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We pmresent an amhitecture for maulli-uger softwars
development enwronments, covering gencral, proceds-
centered and ryle-bated MUSDEs  Our architesture
i founded on componentization, with particular con-
cern for the capabilaty to replace the ayachroniralion
componeat — fo allow erperamentation weth novel con-
currency contml meshaniams - with meonimal effects
on other componends while st ll supporting mdegration.
The architecture has been implemented for the Man-
YEL SIHE.

1 Introduction

Software Development Environments (SDEs) em-
argad inoan attemipt to address the pmblems asos-
ated with developing, mamtaming and managing largs
sea ke sofiware pmjests. One of the mainisswes in SDE
resaareh is how o construet anvironments that are n-
tagmtad while at the same timne flexible and axten-
sible. Although thera have basn mimerons proposals
for cooperative transaction model [4), littl has besn
achieved regarding flexibilivy and extensibility of such
aynehronzation meshanisms for multi-wer S0Es from
thesyaam-architesture point of view, Throughout the
paper we refar to this aspest of an SDE as the “multi
usar” property.

The architestures of proces-canpterad S0E: -
elide process enaction engmes, which enable a pro-
grammahble approach 1o defining the behavior of an
amvitanment to support a particular software develop-
ment process [33]. The prosess enaction engine and
the sorresponding prosess modeling language et ba
axtanded witha motion of sonsureney sonsistensy and
sorfesponding synehronmization primitives to SUppoTE
multi-user environments, where the prosas as well as
the datsa iz shapad.

In many prossssentarad S5DEs, the process is
defimed in terme of rules and enastion is achisved

through rule chaining. Examples include CLF [24],
Oikos [1] and Merlin [30]. Such SDE=s must support
synehronization among autamatad chains of astin-
ties as weall as activities directly invoked by wsers. In
anmy nmlti-war SDEs the architesture st ako sup-
port interprossss sommnication , seheduling and son-
teet switehing, transastion and lack tnanagement, and
ather facilities on whizh synehromzation depends,

This paper presents an arhitesture for nmlt-wser
SDE: (MUSDE=) that is intended to support the e
aquitemnents of general | prosess-santered and nle-based
MUSDE=s The amphasis is on identifization of the srs-
tem s comiponents and on the interfases and intermala-
tions among them rather than on application of spe-
sfie eynehronization palisies. We have implementad
the architesture for MARVEL, whicth was previouwsly
a single-nser gystemn [2)]. This work & complemen
tary but orthogonal to the research done by Bargh-
outi and Kaiser on sooperative transastion manage
mient for SDEs in general and MARVEL in particular.
The fosus of thair work bas been on modeling soordi-
nation and sooperation, whereas here we foos on the
arehitectural fasilities that enable the implementation
of sweh sophisticated synehronization meshanisms.

Im s=ction 2, we Zive the nesssary reqiiremants
that an MUSDE must fulfill, by definition, and ad-
ditiomal desired proparties, ‘mcn-::m 3 1T|deuce=.- The
architestura, its main charasterstiss and funetional-
ity. Sestion 4 axplains the rationale bahind the arshi-
testure. Section 5 deseribes the implementation for
MarvEL and our experience, including changing and
tailoring some of the somponents. Sestion  § eom-
pares 1o related wark, Sestion T hrisfly avaluates the
architesture and sommarizes our sontrbutions

2 Hequirements

ata-sharng - We distinguwizsh between “produet”
data and “sontrol” data: the former represents the
astual data alemeants under developnment (1.2, soursa
files, abjest files, design dosuments, ate. ), while the
latter represents the data wsed by the SDE to man-
age the projest. Examples of control data for a soures
file include its version, comupilation status, resmation
staties, ete, Produst data may be integrated with son-



trol data {eg. an objest is defined as having “son-
tral™ state attributes and file attributes that point to
“produst”™ items) of may b= maintained separataly. In
genetal S0Es control data epresants the status with
respest tooa hard-eoded policy, whereas in proses-
coentered SDEs sontrol data reflests the state of the
specifie procsss T asTion.

Prata-consglency - An MUSDE synehromizes son-
current aseess to the SDE= data to maintain its son-
sisteney, &£, it prevents data from bemg garhled by
conflisting ascesses (sueh as mltiple ndependent up-
dates] to the same or related data items.  Produst
data «an b= maintained «ither by the SDE or in the
file systenn; however, somtrol data st b maintained
by the SDE. But aceess 1o both st be synehmonized,
aither in a sentralmed or a distributad fashion, and in
the latter case can be tightly intagrated within each
usar’s workspace of saparate ina DREMS.

Proceas-akaring and process-consisfency - In addi-
tion to dat a-eonsistency as above, which is regquired for
all MUSDEs, procsss-centered SDE:s mnest maintain
procefa-consistency, as specified in the pmoess od-
almg language. Thus, the prosesss sngine st main-
tain a glabal view of the prosess. Again, this zan be
dome o either a sentralized fashion, o in each wser’s
workspase povided that the nesessary information is
replicated among weers, For example, sonsider a son-
straint taken from the “ISPW problem™ [13], whem a
member of group PROGRAMMER cannot make any
zowde shanges hafor some or all mambars of the Con-
figuration Comntral Board have given approval. The
MUSDE mst ensume that the constraint is applied to
all invelved participants (or at least programmers and
CCH mneminbers).

Wheraas the above charasteristiss are seguined in
MUSDE: of the ndicated classes — by definition — the
following represent. additional properties desired in an
MUSDE. These properties togather form the basis for
the rationale bahind owr arehites tinre,

Perhaps the most impartant property from the ar-
shitestural point of view is fepibalily 1n selection and
application of ayachronirafion mechanama, The idea
iz 1 he ahle to replase or modify soneureney son-
tral palizies, haoth globally (ie for all wsers of the
systam | and losally (among salested groups of users).
Some proposed coneurtensy control modals, suech as
transaction groups [L4, support this eapability to a
lirnited extent in that the palicy for each group cam
be spesified in a formalizmsupplied by the implemen-
tation. What we have in mind is more general: The
architestur should be sonstructed sueh that the en-
tite syme hromization component can be replased with
mnimimnal (preferably w) sode changes to other pars
aof the system. This anables 1o comndiet cost-affestive
experimentation, which is innportant in such a el
resaareh ares.

The architesture should suppor synehronization
somponents whoesa transaction modals range from
lasgical atomvizity amnd serializability to loag, ader-
active aperafions and cooperation. Any synchroniza-

tion meshanizm for an MUSDE st take into asoount
that many astivitias in software development are long

comventional atomis and serializable transastions ara
not switable, and misractive — responss time is ik
important than overall throughpur, Cooperation is
neaded 1o enable sharing and exchange of information
during parallel development.

Erteamibality and bmad seope of applieation - An
MUSDE should he able to he extended with new
towals, meluding toals not specifically devaloped for 1he
MUSDE.

Haigh Vissbality - An MUSDE implementad on a
window-based platform should prowide uwsers with
eraphical visnalization of at least the control data, and
preferably the produet data as well. Sinse SDEs of-
ten suppart comiplex and highly srustured data nwod-
als, it is espesially desitable 1o be able 1o display the
types and relationships of all abjests of the environ-
mient. This means that an MUSDE has to maintain
up-to-date information as it is dynamizally hanged
by naltiple wers,

Keeovery - Persistencea of produet data can be pro-
vided by the host file system, but persiEtense of son-
tral data st be provided by the MUSDE., Reasov-
&FY 15 AN important aspest that ensures sonsistaney of
persistent data in case of external and intemal fail-
wres.  We distingwizsh betwesn soneurreney contmol
whizh iz reguired by definition, and resovery, which

alihough not mandatory — is & highly desired prop-
arty for imdusrial-strength environments. Tradition-
ally, these two funetions are both carvied owt by the
“transastion Tanager’

3 The Architecture

Two major prinziples undetlie the averall desigm:
componeafization and layering. Acsording to the com-
ponentization principle, a complex system should be
built from independent, loosaly-couplad and replase
able componants, These somponents st have flexi-
hle intefaces and support a variety of different palisies
potentially ennployed by alternative interasting son-
ponents (ia. components that provide the same sor-
viees o differemt ways). Layering iz a paradigm m
which each somponent prvides sernss only 1o the
next Wigher layer and ressives services only from lower
levpals, Layering lowers comiplexity by medusing inter-
component linkages.

Componentization is basoming popular in operat-
img systene {e.g,, the mplaceable pager in Mazh) amd
datahases [25), and the layering approach has been fol-
lowred in many aress such as commumication protossls
[#] and databasas [6]. The sombination seemes ape
“ially promismg for SDE teshnology, whizh is by na-
ture subject to changes [28]. We suggest the patential
Ty Tevise any system somponent (although with differ-
ing degrees of difficulty). Our major sonearn here is
tex be able to modify the synchronization meshanism
with minimal affects on task management and the e
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Figure |: An Architestum for Mult-User SDE=

mainder of data integration and repository manage
ment, which implies that transastion and abjeet man-
agament should be saparate (as in Camealot '}l‘.l]].

The gemerz architesture is depizsted in Figure |,
using the terminology of the “ioaster” referense
model [11]. We concentrate hare on explaining how
things work, and defor to sestion 4 the disewsion on
why we shoce to design the architesture this way.

The architesture follows the sonventional hant-
setvar madal. Eash astive anwvironment with a pop-
ulated objesthase iz managed by a single centralized
saryar, and multiple ¢hents are distributed, aach rep-
Tesanting a weer adagion that lasts from invos atiom To
axit. Hoth the server and each client are imple mented
as mdividual aperating system proseses, Each client
seryas as & fromt-end to the human wser and as an
astivity exacution unit. The soncapt of activdy en-
sompassas all oparations dome o preduet data, sush
as aditing and testing, via internal or external toals; it
does ot inelwde operations on control data (althowgh
these night assur as side affects). Clients may spawn
ehild prosaseas to exasute activitias

T he zapyer provides data indegration and wpodstary
and tazk management servicas, Sewise requesis al-
ways ofginate at a client, but most requests are sant
to the server after client preprocessing,  The server
validates and prosessses the reguest before returning
te the client with the desired information and for -
stretions to the client to exesuta a spesific astivity.

The srver mediates ascess to both control and prod-
wet data, and modifies contral data ascording to the
amviranment spasifisations,

The architesture distinguwishes betwesn normal ws-
ars and an eavironment adminiatrator. The adminis-
trators role resembles that of the Data Basa A doninis-
trator in DAMS:, The adminstrataor uses a privilegad
lient 1o define the data mesdal (sthema) and any in-
tegrity constraints on the data; the proses model, if
any; and the programmable aspests of the synehro-
mization palisy, i any.

3.1 Task Management

Tmaslators - Any SDE that allows to defime the
data modal for the sontrel andfor produect data
miiet have a data definition tramslator. In process-
santared emwvironmients, a prossss madal translater is
alsa meaded., MUSDEs with progranmable synehro-
mization requite yat another tanslator. Translation
can be on-line, in whizh sase this somponent acts as
a loadear for other interprative somponants, o off line,
im which =as= it “sompils™ the specifications infta in-
ternal form and is mot actively invalved at mon-tine.

Seheduler (50) - Sehedules raguests from elients for
seryices ineluding sontext-switehing, Before a ¢lient
is serviced, 50 makes two contexts astive: the client’s
semsion- context and the spesifie task-context.

Session Manager {SEM) - Encapsulates an entime
sesgion betwean a apesifie slient and the sarvar, that
iz, all regquests that sesur from invesation to ext of
the client. SEM can: (1) maintain the war-specific en-
vironment and operating system parameters for gen-
aral confizuration purposes; and (2] store anforesmment
infarmation that pertains to the entire ssssion (as
appead to task-specifie information). For example,
wsets might explisitly “attash™ to a specifie subpro-
cags o perform during that session.

Task Controller (TC) - This iz the sentral sompe-
nent of the environment, which provides most of the
services To the cliemt. & dask is defined as any astivity
initiated by a client together with all the derived op-
arations cariad out by the environment, sush as au-
tomation and enforsemant astions. For examiple, an
SDE might have a sonstraint that when an interfase
tooa fumetion F iz madified, all sowree files that eall F
met be marked for modifization. The modfication of
F and the marking of dependent files is sonsidarad one
task. In a gemeral MUSDE, T may degenerats to a
somnnand interprater, perhaps with a query proosssnt,
[n provess-entered anvironments, this somponent in-
cludes the prosas engine, in charge of enasting the
precess, T operates in the sontext of the current
semgion, bt tnaintains a task sontext for each active
task in the system,

3.2 Data Management

Tmnszaction Manager (TM) - Maintaing the in-
tegrity of the data in case of coneurrent aceess amd



failures. In prosesssentered MUSDEs, TM alao main-
tains process-consiatansy. However it is mat pespomsi-
bla far detecding any conflizis due 1o soneurrent asess
bt anly for redolsag then.

A “transaction” can map to a single astivity or to
a single task, but wswally not to a session, sinee this
would imply conrse grained comeurrency.  There are
na spesifie puidelines for the implementation of son-
surtemcy comtrol of recovery, except for the mstrie-
tion to lecking-based mechamsnes., For example, an
anvironment may wse a “blocking with deadlosk pes-
alution” meshanism of & “non-hlecking with abort”
miechanism, of a combination of both. Alss, TM may
use flat transactions or nestad transactions that mosdea]
the nesting of activities and subtasks within a task,

TM-TC snterface - The interfase botwean TC and
TM iz a eritical issuwe as it bridges batwesn the task
laval and the data leval. 1t iz desirable for TM to ba
indepemndent. of any specifie task madal and for T to
be independent of any spesifie transaction modeal, so
that @ither an he replased with minimal overhead.
A predefined st of trnmsastion primvitives known to
T must be supported by any TM, with the sat flexi-
bla emough 1o suppor many synchronization polisias
However, samantiss-based sonsurrensy control inher-
antly requites some knowledpe of the task leval to -
salve conflisis that ae sonfext-sensitive. This implies
that the TC-TM interface may nead to be augmented
with a mediator somponent that meoneiles informa-
tion from both lewals,

Lock Manager (LM) - Usualy comsiderad a sub-
samponent of the tramsastion manager, LM is treatad
im our architesture as & separate component. s
main rale is 1o detest any potential vielations of the
data-sonsistency sonstraints, as dofined by a lock-
sampatibility matrx. LM must parmit a broad rangs
of leck modes to amable TM the freadom to choose
thosa that meat its nesds, But the separation of LM,
TM and OM makes it impossible to predist what lock
sat and sompatibility will be neadad. Howeaver, view-
img LM memely as a “meshanizal® sonflizt detestor en-
ables it o be table-driven, with the tables loaded dur-
ing systemn initialization. This means customizations
of TM affert LM only through the tahles.

An additional property of LM iz ta ba able ta hald
sl aple locks on ahjests, on insistenea fram TM, even
when they violate the defimed compatibility, This
iz weful for implementation of non-conventional son-
curreney contral policies. For example, tramsastion
grous may allow several transastions in the same
group to share transient results. (ObServer [26] is a
mnulti-user data server with a rich losk set, incleding
sommunication maodes (for notification), which is ¢a-
pable af supporting transas tion groups. This appioash
prwides flexibility in fransastion managemeant but is
not extansible, In sontrast, we regard lock manage
ment as a mechanism o detest sonflicts only, for an
arbitrary sat of ek modes; ObServers sommmimea-
tion mades can be implemented in LM with proper
suppatrt from TM as part of conflist resalution.

Oheet Manager (OM) - Implements the data
micsdel, prvides parsistanse | and performs all peguests
for aceess and mcdification of bath sontral and proed-
wet data,  We assume a generic object-based data
medel with eptional «lass [ “e-a") hisrarchy, sompo-
sition | “is-part-of” | hemrehy, and arbitrary relaton-
ships batwasn objests | “links™ ). An ahjest may rapre
sent purely control data, an encapsulation of produst
data, of a comnhination.

(M-I M mterface - For eomponentization o work,
it is important that OM provide the upper layers with
an ahjest abstrastion that avoids comeern with inter-
nal representation. Further, upper layers should mwot
know whether abjests are in main or sesondary mem-
aory. The mam difficuby with separating OM and LM
i that data-sonsetensy spesifizations may need 1o ba
extendded for a spesific data micdal, For example, som-
posite abjests and links among objests may requime
“imtemtion” lock modes for aneestor and linked ob-
jaets, respestivaly. This predefined sat of lack “exten-
sions” s understond by LM, allowing & wide wristy of
object-basad data modals bt presluding the possibil-
ity of replacing abjests with a radically differant form
sieh as rmelations (sieh a change would alsa sarowsly
affect the wpper layers, mtably query procesing n
T, impeding somnponantization).

Storage and File Manager {SM and FM) - 5M is
respaneible for low-level disk and buffer management
for eontral data, [t manages untyped, raw data, amnd
imteraste with the undetlying operating systemn, If the
MUSDE wses file-based tools and maintains ite prod-
wet data m ordinary files, FM is responsible for aeeess-
img the files requestad by OM (in a shared file systeam
sikhoas NFS only path names need be passed). When
prosdust data is encapsulated within control data, ob-
jeets wsually absrrast the file saystem by providing typ-
img and melationship mfsrmation. In this case SM iz
respansible for both, and FM deganemates info a isap-
ping function betwesn objests and files,

The separation hetwesn storage, objest, lock and
tramaction management distinguishes our amhites
ture from most other systems that prvida data nean-
AFETEnT.

3.3 The Chent

{raer faterface and Ohecthase haplay Manager
{I71) - Provides the human wsar interface to all en-
vironment sarvices, including a display of the cndore
abjesthase strpeture (subsets can b viewad via brows-
img)]. This feature introduses the challenge of keeping
the display up-to-date, sinee the abjestbass is dynam-
izally chamged by multiple wsers ineliding madifying,
adding amd deleting ohjests and for relationships he
tween ahjasis,

Activity Ereeutor {AE) - Interacts with tools in an
environment-spacific manner. This might inelude in-
tarastion with the operating system for spawning «hild
proecesses with switable commuand lines and transform-
img data to/from abjestbase and tool formats, There



may oF may not be commuumization between the AE
and the astivity and batwesn the AE and the server
while astivity exesution i in progress,

Command Preprocessor {CFPP) - This eomponent
iz open-ended, Tt inelwdes formating of requesis for
saryices ao that they conform to the intarfase spasifi-
=ations of the varions sarvies providers in the sapver
(fromtad by TO), amd execmtas local services that do
nat affest ot her users or the software development pro-
cess, An example of the former is an ad-hoe query
parser that peforms syntay checking and passes to
the serrer a pasad query. An example of the lhiter is
the “help™ facility. CPP has mo significant innpast on
the averall architestura.

Measage Server (M5) - Transfors information ba-
twean the client and the server over the sommmmca-
tion medium, M5 et presamve the abjest abstre-
tion &0 that both ends can refer 1o objests identically,
which means it st provide linearization and delin-
aarization of the ashjesthase stristune.

Mapping our architestura to the “toastar” modeal,
data integration and repository TATAZSTNANT SaTVioas
are in the serwver, and wser interface serviess are in
the zlents, as expasted. The interesting mapping is
that of task management. We divide this betwean the
zlient and the server, where the lient is responsible
for “astivity exesution™ and the server for the rest.

4 Decisions and Justifications
4.1 Chent-Server Separation

The fitst issue o sonsdar is the degres of distribu-
tion, The two abviows alternatives are to fully central-
ize sarises of to fully distrbute them among «lients.
Im the first zasa there would still ba minimal &« lents, at
least operating system shells, to allow muliiple wers
T eomTmimicate with the environment; but all sontrol
and produst operations would take plase in the sepwer,
In the sesond case thers would be no dedizated servar
at all, but only «hents, with all control and product
apetations exesited in oa chient and shared only via
communication diresily among «lients

We chose s hybrid appmash, in which ¢hents are
respansible for long duration astivities and the sapver
is responsible for relatively short termn task sontrol
and synchronization. Maintaming data- and proecess-
comsisteney internal to the semer reduses sommuni
zation averhaad, while farming owt interastive andfor
somputation-intensive activities to the relevant «lients
keeps comnputation overhead lw and response time
high. Thiz division of labor seams to hest axploit to-
day’s high performancs workaations and high capas-
ity sarvet mashines,

Losating task control in the semer dos mot pre-
elide the possibility of different “views™ for different
clients: they can be managed by the sarver as part
aof the ssson context. Further, the sarver-lient sap-
aration does not prevent distribution of the server i1-

salf mto multiple server processes with sommmimies-
tion among themsalvas to handle desantralized data
precess and symehronizaton. Cur miant & 1o in-
stead meake an inhernt distinetion betwean the roles
of zlients and s rver|=).

4.2 Transaction and Lock Management

The main reason for desoupling TM and LM is 1o
distingish sonflist datestion from sonflist wesohition,
where the former iz a mechanieal prosedure that re
ports any violations of the dafined sonsistensy and the
latter iz an alaborate procedure that desides how To
resalve a sonflist when it arises. This separation en-
ables 1o modify and for replace synshronization poli-
“ias without affesting the undetlying conflist detas-
tion., Furthermore, the fast that LM has no knowled ga
of the semantiss of the variows lock modas enables o
implement LM in a way that it can be res onfi guread o
ternally via tahles, without any sode changes, The de-
soupling of transastion management from lower leveals
alzo brings TM ¢loser 1o task management, enabling
semnantie- based soneurreney- control withowt eonsern
for lemw-level data managament. This separation son-
tributes parhaps more then anything als= 1o the flexi-
bility of the system with respest 1o coneUrreney son-
tral.

4.3 Tunahle Lock Management

The alternatives are: (1] a nonlocking paol-
iey, whete consurrency sontral i3 aptinvstiz (as m
NSE [18]) (2) a hard-soded lock set and lock-
sompatibility matrx; and (3] a dynamies lock ot amd
loek-sompatibility matriz. We addmssad hard-coding
versus eqgtarmally-defined lock tables n sestion 3.2
Optinnistis somsurtencsy sontrol may be wsefiul whan
sonflicts awe known to be rame, provided that the “pes-
aolution™ iz done by “merging” changes from conflict-
ing aperations, sinee rollng back long andfor inter-
astive aopetations waould bhe unascaptable in most sit-
watioms, However, an affestive merging procedure for
soutee eode i still beyond the state of the art (as evi-
demead by [19]), and thera is no general way to merge
twa varsions of a data file sreated by conflisting opear-
ations (although [14] gives some hope of advances).

4.4 Objecthase Visibility

The twa abvicus alternatives are to kesp an entime
tepliza of the objecthase at each client, or to display
only those abjests that are actwally wed by a elient.
Neate that in any case sontrol data is manipulated m
the sarvet, sothe Bsueis not whers to modify the data,
but rather how to display it. The mam problem with
keeping antire replicas is that it is expensive and un-
necasary, sinee abjests noa MUSDE can be wery large
and mnay change frequently, causing tremendous som-
mnumication overhead., On the other bhand, displaying
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Figure 2: MarvEL 3.x Archites ture

anly abjests in current wse doss not fulill the “high
vEibility” property.

We chose an intermediate appraoach, in whizh the
strueture of the objestbase iz maintained, bt not s
somtents, For each objest, we maintain & cache of its
name, type, umqua [D and melationships 1o other ob-
jects, This prvides sufficient information for viewing
the entire objestbase while still ompact in wolumes
for tramsmmission by MS.

Amather consideration is the diplay-refrash palizy.
The altermatives are to: (1) broadeast avery changs
ten all active clients; (2) refresh periedically; and (3)
refresh “on demand™ | as dotermined by the sarver, by
“pigeybacking” the refreshed image on the mest mes-
sage sent 1o the eliant. The third alternative is pre-
fermd as it saves commuumication ovethead while keep-
ing information reasonably wp to data,

5 Implementation for Marvel

The MarveL 3 x architesture iz illestrated in Fig-
ure 2 It can be viewsd as a rule- based instanes of the
genenic MUSDE architesture of Figum | The client
strueture is essentially the same, The sarver meflecs
T in thres sub-eomponents: gquery processar (P,
sommuand prosassar for built-in sommands (CF ), and
rile prossssor (RP) responsible for prosess emaction.

[t alzo adds a Coordination Manager (M) as & medi-
ator betweean TM and TC. MARYEL s translation and
lading somponent. is 2allketivaly salled Loadar, Tool
emvelopes and data, proesss and coordmation modeals
are wrtten (by the adminiirator] in variows mota-
tions and baded (again by the admimstrator] wing a
prvikeged «liant, tailoring the anvironment’s bahavior
ascording to these specifications. The MARvYEL dae-
o, nat shown, autamatically starts a server on the
appropriate ahjesthase when its first client logs in, and
shints down the servar after the last client has exited.

5.1 Process Modeling and Enaction

The presss is defimed in termes of rulkes, each rapre
senting & angle astivity, Each rule sonsits of 8 name,
a list of typed parameters; a condition that represants
the properties that must hald on astual parametars
and ather abjests bound in the sondition for the rule
T fire; am actiwiy that spesifies a “produst™ activ-
ity and itz arguments; and a set of mtually exelu-
sive effesta sonsisting of assertions to the ahjestbase
that reflect the possible resulis of axesuting the activ-
ity. Rules are implizitly related to each other through
matehes batwesn a predizate in the condition of one
rule and an assertion in the affest of another rula.

Proces emaction in RP is done though chaming.
When an astivity is requested, the sondition of the
corresponding rule iz evaluated, If not satisfied, KP
attemnpts to satisfy it by baskward chaining to other
rles whose affests may satisfy the warimvokad rule
Thiz is done recursively, until the sondition is satis-
fied ot all possibilities am axhawsted, in which case
the astivity canmot be exesuted. When the astivity
retums from the cliant (assuming the rule s sondition
was satified ), RP asserts the effest indicated by the
staties aode wturned fromn AE amd then meumively
forwards «hains to all rules whose sonditions have be
some satiefied. MarVEL distinguishes between so n4a:s-
temey and automation chains, which are specified by
annotations on comdition predicates and effest asser-
tions i the mle [5]. Consistancy chains propagate
changes and are by definition mandatory and atomis.
Awtamation shains automata astivities and are by daf-
imition aptional; they may be terminated at any point
of “turned off * antieely,

5.2 Task Management

MarvELs sehaeduler implements a simple FOFS
nonpreamiptive scheduling polisy.  However, non-
preemptive scheduling doss nod imiply that an entime
sessiom, oF aven an antiee task, is handled by the servar
atomizally. nstead, we sxploit the matural “breaks”
withim and ameng tasks, at whizh points the sapver
performes a sontext switeh and turns to the next «lent
request.  That request might resume an i-progress
task or initiate s new task.

R P is the eart of task managenent. A task son-
sists of all rules exesuted during backward chaining,



followed by the wser-invoked mile (which caused the
baskward shain), follvead by all rules evesuted dur-
ing forwamd shaining. R P operatas in a spesifie task
somtext, consisting of information nesasary for main-
taining the state of the task., The main data structurs
s the rule atack one per task. Sinee backward chamn-
ing iz mliply-resursive and gensrates an ANDJOR
tres (12, insome casas a rilke's somdition may be sat-
isfiable only by application of a sot of ruks, and in
other cases by any one of many possible rules) the
rile atask iz implemented a2 a nlti-level stask, where
anch laval somszists of an ordared ot of rules that sorra-
spomwd only to the first rule in the previows lavel, and
are not welated to other rules in the previows leval
T he zamne stack is wed for forward chaming, althowgh
here a standard stack meshamism is suffieiont.

Oine problem of multi-tasking rule procsssing is that
mnultiple imstanses of the same rule neay be fired son-
currently by the same or different clients, and sines
thay all fire in the sontext of one RP (12, one address
space), rulss canmot contain any private data, This
problem iz salved by making rules reentrand,. Each
v aeation entails emeation of a rule-frame, which son-
sists of a pointar ta the (read-only) rule and a dynam-
ically allosatad data section, which it retains through-
aut the entire life eyzle of a rule chain.

6.3 Data Management

TM supports a nested transastion model inow hizh a
taszk is madelad as & top-leveal transaction, @ach somsis-
temey cham is a subtransastion sonsiting of 4 further
leval of subiransactions comesponding to individual
rules, and each ruk in an awomation <hain is an n-
dependent subtransaction on its own. Hy definition,
an antiee sonistensy chain & egacuted to completion
af tolled back as if it never started, while the latast
rule in an awtomation chain can ba aborted without
affesting the rest of the shain, In Marven 3.1, OM
will serve as 8 mediator betwesn data and task man-
agament; CM-RP and OM-TM interfaces have already
bean partially implementead.

MAR¥VELs compesition hierarchy & based om
QRION [21], wing intention locks for aneastors.
When abjest (0 iz locked, all s anesstars are losked
in the sorresponding intention mwde, Intantion locks
are genetally weaker than the sorresponding deseen-
dant lecks, and their zoal is to protest objests from
being affested by an operation on an ancestor. For
axample, when abject O iz locked in L mesde, IL locks
are plased on all its ancestorns, where IL is somipatible
with any eperation that would mot affest O, In partie-
ular, it is compatible with another IL lock. This idea
zan ha axtended 1o linked abjests as wall as aneestars,
bt this is not supported in MARYEL.

LM reads thres tables when initialized: compatabal-
iy matrie, anceator fakle and power matrie, The com-
patibility matnx dafines the set of lock miodes and the
sompatibility of any two lock modes, The ancestor
tahle indicates whizh lock to apply to the ansestors

of the objest beaing locked in a sertain moda. The
power matriy determines whizh lock has precedenee
Fiven two locks requested by the samea transastion.

SM uwses the Unix dbm paskage. Although mors
sophisticated data management strategies can be sup-
parted by dbm, SM loads the entire objesthase (bt
et files) into memory at srver starmup. FM s imple
muented by a collestion of systemn 2alls that map the
abjest name-space to the file system name-space, amd
perform operations on & “hidden”™ file system rooted
at a direstory representing the populated abjesthase
of an environment. M5 e ntarmet sockets,

G.4 Chent and Loader

Ul melwdes both graphical and somnmand line inter-
faces with the former providing full abjestbase brows-
ing sapahility (zonceptually sommunizating with OM
dimestly] and the latter supporting batsh prosesing
seripis as well as dumb terminals, CPP ine hedes anoad-
hese quuery parser. AE is the most somnple omiponsnt
af the cliamt. 11 iz im charge of spawning child prosesses
for exesuting savelopes, basically shall seripts, for the
variows toals defined in the anvimnment. 4 E commu-
micates with envelopes though pipes ina “hlack-haos”
fashion: inputs are provided at the begmning of as-
tivity exesution, amd owiput and a status sode are
collactad at the and [16].

The Loader penerates a static rle matwork from 1he
process mwdel, which iz used at runtime to dotermine
shaining. This netwark iz loadad ints RP, to define
process-comsistency, The data and process modals are
tied im the sense that rule parametsrs and losal bimd-
imgs in the conditions of rules are typad ascording to
#lasses, The data modeal iz wsed by OM and QP. The
varions lask tables (a degenerate soordination modeal)
are loaded into LM, to specify data-sonsisgensy. A
full soordination modal wsing the Control Rule Lan-
guage ayntay desesribed by Barghouti [3] can already
he leaded, bt is not ineledad in the current mlease,

5.5 Experience

We started with the standard shared and exelusive
loseks, amd intention lecks (Figure 3-a), but then med-
ified the losk tables several fimes. The final shangs
added two new lock modes and removed ome, amd
changad the compatibility of old modas, The purpose
was to provide semantis- based locking by distinguizh-
ing betwesn aperations that affest anly a singla ahjaet
(g, write anoa sinple attribute ) awd operations that
mnight affest related objests |2.g., the delete opatation
remnaves an ahjest and all its children ). Strong Exelu-
give [SX) and Steng Shared (55) locks wearme addod
and X and 5 besame sompatible with any intention
lesek (=0e Figurs 3-b). The aneestor table was modified
to ine hide intention locks for the new modes, This re-
aquirted noeodas changes 1o LM and only minor changes
te TM 1o replase requesis for locks assording to the
new semantics, Even these code changes would mwot
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Figura 3: Initial and Revised Compatibility Matrices

have bean neadad for MARVEL 3.1, where the spesifiz
lesz k minesdes tovwse for particular argunents of astivities
and ruks will be spesified in extemal tables, as part
of the soordination maodal, Thes, a dramatic hange
in sonflist detestion can be ashisved with very small
averhand.

We aks started with a flat transastion madal, in
which an entire chain exesuted as asingle transaction.
T hizs muade it impossible to treat different subsets of a
task differently. For example, we sould mot abort an
autonmation subshain without mlling bask sonsistansy
s be hains descended from the same war-imvoked rule.
We mplased TM with nested transacstions, Each rule
triggered during an automation chain, together with
any conistansy gubshains empanating from it, isa sub-
transastion that san be aborted without affesting the
tap-level transaction of ather subirmmsactions. Again,
this major change had no impast whatsoever on LM,
and regquired only trvial changes to RP.

CM iz being developed to support programmable
conflist resolution for MAarvEL 3.1, The administratar
will b= able todefine an optional sot of contml raleato
spesify seenarios whenthe default policy above may be
relaxed  amd pressribe appropriate actions in each sueh
zasa, We have already built a fazility wherby OM az-
cesges B P rule stacks, sinee contral ruk seenarios me-
quite iepestion of conflicting rule shains, T M already
requests UM 1o tey to mateh its control rules, but we
are atill investigating the desirable operations for the
astions, 5o the semantis of a on-=mpity sontral mula
basze are undafined. We will have to add 1o TM a
“marking” phasa, to annotate objests laft temporar-
ily ineonsEtent by sontral rule astions that sspend
aof Terminate i-profess sonsetency chams, and an
“unmarking” phas to attempt to estore onsistensy

when aceess 1o such objests is eguested. We antisi-
pate e other changes to TM, small if any to RP, and
T 1o ather sonnpoms nis,

5.8 Status

MarvEL i= implemented in O and rums on Spare-
Stations (SunS 4.1.1) and DesStations (Ultrix 4 2],
uwsng XIIR4 Windows, MarvelL 3.0 and 3001 have
besn lisensed to about 25 adueational institutions and
imdusrial aponsors simee Desemnber 1931 3001 in-
eludes all the featires presented in this paper, sxsapt
where moted | and was the first version fully developead
and maintained using CF/MARVEL, a MARVEL prosess
for team progammng in O We are sumently nsing
C/MARYEL to devalop Marvel 3.1, planned for re
laase i 1903, In addition te the enbansements ex-
plamed above, 3.1 will include: An XView ws=er in-
terface, limitad data and poecsss evalution for exist-
ingahjesthasas and miagration of built-in sommands
with the rule haning angine,

A Helated Work

Gypsy (aka SMS) [8] & an extended varson sontrol
syetem that is tightly integrated with an extended op-
arating aystem. Synchmnization is mamsal, and wsers
wark moisclation, each in his/her own “workspase”,
Alkhough Gypy provides a meshamsm for multiple
wsers to access data objests concurently by spesify-
img a list of wsers that can attash to o workspaea it
prwvides mo means for coordinating their aseess,

Arcadia [28, 23] is & process programming & nviron-
ment based on resaareh in SDE technolgy underway
by the Arcadia consortium. Like our architesturs it
is eomstrustad out of layered somponents that am in-
tended 1o be raplaceable. However, although proosss-
comsistency from the process-progmamming point of
view is addressed extensively by Sutton [27), an inde-
pendent synshronization somponent B conspisonsly
absent from the architesture. We guess that mlti-
wset synchron@ation is provided by the objest msan-
AgaTEn T Systamm.

Malmae [L( & a prosess santered snvironment with
a ¢hent-server architesture, in which the sarver is pri-
mnarily soncerned with data management and provides
a simple transaction meshansm, and the clienis are
respansible for process snaction. One shorteoming ev-
idenced by the sxamples given in [17] is that sinee pro-
sass Tnanagement is detac ed from the semer, it seems
that rulk chams cannot be mierleaved aven during as-
tivity exesution, which might degrada rasponse time
i i fi st Ly

Oikes 15 a rule-basad MUSDE that suppors son-
surrenc ¥ wsing a hisrarchy of blackboards that resem-
ble Linda's tuple spases. Oikos enables to specify a
wide range of samwisess as part of prosess enastment,
imcleding databass sehemas and tramsacstions. How-
evet, while coneurtency is an inherent aspest m the



Oikes architesture soneuwrrensy control is mot, and it
is mat ¢ lear what range of sy nehmnization polisies can
be supportad, nor how these might be supportad.

CLF iz a rule-basad MUSDE ithat distinguishes
betwean consistency and awtomiation, but throwgh
separate classes of rules rather than anmotations on
rule predicatas as in MARVEL, CLF employs a form
af aptimistic soncurrensy contral basad on merging,
with inconsistency folerated by automatically plasing
guards onineonsistent data [2], similarto our notion of
“marking” . Changes amw grouped into avalition staps,
which zan be undone or radone 7).

Mearhm is the elosest system to MARYEL., From the
proces modaling viewpaint, the main differencse may
be that Merlin distingwishes forward and backward
chaiming styles of rules while MARVEL has & sngle
rile base and & symmetrie chaining nesdel, There are
substantial architestural differences, however: Merlin
amploys a simple cheskinfcheckowr meodel, using an
aobjest’s state as determined by the rules as a lock,
thara iz o auppart for multiple locking modes; and
theobjesthase display & limited to sach wars working
sontext {although there is a refresh mechanism). &
appears that chaining oparates in each wser's working
somtentt. {eliemt ) as opposad tooa centralined srver,

7 Ewaluation and Contributions

Semantiss-basad coneurrensy sonttal and compo-
nenfizafion are, in some sensa, sonflicting goals: how
=an the transaction manager be semantics- based when
the semnantiss are hidden in the task zontraller? For
axample, m our work towards programmable sonsur-
reney contral, we will have to develap a richer mtear-
face betwean the rule prosessor and the soordination
manager than was previosly nesded for the trans-
astion manager. [t seems unlikely that a suffi=iantly
rich gemeral mtarfase — withowt a sophisticated meadi-
ator — cam be developed between the task sontroller
and the transaction manager to allow replasement of
aither without affecting the ather.

Our architesture prowvides no direst inferfass be-
twean clients amd the synshron@ation somponents
However, wers will need to plase explisit requests
for motification, if not other purposes; we anticipate
changes would be required for the sommand prepro-
zesznt as wall as the soordination and for tramsastion
TAanagers,

The most significant draw bask of our architesturs
iz that the smgle sentralized server does not seale up
tey very large numbers of clients. As mare slients are
added and the ahjesthase grows, the likalibood of no-
tizeable wails inereasass, This is an innportant area for
future resoareh.

Hut there are many advantages of our architesture,
At the wer imterface leval, the struetural display fasl-
ity provides for high visibility withowt the orarhead of
mnaintaiming completa replca at the chents, At the

task management level the separation betwesn as-
tivity exesution and task sontral provides for prosess
sharng whik enabling lseal exesution of tools,

At the data msamagement level, we bave made sev-
aral amhitestural desisions we believe are unigque as
well as frnitful: (1] A table-driven lock manager al-
lows to madify data-sonsistenesy polisies with no code
changas. (2] The separtion betwesn transaction amd
lesek muanagement allows definition and monitorng of
data-sonsistency independent of the synehronization
palicy, with minimal overhead. Momeaver, this enables
te imiplemnent. sop histicatad soordination madeals, with
little affest aon other components, (3] The deskion to
separate transaction management from objest man
agament emp hasizes our view of support for advaneed
synehronization mwdels, Essentially, we mowved syni-
chronization away from low-level data integration amd
closat to the seamantic, task level. We do not know of
any other MIUUSDE with sush funstionalities
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