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Abstract

Support for updates to views of database schemata is tiypieal limited; only those changes
which can be represented entirely within the view, or chamvgaich involve only generic changes
outside of the view, are permitted. In this work, a differgatint of view towards the view-
update problem is taken. If a proposed update cannot berpartbwithin the view, then rather
than rejecting it outright, the cooperation of other viewssought, so that in their combined
environments the desired changes can be realized. Thisagiphas not only the advantage that
a wider range of updates are supported than is possible vaite traditional approaches, but also
that updates which require the combined access privileygsveral users are supported.

The key is to model the views atatabase componentsSuch components are themselves
database schemata, together with distinguished viewsoflttal schemata, callgubrts which
are used to couple the components together. In the processlafing an update to a view, the
external changes needed for that update are communicates neighboring components via the
ports.
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1. Introduction

Support for updates to database views has long been reeagasza difficult problem. An update
which is specified on a view provides only partial information the change of state of the main
schema; the complementary information necessary to defioenpletetranslationof that update to
the main schema must be determined in other ways. Over the,y@aumber of approaches have
been developed for such translations. In toastant-complement strategyrst defined in [BS81]
and later refined in [Heg04] and [HegO06], the fundamenta idehat the translation must leave un-
altered all aspects of the main database which are not @iiam the view; formally, the so-called
complementary viewg held constant. Theoretically, it is the cleanest apgrpercthat it defines pre-
cisely those translations which are free from so-callpdate anomaliefHeg04, 1.1] which involve
changes to the database which are not entirely visible witte view itself. Unfortunately, the family
of anomaly-free updates is relatively limited, and for tfeason the constant-complement strategy
has been viewed as inadequate by some investigators [LLaaB@]so numerous more liberal ap-
proaches have been forwarded, including both direct appesa[BL98] and those which relax some,
but not all, of the constraints of the constant-complemeategyy [GPZ88]. All of these more liberal
approaches involve, in one way or another, updates to thie scaiema which are not visible within
the view itself.

Even if one accepts that view update strategies which aree rfiberal than the constant-
complement approach are necessary and appropriate, sherg@gnificant further issue which must
be taken into consideration — access rights. It is a fundamhdesign principle of modern database
systems that users have access rights, and that all fornrtzce$s both read and write, must respect
the authorization of those rights. With the constant-canm@nt update strategy, in which only those
parts of the main schema which are visible in the view may texed in an update, this issue poses
no additional problems beyond those of specifying proptrtyaccess rights on each view. However,
with a more liberal update approach, changes to the maimscheay be mandated which are not vis-
ible within the view. This implies that the user of the view shhave write access privileges beyond
that view, which is often unrealistic. Thus, even if one idling to accept some update anoma-
lies, view update support beyond the constant-complenteaiegy is to a large extent unacceptable
because of the serious problems surrounding access rigiith wimplies.

To address these concerns, a quite different approach e view updates is proposed in
this paper. When an updateto view I' cannot be supported by the constant-complement strategy,
the cooperationof other views is enlisted. If translation ofimplies that an update to the main
schema must be made which is not visible withjrthen these additional changes must be embodied
in the cooperating views. If the user bfwho desires to effeat does not have the necessary access
privileges on the cooperating views, then the cooperaticuitable users of these views must also be
enlisted, in order to effect the update “in unison”. Thisium, provides information on the workflow
pattern which is necessary to realize the update.

For such a theory of cooperation to take form, it is necestafye able to regard a database
schema as a collection of interconnected views. The fundtah&eas of such representations of
database schemata are foundcomponent-based modellings forwarded by Thalheim [ThaO3]
[STO4] [Tha05]. Roughly speaking, a component is an endafeiidatabase schema, together with
channelswhich allow it to be connected to other components. A datlsaeema is then modelled
as an interconnection of such components. The work of Tiralig in the first instance, oriented
towards conceptual modelling and the design of databasarsatla using théigher-order entity-
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relationship model (HERM)rha00]. In [HegO07], the ideas of component-based modghave been
recast and formalized in a way which makes them more amet@blew-update problems. It is this
latter work which is used, in large part, as the basis of thsap.

2. The Core Concepts by Example

To present the ideas underlying cooperative updates in alederand unambiguous fashion, a certain
amount of formalism is unavoidable. However, it is possiblglustrate many of the key ideas with a
minimum of formalism; such an illustration, via a runningaexple, is the goal of this section. First,
the main ideas of database components will be illustratacaxi example, with that same example
then used as the basis for the illustration of a cooperapdate.

Kem | Travelgmp[EmpID, ConfID, Amnt NDays Notes

TEEmpID,ConflD,AmntNDays = YEmSc

GEmsc (Travelgmpsct[EmpID, ConflD, Amnt NDay

TEEmpID,ConflD,AmntNDays = YEmSc

Ksc | Travelse [EmpID, ConfID, Amnt NDays SuplD

TEEmpID.ConfID,NDaysSupiD= ySiM \[E\mplD,Conle,Amnt: YscAc
GScA
Travelsecmgt [EMpID, ConflD, NDays SuplQ @[Empla ConflD,Amni

GScMg
TEEmpID,ConfID,NDaysSupID = YScMg TEmpID,ConfID,Amnt = YScAc
Apprvmgt [EmpID, ConflD, NDays SuplQ Apprvac:[EmpID, ConflD, Amnt ActID]
KMg KAc

Employee[EmplID,NameDepartmentEmail, Tel
Conference[ConfID,NameDates Location URL]
Supervises|EmpID, SuplD
AuthAccount[EmpID, ActID]

Read-only relations which are
common to all components
and their ports:

Figure 1. Graphical depiction of the components of the ragmixample

2.1 Aninformal overview of database components For a much more thorough and systematic
presentation of the ideas underlying the database compooéihis paper, the reader is referred
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to [Heg07]. Acomponents an ordered pai€ = (Schema(C), Ports(C)) in which Schema(C) is a
database schema aRolrts(C) is afinite set of nonzero views 6thema(C), called theportsof C. The
running relational example is depicted in Fig. 1; there ate tomponents, themployee component
Kem, thesecretariat componentg(, themanagement componenyK and theaccounting component
Kac. The relation unique to the schema of a given component iwislemclosed in a rectangle. In
addition, there is a set of relations which are common to@ihgonents; these are shown in a box
with rounded corners at the bottom of the figure. For exantpke schema oKg,, consists of the
relationsTravelgmp, Employee, Conference, Supervises, andAuthAccount. The primary key of each
relation is underlined; in addition, the following inclosi dependencies are assumed to hold:

Travelgmp [EmplID € Employee[EmplD,

Travels [EmpID, SuplD C Supervises|[EmplID, SuplO,

Apprvmgt[EmpID, SuplD C Supervises EmplID, SuplD,

Apprvact[EmpID ActID] C AuthAccount[EmpID, ActlD],

Supervises EmpID C Employee[EmplD,

Supervises[SuplD C Employee[EmplD,

AuthAccount[EmpID C Employee[EmpID.

The ports of the components are also represented in Fig. 4 s@iema of each vievgaport)

'« is represented within an ellipse, labelled with the namehat schema. The associated view
mappingyy for each port is shown next to the arrow which runs from the ponent schema to the
port schema. For example, the componkgt, has only one port, which is denoted Bgmsc =
(GEmSc, YEmSc)» With Yemsc the projectiomempip confip,AmntNDays: Schema(Kgm) — Ggmsc. In other
words, Ports(Kgm) = {TeEmsc}- The componenKs., on the other hand, has three poifigy,s. =
(GEmsc; YEmSc) Msemg = (GscMg,yng), andTlscac = (Gscacs Yseac), With the port definitions as
given in the figure. Similarly, the componeky, has one portl'scmg = (Gscmg; Ysemg), and the
componenKa, has one port scac = (Gscac, Yscac)- The underlyingnterconnection familywhich
describes which ports are connected to whicH{ISemsc, Memsc }s {7 seMgs M'seMg }» {7 scAcs MscAc ) }-
Each member of this family is calledsaar interconnection The names of ports may be arbitrary,
although for convenience in this example a special namimyaation has been used. The view
My = (Gxy: Yyy) is @ port of the componen,, and is connected to the pdrly = (Gxys yxy) of the
componenky.

The ports of connected components must hdeatical (and not just isomorphic) schemata. It
becomes clear why this is necessary when defining the stateahbined interconnection. Lt =
(MEm;Msc, Mg, Mac) € LDB(Schema(Kgn)) X LDB(Schema(Ks,)) X
LDB(Schema(Kpg)) x LDB(Schema(Kac)), with LDB(—) denoting the set of legal databases. For
to be a legal state of the interconnected component, thédtatas must agree on all ports. More pre-
cisely, itis necessary that the following holgmsc (Mem) = Yemsc(Msc), Ysemg (Msc) = Yscmg (Mmg)
andy&Ac(MSc) = ySc&(MAc)-

Some difficulties can arise if the underlying hypergraphyslic [Heg07, 3.2];i.e,, if there are
cycles in the connection. While these can often be overctimeegetails become significantly more
complex. Therefore, in this paper, it will always be assurtied the interconnections are acyclic.

2.2 An example of cooperative update Suppose that Lena is an employee, and that she wishes
to travel to a conference. The successful approval of suelj@est is represented by the insertion of
an appropriate tuple in the relatidmavelg,,. She has insertion privileges for the relatibravelg,,

for tuples with hefEmpID (which is assumed to heena, for simplicity); however, these privileges
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are qualified by the additional requirement that the glotatksof the interconnected components be
consistent. Thus, any insertion infeavelgm, must be matched by a corresponding tuplé&ravels.

— thatis, a tuple whose projection onfeavelgmpscc matches that of the tuple inserted iffi@velg .
This tuple must in turn be matched by corresponding tuple&piprvig: and Apprvac:. Thus, to
accomplish this update, Lena requires the cooperation @oenauthorized to update the component
Ksc, which in turn requires the cooperation of those authortpagpdateky, andKa..

The process of cooperative update proceeds along a ptifi@ytele. The update request of Lena
is projected(see 3.2) to the ports dfg,,; the connected components (in this case Kigi) then
lift (see 3.3) these projections to their schemata. The probesscontinues, withiks. projecting
its proposed update téy; andKs.. These projections and liftings cannot modify the statehef t
database immediately, as they are only proposed updatéaluparties have agreed. Rather, a more
systematic process for managing the negotiation processcisssary. The process is controlled by a
nondeterministic automaton, which maintains key infoioraebout the negotiation and determines
precisely which actions may be carried out by componentstfagir associated actors) at a given time.
It also manages the actual update of the database when asfuteeegotiation has been completed.
This automaton is described formally in 3.4. In this sectiowill be described more informally, and
consequently somewhat incompletely, by example.

The central data structures of this automaton are two setegi$ters for managing proposed

updates. For each componé&hthere is gpending-update registe?endingUpdate(C) which records
proposed updates which are initiated by that componenndiwtet part of the permanent database. In
addition, for each compone@tand each porft of C, there is gort-status registerBortStatus(C, ")
which is used to record projections of updates received hbering components. In addition, for
each componei@, the registerCurrentState(C) records the actual database state for that component.
The automaton also hasetus, which indicates the phase of the update process in whiam#ohine
lies. Inlidle, it is waiting for an initial update request from one of thergmwnents. IMActive, it is
processing such a request by communication and refinenherttutk of the processing occurs in this
state. The valuéccepted indicates that all components have agreed on a suitablef sgtdates.
In the Final phase, one of these updates is selected, again by progagatiposals amongst the
components. Finally, the value of the variabigiator identifies the component which initiated the
update request. A state of this update automaton is givenvayug for each of its state variables.
These variables, together with their admissible and inialues, are shown in Table 1.

In Table 2, a sequence of twelve steps which constitutesaesstul realization of a travel request
from Lena is shown. An attempt has been made to represenssghgal information, albeit in
compact format. Notation not already described, such astdpeof the update automaton which is
executed, will be described as the example proceeds. Theafatescriptions of these steps may be
found in 3.4.

To understand how this request is processed, it is first sacg$o expand upon the request itself,
which involves alternatives. Suppose that Lena wishesateetreither to ADBIS or else to DEXA.
For ADBIS, she requires a minimum &800; for DEXA €1000. For ADBIS she needs to travel
for at least five days; for DEXA only three. Although she is fid®, she also has preferences. A
trip to ADBIS is to be preferred to a trip to DEXA, and within &gn conference, more money and
time is always to be preferred. To express these alterrsat@ranked directional updatésee 3.1) is
employed. It idirectionalin the sense that it is either an insertion or a deletion §ohnical reasons,
only insertions and deletions are supported in the curramhéwork), and it isankedin the sense
that there is a partial order which expresses preferenctseampdates. The update request, calpit
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Name Range of values \I/r:ﬁijael
Status € {Idle, Active, Accepted, Final } Idle
Initiator € XU{NULL} NULL
For each componeqt:

CurrentState(C) € LDB(Schema(C)) (Mc),
PendingUpdate(C) € RDUpdates(Schema(C)) U {NULL} NULL
For each componef@ andl” € Ports(C):

PortStatus(C,I") € RDUpdates(Schema (")) U{NULL} NULL

Table 1: The state variables of the update automaton

would then consist of all tuples of the forfiravelgy,,[Lena ADBIS, ea, da, n] together with those of
the formTravelgmp[Lena DEXA, ep, dp, ], with 800< ex < 2000, 5< da < 10, 1000< ep < 2000,

3 < dp < 10. Heren denotes a null value for thdotesfield. There is also a technical requirement
that a set of ranked updates be finite; hence the upper bourttie walues for time and money. The
set of all possible ranked directed updates on a sctgrnsadenotecRDUpdates(D). At the end of

a successful update negotiation, all parties will agreaupgpert some subset of the elementsugf
with Lena then choosing one of them.

In processing this request, the automaton is initially i $kateldle, awaiting an update request
from some component. This is illustrated in step 0 of Tablé.@na initiates her travel request by
executing NITIATEUPDATE(Kgn, Ug), Which communicates the projectidiroj(uo,) of Travelgmp
onto the common port relatiofravelsecvgt, @s shown in step 1 of the table. Because this is only an
update request, and not an actual update, it is placed irpgirejariate port status register, in this case
the status register fdrgnsc; the database state remains unchanged. A value for a statbleaof the
form PortStatus(C, ") represents annprocessedipdate request to compone@it that is, a request
which has yet to be lifted to that component. Once the liftedges placePortStatus(C,I) is reset to
NULL. Note further that the request is not placed in the statusterdgorlgnsc, Since the initiating
component already knows about it.

The secretariat component must agree to the selected updateposing a corresponding update
to the Travels.; relation, so that the projections dtavelgn, and Travels; agree onTravelgmpsct-
Formally, this is accomplished vidiéting of ug; that is, a ranked directed updateon Schema(Ks.)
which projects taip underygmsc. In principle, this could be any such lifting, but since tle®tariat
is assumed to be largely an administrative arm in this exampls reasonable to assume that the
lifting retains all possibilities requested by the empleyéd his lifting must in turn be passed along
to the other components to whidy. is connected; namely the management compoKgptand
the accounting compone#iy.. It is not passed back g, at this point, since it is assumed that
Proj(u1,MEmsc) = Proj(uo, Memsc). A lifted update is passed back to the sending component only
when the lifting alters the projection on to their intercention. Thus, if the secretariat had made
restrictions to the proposed update (by limiting the numiifedays, say), then the lifting would
need to be passed backKe,, as well. In any case, the lifting which is selected by the e@ciat
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Kem Ksc KMg Kac
Pending| Port Pending| Port Port Port Pending| Port Pending| Port
Update | Status | Update | Status | Status | Status | Update | Status | Update | Status

Kem | TEmsc Ksc FeEmsc | Tsemg | Tseac Kvg | scmg Kac [scac

0. Initial database state Mgm, Msc, Mg, Mac) Status: Idle Initiator: NULL
NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL

1. INITIATEUPDATE(Kgm,Up) Status: Active Initiator: Kgp, ug = Proj(uo, Mgmsc)
Up | NULL | NULL | uj | NULL | NULL | NULL | NULL | NULL | NULL

2. PROMOTEINITIAL UPDATE(Ks.) Status: Active Initiator: Kgy,
U1 € NERestr(MinLift(uy, Memse,M))  uj = Proj(uz, Mscmg)
Up | NULL | uy | NULL | NULL | NULL | NULL | uj

U/1/ = Proj(ul, FiAc)
| NULL | ]

3. PROMOTEINITIAL UPDATE(Kyg) Status: Active Initiator: Kgpm,
Uz € NERestr(MinLift(u7, Msemg, M))
o | NULL | ur | NULL | u) | NULL | up

Uy = Proj(Uz, M'scmg)
| NULL | NULL | uf

4. PROMOTEINITIAL UPDATE(Kac) Status: Active Initiator: Kgp,
uz € NERestr(MinLift(u],M'scac, M))
up | NULL | uy | NULL | Wy, | uy | w

U% = Pro.j(u?n rSc@)
| NULL | us | NULL

5. REFINEUPDATE(Ks.) Status: Active Initiator: Kgy,

Us € NERestr(Refine(u, ((Mscmg, U5), (Mscac; U3)))) uy = Proj(us,Tgmsc)

W | uy | us | NULL | NULL | NULL | up | NULL | us | NULL
6. REFINEUPDATE(Kg,,) Status: Active Initiator: Kgp, us = Refine(u1, ((Memse, Uy)))

us | NULL | ug | NULL | NULL | NULL | up | NULL | us | NULL
7. ACCEPTUPDATE Status: Accepted Initiator: Kg,

us | NULL | us | NULL | NULL | NULL | up | NULL | us | NULL

8. SELECTFINAL UPDATE(Kgn,Us) Status: Final Initiator: Kgp,
Us = (Mgm, Mg,,,) € Updates(us)
Us | NULL | us | uf | NULL | NULL | up

U% = Proj(u5, rEﬁSc)
| NULL | us | NULL

9. REFINEFINALUPDATE(Ks.) Status: Final Initiator: Kgp,
Ug = (MSC, M/Sc) € NERestr(Refine(u4, (Ul5, FEmi))) U21 = PI’O_](U4, Fng) UZ = Proj(u4, FiAC)
Us | NULL | ws | NULL | NULL | NULL | up | Wy | us | uj

10. ReFINEFINALUPDATE(Kyg) Status: Final Initiator: Kgp,
U = (Mmg, My,) € NERestr(Refine(uz, (U, M'scmg)))
Us | NULL | uws | NULL | NULL | NULL | u, | NULL | us | uj

11. RerFINEFINAL UPDATE(Kac) Status: Final Initiator: Kgp,
Uz = (Mac, M7, ) € NERestr(Refine(us, (Uj, Fscac)))
Us | NULL | uws | NULL | NULL | NULL | up | NULL | us | NULL

12. CoOMMITUPDATE Status: Idle Initiator: NULL
New database state (Mg, Mg, My, Mj.)

NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL | NULL

Table 2: The state evolution of 2.2
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is passed along t&y, andKact asuj anduj, respectively, as represented in step 2 of Table 2:
PROMOTEINITIAL UPDATE(Ks,).

Management responds by lifting to an updatei, on the entire componetiy, as illustrated in
step 3 of Table 2: ROMOTEINITIAL UPDATE(Ky¢). Suppose, for example, thag approves travel
to ADBIS for seven days, but denies travel to DEXA completdlgis decision must then be passed
back toKs; this is represented as, in the table. On the other hand, iy, decides to allow all
possible travel possibilities which are represented)inthe lifting is not passed back #x.. This
point will be discussed in more detail later.

Similarly, Ka. must respond tai7, which is a ranked update regarding travel funds, but not the
number of days. Accounting must decide upon an appropifétegl us. For example, in the lifting
uz of uf, it may be decided tha&1500 can be allocated for travel to DEXA, but or8900 for travel
to ADBIS. In step 4 of Table 2, this component reports itsfiiftdecision back t&s, via uj.

In step 5, REFINEUPDATE(Ks,), the decisionsi, anduj of Ky, andKa., which were reported
to Ksc in steps 3 and 4, are lifted o, and then reported back g, via uj. In this example,
the employee Lena would discover that she may travel only BBIK and not to DEXA, with
a maximum funding allocation €900 and for at most seven days. She acknowledges this with
REFINEUPDATE(Kgp,) in step 6, producingis. As she is the originator of the update request, it is
highly unlikely thatus would be anything but the maximal lifting @fs. As such, further update is
passed back tis. during this step.

The system next observes that no component has any pendiatespn its port-status registers,
and so marks the cooperative update process as successfaéVACCEPTUPDATE action in step 7,
which includes a transition taccepted status. Unlike the previous steps, this action is takenedti
by the system, and it is the only possibility from the statecheed after step 6.

The process is not yet complete, however, as Lena must sgdacticular update, and then that up-
date must be lifted to the entire network of components. Sag select any member of; however,
in this case, there is a maximal entry in what remains of héaimanked update: travel to ADBIS
for seven days witke900. Given her indicated preferences, this would likely bedhoice. A second
round of confirmation via project-lift requires each of theer components to select a specific update
to match her choice. These choices (for exampleAti#D which pays for the trip) will be invisible
to Lena. The details are contained in steps 8-11 of Table 2 @& ECTFINAL UPDATE(Kgn,,) Step,
followed by three RFINEFINAL UPDATE(C) commands, one for each of the three other components,
and are similar in nature to the previous negotiation. Keemind that boldface letterg(g, u) rep-
resent ranked updates, while italics lettexg)() represent simple updates. After these, the final step
is the system-initiated actiond®mIT UPDATE, in which the agreed-upon update is committed to the
database.

There are a few further points worth mentioning. First of &#de order in which the steps were
executed is not fixed. For example, steps 3 and 4 can cleaiilytéxehanged with no difference in
subsequent ones. However, even greater variation is pesSkep 5, RFINEUPDATE(Ks,), could
be performed before FOMOTEINITIAL UPDATE(Ka.) Of step 4. In that case, upon completion of
REFINEUPDATE(Ka¢), @ second execution of HRINEUPDATE(Ks.) would be necessary. The final
result would nonetheless be the same. More generally, takrésult is independent of the order in
which decisions are made. See 3.5 for a further discussion.

Suppose that in ROMOTEINITIAL UPDATE(Ka() of step 4, all incoming updates irf’ are sup-
ported byus, i.e., Proj(us,['scac) = uf. In that case, no revised request of the farfis transmitted
back toKs, via the port-status register. It is thus natural to ask Kgw'knows” that no such request
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will appear. The answer is that it does not matter. The eptiogess is nondeterministic, akd.
can execute RFINEUPDATE(Ks.) based upon the input, from Ky alone. If an update request
comes fromKa. later, a second BFINEUPDATE(Ks.) based upon it would allow precisely the same
final result as would the process described in Table 2. Agai® 3.5 below.

It is also worthy of note that some decisions may lead to atieje. For example, management
might decide to allow travel only to ADBIS, while the accoant might find that there are funds
for travel to DEXA but not ADBIS. In that case, the refinemetdgps5 would fail, and the only
possible step to continue would be a rejection. Additignalhy component can decide to reject any
proposed update on its ports at any time beforeAidwepted state is reached simply by executing a
ReJECTUPDATE(C), even if there is a possible update. For example, a supemvigght decide to
disallow a trip.

3. A Formal Model of Cooperative Updates

In this section, some of the technical details regardingatggland update families are elaborated,
and then a more complete description of the behavior of tliatepautomaton is given. In 3.1-3.3
below, letD be a database schema, andlet (V,y) be a view ofD; thatis,y: D — V is a database
morphism whose underlying mappiyg LDB(D) — LDB(V) is surjective. Consult [Heg07] for
details.

3.1 Updates and update families Following [Heg04, Sec. 3], ampdateon D is a pairu =
(M1,M2) € LDB(D) x LDB(D). This update is called amsertionif M1 <, My, and adeletionif

Mo <p M;. A directional updates one which is either an insertion or else a deletionraAked
updateon D is a tripleu = (M, S <,) in whichM € LDB(D), Sis a finite subset ofDB(D), and<,

is a preorderi(e., a reflexive and transitive relation [DP02, 1.2]) 8rcalled thepreference ordering
The set olupdates ofi is Updates(u) = {(M,M’) | M’ € S}. u is deterministidf Updates(u) contains
exactly one pair, anémptyif Updates(u) = 0. In general, ranked updates are denoted by boldface
letters €.g, u), while ordinary updates will be denoted by italic lettegsy u). The ranked update

is aninsertion(resp. adeletior) if every (M,M’) € Updates(u) is an insertion (resp. a deletion), and
u is aranked directional updaté it is either an insertion or else a deletion. Every (ordy)aipdate
can be regarded as a ranked update in the obvious watdM>) corresponds the ranked update
(M1, {M2}, <o|(m,m,})- The set of all ranked directional updates@ris denotecRDUpdates(D).
ForS C S, therestrictionof uto S is Restr(u,S) = (Mg, S, guls,) with Su\s/ the restriction o, to

S. The set of alhonempty restrictionsf u is NERestr(u) = {Restr(u,S) | (S C S A (S #0)}.

3.2 Projection of updates and update families For u = (M1,M2) an update o, the projec-
tion of u toT is the update(y(M1),y(M2)) on V. This update is often denotedu). Now let

u = (M1,S <,) be a ranked update ob. The projection oEu to I, denotedProj(u,l), is the
ranked updatg(u) = (V(M1),¥(S), <yw)) in which §(S) = {y(M) | M € S} andN <, N’ iff for
everyM, M’ € Sfor which y(M) = N andy(M’) = N’, M <, M’. Observe that projection preserves
the property of being an insertion (resp. deletion) in bb#hgimple and ranked cases. Another im-
portant operation in component-based updating is refinentuppose that is a proposed ranked
update to a component, and that for each of its ports is givamleed update which is a restriction
of u onto that component. The refinementwby those restrictions is the largest restrictionuof
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which is compatible with all of the ranked updates on the goifhe formal definition is as fol-
lows. Let{l;|1<i < n} be aset of views oD, u’; = Restr(Proj(u,l),S), and for 1<i <n, let
SC{i(M)|MeShwithS={MeS|(Vie{1,2,...,n})(3AN € S)(Vi(M) = Nj) }. Therefinement
ofubyU = {(I,U;) | 1<i < n}is defined to b&estr(u,S), and is denote®efine(u,U).

3.3 Liftings of updates and update families The operation which is inverse to projection is lift-
ing, in which an update to a view is “lifted” to the main scheniia contrast to projection, lifting is
inherently a nondeterministic operation. liet (N3, N,) be an update oW, and letM; € LDB(D)
with y(M1) = N as well. Alifting of uto D for My is an update’ = (M1, M) onD with the property
thaty(Mz) = Ny. If uis an insertion (resp. deletion), the liftingis direction preservingf U’ is also
an insertion (resp. deletion). Ufis an insertion and'’ is direction preservingy is minimalif for for
any lifting (M1, M5) of uto D for My with M5 <, My, it must be the case thM, = M», andu’ is
leastif for any lifting (M1,M5) of u to D for M1, My <, M5. A corresponding definition holds for
deletions, with <" replaced by >,”. These ideas extend in a straightforward manner to ranked
updates. Leti = (N1, S <,) be a ranked update o, and letM; € LDB(D) with y(M;) = N;. A
lifting of u to D for M is a ranked update’ = (M1, S, <,/) onD which satisfies the following three
properties:

(lift=i) (VM2 € S)(3IN2 € S)(Y(M2) = Np).
(lift=ii) (VN2 € S)(IM; € S)(Y(M2) = Ny).
(lift—iii) For Mg,M5 € S, Ma <y Mj iff y(M2) <y V(M5).

If u is a ranked directional update, then the liftingis direction preservindgf it satisfies the obvious
conditions —- ifu is an insertion (resp. deletion), then so toais A direction-preserving ranked
directional updatel is minimal (resp.leas) if each member oblpdates(u) is minimal (resp. least).
The set of all minimal liftings ofi for M1 is denotedMinLift(u,,My).

3.4 The update automaton Details regarding the precise conditions under which th®s of
the automaton may be applied are expanded here. For the ardsinpormation which has already
been presented in 2.2 and Table 1 will not be repeated.

The machine operates nondeterministically. There aret eigsses of actions; any member of
any of these classes may be selected as the next step, mtdkateits preconditions are satisfied.
The listed actions are then executed in the order given. fAthese operations, with the exception
of ACCEPTUPDATE andCommit, must be initiated by a user of the associated component.afpe
is synchronous; that is, only one operation may be executadime. Subsequent operations must
respect the state generated by the previous operation. algy@mcomputationof this automaton is
a sequenc® = (D1,Dy,...,Dp) in which D1 = INITIATEUPDATE(C,u) for someC € X andu €
RDUpdates(Schema(C)), and for 1<i <n-—1, Dj;1 is a legal step to followD; according to the
rules spelled out below. The computatidaefines a single negotiatiah D, = CoMMIT UPDATE,
while Dy # ComMITUPDATE for anyk < n. Thelengthof the computation is. In the description
which follows, X is taken to be a finite set of components withn interconnection family foX.

INITIATEUPDATE(C,u):  This is the first step in the update process, and is initibyea user of the
componenC by proposing a ranked updateto its current state. The appropriate projections of this
update are propagated to all ports of components which ameeoted tcC and whose state is altered
by the update.
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Preconditions:
P11: Status = Idle

Actions:
Q11: Initiator < C
Q12: Status < Active
Q13 PendingUpdate(C) < u
Q14: (VI € Ports(C))(VI'" € AdjPorts(C,J,T))((Proj(u,I") # identity)
= PortStatus(SrcCpt(I'"),I"") < Proj(u,I)).

Here (and belowpdjPorts(C,J,I") denotesr \ {I' }, Y being the unique member dfwith " €Y.

PROMOTEINITIAL UPDATE(C):  This step is relevant in the situation that a component éesived

an update request on one of its ports, but it has not yet peapasy corresponding update to its own
state. A user of that component selects a lifting of this tpdaquest for its own state, and propagates
its projections to its ports to all neighboring components.

Preconditions:
P>q: Status = Active
Po2: PendingUpdate(C) = NULL
Po3: (3 € Ports(C))(PortStatus(C, ") #= NULL)
I* Since the hypergraph d¥is acyclic,” must be unique. */

Actions:
Q21: PendingUpdate(C) < Choose u € NERestr(MinLift(u,l"’,Schema(C)))
where(I"’ € Ports(C)) A (PortStatus(C,I"") # NULL)
Q22: (VI € Ports(C))(PortStatus(C,I") < NULL)
Q23: (VI € Ports(C))(VI'" € AdjPorts(C,J,T))((Proj(u,l") # identity)
= PortStatus(SrcCpt(I'"),I"") « Proj(u,I")).

REFINEUPDATE(C):  In this step, a user of componedtfurther restricts its current proposal for
an update, based upon additional ranked updates receivsdpairts. Upon successful completion,
the new proposed update of the component is consistenthgthroposed updates which were on its

ports.

Preconditions:
Ps1: Status = Active
Ps2: PendingUpdate(C) # NULL
Ps3: Refine(PendingUpdate(C),
{(I", PortStatus(C,I")) | PortStatus(C,I") # NULL}) # 0.

Actions:

Qs1: PendingUpdate(C) < Choose u € NERestr(Refine(PendingUpdate(C),
{(I",PortStatus(C,I")) | PortStatus(C,I") # NULL}))

Qs2: (VI € Ports(C))(PortStatus(C,I") < NULL)
Qss: (VI € Ports(C))(VI” € AdjPorts(C,J,T))((Proj(u,") # identity)
= PortStatus(SrcCpt(I""),I"") « Proj(u,I)).
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ReEJECTUPDATE(C):  This step is a crude, all-purpose rejection step. Any camepbcan reject
the proposed update and terminate the entire process atrafor any reason. One reason might be
that it cannot unify the update proposals on its ports, beoutid also be that one of its users wishes
to terminate the update for other reasons. Upon such tetimmahe update automaton is returned to
its initial state; all proposed updates are discarded.

Preconditions:
P41: Status = Active

Actions:
Qa1: Status «— Idle
Qa2: Initiator < NULL
Qa3 (VC € X)(PendingUpdate(C) < NULL)
Qua: (VC' € X) (VI € Ports(C'))(PortStatus(C’,I") < NULL)

ACCEPTUPDATE:  This step is executed when all components which are indoinghe update
process agree that the update can be supported. This agrteismmalicated by the fact that no port
has a pending update; all such port updates have been ir@egr component updates. Itis initiated
automatically; users cannot effect it directly.

Preconditions:

Ps1: Status = Active
Pso: (VC € X) (VI € Ports(C))(PortStatus(C, ") = NULL)

Actions:
Qs1: Status < Accepted

SELECTFINALUPDATE(C,u):  Upon acceptance, the components have agreed upon a rgmked u
date. However, the database must be updated to a single amy 8tus, a single update must be
chosen from the ranked set. The purpose of this step is tatmihat selection process; it is always
executed by a user of the component in which the update renutsted.

Preconditions:
Ps1: Status = Accepted
Pso: Initiator = C
Ps3: U € NERestr(PendingUpdate(C)) A u is deterministic.

Actions:
Qg1: ForeacH € Ports(C), if Proj(u,I") is not the identity update, then for &l € AdjPorts(C,J,T"),
PortStatus(SrcCpt(I'’),I'") < Proj(u,T")
Qg2: Status «— Final
REFINEFINAL UPDATE(C):  In this step, a user of componédselects a final deterministic update
which is consistent with that chosen by the initiator.
Preconditions:
P71 Status = Final

Actions:
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Q71: PendingUpdate(C) « somedeterministiaestriction of
Refine(PendingUpdate(C),
{(I",PortStatus(C,I")) | PortStatus(C,I") # NULL})
Q72 (VI € Ports(C))(PortStatus(C,I") < NULL)

CoMMITUPDATE: In this step, the update is committed to the database, andgtiate automaton
is returned to its initial state (albeit with the new databstate). This step is executed automatically
when its preconditions are satisfied; users cannot inittiate

Preconditions:

Pg1: Status = Final
Pg2: (VI € Ports(C))(PortStatus(C,I") = NULL)

Actions:
Qs1: (VC € X)(CurrentState(C) < PendingUpdate(C))
Qs1: (VC € X)(PendingUpdate(C) «— NULL)
Qs3: Initiator < NULL
Qs4: Status < Idle

Because the model of negotiation which has been presentegtryssimple, it has some nice
theoretical properties. Firstly, infinite computations aot possible; the machine will always halt.
Second, although the machine is nondeterministic, it impoessary to guess correctly to make things
work. These ideas are formalized in the following obseorati

3.5 Observation — Computations are well behaved In the automaton model given in 3.4, the
following conditions hold.

(a) ForanyC € X and anyu € RDUpdates(Schema(C)), there is a natural numbar(which may de-
pend upon the current state of the database) such that ewsmputation beginning with
INITIATEUPDATE(C, u) has length at most.

(b) LetD = (D4,Dy,...,Dk_1,D,...,Dn) be a computation of the update automaton which defines
a single negotiation, and |& = (Ej, Ey, ..., Ex_1,Ex) be a computation of that same machine with
Ei =D; for 1 <i < k-—1. Assume further thaEy is not of the form RJECTUPDATE(C). Then
there is a choice of lifting associated wiy and a computatio&’ = (Ey,Ep,...,Ex_1,Ex,...,Ey)
which also defines a single negotiation, and with the furtneperty thaD andE’ result in the same
update on the database. (The values ahdn’ need not be the same.)

PROOF OUTLINE Part (a) follows from the observation that only one decidmr an initial ranked
update may be made for each component. After that, the paedyg refines these initial decisions.
Since a ranked update is finite by definition, there can onlg Baite number of such refinements,
and each such refinement must reduce the number of possshilitsome pending update. Part (b)
follows by observing that one may simply choose for therldtof Ex the final ranked update for that
component under the computatibn O
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4. Conclusions and Further Directions

The basic idea of supporting view update by negotiating wikier views quacomponents) has been
presented. A formal model of this process has been develogiad a nondeterministic automaton
as the underlying computational model. Although it hasaserimitations, it does provide a formal

model of update by component cooperation within that canteus providing a firm basis for further

development of these ideas, a few of which are identifiedvinelo

Extension of the basic modelhe basic model of cooperative update is limited in sewsesls. For
these reasons, the it should be viewed as a proof-of-cortfpt rather than a comprehensive so-
lution; further research will address the following issuégst, the current model of cooperation is
monotonic. Once the actors have made initial proposaldupdates which they support, the pro-
cess of identifying the solution update is solely one of iefirthose initial proposals. On the other
hand, in realistic situations, it is often necessary for piheties to negotiate nonmonotonically, by
retracting their initial proposals and then submitting naves, or by modifying their existing pro-
posals adding new alternatives rather than by just refinxigtieg ones. A key extension for future
work is to develop an extended model which supports such naotonic negotiation. A second im-
portant direction for future work is the development of a patational formalism which embodies
more specific modelling of communication between compan€ente current automaton-based ren-
dering does not provide the necessary information to theratd effect an efficient negotiation; the
nondeterminism allows very long and inefficient althougmptetely correct solutions. With a more
detailed model of communication, much more efficient negimn will be possible.

Relationship to workflow The topic ofworkflow involves the systematic modelling of processes
which require the coordinated interaction of several atdH02]; closely related ideas are known to
have central importance in information systems [FGHW88]thit the context of the development
of interactive database systems and cooperative work;temg transactions and workflow loops are
central topics [AAA*96] [RS95] [HDA*05]. There is a naturabnnection between these ideas and
those surrounding cooperative update which have beerduntedl in this paper. Indeed, underlying
the process of negotiating a cooperative solution to the-uipdate problem, as illustrated, for exam-
ple, in Table 2, is a natural workflow of update tasks, eacinddfby a step in the execution of the
automaton.

An important future direction for this work is to develop tkkennection between workflow for
database transactions and the models of cooperative vidateigvhich have been presented in this
paper. Indeed, given a database schema defined by compamehésrequested update on one of
these components, it should be possible to use the idea®wpeden this paper to define and identify
the workflow pattern which is required to effect that updditbis, in effect, would provide a theory
of query-based workflow construction
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