those wersions that hawe low proballities d access and low
re-acquistion wsts. To provide a cormon metric for conparing coss d geding olject versions that
can ke re-cached fom the broadtas channé andbr databese saver, we measue re-acquistion cogs
in terms of broadcst unts. Since we asine that dients ae awae of the paition of each olject
version inthe ngjor broacast cgle MBC), ddermining the nunber of unitsitl a version reappeas

on the chnné is straightforward. Etimating the cats d refetching a requeted \ersion from the



sener is more difficult since thd value dends on jprameters sih as he curent networkand sever
load aml the éfect d cading on the serer. To keep our cduing algorithm as sinple as possile, we
use tle upink usa@ threshold as a isnple guideline for appoximating data féch ccsts. $nce the
uplink usa@ thieshdd provides aining knob to contol the sener and retwork utilization and,thus,
affecs dat fetch costs its dynamicaly fixed value corrdates wth the daa fetch latency a client
expererces wien equesting data tens from the server. If the treshdd is high, the systemis
expetedto opeate unde a high workload and herefore dada retrieval cods ae hich as well. h what

follows, we @nate there-acquistion cods d anobjed versionX;; attime t by RG(X;;).

A second paraater PCC uses to ake replacemnt decsiors is the frequercy of olject updaes. As
notedbefore, multi-version datba® systens suffe from high proceseg andstaage overheals if the
nunber of \ersions naintained by the serer is na regricted. Howewr, limiting the nunber of
versions afects the likelihood of daa requeds from the clients beng satsfied by the sever. To
accoun for the pobablity that an ofect is updated within a ngjor broad@ast cyle, the sever
(re)computes tle updae frequencyof an doject X a the end oeachMBC wherever a newversion d
X has been cededin the ourseof thelag MBC by the fdlowing formula:

(IDvecc  Dwsc, (X))
UR

UF (X)) 1 ) URKX) (2)

where is an agng fador to adap to changs in acces pettems by assgning higher weights to
current upddes, Dygc. is the nmonotoncaly increasing idenifier of the curert MBC, IDygc,(X) is
the icenifier of the MBC where olpect X was last umlated UF,(X) is the ombined updée frequery

value of the pevious n updates of X ard UR denots the awerag nunber of updtes (uglate rde)
within anMBC.

Last hut not least, a replacerment poicy sutade for suppoting MV CC piotocols need o take into
accoum the dorage policy of the sever. Besdesthe updae frequency of eah cata item, the \ersion
maintenane stategy of the serer afeds the likelihood tha an obsate ohect version ca be re-
acqured orce evcted fromthe clent cache The nore wversions of anndividual dbjed are kept by the
sener, the hgher the protabiity tha the sever an stisfy requess for that olject. RCC incorporates
the \ersioning policy of the serer by means of two coplementary methods:First, it conputesre-
acqusition coss of inimemory object versons baed m ther refetch prokabiities (see Equigon 4 ard
5) ard seond, it takes are d non+e-cacheale objed versions by placing them in a dedcaed
parition o the cient objeda cade, cded NON-REC (nonfre-cacheale). Recacheable dbct

versions onthe dhe hard, are mnaintainedin the REC (re-cacheble) pat of theclient cache.



The reason for cache prtitioning is the olsenation that rderened or pefetchedre-cacheald ohed
versions nay potentaly replace nonrecacheale versons. With regard to the siz of the cacle
paritions we found that NON-REC should nbexceal 50% of the owerdl client cacle sze andREC
shoull hold atleast 50% of the ohjeds gored n the cacle. The justificaion for those values b as
follows the ngority of uses issung read-only transations want to obsve upto-date oled
versions i.e., they usudly initiate queies with either begin of transction (BOT) or drict forward read
guarantes [S®1]. By assiming that clents do nd execue more than oe read-only transation & a
time and tarsadions ae issted with BOT or stronger datacurercy requrements, thenat thar
starting point only upto-date object versions are usefil, i.e., NON-REC is empty at this stage. As
trarsadions progess, more andmore u®fu object versions may becone non+e-cacheble andneal
to be placed into NON-REC. Shce the stomage space nededto maintain non-re-cacheable ghbct
versionsis na known in adance and degnds on sah fadors as tansadion length, data ctreng
guarantes umler whch transadions run, dda uplat frequencyatthe sever, dc., PCC adajstto this
situdion by changing the size of NON-REC dynamically. That is, as demand for storage space in
NON-REC aises, PCC atends NON-REC by re-allocating olgect dots from REC © NON-REC
boundng the maximum size of NON-REC to 50%of the owerdl cade sze. Otherwse the system
performance ould degace dueto insuficient cachesze resrved for upto-dateor nealy upto-date
(recachehle) versions. It is importart to nde tha the de<ribed cacle gructure is aitade for
managng readwrite transacions & well. In this cas, the ache nanager allocatesall the awailable

cachespaeto REC which then lees onlyup-to-date olpect versions.

As all of the afoementiored paraneters influence eplacement decisns, it is obvious tha thee isa
needfor a sngle combined paformance natric to make conparisa of those values meanindul for
the caclke manager. To this end, ve combine the edimates gven abowe into a sinde performance
metric, cdled probdilistic costberefit ratio (P(B), which is conputed for eah cacheeddert obect

version X; at evction imet asfollows

PCB(Xj) CRR(X) (Thi(Xij) Tuiss(Xij))- (3)

In the aboe formula, CRF(X) derotes the rereference pobablity of oject X at time t, Ty, is the
time in bradcast unts it takes to refetch olject version X;; if evicted from the cack, andTyiss
represeaits theweighted time required to reprocess all copleted red opeations of the active read-
only trarsadion in @seit needs @ be abated dnce X;; is not anymore systemresident andhus
canna beaces®d. The ime to serice anobject version reqied that hits either the lroacdtag chanrel

or the sever memory is theprodict of the following paraneters:
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T (Xi)) (@ UFEQMe=®i)y Ro(x ), (4)

where Neson(Xij) denoteshe nunber of \ersions of object X with conmit timestanps equéto or
olde than X;; curertly kept by the ®rver. Further on, we conpute Tyis{Xi;)) as a weighted
approxmation of theamount of time, denoted keproces(Xij), it Would take the client to redore tre
currentstateof the active readenly transation for which X;; is uséul in caseit has to e abated due

to afetch miss d X;:

Nversion(xx )
TMiss(xi,j) UF(X) ! TReprocesixi,j)’ ( S) )

where Treproces(Xij) iS the sumof the weightedretrieval and procesing times for the olject versions
tha hawe to be obtmed fom the broadag cycle andfor tho® fourd in the tient cacle (we asame

thelengh o procesing a client cache ht to be me troadcas tick), and s conputed as bllows:

L—— - -
TReproceséxi,j) NéBC (1 CHR) Nread CHR Nread' (6)

In formula 6, Lz reresns the averag lengh of theMBC, CHR denots the averag clent cacte

hit rate, and the expression NeaqSynbolizes thetotal number of read oeraionsexecued 2 far by the
actve read-only transction tha is forced to readobject verson X;; for deta consstency reaons if

object X is requested by thetransaction.

The conplete PCC agjorithm invoked upon a &ference 0 an olject version is illustrated n Figure 2.
The algorithm contans anumber of functions ugd b modulariz the ®@de. The fundion part(string
objed_wersion) determnesthe patition of theclient cachein which X;; is o will be maintained, he
function sdect_victim(gring partition) selets and eicts the olject version with the lowest PCB value
from the @cheandretrieval latency(@tring ohject_version) returns te estimated ime to sevice a

fetch request for oljectversion X;;, denoed T(X;).
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IF (Xi; is dreadycacheresdert) THEN
BREAK
ELSE /* determine replacanent victim */
IF (theris nofree s@cefor X;; in part(X;;)) THEN
selest_victim(pari(X;;))
FI
insat X;; into the freeor recenty freed cacheslot
FI
conmpute (RF,.4(X) accordng to equéion 1
t(X):=t

select_victim(strin g partition)

min:= 0.0

FOREACH obec version X;; in patition DO
T(Xi;):= retrieval_latercy(X;)
IF (PCB(X;) <= min) THEN

victim:= Xj;
min:= PCB(Xi;)
FI
oD
evict replacenent victim from cache
RETURN

retrieval_latency(string Xi;)
IF (pat(X;) == “REC’) THEN
calailate Tyi(X;;) accordng to equabn 4
conpute Tyis{Xi;) by usingequdion 5
ELSE
pari(X;;) == “NON-REC”
Thie(Xi):=0
conmpute Tyis{Xj;) acordng to equaibn5 with UF(X) setto 1
FI
T(Xij):= ThilXig) + Twisd X))
RETURN T(Xj;)

Figure 1:Pseud-code of he Prolabiistic Cost-basedCaching(PQC) Algorithm

3.2 Multi-version Prefetching Algorithm

While PCCacheves the goal of improving transcion respong times bycachng requesed olject
versionsclose to the dabase application, PCP tres tofurther reduce fach laency by pro-actively
loadng usdul ohed versions wih high access pobabiity andbr high re-acquistion cods into the
cache in anicipaion of thar future referene. As uncorrolled prefetching without reiable
information mght nothelp, but exen ham the peformance,the geatestchdlenge of PCP 3 to dedde
when and wkich oljed version to prefetch and which cacle dot to evict whenthe caheis full. PCP
taces those crallenges & follows: in order to behawe synergsticdly with PCC, PCP basesits
prefetching decisions onthe sane peformance netric, nanely PCB. Since dculating PCB \alues fa
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every objectversion thatflows pasthe dientis very expensve, if not unfeasble, PCP corputes thee
values oty for a snall subsetof the potenia prefetching canddates, nanely recenty referenced
objects. The easm for choosingthis heuristic is the assumtion that reference seqence exhbit
temporal bcdity [Den72].Tempord locality indicatesthat orte an ofect has be@ accessedthere isa
strang probalility tha the sane object(either the sane or different verson) will be aces®d agin in
the rearfuture. To decide whethe an dject hasrecently been réererced dients reedto maintain
historical information o past doject references. Aswill be eplained later, we assime that clients
retain swch information for the las r object acesses. Based on ths stdisticd data, P@ seécts its
prefetch camlidates bya smple policy. A disseminated olject version X;; qualfies fa prefetching, if
there exsts anyreeent entry for X in the eference history. If the condion is stisfied, PCP coputes
Xi;j's PCB ratio ad conpares the sae with the corepondingvalues of al caced datatens. If X;;'s
rato is gederthan tte leat PCB value of all cahedversions hen X;; is prefetched and replaces the
loweg valuable version. As for the PCC gorithm, prefetch canddaes conpete for the available

cachespae orly with thos versiors that kelong to the sane cache prtition.

Apart from prefdéching current and ron-currert versions of recertly referenced djects, PCP
download from the boad@stchanm all useful versions ofdat iters thd will be dscadedfrom the
sener by the end of the MBC. The intuition behind this heuistic is to minimize the nunber d
transadion abots causeal by fetch reqess tha canrot be sasfied bythe serer. A viable apprach b
redu@ the nunber d fetch misses s to cachetho versiors a the dient before they are garbage-
colleded by the sever. To implement ths appoad, mobile dients nesd information & to whether a
paricular obect version is disenmnatedfor thelad time on the lboadcag chanrel. Thereare lesicdly
two ways how cliens coud receve such inbrmation.First and nost conenierily, the sererindicaes
whethe an olject version is abou to be garbage-collectad. That information wuld be provided by
addinga respective field for each obed version in the dseninateddaa pages. Onthe other hand
clients coud determine whethe anobject version be@mes nonre-cacheabldy keepingtrack of the
object verson history. As the kiter appoad requires dients to hawe knowledg of thke wersion
management policy of the sener, weopt for thefirstapprach.To summarize, the conplete pssudo-
code & PCP s depictedin Figure 2.
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FOREACH obed version X;; in deta and CCR pag P DO
IF (Xi; is uséul for the active readenly transation && X is notcaheresicent& &
(there exists a GRF value for X;; at tre clent || X;; will be garbage-colleced bythe serer at
the end ofthe MBC) THEN
IF (theris afree cacheslat in pat(X;;)) THEN
insat X;; into pat(X;)
ELSE
T(Xi;):= retrieval_latercy(X;)
PCB(Xi;):= CRF(X)  T(Xij)
IF (PCB(Xi;) > min_pcb(@rt(X;;))) THEN
selet_victim(pari(X;;))
insert X;; into the dot of the reently evicted olject
Fl
FI
FI
oD

min_pch(String partition)
min:= 0.0
FOREACH obed version X;; in patition DO
T(Xi;):= retrieval_latercy(X;)
PCB(Xij):= CRF(X) T(X;)
IF (PCB(Xi;) <= min) THEN
min:= PCB(X;)
Fl
oD
RETURN min

Figure 2:Pseud-code of he Prolabiistic Cost-basedPrektching (PCP) Algorithm

3.3 Maintaining Historical Reference Information

It has ben nded that MICP takes into accaunt bah recercy and frequemy information on daa
accasse in ade to sdect replacenent victims. Sinmilar to LRFU, MICP maintains CRF values ona
perobject basgs tha cgture information onboth recency and frequency of acceses. Hwever, in
orde for MICP to be efedive, skh values ne2dto be retainedin client memory not onlyfor cache-
resdert ohjects but &so for evicted dat items. The necesy to keep hisorical information of a
referenced olpec even afer dl versons d an oljed haw been eicted from cache was first
recogiized by [OOW93] and was termed “rederence retained information poblem”. This prablem
arises from the fact that in orde to gather both recency and fequencyinformation, dients reedto
keep hisbry information an recently referenced olpects for sone time. Thsis in paricular requiredto
recoquize the fequency of olject referenes. f CRF values are naintained only for cacled daa itenms
and the sie of the clent cache isrelatively small comparedto thedaabese size, then thee exsts a
danger that MICP overesimates reency information sinae frequency information is rarely available.

On the otler hard, staing referance nformation consunes \aluable memory space tht coud
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othewise beusedfor goring data olects. To limit the memory size allocaed for histaical refererce
information, [OOW93] swygests sbring thatinformation aily for alimited period of time afer the
reference hasbeen recorded. Asreasonable rule of thumb for the length o this period they use the
Five Minute Rule [GG97].Howewer, applyng it in amobile envronment nay be ingpragpriate for the
following reasn: a tme-based apmach for keepng refaene information dsobeys the awailable
cachesize ard referene bénavior of the cient. Fa exanple, if aclient operaes in disconnected mode
due to a lak of networkcoveragg, its pracesing may be inerrupted beeuse a déa reqies canrot be
satsfied by thelocal cacte. In such a suaion theclient needsto wait till reconrecion for transacion
processing to contnue. $nce digonnecions might exced 5 ninutes, dlthe reference iformation
will belost during sucha period. Onthe other hand,if the dient cade s$ze is small, the reference
information nust bediscarded een ®one than 5minutes &er the last reference. To reslve the
problem of deternining a reasomable guideline far maintaining CRFvalues, we onducetd a seies of
experments. We figured aut that clients with acadesize in therange of 1 to 5% of the datbase $ze
shoull maintain reference information on dl recently referened oljeds tha would fit into acacke if it
were three imes adarge asits adud size. Clearly, dueto its time-independece such arule awidsthe
aforementiored problem of discading reference information diring pefods when tients ae idle.
Second,it limits the anount d space nealed for stoiing histaical information by couping the

informationretain period to the dient cache sze.

3.4 Implementation and Performance Issues

Due to spae restrictions, only sone selectedtopics of inplementing MICP are dscused. Fo
implementatio issues suchas sbrage orgnization, garbage colection, dc.,in amultiversian daabase
system we refe the interestedreaderto the rdevant literature [BC92, WWO01]. The previous ction
has shown tha MICP basedts redacenent and prefetching decisions on a nunber of factors
combined inb the P@ raio. However, this metric is dynamic since i chages at eery tick of the
broadtas. Althoudh in theory one coull deermine those aues while a pag is beng trarsmitted,
such a appoach woud bemuch too expnsve. To reduce oerhead, weprgposetha the estimate of
PCB for echcacled daaitemis updaedeither only when a eplacenent victim is slected a at fixed
times such sthe keginning or the end ba ninor broadag cycle. While experimenting with our
simulator, we noticed tha both appoactes ae vialde to redue processng overhead rerarkably while
providing good peformance resilts. Howeer, we favor the later technigue snce it may make MICP
conmpute P@® vaues less fequently. In what follows, we refe to the version o MICP that catulates
PCB values peiodically asMICP-L where L sandsfor “lig ht".

Sewral statistical parameters are required when @lculating PCB values br cacheresicent obect
versions While nost of then can be acquoed atthe clent-side, the UF and tle N,erson Should/reds @
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be obained from the sever. Althoudh clients coud individually detemine UF \dlues br database
obects, this appoach woud be bo exmnsgve in tems of CPU e@erhead ath power cosumption.
Instead, v propcsetha the sever certraly calculates UF valuesand riodically broad@ads them
Nveson Values, onthe dher hand can oy be deérmined with the kowledge on the wersion
management policy of the sener. To inform clients on how nany versiors of an oljed the sever
guarantes to naintain, thesener asgns a corespording counte to each \ersion of an olect When
a newobed verson X;; is creded at the saver, its courter is initialized to 1(X) which equds the
nunber of \ersions é& X the serer is conmitted © siore inits memory. Additionaly, the coungrs of
exigding versions of X are decrenented byl at boh the sever and tle clent. If the \alue of tre
couner is zero, the olject version is gleced fa garbage-colledion by the ®rver and comd from
REC into NON-REC if stored by the client.

In addiion toredwing procesing overhead byregricting the fequency of cdculating PCB values,
MICP requires a da dructure tha efficienly maintains tre P@ vaues. Like many other cach
replacenent algorithms, MICP can beimplementedwith two (binary) min-heaps tiat maintain the
ordeiing of olject versions stored in NON-REC and REC, espectively, by their PCB values. Usng
min-heaps thiacortain the olject verson with the snallest GRF value at the root allows MICP to
make replacenent decsions in Q1) time. Insert ad dekte opgatons talke & most O(logn) time,
wheren dendes the nurher of objed versions maintained in the respedive caheparition. Thus, the
time conplexity of each cahe repacenent opeaton is O(logyn), which is simlar to thd of the LFU
policy but congleraly higher than trat d the LRJ. As noted lefore, P values ae recalcdated a
fixed ime perods. Rehilding the mn-heaps has time conplexity of O(rlogn).

4  Performance Evaluation

We guded and conpared the prformance ¢ MICP with other online andoffline cahing and
prefetching agorithms via simulation and rot andyticaly becasethe effects d swch parameters as
trarsadion length, dient cache &e or rumber of wersions naintained by the sener depend o a
nunber of nternd and exernal systemparaneters tha canna be precisdy estmated bymathematicd
analas. The smulator and the workloads are besed on the nodel desgned fa evaluaing the
performance of \arious isdation lewels for readenly transatons [SSQ] exended by MICP and sme
othea popubr cahing and prefeching algorithms. In the fdlowing we introdice the sgtem and
workload nodel, fdlowedby experinentd resuts for our smulator seup. The se&tion is conduded by
a semitivity aralysis that shows the effects of varying values of smulator palameters on the

performance d MICP and otheknown poicies.
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4.1 System Model

The simulation model comists d the following care conponents @ sever, b client, ¢) broadcast
disk, and g néwork, which are biiefly descibed bdow.

At its core the smulator models multiple mobile clients and a snge broadtast sever. Both are
modeled as coiging of anumber of subcomponentsincludng a procssa, volatile (cacle) and in
case bthe erver, gade memory (disks), i.e., we asume diskess nobile cients. Data is $ored on 4
disks nodeled as a FO queue.The urit of daa trarsfer between the sever arl disks is a pag of 4
Kbytes aul the grver keeps a todl of 250 pags inits dalde memory. The siz of an olject is 100
bytes andhe datbase casists d a set of 10000 oljects To refled the darackristics of a modern
disk drive weexpeimented with the paameters from the Quarium Atlas 1K 11l disk (seeTable J).
The dient CPU speed isesto 100 MPS and the seev CPU speecsil200 MPS, which areypicd
processa speels of tody’s nmobile and stionary conputers. We hawassotated a CPU instretion
cost with variousewvents a listedin Table 1. A sngle FIFO input quea is usedfor procesing events
such & disk I/O or senthg a messa@. All requestsare targed in terms of fracions d) broadcast
units. The dient cade sze is sé to 2% d the ddabese sie ard the sever cahe siz to 20% d the
datatasesize. As desribedin Seciton 2, we model the client cacle as a higrid conssting of a snall
page cache and lge ohect cacle. The pagbased segent of the caehe ismanaged by an LRJ
replacenent pdicy and tle olject-based sement is @verned byvarious onine and dline cahe
replacenentstrategesincluding MICP-L. Similarly, the sever acheis patitioned into a pag cacle
and a nodified ohect cacte (MOB). The pa@ cacle is managed using an LR policy and the M@ is
managed in a FFO order.In our basehe sdting of the smulator the MOB is modeled asa sngle
versioncade. This restriction islater renoved to sudy the dfects of maintaining multipl e versions of
objects in the sever cacle on the sstemperformance.Client cache sychronization and frehness ae
acconplished by inspeting the QCR at the beipning of each rmor bradcas cycle and by
downloadng newy creded olject versions whose PCB values ae larger than those o curenty

cachel ohjed versions.

The roaccad progam has a fla stiucture, i.e., al pages are pdpdicaly broadcas with the sare
frequency To acmunt for the high degree d skewnessin dai@ access paterns [ABC+96, DYC95
HSY99a, HSY99bhndto expldt the adwantages ofhybrid daa celivery only thelated versions of the
most popular 2% of the databse oljeds ae bradcast i.e., pags bioadastcontan ory a sinde
version d ewery dissenmaed oljec. EachMBC is aubdividedinto 5 nminor cyclesand eah minor
cycle conssts of a déa sgment with 10 paes, a (1, M index [MVB97] to neke the data dé&
desciptive, am a ©ncurency contiol repat.
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Our nodeled mtwork infrastructure corsists of three communicaton peths: a) broadcag channé, b)
backchamel from theclient to the sever, andc) downlink channé from the server o the client. The
network patameters of thase conmunicaton paths ae nodeled aer a real system such as Hghes
Network Systenis DirecFC [Hug01]. We set th ddault broadcast badwidth to 12 Mbps ad the
point-to-point kandwidth to 400 Kbps dowrstream and to 19.2 Kbps pstream The pant-to-point
networkis modeledasa FFO queueandead pant-to-point chamel is dedicated to 5 nobile dients
Charged networkcoss cansig of CPU costsdr messa@ processing at clint and serer, queling
delay ard trarsfertime. Pocessr codsinclude afixed anda variade cog componentwhile the latter
depend onthe messa@ size. With respectto messag latency we expaimented with afixedRTT erd-
to-end laency of 300 ms; this is a redistic value experimentdly measued by [Hen99]. To exdude
problens arisnhg when cliets opeate in dscaaneded mode (e.g consisercy checkng), we assum
tha clients are dways tuned to the broadcast steamand do no suffer from intermittent conrecivity.

To condude, Table 1liststhe systemparangters d the study

Seaver Parameters (Sensitivity Range) Broadcast Parameters (Sensitivity Range)
Database size (DBSize) 10000 dhjecs Number of broactast disks 1
Object size (OBSize) 100 bytes Number of objects dssninated per MBC 20 % of DBSize
Page size (PGSize) 4096 bytes Bucket size 4096 bytes
Sewer buffer size (SBSize) 20% of DBSize Number of index segments per MBC 5
Page huffer memory size 20 % of SBSize Number of concurency control reports per MBC 5
Object buffer memory size 80 % of SBSize Bucket header size 96 bytes
Number of updatesper MBC 1.0% of DBSize Index header size 96 bytes
Update range DBSize Index record size 12 bytes
Maximum number of MOB versions per object 1(1-5) version(s) Object ID size 8 bytes

Disk Parameters Network Parameters
Fixed disk setup costs 5000 instructions Broadcast bardwidth 12 Mbps
Rotational gpeed 10000 RPM Downlink bandwidth 400 Kbps
Media trarsfer rate 40.00 Mbps Uplink bandwidth 19.2 Kbps
Average seek time (read) 4.5 ms Fixed nework costs 6000 ingructions
Average rotationd latency 6.0 ms V ariable nework costs 7 ingructiongbyte
Page ftchtime 7.6 ms Propagation and queuing ctlay 300 ms
Disk array sze 4 disks Number of paint-to-point channes (uplink/downlink) |2
CPU Parameters Client Parameters (Sensitivity Range

Client CPU speed 100 MIPS Client cache size (CCSize) 2% (1% - 5%) of DBSize
Server CPU spedd 1200 MIPS Client obect cache sze 80% of CCSize
Client/Sever page/djed cachelookup 300 indructions Client pagecache size 20% of CCSize
Client/Sever pagelobject read 5000 ingtructions Retained information period 1000 (200-2000) references
Register/Unregister a page/object copy 300 indructions Aging factor 0.7
Register an object in theprohibition list 300 ingtructions Replacement policy control parameter 001
Prohibition list lookup 300 indructions PCB calculation frequency 5 timesper MBC
Inter-transadion think time 50000 ingtructions
Intra-transaction think time 5000 ingructions

Tabe 1: System Parameters of the Smulator

4.2 Workl oad Model

The different workloadsin our gudy hawe beer udin a peviousstudy to conparethe peformance
of various ilation lewels for readenly trangctions [SS01]. Two dfferert syntheic workdoads ae
usedto model the bkehavior of mobile appications running readenly trarsadionsin a hybrid data
broadtaging environnment. To produe daa cortertion in our $mulator, we perodicdly modify data
objects atthesaver bya workload generator that Smulates the effects o readwrite trarsadions keing

exectied d the ®rver. Acording to our glected sytem configuration 100 oljects are madified by 20
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trarsadions diring a MBC, i.e.,in thecourse d a mnor broad@g cycle 20 ohed versionsare newly
creded by 4 trarsadions that nodify 5 oljeds ech. Olects read ad written by readwrite
trarsadions ae nodeled byusinga Zipf distibution with paameter =0.80.The rato of the nunber
of write opeations versus he nunber of read oprations is fxed d 0.2, i.e., oty ewery fifth operation
issted by the sever results in an olject modification. Readsdnly transations are nodelal asa
sequene d 10to 50read opertionsand ae managed by the MV CC-SFBS protool [SS0]. The
access priahblities d client real opestions follow a Zpf distibuton with paameter =0.95 aml

=0.80. Whie the =0.95 =tting is intenced b dressthe systemby direding abait 90% o dl object
accasses to D% o the databese,the =0.80 sdting models a rore ralistic medium-contenton
workload @bou 7525). It shoud be nated tha the cbta acesspaterns of both readenly andread-
write rarsadions fllow the indeperdert referene model as desibedin [CDD73], i.e., eéxch olpect
has a norvariable pobability of beingaccessed aany time. To accoum for the impact on shiad
resouces (néwork, sener) when clists €nd fetch requess to he sever, we nodel ou hybrid dda
delivery networkin amulti-user enironment that sevices 10 nobile dients. As noted Here, clents
run only one eadenly transation at atime and inorderto acount for atransation think time
between two corseautive qoeraions andtransations we adda delay between thoseevents. Futher
notethat clients ae nd allowed to equest olject versions from the sever if they are schduled fa
broadtaging. This is regulated by the ugink usag threshold whos value is se to 100 percent To
contol the data aces bdavior of readenly transationstha have bea alorted, we use an abort
varianae of 100 mercent which means thithe restated trarsadion reals from a different se of ohjeds.

Table 2 summarizes the wokload paaneters used n our sudy.

Workload Parameters (Sensitivity Range)
Size ofreadwrite trarsacions 25 objects
Data updée pettern (zipf distribution with theta) 0.80
Size ofreadonly transactions 25(10 - 50) objects
Data acces pattern (Zipf distribution with theta) 0.80& 095
Number of concurent readenly transacions per client 1
Abort variance 100%
Uplink usagethreshold 100%

TaHe 2: Workload Parameters d the Smulator

4.3 Performance Metics

To evaluae the efectiveness ofthe MICP desiq, we neal appropiate peformance metrics. We
selected the rarsadion throughput rde per second which is the nunber of suiccesfuly terminated
trarsadions mr secord, asthe pimary perfamancemetric. Futher, we have chosenthe ache hi
ratio, defined & the nunber of olject referencestha were catured bythe cient cache dvided bythe
total number of eferercesissueal, as our ecordary metric. In contras to ahe simulation gudies
conduc¢ed before, the cahe ht ratio is not our key metric since MICP’s prinary goal isto meximize

transadion throughputby minimizing wastedwork performed byaboted trarseactions.To acheve this
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goal, MICP selets pefetching canddaes andcache repacenent victims basd on anunber of
factors where the future reference probability is orly one ofthem As a congquence,MICP's client
cache hit rate sufers dightly and tlerdore is nmot ou first chdce when conparing MICP's
performance wth aher caching and pefetching pdicies. Nog, howe\er, that the throudhpu metric is
sendgive to the uncbrying assurptions of the g/stem and workload sdtings. Theefore, the

performance esuts ae  be interpretedin the coniextof the cheensimulator configuration.

4.4 Other Replacement Palicies Sudied

In order to pove MICP’s supdority, we ne&d b conpare t with date-of-theart online ache
replacenent and prefetching policies. We epeiment with LRFU since it is known to be tle best
performing page-based care repacement poicy. Howewer, sine LRFU doesot useany form of
prefetching conparing MICP to LRFU diredly would be unfér. Therdore, we deciced toincorporate
prefetching into the LRFU and d@ote the resuting algorithm as LR-U-P. In order totrea LRFU-P as
fair as posible with respect to dda pefetching, we adopt th prdetching heurgtic from MICP. That
is, we sded dl newly creaged dyject versions dong with the versions d thos oheds tha hawe been
referenced wthin the lag 1000 dah acesss as pefeich canddaes. Ou of thosecandidtes, LRFUP
prefetchesthoe \ersions whose QRF values a&e larger than he snallest CRF value of dl cachel
object versions. Thereg of the agorithm works as desibed in[LKN+99].

In addifon to ®@mparingMICP to LRFUP, we expetinent with the WR agorithm [IN98]. We lect
the WR schene for conparison meinly becase t is an integated cahing andprefetching algorithm
like MICP and performnce reslts hae shown tlat W’R outpeforms caching and/or préetching
policies sut as LRU, 2Q JS94] and LRUOBL [Smi78, Smi85]. Howewer, sinceW’R has ben
desigqed for canventiond page-based debase sgtems, we need to addpt to the chaiaderistics d a
mobile hybrid data divery environnment in ordera make it conpetitive to MICP. Our goal was to re-
desiqy W?R in sich a vay that is orignal design targets andstucture are 8ll maintained. In the
following we refe to the anended ersion of WR by W?R-B where B stand$or broalcast. Like
W?R, WPR-B parttionsthe client cacheinto two rooms calledthe Weighing Room and theWaiting
Room While the Weighing Roam is managed as arLRU queue the Waiting Roomis managed as a
FIFO queue.r contrat to W?R, WPR-B admits bothreferencedand pefetchedohject versions into
the Weighing Room However, W?R-B grants adrisson tothe Weighing Roomonly to newly creaed
object versions,i.e.,those listed h the CCR, ad who® undelying oljects have been eferenced with
the las$ r data acceses.The other modified dojects containedin CCR andall the prefetch andidaies
from the bradcast chanrel are lept in theWeighing Room As before, an gba version X;; becones
a préetch andidate if some versionof dbject X has been ecettly refererced.With regard totheroom

size we expetimentdly found ou that the following setings work well for W”R-B: the Weighing
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Room should be 8% of the téal cacle si2 and he renaining 20% shold be dedicted to the
Waiting Room

Lastbut nat leag, we experiment with a reaty optimal doffline cacte replacenent dgorithm, caled P
[AAF+95], to present the theordicd bourds onthe performance of MICP. Wehawe chosa P asan
offline pdicy, sinceit is trivial to implement ina simulator. This is the asebecauseP determinesits
replacenent victims by selecing the olject with the bwest acces prdoallity. Sincethe dient eccess
paternfollows a Zpf distribution, the acces probablity of eacholjec is known atany poirt in time.
Like LRFU, P is apure cahing algorithm. Therefore, we needto extend P b incorporate prefeching.
To ersuretha clients cabe allthose geful versions of oljects tha hawe the hidest Ikelihood d
access, Wwe add anaggressve prefetcing srategy to Pandcdl the newalgorithm PP. RP’s rektively
simple prdeftching straegy looks as folbws: an newy created or idmnatedobject version X; is
prefetchedfrom the oad@astchamel, if X;'s access probabiity is greater than the lead probablity
of all cached olject versions. t should be ituitively clea, that sich a pdicy is sem-optimal sine it

does nbcaonsiderthe updae behavor of the sever andthe rial naure of the broadcas channe.

4.5 Basic Experimental Resuts

In this sedbn we conpare the prformance d MICP-L to the abve intfodued onine and offline
cachereplacenent and prefetching pdicies by usingthe basline sdting of our simulator. We later
vary thoseparametersin orderto obseve the dhanges in therelative peformancedifferercesbaween
the pdicies under different sytem setings and workload caditions. We point ou that all
subseqertly presaited performanceresllts lie within a 9% corfidene level with arelative eror of
5%. We now gudy theimpact of he readenly trarsacton lengh onthe prformance netrics when
MICP and other plicies ae used foclient cacle management. Figure 1 show expelimental resuts o
increasng the eadenly transation length from 10 to 50 obswed oljects. The X axs represets
increasng transa&tion sze and tle Y axis shows the nunber of sucesful tramnsacton conmits per
second An exponetia decresse in the throuchput rate is ob&rved when tanacion lengh is
increagd.More importarily, Figure 1@) showsthatthe MICP-L outpeforms LRFU-P, on aerag, by
18.9%andW?R-B by 80.4%. Futher, but not shownin the graph, the throughput degradaton caused
by conputing PCB valuesperiodicaly ingead of & any point in time when repacenent vctims are
selected s insignificantsince MICP outpefiorms MICP-L by only 2.8% on aerage. When corparing
the elative perfamance diferenes béween MICP-L and other oline pdicies uneér the 0.%
workload b thoseunde the 0.80 wakload, it is interesting to nde tha the gerformance adsntage of
MICP-L declines when tre client access pétern kecomes less skwed. Forexanple, the elative
throudhpu difference ketween MICP-L and LRFUP decea®s fom 27.6% unér the 0.95 wokload
to 10.36 unde the 0.80workload. The reasonis related to the degaddion in the dient cache
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effecivenes exgrieneed when clent accesesare nore unform in natre anddue toa wealeningin
the pedctability of the future referene pdterns by inspecing the st referene sting. In this
situaton the impact & the client cachng policy on the owerdl systemperformanceis smaller and
therefore, he throughput gap between té investigated onine pdicies narows With regard to the
client cache hi rate we #&so noice MICP-L’s supeiority conmpared to othemnline poicies. For
exanple, MICP-L’s cacle hit rate is, on averag, 5.86 higher thanthe LRFU-P's rate. At the first
glance, adatively big peformance @p might be surpising since loth pdicies séed redacenent
victims (atleast patially) on CRF value bass. Thus,client cacte hi rates of bah policies shaild be
fairly close o each other. But since MICP-L tries to minimize broadast retrieval latercies by
repladng popula objed versionstha soonre-appearon thebroadcast chanml with other lesspopuar
versions which, if not cached,incur high re-acqusition @sts when requested, MICP’s hit rate is
expeted to be slightly lower than LRFU-P. However, asboth MICP-L and LRFUP incorpoate
prefetching the peformance gin from preloadng oljects into the cade in anicipaion of thar
referencein the future is higher far MICP-L sinceit keepsmore ohjed versionsin the dient cachethat
are d potenia utility for the adive rea-only transation while LRFU-P, in the contary, maintains

more up-to-date versions patentially useful for future transections
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Figure 3 Peformance of MICP-L conpared to LAFU-P, P-P, and WR-P uncer various readenly
transaction sizes

4.6 Additi onal Experiments
This sestion discusses resilts of sone othe expaiments condicted to deéermine how MICP-L and its
counerparts perform whentheclient cachesize, the retained information peiod, andthe rumber of

versions naintained bythe seneris varied. As lgfore, we repaot theresults for both the 0.% andthe
0.80 workoad.
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Effects d the Qient Cache Siz on the pefformance of the MICP-L

In our fird sendtivity expeiment we varied te dient cachesizes from 100 to500 oQjects in order to
undestand its impact onMICP and, additioaly, to investigate whether the relative perfamance
differene beween the policies remains the sarre or changs with varying client cacheszes. As the
cachesize increags fom 100 to 50M@bjects, tte throughput raé of MICP-L increase$ogarithmicaly
from 0.39 to 1.87.The reason § a diop in the nunber of client cacke misses aammpanied bya
decea® in he nunber offetchrequess. As a resut, the oweral systemperfamance inproves. As the
graphs of Figre 4 illustrate, thethroughput ircrease comes alongwith animprovement in tre clent
cache Ht rate. With regard to therelative periormancedifference béween MICP-L and othe policies
we notice thd the @p renains the sane acros a wde rang of cacle sizs. However, thee exids a
noticealte exception that occus when the dient cache B very small relative to the ddabase s$ze.

Under seh systemconfiguraion, the MICP-L and LR-U-P policy show $émilar performance.
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Figure 4:Performance d MICP-L comnpared to s competitors with variation in the dient cate s$ze

Effects d the Retained Reference Period on the Performance d the MICP-L

As discused beore, MICP-L requres historical information on the past reference betavior o the
client in order to make precise predictions d its future acaess pttem. In order b gatherreceicy and
frequency information onobject accesses, Hstorica reference information d objects need to be
maintained n the dient memory even afer thdr eviction from the cahe. $nce keepingsupefluous
history informationin form of CRF values wastes €are client cache, we wanted D investigate hav

much refeene information clients reedto maintain in orde for MICP-L to achéve good reslis. As
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the esuts in Hgure 5a) show, MICP-L reachests pek throudput value whenclients maintain CRF
values ¢ all thoe oheds tha hawe beenaacesed wthin the lag 1000 references. Depending on the
workload usedfrom 550 to 650 CRF alues are stred in the clent caclte at ths pont. Futher, the
graph shows foMICP-L a slichtly degading throudput beynd the pmt whee the gakvalue is
achieved. The reasonfor this degraddion is related to an increa® in the rumber of prefetchescatsed
by MICP-L’s prefetching heuistic that allows clients to download wseful object versions into thar
locd memory if their carrespondng olject has beenreferenced within the raained information peiod.
As a resit of thoe addiional pefetches, olec versions usefil for the acive readenly transacion
may be replaed byup+to-date dject versions whichare ¢ potenia usefor future rarsadions. This
slightly hutts throughput and cache hit performance. The resuts gresnid in Figure 5 onfirm once
more MICP-L’s supeiority to dahe investigated policies. Oh averag, MICP-L's transcion
throuchpu raeis 16.®6 higher thanthe onerecordedfor LRFU-P. As shown inle basine séting of
the smulator, the WPR-B policy performs worst, but its performance improves cosderaly with

increasng size of the retained rderence gring.
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Figure 5: Peformance of MICP-L and the oter pdicies whenthe retained irformation petiod is
varied

Effects d the Version Management Policy o the Saver on the Performanceof the MICP-L

To uncerstand the effect of keeping multiple versions per nodified olject at he sever, we
expermented wih varying the \ersion gorage straegy of theMOB. As noted Bfore, in orde to sawe
installation reals the sever neintains nodified objects in the MOB. In the baeline stting of the
simulator, the MOB has been orgnized asa nonoversion oljed cacle, ie., oly the nost upto-date
versionsof reeently modified oljeds ae maintained. Now we renove thatredriction by alowing the

sener to naintain up to 10 versions & each ofect. However, as the M@® is organized as a HFO

24



gueueandlimited to 20% o the databasesize, sud ahigh nunber of wersions will only be naintained
for a snall pation o the frequertly updaed daabase oljects As intitively expeced, te system
performance inceases wih growing nunber of noneurrent ojed versions maintained at he serer.
Howe\wer, it is interesting to note, tat the gain in throughput peformance lewls off when tle serer
maintains upto 4 noncurrent \ersions of a recently modified obect Beyondthis point, no sgnificart
performance inproverment can be ackved by further increasing the \ersion retain bounday. As
shown inFigure 6, the performance @p of MICP-L relaive to LRFU-P and WR-B narrows win te
maximum number of wersions naintained bythesener increases. Forexanple, for the 0.95 wekload
the throuchput peformance degades bveen MICP-L and LRFUP from 21.5% to only2.5% & the
maximum number of versions naintained bythe sever incieass. The rea®n is tha unde a nulti-
versionstaage stategy potenially more noneurrert object version requess from long+unningread-
only transactions can e sdisfied bythe sener. As aresut, fewer readonly transadions hawe to be
aboted beausethe versions hey reqed hawe beengarbage-collected. Futher, it is worth noticing,
tha the LRFU-P perforns slightly bette than the MICP-L if the following two conditions ae
satsfied Firgt, the sever does na start overwriting obsolée okject versions wntil at leas 2 versions d
each pdicular ohed are storel in the MCB. Secand, the clent access patern is not very skewed in
natue (80/~20). The reason why LRFU-P outperfams MICP-L under sch asystemseting is the
inaccuracy of the P@ values on which MICP-L basesits cahing and pefeching decsiors.
Comparative peformance esults for MICP (not show in the gaphg are dways betterthanor & leas
as @od aghe mes d LRFU-P.
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5 Conclusion and Future Work

We have preseted the design ard implementaton of a new integrated cache replacenent and
prefetching dgorithm caled MICP. MICP has been eWwed to efficienly support the daa
requrements of read-only trarsadionsin a nobile hybrid daa ddivery emvronment. h contras to
many other ache replacement and prietching policies MICP not onlyrdies on fuure reference
probablities when selecting replacenent vctims andto prefetch daa objects, but addtiondly uses
information abou the cortentsandthe dructure of the bioad@stchanng, the daa ypdéae frequemy,
andthe saver gorage management. MICP conbines tlose satistical facors into ane nretric cdled
PCB in oderto provide a conmon basidor deadsion making and to ahieve thegoal of maximizing
the ranscional throuchpu. Further, in orde to redwe the nunber of traisadion aborts sce usedl,
but olsolete, objed versons ae evcted from the ®rver, MICP dividesthe dient cacle into two
variable-sized cack partitions ad neintains na-re-cachehle oljed versions in a cedicaed patt of
the cacle alled NON-REC. We evaluged the peformance ofMICP experinentaly using simulation
configuraions andworkloads oberved in areal systen and corpared tle oliained resuts with other
stae-of-the-art online andoffline cacle repacenent and préetching algorithms. The peformance
resuts showtha theimplementable ppraximation of MICP, calledMICP-L, improves tle throuchput
rate, on awrage, by 18.9%when comparedto LRFU-P, which isthe secand best peforming online
algorithm aftee MICP-L. Further, our expeiments revealal that the paformance dgraddion of
MICP-L relaive toMICP is nodest 2.86 (not graplicaly showr).

There ae a nurber oftopics hat are worthwhile beng investigated in the fuure. MICP has been
desigqed for efficiert suypport of readonly transcions tha are processe atclient which primarily

cache versions of ha ohjects. I would be intereging to studyhow MICP perfoms when applied by
clients tha use pag cading Additiondly, its alicallity for tradtiond client-server dagbase

systens shouldbe testad. Further, our peformance studes hae been redricted by a nunber of

assumtions and sinplifications. To see howMICP performs when these &grictions @e renoved to

would bebenédicial as wel.

References

[AAF'95] S.Achaya, R.Alonso, M. Frankin, andS. Zdonik Broadad Disk DataManagement for
Asymmetric Conmunicaton Envronments. SGMOD Confeene 1995,pages 19-210.

[ABC'96] V. Almeida, A. Bestawos, M. Crowella, and A. de Olieira. Chaacterizing Refaene
Locality in theWWW. PDIS, Miam Beach, Fbrida, Dec. 1996

[AFZ96] S. Aclarya, M. Frankin, ard S. Zdonik Prektcing from a broad@ast disk. ICDE 1996
pages 276285.

26



[AFZ97] S. Acharg, M. Frankn, ard S. Zlonik Balanéng Push and Pullfor dda bradcest.
SIGMOD Conferene 1®7, pags 183194.

[BC92] P.M. Bobe, andM. J. Caey. On Mixing Queres ard Transadions via Multiversion Locking.
ICDE 1992, pags 535545.

[BI194] D. Barbara, T Imielinski. Sleepers and Workaholcs: Caching Stratgies in Mdile
Envronments. SGMOD Conferenc 1994, pages 112.

[CD85] H.-T. Chau ard D. J. DeWitt. An evaludion of buffer managment stiateges VLDB 198,
pages 127141.

[CDD73] E. G. Cofman, Jr. and PJ. Denring. Operding System Theay. Prenice Hall, 1973.
[CFK95] P. Cao, E. W. Feten, A Karlin andK. Li. A Studyof Integated Pefetching and Gching
Straeges ACM SIGMETRICS 1995, pags 171182.

[CFK*96] P. Cao, E.W. Fétn, A.R. Karlin, and L. Li.Implementaton and Pdormance oflntegated
Applicaton-Contrdled File Caching, Prdetching, and Disk Schedling ACM TOCS, 144), Nov.
1996.

[CK89] E. Changand R Katz. Expldting Inheritarteand Stucture Senantics for Effective Clusering
and Bufering in an Object-Oriented DBMS. SIGMOD Confeene 1989,pages 348-357.

[Den73 P. J. Dening. On Modedliing Progam Behavour. In Procedings Sping Joint Conputer
Confeene, pages 93F-944, Arlington,VA., 1972. AFPS Press.

[DMF'90] D. J. DeWwitt, D. Maier, P. Fitersack and F.Velez. A study of three altemative
workstaton-sener achitectures for obect-oriented ditabasesystens. VLDB 199D, pages 107121.
[DYC95] A. Dan, P. S. Yu, andl-Y. Churg. Charaatrization of Daabase Aces Patern for Andytic
Predction d Buffer Hit Probablity. The VLDB Joumal, 4(1):127-154,Jan. 1995.

[EH84] W. Effelsbeg andT. Haerde. Principlesof databese iffer management. ACM TODS, 94),
pages 560595, Dec. 1984.

[Ghe9] S. Ghemawat. The Modfied (hject Buffer. A Storag Managment Technique for Objec-
Oriented Ddaleses. Technical Rgort MIT/LCSTR-666, Sep. 195.

[GGI7] J. Gray, G. Graek. The Five-Minute Rile Ten Years Latr, ard Other Computer Strage
Rules & Thumb. SIGMOD Record26(4), 197, pags 63-68.

[Hen9g T. Hendason,Networking over NextGeneraibn Satellite Systens, PhDthegs, Universty of
California, Berkeley, 1999

[HSY99a] W. W. Hsu, A. JSnith and H. C. YoungAnalysis of the Cheaderistics of Prodation
Databae Workloadsand Cormparison wth the TPC Benchnarks, Tech. Rport, CSD99-1070, UC
Berkeley, Berlkeley, CA, Nov. 1999.

[HSY99b] W.W. Hsu, A.J. Smth ard H. C. Youngl/O Referace Belavior of Produdion Datdba®
Workloads and the TPC Benchmarks — An Andysis atthe Logicd Level, Tech. Report CSD99-1071,
UC Berleley, Berleley, CA, Nov. 1999.

[Hug01] Hughes Netwok Systens. DirecPC Hora Pag. http//www.direcpe.cam, Jan. 2001

27



[IVB97] T. Imielinsk, S. Viswanghan, ad B. R. Badrianth Data on Ai: Organization and Acess

IEEE TKDE, 93): pages $3-372, MayJune 199.

[JCL90] R Jauhai, M. J. Carey, and M. livny. Priority-Hints: An Algorithm for Priority-Based
Buffer Management. VLDB 1990, pags 7(8-721.

[JN98] H. S. Jeon and.SH. Noh. A Database BBk Buffer Management Algorithm Based on
Preftching. ACM CIKM 1998, pags 167174.

[JS94 T. Johrson aad D. Shasha2Q. A low owrhed hidh peformance buffer management

replacengnt dgorithm. VLDB 1994, pags 439450.

[KL98] S.KhannaandV. Liberatore. Onbroadcast disk pagng. ACM STOCS, pags 634643, 1998.

[L98] V. Libemtore. Cahing and sckduling for broadtas disk systens. Tech. Repat 98-71,

UMIACS, 1998.

[LKN™99] D. Lee,J.-H. Kim, S. H. Noh, S. LMin, J. Choi,Y. Cho,and C.S.Kim. On the Kisterce

of a Spetrum of Polciesthat subsunes thke Leas Recenty Used (LRU) and Last Fequently Used

(LFU) Pdicies. ACM SGMETRICS 1999, pags 134143.

[OOWO3] E. J. ONEeil, P.E. ONeil, and G. Weikum. The LRU-K page replacement agorithm for

datalasedisk buffering. SGMOD Confeence pags 297-306, May1993.

[0S94]J. OToole and L.Shrira. Oortunistc Log: Efficient Instalation Read in a Réiabe Ohect

Sener. OSD] Nov. 1994.

[PZ91] M. Pdmer and S.BZdonik Fido: A Cacle That Learrs to Fetch. VLDB 1991, pags 255264.

[RD90] JT. Robnsonamd M.V. Dewvarakonda. Rta cche management usng frequeicy-based
replacenent. ACM SIGMETRICS 1990, paes 134142.

[Smi78] A. J. Smith. Seqential Progam Prefetching in Memory Hierarchies. IEEE Caonputer, 3(3):

pages 721, Dec. 1978.

[Smi85] A. J Smth. Disk CacheMiss Rdio Anaysis Design Consderatons. ACM TOCS, 3@):

pages 161203, Aug 1985.

[SS86] G. M. Saco ard M. Schiolnick. Buffer management in relationd databasesystens. ACM

TODS, 114), pages 473498, Dec. 198.

[SS01] A. Sédert and M. H. Scholl. Pocessng Readenly Transations in Hybrid Data Dévery

Environnents with Coristency and Curency Guaantees, Tech. Repot No. 163, Uniersty of

Konganz Dec.2001.

[TPGI7] A. Tomkins, RH. Paterson, and G Gibson. Informed multiprocess pefetcting and cahing.

ACM SIGMETRICS 1997, pags 100114.

[TS97] L. Tasdulas and CJ. Su. Opimal Menory Managment Stiateges Far a Mohlile Userin a
Broad@stData Delivery System IEEE 3SAC, 15(7) pages 12261238, Sep. 19R

[WVO01] G. Weikum and G Vossen Transcional Information Systens : Theory, Algorithms, ard

Pradice d Concurency Contrd and Recoery. Morgan Kaufmann, 2001.

28



[XHL*0Q] J. Xu, Q. Hu, D. L. Lee, W.-C. Lee. SAU: An Efficiert Cache Replacenment Pdicy for
Wireless Ondemand Broadass. ACM CIKM 2000, pages 4653.

29



