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Abstract

Business artifacts (or simply, artifacts) are used to medekeptual entities that are
central to guiding the operations of a business, and whagegtchanges as they move
through those operations. The recently introduced GutagesMilestone (GSM) meta-
model for artifact lifecycles is declarative in nature, atidws concurrent execution of
long-running (possibly human-executed) activities. Madity is incorporated through
the use of hierarchical clustering of activities. Milestsrare used to track whether key
business-relevant operational objectives have beenazhi®y a business artifact. The
GSM operational semantics is based on a variant of Eventiion-Action (ECA)
rules, which are used to control the start and terminationdi/idual and composite
activities, and the recording of milestone status. Thisgpamtroduces, in an abstract
setting, three different and provably equivalent formiolag of the GSM operational
semantics. The semantics is specified in terms of how a sedérnal event is in-
corporated into the current “snapshot” (i.e. full desddp} of a running execution
of an artifact model. The “incremental” formulation compesds to the sequential ap-
plication of the ECA-like rules in response to the event; tfipoint” formulation
characterizes the mathematical properties of pairs ofsrap corresponding to the
full impact of incorporating the event; and the “closednadformulation captures the
fixpoint one in terms of first-order logic. The paper introds@ formally specified
well-formedness condition on GSM models that guaranteesdiivalence of the three
formulations while permitting commonly arising patteros fising GSM constructs to
model business operations.
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1. Introduction

There is increasing interest in frameworks for specifyind @eploying business
operations and processes that combine both data and prasdsst-class citizens.
One such approach is called Business Artifa¢ts simply “artifacts”), and has been
studied by a team at IBM Resarch for several years [35, 25,39,34, 11]. Artifacts
are key conceptual entities that are central to the operafipart of a business and that
change as they move through the business’s operations.tifacatype includes both
aninformation modethat uses attribute/value pairs to capture, in either risdiszd
or virtual form, all of the business-relevant data aboufaauts of that type, and kfe-
cycle modelthat specifies the possible ways that an artifact of this tyght progress
through the business, and the ways that it will respond taots\and invoke external ser-
vices, including human activities. The recently introddif22] Guard-Stage-Milestone
(GSM) meta-modélfor Business Artifact lifecycles (abbreviated simply asSXa”)
provides a substantially declarative approach for spewifartifact lifecycles that sup-
ports parallelism and modularity, with an operational setica based on a variant of
Event-Condition-Action (ECA) rules.

As described in [22], the core motivation leading to GSM hasrbto create a
meta-model for specifying business operations and presdhat:

1. Will help business-level stakeholders to gain insight iand understanding of
their business operations;

2. Is centered around intuitively natural constructs tlmtespond closely to how
business-level stakeholders think about the operatiotieafbusiness;

3. Can provide a high-level, abstract view of the operatiansl gracefully incor-
porate enough detail to be executable;

4. Can support a spectrum of styles for specifying busingesations and pro-
cesses, from the highly “prescriptive” (as found in, e.g2MBN) to the highly
“descriptive” (as found in Adaptive Case Management sysjeand

5. Can serve as the target into which intuitive, informal] @nprecise specifica-
tions of the business operations (e.g., in terms of “busiisesnarios”) can be
mapped.

A fundamental research challenge underlying the developweGSM has been
to find a meta-model that on the one hand incorporates thadsssievel constructs
in an intuitive and flexible manner, and on the other hand sttpm precise seman-
tics that can support both implementation and mathematigaktigation. The current
paper presents the core constructs of GSM and the formabfdioms for the GSM
operational semantics. This includes specification of d-feeinedness condition on
GSM models, and proving the equivalence of three differembtilations of the seman-
tics, with each having its own intrinsic value. The wellfftdness condition, while
somewhat intricate, was chosen so that most commonly grmtterns for using the

2|n some publications the term “Business Entity (with Lifels)” is used in place of “Business Artifact”.

SFollowing the tradition of UML and related frameworks, weeusere the terms ‘meta-model’ and
‘model’ for concepts that the database and workflow reseltertature refer to as ‘model’ and ‘schema’,
respectively.



GSM constructs can be specified using well-formed GSM modféésexpect that this
framework and approach can be adapted to variants of the G&tsimodel.

There are four key elements in the GSM meta-model:Ir{Bgrmation Modelfor
business artifacts, as in all variations of the artifaciadagm; (b)Milestones which
correspond to business-relevant operational objectares are achieved (and possibly
invalidated) based on triggering events and/or conditaves the information models
of active artifact instances; (8tageswhich correspond to clusters of activity intended
to achieve milestones; and (Guards which control when stages are activated, and
as with milestones are controlled through triggering evemtd/or conditions. Multi-
ple stages of an artifact instance may be active (or “openth@ same time, which
enables the modeling of parallel activity such as when twménu performers are si-
multaneously conducting different tasks in connectiomlite same artifact instance.
Hierarchical structuring of the stages supports a rich fofmodularity.

The GSM meta-model is an outgrowth of several years of gralatixperience with
earlier artifact-centric meta-models, combined with arget® provide a more flexible
and goal-driven approach than offered by the previous mmetdels. For example, this
led to the use of a largely declarative paradigm, and to teeofimilestones based on
ECA-like rules as a central building block for artifact lifecles.

The operational semantics for GSM is specified in terms of A@ingle “incom-
ing event” is incorporated into the current “snapshot”.(icescription of all relevant
aspects at a given moment of time) of a GSM system. This sérsantbased on a
variant of the Event-Condition-Action (ECA) rules paratigand is centered around
GSM Business steffjsr B-step$, which focuses on the full impact of incorporating the
incoming event. In particular, the focus is on what milestoare achieved or inval-
idated, and what stages become active or inactive, as & t#ghis incoming event.
Changes in milestone and/or stage status are treated asiitg#atus events”, and can
trigger further status changes in the snapshot. IntujtiaeB-step corresponds to the
smallest unit of business-relevant change that can ocau@8M system.

The semantics for B-steps has three equivalent formulstieach with their own
value. These are:

Incremental: This corresponds roughly to the incremental applicatiothef ECA-
like rules, provides an intuitive way to describe the ogderatl semantics of a
GSM model, and provides a natural, direct approach for implgation.

Fixpoint: This provides a concise “top-down” description of the effeta single
incoming event on an artifact snapshot. It is useful for tmgvieg alternative
implementations for GSM, and optimizations of them; sormgtlespecially im-
portant if highly scalable, distributed implementations to be created.

Closed-form: This straight-forward rewriting of the fixpoint formulatigprovides a
characterization of snapshots and the effects of incomuenits using a first-
order logic formula. This permits the application of prawty developed verifi-
cation techniques to the GSM context. (The previous workl$7 12], assumed
that tasks were performed in sequence, whereas in GSM tadkstlaer aspects
may be running in parallel.)



This paper formally defines these three formulations of #raantics, and shows
that they are equivalent for GSM models that satisfy the ‘fegthedness condition.
The development is in some ways reminiscent of logic progmnarg [29], and the
well-formedness condition, which is based on an acyclicggdition, can be viewed
as providing a kind of stratification on the ECA-like rulesorfease of presentation,
and without fundamentally compromising the applicabitifythe results, this paper
uses a common restriction that puts the focus on a singlactrinstance of a single
artifact type. Citation [23] presents an extension of théaameodel described here
that supports multiple artifact types, multiple artifatstances, and structured attribute
values. (See also [24].)

While this paper focuses on the foundations of the GSM meaddet it is also be-
ing studied from the practical perspective. A prototypeieegcalled Barcelona, is
being developed to support experiments and implementatismg GSM (discussed
briefly in Section 6). Importantly, the incremental semesiintroduced in this paper
serves as a basis for implementation of Barcelona GSM execeimgine. We are cur-
rently working on two variations of GSM implementation, 48] taking advantage of
highly parallel multi-threaded architectures for allogyivery efficient implementation
of GSM execution engine, and the other one being built on f@pdistributed publish-
subscribe platform. These two alternative approachesfieg advantage of the fix-
point formulation to make sure that they fully satisfy theNb8perational semantics.
Finally, there is another ongoing thread of activities feed on formal verification of
GSM models that leverage results of the closed-form fortrara

As briefly discussed in Section 7, there is a strong connedteiween GSM and
the area of Adaptive Case Management [41], and with the dnge@MG standard
[8]. In particular, the consortium leading the OMG efforshedopted the core GSM
constructs of stages, milestones, guards and sentriesy@ds underway to adapt
the GSM semantics to that meta-model.

This paper is an extension of publication [13] and it extahafsseveral ways. The
informal description of the GSM meta-model is consideraxyanded, including both
a listing of key GSM concepts and an extended example. Thadodevelopment
of the GSM meta-model is expanded and presented in a compmigkananner. The
discussion of the condition for well-formed GSM models ipaxded, and includes ex-
amples of what can go wrong with non-well-founded modelsaHy, detailed proofs
of the key results are included.

Organizationally, Section 2 provides an informal introtiole to GSM, including
both a listing of key concepts and an extended example. @e8tpresents a series
of formal definitions for GSM, leading up to the key notion 068 model. Section
4 presents the notion of B-steps in an informal way, and thtoes some additional
formalism, including the variant of ECA rules used, and tralsfiormedness condi-
tion on GSM models. Section 5 presents the three formulatdB-step and proves
their equivalence; B-steps form the core of the GSM opematisemantics. Section 6
briefly discusses GSM implementation; how the equivaleheerem can be used in
connection with verification; and it discusses some aspafcsequences of B-steps.
Section 7 overviews related work and Section 8 concludepdber.



2. Informal Introduction to GSM

This section provides an informal and intuitive introdoatito the GSM meta-
model used for this paper. Listings of key constructs in tfgMameta-model, and
of key concepts for the operational semantics, are providé@n an example GSM
model is described in detalil.

2.1. Key constructs in GSM

The four key elements of the GSM meta-modellafermation Mode|Milestones
StagesandGuards Here we present informal, intuitive descriptions of thesatral
notions of GSM, as well as several related constructs, dictuartifact instance, task,
environment, events, etc. These are formalized primanmilgection 3. In the listing
below, the most important constructs are indicatebialal italics, and other constructs
indicated inbold. The conceptual underpinnings of the GSM meta-model daesttin
this listing were developed collectively by the severahaus of [22, 23].

Artifact Instance: Artifact Instance corresponds intuitively to a single Imgesis-relevant
conceptual entity (of a particular artifact type) that mexges through some busi-
ness operations. By way of illustration, we note that in tharicial application
described in [9] one of the artifact types corresponds tonibitgon of a finan-
cial Deal, i.e., a loan from one party to another secured by some ecdiatAn
artifact instance of a Deal can be in existence for severalsy@and progresses
through activities involving checking on the borrower ahé tollateral, com-
pleting negotiations and a contract, and managing the gierjzayments until
termination of the contract.

Information model: Information model is an integrated view of all businesgvaht
information about an artifact instance as it moves throdghhusiness opera-
tions. This has two components, thata attributesand thestatus attributes
Data attributes hold data about the business itself and tisvbéing affected by
the artifact instance. Status attributes hold “controbinfation”, that is, infor-
mation about the progress of the artifact instance as it sitbweugh the business
operations. This information is indicated by the curreatist of milestones and
stages in that instance .

Task: Task corresponds to a unit of business-relevant work thtathe performed by
an outside agent (either human or machine). Tasks are idviokeartifact in-
stances. When a task is invoked, the artifact instance gesvnput data from its
information model, and when the task terminates the taghubutata is written
into the artifact instance information model.

Environment: Corresponds to environment within which artifact instanegist. In
the current paper the environment hosts the task executiahare invoked by
artifact instances.

Event: In GSM there are three categories of event.



- Outgoing Event:Outgoing events are events sent from artifact instances
to the environment. There is one kind of outgoing event, arzesk in-
vocation eventwhich correspond to when an artifact instance invokes an
occurrence of a task.

- Incoming Eventincoming events include events that can be sent from the
environment to artifact instances. There are two kinds ofiming event.

+ One-way Message Eve(ulso referred to aRequest Eveptwhich
corresponds to a message sent pro-actively from the ema&ot) e.g.,
a user request.

+ Task Termination Eventyhich corresponds to the message sent into
an artifact instance upon termination of a previously iradkask.

- Internal Event, a.k.a., Status Change EveRltese correspond to when a
milestone changes status from false to true, or visa-versahen a stage
changes status from inactive to active, or visa-versa.

Sentry: An expression in a condition language, that can refer toriting events,
internal events, and the values of data and status attsibStntries provide the
core of the ECA-like rules that govern the progress of arfaattinstance. In
practical settings, a sentry will have the foom <event- if <conditior> then
<actiorn>, where either the event or condition may be omitted. In tme&dism
here, a syntactic variant of this is used.

Milestone: A business-relevant operational objective that can beeseli by an ar-
tifact instance. In the artifact information model milests are represented as
named Boolean attributes. At a given moment in time a mitestoas status
true or false Milestones have associatadhieving sentriethat determine situa-
tions under which the milestone becomes “achieved” andgémto statutrue,
andinvalidating sentrieghat determine situations under which the milestone
becomes “invalidated” and change to stafase

Stage: Intuitively, a stage is a cluster of business-relevantvdgtithat might be per-
formed in connection with an artifact instance. Stages egarozed into a hier-
archy, to provide a rich form of modularity for specifyingetioverall behavior
of an artifact instance. Each atomic stage contains exantiytask. Each stage
“owns” one or more milestones, and the intuitive goal of exieg a stage is to
achieve one of these milestones. At a given moment in timagesinay have
statusactive (or “open”), which corresponds to when the stage is exegutin
inactive (or “closed”), which corresponds to when the stage is notetieg.
In the meta-model of the current paper, a stage may execut@ladimes in
sequence, but cannot have two occurrences that are exgéirinltaneously.
(However, different stages might be executing simultasgou

Guard: Guards are used to control whether a stage should become,aei, whether
it should begin executing. Each guard is specified as a se@mards are un-



named, and their status cannot be referret to.

Lifecycle model: The lifecycle modelis a component that specifies the mitesand
stages of a GSM artifact model, including their relatiopshistage hierarchy,
association of milestones to stages, and association ks tasatomic stages),
and the sentries that govern the guards and milestones.

2.2. Key concepts of GSM operational semantics

Here we introduce the key concepts relevant for the GSM oipaie semantics
which will be in detail described in Sections 4 and 5.

Processing of incoming eventsWe assume in the GSM operational semantics that
incoming events are processed one at a time. If more eveots atthe same
time we assume that it is the role of the implementing systenake care of
managing the queue of incoming events.

GSM invariants: In the GSM meta-model of this paper, stages and milestortes sa
isfy two properties that correspond to central businegsti@tuitions concern-
ing how they interact. These are:

GSM-1 If a stageS owns a milestonez, then it cannot happen that bathis active
andm has statudrue. In particular, if S becomes active them must
change status tialse and ifm changes status toue thenS must become
inactive.

GSM-2 If stage S becomes inactive, the executions of all substage$ also be-
come inactive.

Snapshot: A snapshot is an instantaneous description of an artifatamnte at some
moment in time. The snapshot includes the values of all daiwies and also
the status of all milestones and stages of that time. In &cgrtifact instance
can be thought of as the sequence of snapshots that it maeesgthduring its
lifetime.

Business step (B-step): B-step corresponds to the atomic unit of business-relgrant
cessing in a GSM model. More specifically, it correspondstmiporating into
a GSM instance a single event incoming from the externalrenment, and
then “firing” all of the sentries that might be applicable e snapshot after the
incoming event is incorporated.

2.3. An example GSM model
The GSM constructs are now illustrated through a series aingtes.

4This is analogous to the fact that the individual achievingnealidating sentries of milestones are not
named. This design choice is based on experience in prasifoations, where business process model
designers see naming of the guards as unimportant.
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Figure 1. Graphical representation of parts of the Desmg®tder GSM model with its
information model with data and status attributes, andfésycle model. Circles rep-
resent milestones, rounded rectangles represent stagedizganonds represent guards.
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g1 LatestIncEventType = Request : NewOrder

g2 LatestincEventType = Request : CustomerChange

g3 RequirementsApproved A RestrictedProductsListCompiled A =DesignCompleted
ga LatestIncEventType = Request : ResumeEngineeringDesign

gs LatestincEventType = Request : NewOrder

g6 LatestIncEventType = Request : RedoExportDocuments

g7 —RestrictedProductsListCompiled

gs +DesignCompleted

g9 LatestIncEventType = Request : RedoExportDocuments

Figure 2: Guards of Design-to-Order GSM model

RequirementsApproved
achieving LatestIncEventType = Termination : RequirementsGathering
DesignCompleted
achieving LatestIncEventType = Termination : EngineeringDesign
invalidating: —RequirementsApproved
DesignSuspended
achieving —RequirementsApproved
RestrictedProductsListCompiled
achieving LatestIncEventType = Termination : EvaluatingCountryRestrictions
ExportDocsPrepared
achieving LatestIncEventType = Termination : PreparingExportDocuments
invalidating: —DesignCompleted
PreparingSuspended
achieving —DesignCompleted
LegalReviewCompleted
achieving +ExportDocsPrepared
invalidating: —ExportDocsPrepared

Figure 3: Sentries associated with milestones of Desig@+tter GSM model



Example 2.1. Order-to-Design Overview. Figures 1, 2, and 3 together illustrate an ex-
ample GSM model, calleBesign-to-Order Figure 1 provides a diagrammatic view;
Figure 2 lists the sentries associated with the guards, anad=3 lists, for each mile-
stone, its achieving and/or invalidating sentries. In &xample, each milestone has at
most one achieving sentry and at most one invalidating gedtiwever, in the general
case, multiple achieving and invalidating sentries arenitézd.

The bottom part of Figure 1 shows the information model, Wwhimludes data
attributes and status attributes. Status attributes acemded to the achievement status
of a milestonetfue or false) and to the activity state of stages (indicating whethey the
are active or inactive). The top half of the diagram showslifeeycle specification.

In the graphical notation milestones are shown as circtages are shown as rounded
boxes, and guards are shown as diamonds.

This example models a design process that includes aetvitr requirements
gathering, engineering design and legal review. We con§iideactors in this process:
customer, sales manager, request manager, engineeriragaeraand legal manager.
The top-level activities, represented as stages in the G8hleinhave the following
functions.

Requirements gathering. This starts when a request with customer’s requirements is
received from the sales manager. It is considered complehed the require-
ments have been gathered and appropriate approvals ahtdine activity may
be restarted if the customer wants to change the requirement

Engineering design. This starts when the requirements are ready and the cowgtry r
strictions have been evaluated as part of the legal revieis.cbnsidered com-
pleted when the design is created and appropriate appmaviamed. It might be
suspended if the customer wants to change the requireniemsEngineering
Design stage might need to be re-opened after it has suatlgssfmpleted; this
arises if the customer wants to change the requirements.

Legal review. The activity of this stage is divided between two sub-stage®aluating
Country Restrictions, and Preparing Export Documents. firkestarts as soon
as the request for a new order is received. The second stagts tive Engineer-
ing Design stage has completed successfully. PreparingrERpcuments stage
might have to be suspended or re-done if the customer regeits change.

In GSM, a fundamental step in designing an artifact type tosing the milestones
that are typically achieved during the lifetime of instami@d# that type. The stages
provide a natural mechanism for thinking in terms of groggiof work at various
levels of detail. The stage hierarchy enables designerbasidess-level users to work
with artifact lifecycles at varying levels of abstractiom general, the milestones of
higher-level stages correspond to the more visible, mosamlss-important goals that
an artifact instance might achieve. In practice for mogesited examples the stage
hierarchy is typically 3 to 5 levels deep. The running examipihow used to illustrate
the use of milestones and stages in GSM.



Example 2.2. Milestones and Stages. In Design-to-Order, the three most important
milestones are ‘Requirements Approved’, ‘Design Completand ‘Legal Review
Completed’. It is then natural to choose to have three toptistages, one per ma-
jor milestone. In the example, these stages are ‘Requiren@&gathering’, ‘Engineer-
ing Design’, and ‘Legal Reviewing’. Stage ‘Engineering ig@s has an additional
milestone called ‘Design Suspended’. ‘Design Suspendadtiuded for cases where
‘Requirements Approved’ has been achieved and ‘Enging@asign’ launched, but
then the customer presents new requirements. (See Examgta Znore detail on the
full set of actions that might take place in this situation.)

In this simplified example, the stages ‘Requirements Gatheand ‘Engineering
Design’ are atomic. This means that at the level of the GSMehdtieir internal
functioning is a “black box”, which is modeled as a task to befgrmed by an external
agent (either human or automated). In the example in Figufre Xasks inside the
atomic stages are omitted. Stage ‘Legal Review’ is a conpaesage and it has two
atomic sub-stages. This decomposition is motivated by bsewation that there are
two key milestones — ‘Restricted Products List Compiled] &&xport Docs Prepared’
— that must be achieved before ‘Legal Review Completed’ aaadhieved.

1

While stages provide an intuitive form of encapsulatioeytdo not provide strict
encapsulation in the way that, e.g., abstract data typésctstin object-oriented pro-
gramming, or some web services paradigms do. Intuitivlly,foundaries of stages
are “soft”, in the sense that sentries in any part of a liféeyoodel may refer to the
status of, and to attributes written by, any stage. For exantipe guard;s of top-level
stage ‘Engineering Design’ (see Figure 2) refers to thestolee ‘Restricted Products
List Compiled’, which is inside the ‘Legal Reviewing’ stag€hanges in a status at-
tribute in one part of the stage hierarchy may also triggetries elsewhere in the
hierarchy (e.g., guargk). The ability of stages to “see” data and status change svent
from essentially anywhere in the stage hierarchy is onecagipéhe data-centric nature
of the artifact approach.

The next example illustrates the event types supported iM @8d the central
construct called ‘sentry’.

Example 2.3. Sentries and Event Types. Figures 2 and 3 show the sentries associated
with the guards (Figure 2) and milestones (Figure 3) of DesigOrder GSM model.
Although guards are un-named in GSM, in the Figures 1 and 2awe imcluded names
g1, 92, - - . for ease of exposition.

Intuitively, sentries have the fornot ( event) if ( condition),” which corresponds
to the first two parts of traditional event-condition-actiales. In GSM, the event may
be an incoming event type or a status change event type, anmbtidition may refer
to data and status attributes in the information model.

In the formal notation, incoming events are specified usirgdedicated data at-
tribute LatestIncEventType, which is intended to hold the type of the most recently
arrived incoming event. For example, the guagidof ‘Requirements Gathering’ is
specified asliatestIncEvent Type = Requests : NewOrder”. This sentry becomes true
if there is an incoming event with type ‘Request: New Order’.

10



Analogously, the milestone ‘Requirements Approved’ isieebd when an event
of type ‘Termination: Requirements Gathering’ is receiviegl, when an occurrence
of the atomic task associated with ‘Requirements Gath&ténginates.

We next illustrate a sentry triggered by a change in valuestétus attribute. The
guardgs of ‘Preparing Export Documents’ is specified asDesignCompleted”; this
is triggered when milestone ‘Design Completed’ is achieved, when it transitions
from falseto true. Similarly, an invalidating sentry of milestone ‘Designi@pleted’
is “—RequirementsApproved”, that is, if the ‘Requirements Approved’ milestone of
‘Requirements Gathering’ is invalidated, then so is thesiDe Completed’ milestone.

Some sentries do not have a triggering event. Gyardf ‘Engineering Design’
is specified asRequirementsApproved A RestrictedProductsListCompiled A —=Design-
Completed”; this is based on having two milestones be true and a thirel faise.
Permitting sentries such as this, which do not explicitlfer¢o a change in status
attribute, can enable more flexibility and succinctnesscaBse guards; does not
involve a triggering event, it is important to prevent then¢fineering Design’ stage
from unintended openings after it has successfully coraglethis is accomplished in
this sentry by including the third conjuneDesignCompleted. (An alternative would
be to adopt a semantics based on “when first becomes truedihdlition-based guards.
In this semantics, such guards would trigger when their tmmdshifts from false to
true. Study of this variation is left for future research.) 1

The final example illustrates the notion of B-steps. Reddl intuitively, a B-
step corresponds to incorporating one incoming event intaréifact instance, and
then “firing” sentries to change the status of milestonesarstages until no further
sentries can be applied.

Example 2.4. [llustration of B-steps. This example describes three representative B-
steps. All of them start with events from the customer. Th&t fixample describes
what happens when a new order arrives, the second descritasappens when an
‘Engineering Design’ stage gets suspended, and the finades&ibes what may hap-
pen if the customer wants to incorporate additional requénets.

Initial stepsin Design-to-Order artifact instance. Upon receiving an event of the type
Request : NewOrder the guardg; of ‘Requirements Gathering’ opens that stage and
invokes the associated task. In the same B-step, the coraptaie ‘Legal Review’ is
opened by the guarg with condition “LatestincEventType =Request : NewOrder”.
This makes all stages inside ‘Legal Review’ eligible. Intjgadar, the guard, of stage
‘Evaluating Country Restriction’ with conditionRestrictedProductListCompiled opens
its stage since the mentioned milestone is false, and thigninvokes the task inside
the stage. Thus, the B-step resulting from the incoming teivenlves opening three
stages and launching of two tasks.

Suspending ‘Engineering Design’. First, suppose that ‘Requirements Approved’ is
true and that ‘Engineering Design’ is active. Suppose &rrthat the customer now
submits a change in requirements, i.e., an event of fRequest : CustomerChange
arrives. This triggers guarg and leads to re-opening the stage ‘Requirements Gather-
ing’. This in turn leads to invalidation of milestones ‘Reguments Approved’, based

11



on the policy that you cannot simultaneously have a stageeaahd one of its mile-
stones true. Next, the ‘Design Suspended’ milestone isgelibecause its sentry is
triggered by invalidation event of ‘Requirements Approvetdestone. This in turn
leads to closing the stage ‘Engineering Design’ (i.e., ¥scation is halted), again
based on the policy that you cannot simultaneously havege stetive and one of its
milestones trué.

Re-doing legal work. As a final illustration, suppose that all three top-levefjsghave

completed successfully, and then the customer submits eguwirements. Over time
this will lead to re-doing ‘Requirements Gathering’ and ¢fimeering Design’. When
‘Engineering Design’ starts it will automatically invakite 'Design Completed’, which
will in turn invalidate ‘Export Docs Prepared’ and then ‘la#dReview Completed'.
When ‘Design Completed’ is achieved again the stage ‘Preg&ixport Documents’
will not be re-opened, because its parent stage ‘Legal R@vig is currently inactive.

In the Design-to-Order GSM model, the legal manager careisstequest of form
Request : RedoExportDocuments. This will trigger g¢ to open ‘Legal Reviewing’ and
alsogy to open ‘Preparing Export Documents’. ]

As just illustrated, the propagation of actions in a B-step become rather intri-
cate. One intention of GSM is to enable business-level wsitkespecify large portions
of a GSM model in terms of milestones, stages, and their &gsdcsentries. Special-
ized business analysts may be needed to design the mooaiatimteractions between
the sentries, but in most cases the chain of actions in reggoran incoming event can
still be explained to the business-level workers. A primaoptribution of the current
paper is to provide a robust, formal foundation so that fgnaell-formed GSM model
there is an unambiguous and intuitively natural semantias anderlies the response
to incoming events.

3. Formal basis for GSM

This section introduces the formal definitions for most of\G $ading to the cen-
tral notion of GSM model.

3.1. Names, attributes, domain, condition language

We assume infinite, pairwise disjoint setgeNT of (incoming event namesSTAGE
of stage namesand MLESTONE of milestone names

In order to represent artifact information models we assdisjeint sets ATqi4
of data attribute namesor simply, data attributes and ArTstatusof status attribute
namesor simply,status attributesData attributes are used to hold information about
the business operations that are being managed by an &irtgtmnce. The setAstatus
= MILESTONEU {actives | S € STAGE} (where we assume MESTONEN {activey |
S € STAGE} = (§). Status attributes help to record the current status ofrtifact

5In practice, the task owned by ‘Engineering Design’ migselit be suspended rather than aborted, so
that work already performed as part of the task is not loss; ithnot addressed in the abstract GSM model
presented in this paper.
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instance. A milestone name, when considered as an attribute, will take Boolean
values, and will indicate whether the milestands currently true or not. An attribute
activey for S € STAGE will take Boolean values, and will indicate whether the stag
S is active or inactive.

For ease of presentation, we consider attributes to hawegéestommon domain
Dowm, which includes anundefinedsymbol L, a set of elements that represent num-
bers and strings, and the two Boolean constdttse, false}. We assume further
that Dom includes B/ENT. (Intuitively, this will allow for expressions of the form
LatestincEventType- E whereFE is an event type antatestincEventTypis an at-
tribute intended to hold the type of the incoming event tmaved most recently to an
artifact instance.)

If Ais a finite set of data attributes,lagical structureover A is an assignment
= : A — DoM. (In what follows, such structures correspond intuitivielysnapshots
of artifact instances.) For this paper we shall use a cadiinguage that refers
to attributes inAtt as variables (wher@tt C ATTgaig U ATTstatug- For instance, if
completed andprice are attributes irAtt, thencompleted = true A price = $50 is a
condition. In the rest of the paper, when it is clear from tbetext that an attribute
holds a Boolean value we use the notaticand—a to meana = true anda = false
respectively. For the purposes of the present paper we asthatd is a propositional
language, with atoms of the fora#y wherez,y € AUDOM andd is a binary relation
symbol. (The particular set of relation symbols supporteeischot matter, as long as =
is present.)

Remark 3.1. We note that the results of this paper remain true if theaatifhstances
are considered within a larger context, e.g., one that dedua family of database
relations in the spirit of [15]. In such cases, the conditeorguage® used may include
variables other than attributesi) and may include quantification over those variables.
1

In this paper it is convenient to work with paifg, =’) of structures, where intu-
itively =’ is constructed at some point in time afféwas constructed. In such cases,
following convention from the verification community, we ynase formulas that refer
to attributes ind and toprimed attributesi.e., expressions of the forat’ whereA €
A, that are used to refer to the values associated to attsitimt’. Given a formula
(X1, ooy Ty Yy -y yh,) Wherezy, ..., 2, 11, .- ., ym € A, the pair(Z,Z') satis-

fiesp, denoted=, Z') = o, if olz1 /E(z1), .. ., 20 /E(@0), Y1 /2 (11), - - -, Y /Z (Ym)]
evaluates to true.

3.2. Tasks, Messages, Events

We now turn to the kinds of events that can pass between dacaitistance and
the environment. These event types are in two categories

e Incoming Event Typedhese include types fane-way messagesdtask ter-
minations

e Outgoing Event Typeshese include types faask invocations
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To formalize these we first consider incoming one-way messaand then tasks.
Intuitively, incoming one-way messages are unsoliciteehés from the environ-
ment that are used to model direct user requests (e.g.,Jetuereate a new order,
request to revise requirements, manager approval) and gpleataneous phenomena
occurring in the external environment.
We assume a set B6SAGEOf message namgthat is disjoint from the other sets
of names already established.

Definition 3.2. An incomingone-way messadevenj typeis a tripleE = (M, O, ¢),
where

e M € MESSAGEIis a message name,
o O C ATTyata S a message payload structure, and
e 1 is a condition that refers to attributesdh

It is assumed that two distinct message types have distarties, i.e., if{M, O, 1))
and (M, O', ') are message types, théh= O’, andy and’ are identical. We
sometimes refer to message typé, O, ) simply asM. The set of one-way message
event types is denoteMENTmsg

A one-way message evarftone-way message typge = (M, O, ) is a paire =
(M, p) wherep : O — DoM is thepayloadand [p] evaluates to true. 1

The conditiony in a one-way message type corresponds intuitively to rigtnis
that are known to apply to payloads of messages of that type.

Tasks model both computer-executed tasks as well as hueréormed ones. Fol-
lowing the spirit of semantic web services [32] and also dudier work on declarative
artifact meta-models [7, 15, 12], tasks include input anippotattributes, and postcon-
ditions. (We do not include preconditions, because thedguamn atomic stages holding
tasks will take that role.)

We assume a setaBK of task namesthat is disjoint from the other sets of names
already established.

Definition 3.3. A taskis a tuple(T, I, O, v)), where
e T ¢ TAsK is atask name,
o [ C ATTyata (input attribute$,
o O C ATTyata (output attribute}, and

¢ 1 (postconditiof is a logical formula inC referring to attributes i without
primes and to attributes i@ with primes.

Itis assumed that two distinct tasks have distinct names|fi{T, I, O,v) and(T’, I,
O’,y') are tasks, thed = I’, O = O’, and+ andv’ are identical. We sometimes
referto task{T, I, O, ) simply asT'.
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A task invocation event type a pairE = (T, I) where(T,I,0,) is a task. A
task invocation everdf this type is a paie = (T, p) wherep : I — DoM is theinput
payload The set of task invocation event types is denoted ferj,,,,.

A task termination event typea tripleE = (T, I, O) where(T, I, O, 1) is a task.
A task termination eventf this type is a triplee = (T, p,p’) where(T, p) is a task
invocation eventp’ : O — DoM, andy[p, p’] evaluates to true. Heneis called the
input payloadof e andp’ is called theoutput payloadf e. The set of task termination
event types is denotedMENTterm. |

Intuitively, task invocation events occur when an artifexstance invokes a task,
and task termination events occur when the invoked taskigptated. The assignment
p will correspond to the values of attributes irof the invoking artifact instance, and
assignmenp’ will cause the assignment of values to attributeirof the artifact
instance at the time when the task terminates. Postcondititodel constraints on
the outcomes of task executions. They can model both (i)riohkréstic tasks (e.qg.
performing a computation:’ = z+1), and (ii) black-box services or human performed
tasks (e.g. stating that an attribute is only guaranteeefilbd: =’ # L; or that an
attribute lies within some range0 < ¢’ Ay < 30).

It is convenient to refer to the full set of incoming types.

Definition 3.4. The set ofncoming eventtypés EVENT{,c = EVENTtermUJEVENTmsg
Itis assumed that E=NTjnc € EVENT. 1

3.3. GSM data model and pre-snapshot

We introduce the notion of GSM model in two steps. The firsoisuked on the
data structure associated with a GSM model. This structilfaNow us to define the
important notion of ‘sentry’, which form the core of the ECike rules that are used
in GSM lifecycle models.

Definition 3.5. A GSM data modeis a triple A = (Att, S, M) where the following
hold.

1. Att C ATTgata U ATTstatusis finite, called theattributesof A. (Recall that
ATTgataN AT Tstatus= 0.)

. § C STAGE is finite, called thestagef A.

. M C MILESTONE s finite, called the set ahilestone®f A.

. Attincludes a data attribute calléatestincEventType

. M C At i.e., each milestone name € M also occurs iPAtt as a status
attribute.

6. {actives | S € S} C Att, i.e., for each stage nanfe € S, the status attribute
activeg occurs inAtt.

a b~ wWN

Intuitively, a GSM data modeh = (Att, S, M) provides the skeleton for GSM ar-
tifact instances, including the basic control structu/mted by stages and milestones.
In particular, the data attributes At are used to hold business-relevant information
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about the progress of the artifact instance through thenbasioperations. The mile-
stone attributes: € M will take Boolean values, and will record, at a given momant i
time, whethern has most recently been achieved or invalidated. And ategactives
for S € S will take Boolean values, and will record whether st&bis currently active
or inactive. As described in Subsection 3.5 below, a GSMYitée model associated
with a GSM data model will specify relationships betweengtages and milestones.

We now introduce the notion of ‘pre-snapshot’ for a GSM datalei; this corre-
sponds to an instantaneous description of a running instaithe GSM data model at
a given point in time. (This notion is extended to GSM modelIBéfinition 3.12.)

Definition 3.6. A pre-snapshobf a GSM data model\ = (Att, S, M) is an assign-
ment function® : Att — Dom where

(i) X(a) € {true, false} for each status attributec Att, and
(i) X(LatestincEventTypes EVENT{qc.

3.4. Status event and Sentry

In addition to incoming events, it is useful to model evetsesponding to changes
in the status attributes of an artifact instance.

Definition 3.7. Let A = (Att, M, S) be a GSM data model. Atatus change event
or simply status eventfor A is an expression of form-a or —a wherea is a status
attribute forA, i.e.,a € AttN ATTstatus The set of status events fov is denoted as
EstatudA) 1

We typically use the symbol2’ to denote thepolarity of a status event, i.eo €
{+a _}'

Recall that in the condition languageused in this paper, data attributes are used
as variables. We shall also use status events as Boolealegrin expressions (&
The intuitive meaning ofi-a is thata has shifted from false to true during the course
of a B-step, and analogously fera.

Definition 3.8. Let A = (Att, S, M) be a GSM data model, arié] ' be pre-snapshots
of A. If a is a status attribute iAtt then (3, ') satisfiest-a, written (X, %) E +a
if ¥ &= —aandX | a. Similarly, (X,Y’) satisfies—a, written (X, %) E —a if
Y | aandY’ = —a. The meaning of%, /) = ¢, wherey is a formulainC possibly
involving status events and both unprimed and primed at&isymbols, is defined in
the natural manner. 1

Intuitively, a status eventa can be viewed as a macro for the conditiem A o/,
and the status evenrta can be viewed as a macro for the condition —a’.

We can now define the notion of ‘sentry’, which forms the coir¢he ECA-like
rules used in GSM.

Definition 3.9. Let A = (Att, S, M). A sentryfor A is a Boolean formula of the form
T Ay, where
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1. v is a formula that contains no incoming event types or stataats, and
2. 7is (a) empty, or (b) has the forimtestIncEventType = E for some incoming
event typeF, or (c) has the fornba for some status attributeand® € {4+, —}.
In case (b),F is thetrigger of this sentry, and in case (c}ja is thetrigger of
this sentry.
The set of sentries fah is denoted ENTRY(A). 1

If a sentry is written in formr A v as above, then it is easy to transform it into the
classical form bn ( event) then ( condition).”

Remark 3.10. Recall Remark 3.1, which stated that the results of this pegeain
true if artifact instances are considered within a largertext, e.g., one that includes
a family of database relations. In that case, the notion efitty’ can be expanded
by permitting the formulas in Definition 3.9 be closed formulas including quantified
variables ranging over elements of the larger context. |

3.5. GSM model, snapshot, and environment
A GSM model includes a GSM data model and a lifecycle model.

Definition 3.11. A GSM models a tuplel’ = (Att, S, M, L), where(Att, S, M) is a
GSM data model, and where thiecycle modek of I" has structur¢SubstagesTask
Owns Guards Ach Inv) and satisfies the following properties.

1. Substages S — P(S) is a function fromS to finite subsets of, such that the
relation{(S,S") | S’ € Substagess)} creates a forest. A root of this forest is
called atop-level stagea leaf is called amtomic stageand a non-leaf node is
called acomposite stageThe set of atomic stages is deno®gomic

2. Task: Sztomic — TASK is an injection.

3. Owns: S — PNoONeMPYy 7y (j e, mapping to nonempty subsetsaf) such
thatOwng.S) N OwngS’) = 0 for S # S’. A stageS ownsa milestonen if
m € Owng.s).

4. Guards: S — PMN(SENTRY(Att, M, S)) (i.e., mapping to finite subsets of sen-
tries over the data model &Y).

5. Ach: M — Pf'”(SENTRY(AtL M,S)). For milestonem, each element of
Ach(m) is called arachieving sentrpf m.

6.Inv: M — 'Pﬁn(SENTRY(Att, M,S)). For milestonem, each element of
Inv(m) is called arinvalidating sentryof m.

We now extend the notion of pre-snapshot for GSM data modéigitGSM mod-
els. We also define the notion of ‘snapshot’, which is a prgashot satisfying some
internal consistency conditions. These correspond tatfodtions that (a) once a mile-
stone is achieved then the owning stage should be terminateti(b) if a stage is
terminated all of its children should be terminated.
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Definition 3.12. Let I' = (Att, S, M, L) be a GSM model. Each pre-snapshot of
(Att, S, M) is also said to be pre-snapshodf I'. A pre-snapshot df is asnapshoof
I if it satisfies the followingGSM invariants

e GSM-1: Stage and milestone cannot both be tHie: € OwngS) andX(activey)
= true, thenX(m) = false

e GSM-2: No activity in closed stag#. >(actives) = falsefor stageS € S and
S’ € Substagesy), thenX(activeg/) = false

Remark 3.13. In some variations of the GSM meta-model [24, 23] a third ifauat
GSM-3is assumed, which states that for each stégat most one of its milestones
can be true. This invariant is enforced by some form of sytigalcrestriction on the
milestone achieving conditions. To streamline presemtatiere, and without loss of
generality, we do not consid&SM-3here.

1

We conclude the subsection by formalizing a notion of ‘eoninent’ that is used to
model the part of the real-world environment relevant toaperation of a GSM artifact
instance. In particular, it is assumed that the environmélhperform the tasks that
are invoked from the artifact instance, and send terminatie@nts back to the instance
when a task completes. In the current GSM meta-model, eagle san have at most
one active occurrence at a given time (although it may havéipteioccurrences that
occur sequentially through time). Thus, to model the emritent of a GSM model
I = (Att, S, M, L), it is sufficient to incorporate, for each tagkoccurring in the
range ofTask variables to hold the values of the input attributes useghiimvocation
of taskT'.

As a technical convenience we first extend the set of ategas follows.

Definition 3.14. An environment attributés a symbol:r where(T', I, O, ) is a task
andx € I. The set of environment attributes is denotetd énv. |

Definition 3.15. The environmentfor GSM modell' = (Att, S, M, L) is the set of
attributes Bivr = {z7 | T = TaskK.S), S € Satomic}- A valuefor this environment is
a function() : ENvr — DoM. 1

4. PAC rules and Well-formed GSM Models

This section presents the building blocks used to define gezadional seman-
tics of GSM models. The section starts with an informal deson of the notion
of GSM Business Step (B-step). It then describes Precebistezedent-Consequent
(PAC) rules, a variation of ECA rules used to capture thenidésl meaning of the
sentries used in a GSM model, and also the GSM invariantsgusiamples (Exam-
ples 4.6 and 4.7), we illustrate potential non-intuitivd&eors that can be exhibited
by unrestricted application of PAC rules. Finally, the s@mtintroduces the Polarized
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Figure 4: lllustration of a single GSM Business step (B-step

Dependency Graph (PDG) of a GSM model. The PDG is used to défeevell-
formedness condition for GSM models (based on an acycladithe PDG), and to
structure the application of the PAC rules, with the goal\afiding the non-intuitive
behaviors and thus providing unambiguous and intuitiveljural semantics that un-
derlies the response to incoming events.

4.1. Informal Description of GSM Business steps (B-steps)

The operational semantics for GSM are focused on the nofi@sieps, which
capture the impact of a single incoming event occurrenze a snapshot of a GSM
modelT". In Section 5 three formal notions of B-step are defined amvahto be
equivalent. The term ‘B-step’ will then be defined to include B-steps of each (any)
of the three formal notions.

The notion of B-step is illustrated in Figure 4. The semantitaracterizes 6-tuples
of the form(3, e, ¥/, Q, G, '), where the following hold.

1. ¥ is theprevioussnapshot.

. elis a ground occurrence of an incoming event type associatedw

. X' is thenextsnapshot.

. Q) is thepreviousvalue of the environment.

. G is the set of groundenerated event occurren¢edl of whom have task invo-
cation type. (These arise when atomic stages become active.

6. Q' is thenextvalue of the environment.

ga b~ wdN

To illustrate the notion of B-step, we describe key aspetth@mincremental for-
mulationof the operational semantics. (This is formalized in Deifnit5.1 below.) In
this caseY’ is constructed in two phases (see Figure 5). The first is torpurate
evente into 33, by computing the “immediate effecE® of e onX. Intuitively, this has
the effect of (a) updating the attributatestincEventTyp hold the type ot, and (b)
updating the values of all data attributes directly affddig the payload oé.

We pause to give the formal definition of ‘immediate effedo that end, we first
introduce the notion of when an event is “applicable” to a G8Mpshot.
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Definition 4.1. LetI" = (Att,S, M, £) be a GSM model an& a snapshot of'. In-
coming event is applicableto X if either
1. e = (M, p) has typeE = (M, O, ) € EVENTmsgandyp |= v, or
2. e ={(T,p,p’) has typeE = (T,1,0,) € EVENTterm, T = TasKS) for some
atomic stages' € StagesX(activeg) = true, and(p, p’) = 9.
1

For both kinds of events, in order to be applicable the foemuinust be satisfied by
the associated assignments. Further, with regards tortation evente = (T, p, p’),
the atomic stage& that owns taskl’ must be active in snapshit (We note thatS
might become active, launch an occurrencd ofand then become inactive because
some milestone af unrelated tdl” goes true. In that case the occurrenc& afhould
be abandoned, and any termination event from that occuer@mauld be ignored.)

Definition 4.2. LetT" = (Att, S, M, £) be a GSM model an® a snapshot of, and
lete € EVENTj¢ be applicable t@&. Theimmediate effeadf e on X, denoted:® is
defined as follows.

1. if e = (M,p) has typeE = (M,0,v) € EVENTmsg thenX® is defined so
that3¢(A4) = p(A) for each attributed € I andX°(A) = 3(A) for all other
attributesA.

2. ife=(T,p,p') has typeF = (T, 1,0,v) € EVENTterm, thenX® is defined so
thatX¢(A4) = p/(A) for each attributed € O and%¢(A) = X(A) for all other
attributesA.

1

We now return to incremental construction of B-steps. Thmosd phase is to
incorporate the effects of the guards, achieving and idatilig sentries for mile-
stones, and the two GSM invariants. A family of ECA-like mileorresponding to
these constructs is derived fram(Subsection 4.2). A sequenge= Yy, X¢ = X4,
o, ..., %, = X' of pre-snapshots is constructed, where (1) each step irothputa-
tion afterX:€ is called amicro-stepand it corresponds to the application of one ECA-like
rule, and where (2) no ECA-like rule can be appliedtp. (The intermediate values
¥1,..., 2,1 might violate GSM-1 or GSM-2, which is why they are permittece
pre-snapshots as opposed to snapshots.) There are i@ss¢rich the ordering of rule
application, as detailed in Subsection 5.1 below. Finallyis returned as the result of
the B-step. For each micro-step one also maintains @ sef generated eventsvhich
are sent to the environment at the termination of the B-step.

In order to streamline the presentation, in the rest of thEepwe do not consider
the generation of outgoing events, and assume that theoemvént is correctly updated
at the end of each B-step. In particular, when discussingeBsswe shall focus on
triples of the form(%, ¢, ¥') whereX, 3’ are snapshots of the GSM model and an
incoming event applicable tB.

Although the creation of’ from ¥ ande may take a non-empty interval of clock
time, in the formal model this is considered instantane@msother, more practically
oriented investigations of GSM [22, 23] the logical timesfaof each B-step is also
maintained; this detail is omitted here because the focos isroperties of a single
B-step.)
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Intuitively, B-steps are considered to be natural “unitbudginess-relevant change”.
In naturally arising cases, a B-step will capture all of tffeets of incorporating a sin-
gle incoming event, including changes to milestone andestagtus. While the con-
struction of a snapshat’ from snapshok and event will be treated as a “black box”
from the perspective of the business, the valuek @ndY’ are considered business
relevant. This perspective on B-steps will lead to someireqents on how they are
defined (see Subsection 4.3).

4.2. Prerequisite-Antecedent-Consequent Rules

We now turn to the ECA-like rules associated with a GSM modlbese are used
to guide the micro-steps in the incremental computation®fséep, and are also used
in the other formulations of the GSM operational semantics.

Definition 4.3. A precedent-antecedent-consequ@ntPAC) rule is a triple(r, a, ),
where:

- 7 (prerequisitd, is a formula inC on attributes irAtt,
- « (antecedent is a formula inC on attributes inAtt, and

- ~ (consequent is astatus change evewnf form ®a, wherea € Attstarusand
(ORS {+7 _}

Figure 6 shows templates for the six kinds of PAC rules assediwith a GSM
modelI’. The first three templates correspond directly to sentrids, iand address
opening stages, achieving milestones, and invalidatingstoines. The last three tem-
plates correspond to maintaining the GSM invariants. PA&& PAC-6 are straight-
forward. The primary role of PAC-4 is to ensure that when gest@pens then any true
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| Basis | Prerequisite] Antecedent | Consequent
Explicit rules
PAC-1 || Guard: for each stagg, for each| -activeg | ¢ Aactivegs | +activeg
guard ¢ of S. (Include term
activeg if S’ is parent ofS.)

PAC-2 || Milestone achiever: For each milgr  activeg ® +m
stonem of stageS with achieving
sentryep.

PAC-3 || Milestone invalidator: For each m %) -m

milestonem of stageS with inval-
idating sentryp.

Invariant preserving rules

PAC-4 || Guard invalidating milestone: Fo m © A activeys -m
each guarg of a stageS, for each
milestonem not occuring in a top-
level conjunct—m. (Include term
activeg if S’ is parent ofS.)
PAC-5 || For each milestong: of a stageS. activeg +m —activeg
PAC-6 || For each stags child of 5" activeg —activegs —activeg

Figure 6: Templates for PAC rules associated with a GSM mode(Here ' is
conventional logical negation, ‘+’ is used to indicate thastatus attribute has/will
transition from false to true, and ‘-’ is used to indicatetthastatus attribute has/will
transition from true to false.)

milestone owned by that stage is invalidated; this is hadfrdbrcing invariant GSM-1.
Remark 4.12 below motivates the particular formulationAER1 used here.

In all but PAC-2, the prerequisite is a kind of “opposite” betconsequent. Intu-
itively, PAC-2 is different because of the very close r@aship between stages and
their milestones; see Remark 5.5 below.

Definition 4.4. LetT" be a GSM model. The set #AC rulesfor I', denotedulesr,
is the set of all PAC rules that are formed fousing the templates PAC-1,., PAC-6
shown in Figure 6. |

The following definition describes how PAC rules can be aguptd pre-snapshots.

Definition 4.5. Let (m, o, ®a) € rulesp be a PAC rule. Therimed versionof «,
denoted’, is formed froma by replacing each attributé by A’. (The status events
®a are not modified.) The PAC rulesapplicableto pre-snapshofs, >’ if ¥ = = and
(3,%) E <. Inthis case, the result @fpplyingthe rule is%”, which is constructed
from X’ by changing the value of status attribut@ccording to®a. In this case we
say that polarized attribute is triggeredby the application of rulér, o, ®a).

A PAC rule isapplicableto the sequencE = %y, %¢ = ¥1,3,,...,%;, ifitis
applicable to>, 33;; in this case the application of the rule adds ; to the sequence
whereX; ; is the result of applying the rule 1, 3;. |
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The intuition for using the primed versiatl rather tham in Definition 4.5 is as
follows. Suppose that a sequente= Y, ¥¢ = X1, Y,...,%; of pre-snapshots
has been constructed and rie «, ©a) is under consideration, witk, = . The
sentry underlyingv may refer to data attributes that were updated to farnginclud-
ing possiblyLatestincEventType), and/or to status attributes that have changed when
constructing®,, ..., X;. As is typical in rules-based systems, the conditioshould
be tested against the pre-snapshot that incorporatesféotsadf the previous updates.
This is achieved by testings, X’) = o rather than(X, ¥') & a.

4.3. Intuitions underlying B-steps: Toggle Once and Irarti

This subsection describes two key intuitions underlyiregribtion of B-steps, and
provides illustrations of non-intuitive behaviors thatilviie prevented by the GSM
well-formedness condition.

Recall that B-steps are intended to correspond to the sshallgt of business-
relevant change in the state of an artifact. One intuitiveqiple of B-steps is called
Toggle Once This states that in a B-stdfy, e, X'), if ¥/ is constructed fronfX, e, t)
through the incremental application of PAC rules, then estatus value attribute can
change at most once during that construction. Note thagifrtbremental computation
of a B-step did not satisfy Toggle Once, then a given statuibate might change
values inside the B-step, but those changes would not bieleisom the starting and
ending snapshots of the B-step.

The Toggle Once principle is enforced by the use of prerégsis the PAC rules
(see Lemma 5.10). In the formalism, enforcing the Toggle é&Opinciple has the
advantage of preventing infinite cycles in the incremendatgutation of a B-step.

The second intuitive principle is callédertial (formalized in Definition 5.4 be-
low). This states that if a status attribute changes duriBesgep, then there should be
a “justification” for that change that is visible by examigianly the starting and end-
ing snapshots of the B-step. Now, in the general case, thaf §%C rules of a GSM
modelT" will involve a form of negation. As is well-known from logicrpgramming
and datalog [29], the presence of negation in rules can leaditicomes that are not
inertial. In the GSM operational semantics this will be @eu using an approach rem-
iniscent of stratification as developed in those fields [4, k6particular, the approach
involves (i) requiring that a certain relation defined on thkes be acyclic, and then
(i) requiring that the order of rule firing comply with thatlation. We note also that
our framework satisfies a form of monotonicity because ofTibggle Once property.
Specifically, in a B-step, once a status attribute chanes, it will not change again.

We now present an example of how unrestricted use of the PSS can lead to a
non-inertial result.

Example 4.6. Consider Figure 7(a), and suppose that for some snapsh have
that.S; andS; are both open, thak; andms are both false, that attributé = 20,
and that event is to be processed. Suppose that the PAC rules are applied order
suggested by the numbers in the figure, that is

1. milestonen, is achieved;

2. guardgs is triggered (since at this momenntl is true andn is false);

3. stageSs is opened;
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Figure 7: lllustration of potential non-intuitive behaxso(explained in Examples 4.6
and 4.7). Stages in green are open in the snapshot undedeoatsn.

4. milestonens is achieved;

5. (not numbered: stageés andsS- are closed)
Let Y’ be the result of these steps. ThHehis a snapshot. However, B we have that
bothm, andm, are true, or in other words, the condition of gugsds not true inX'.
Intuitively, there is not an apparent reason, looking ol andy’, as to whyS3 has
become open iX’. However, if using the ordering that will be imposed on theCPA
rules, in this example the rules governing both andm. will have to be fired before
any rules governings andSs. 1

A more subtle violation of inertial can arise if there areleg¢ as illustrated next.

Example 4.7. Figure 7(b) shows a cycle of dependency between three wrilest
achieving one can lead to achieving a second one, which camrrirnlead to achiev-
ing the third one. Suppose now that in some GSM snapste#ch ofSy, S, andSs
are open. One can imagine a B-s{@p ¢, >’) wheree has nothing to do with those
stages, but where eachsaf;, mo, andmg are true in¥’ (and the corresponding stages
are closed). Ir’ the change in value for each of;, ms, andms is “justified”, and
so the “inertial” property is satisfied at a local level. Hawg intuitively it is unsatis-
factory to permit this situation. The acyclicity conditanposed on the PAC rules will
prevent this kind of non-intuitive behavior. 1

4.4. Polarized Dependency Graph and Well-formedness

The Polarized Dependency Graph (PDG) is intended to capipendencies be-
tween the PAC rules irulesr, and will be used to constrain the order of application of
rules during the incremental construction of B-steps. Tinaph incorporates several
aspects of the GSM semantics. The central intuition undeylthe PDG is as follows:
an edge from polarized attribute: to polarized attributéa is included in the PDG if
consideration of PAC rules triggerinigh should be performed only after consideration
of PAC rules triggeringoa. In what follows, the definitions are presented, followed by
some examples and intuitions.

Definition 4.8. The polarized dependency gragRDG) of a GSM model”, denoted
PDG(T"), is defined as follows. For each status attribwte ", we have two nodes
(+,a) and(—, a). For each stagf and each of its guards, we have a nodé+, S.¢).
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When itis clear from the context, we abbreviate a n@den) by writing simply “©a”.
In the following description of the edges of the PDG, the eatienty of a PAC rule
is written ast A v, wherer is either empty, or has forrhatestincEventYype = E
for some incoming event typ#, or has the formoa for some status attribute and
©® € {+, —}; and wherey involves no incoming even types or status events.

1. For each PAC-1 rulé-activeg, T A v, +activeg) in rulesr,

+ If ®b is a polarized status attribute occurringzinthen include directed
edge(®b, +5.¢).

+ If a status attributé occurs iy, then include two directed edgesb, +5.¢)
and(—b,+5.¢).

2. For each guarg of stages:
+ add edg€+S.p, +-activeg).

+ for each milestone: owned bysS that does not occur in a top-level conjunct
of form —m in ~, add the edgé+S.p, —m). (These edges correspond to
PAC-4.)

3. For each PAC rulér, 7 A 7, ®a) from templates PAC-2 or PAC-3 ilesr,

+ If ®bis a polarized status attribute occurringzinthen include directed
edge(®b, ©a).
+ If b is a status attribute occuring in then add two edgest+b, ©®a) and

(=b, ®a).
4. For each PAC-5 rulé@activey, +m, —activey) in rulesr, add edgé+m, —activey),
and
5. For each PAC-6 ruléactives, —activeg,, —actives) in rulesr, add edgé¢—activey,
—activey).

Thestatus-only polarized dependency graganotedDG*(T"), is formed fromPDG(T")
as follows. The nodes akeda | a is a status attribute, and € {+, —}}. Each edge
of PDG(T") that does not involve a guard is included. Also, for each phiedges

(®a, +S.p) and (+8S.¢, ©b), add edge®a, ®b). Finally, the transitive closure of
PDG*(T") is denoted®DG’** (T"). |

It is straightforward to verify thaPDG(T") is acyclic iff PDG’(T") is acyclic.

Definition 4.9. A GSM modell" is well-formedif PDG’(T") is acyclic. 1

Example 4.10. Figure 8 shows part of the PDG for the Engineering Requirésen
GSM model of Example 2.1, with a focus on the “Engineeringi@@sstage, its guards
and its milestones. For each milestone (oval) and stagedexlirectangle) there are
two nodes, one corresponding to the positive polaritydnd the other to the negative
polarity (—). For each guard (diamond) there is only the positive piylari

Consider first the nodef*Design Suspended”. Because of template PAC-5, a possi-
ble cause for *-active=ngineering Designt0 become true (i.e., for “Engineering Design”
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Figure 8: Part of PDG for GSM model of Engineering Requiretsexample. (Here
rounded rectangles correspond to stages, ovals to mikstand diamonds to guards.
The ‘+" and -’ signs indicate the polarities associatedhitiose nodes.)

to become inactive), is if “+ Design Suspended” becomes tintitively, if comput-
ing a B-step through incremental application of the PACsutaen rules concerning
“+Design Suspended” should be evaluated before rules cangérrEngineering De-
sign”. Itis in this way that edges of the PDG indicate a deeg of the target of an
edge on the source of that edge.

Consider now the guard node labeledg,”. Technically, this corresponds in Def-
inition 4.8 to the nodg+, S.¢), whereS is the stage “Engineering Design” ard
is the sentry LatestIncEventType = Request : ResumeEngineeringDesign.” Because
the sentry ofy, involves only an incoming event, there are no edges in the RRIG
target “4-g4”.

According to Definition 4.8 an edge fromg, to +actiVengineering DesigrlS IN-
cluded, corresponding to the template PAC-1. Also, edga frg, to “—Design
Suspended” and-Design Completed” are included, corresponding to the tatepl
PAC-4. Intuitively, in the general case, such edges areided because rules that can
affect status attributes in a guagdf S should be considered before the PAC-1 based
rule that useg as antecedent can triggeactives, and also before the PAC-4 based
rules that uses-g as antecedent to invalidate milestonesof

Consider nowtgs, which has associated sentRegirementsApprovedA Restrict—
edProductsListCompiled A —DesignCompleted”. Edges from both polarities of “Re-
quirements Approved” ta-gs are included because during incremental application of
the PAC rules, the value of “Requirements Approved” shoeldtiable before consider-
ing rules that haves as antecedent. That is, rules that might triggeRequirements
Approved” and rules that might trigger~Requirements Approved” should both be
considered before considering the valuefagi. The analogous is true for “Restricted
Products List Compiled” and “Design Completed”.

Consider now out-going edges frofys. Similar to+g4, edges are included from
+93 10 +actiVengineering DesigndNd “—Design Suspended”. An edge fromgs to
“—Design Completed” is not included. Intuitively, this redatto the formulation of
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Figure 9: lllustration of an acyclic polarized dependen@pi, where the correspond-
ing non-polarized dependency graph is cyclic

template PAC-4 and the fact thatDesignCompleted is a top-level conjunct ofjs.
Note that in an incremental application of PAC rules orderecbrding to the PDG, if
g3 were to fire, then necessarily “Design Completed” is falsé,ill not subsequently
be modified. Thus, in connection Witictive=ngineering Desigr?Nd milestone “Design
Completed,” the invariant GSM-1 will be satisfied. 1

The following example presents one motivation for usingapakd status attributes
in the PDG, rather than simply the status attributes.

Example 4.11. Figure 9 illustrates the PDG for a GSM model involving twogstas;
(with guardg; and milestonen;) for i € [1,2], whereS; is a child of S;. The sole
achieving sentry fom; is +ms. (The sentries in the guards, and for achieving are
not relevant to the example.) As shown in the figure, theredges:(+53.g2, —m2),
(+ma, +m1), (+m1, —51), (=51, +52.92).

(The last edge is becauaetiveg, is a conjunctin the antecedent for the PAC-1 rule
that corresponds to guatd.) If plain status attributes rather than polarized oneswer
used, this would yield a cycle. |

The PDG of a GSM model provides an ordering for applicatiothef PAC rules
that ensures an intuitively natural outcome for B-stepse particular formulation of
PDG (and of the PAC templates) described in the current paperdeveloped after
working with many GSM models, some of which have been usedantjge. If using
the formulation of Definition 4.8, the PDGs of those GSM madale acyclic. The
next two remarks consider alternative formulations forRimeG.

Remark 4.12. We develop here a formulation of PDG based on a simplifiedimers
of template PAC-4. In particular, suppose that PAC-4 isaeptl by a template PAC-
4’, where PAC-4’ applies to each sta§eand milestonen whereS ownsm, and has
prerequisiten, antecedent-activey, and consequentm. It would then be natural
to modify Definition 4.8 as follows: for each stagewith guardy and milestonen,
remove the edgé+S.p, —m), and include an edgé+S, —m). (That is, delete the
second item in bullet (2.) of that definition, and use inst@a@dge from+S to —m.)
This formulation of the PAC templates and the PDG is simgl@ntthe ones of
Definitions 4.4 and 4.8, respectively. However, the PDGtegt&rom Design-to-Order
using this new formulation is not acyclic, because of therjply of stage “Engineering
Design” and milestone “Design Completed”. 1
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The next formulation of PDG is more lenient than DefinitioB,4n the sense that
it yields an acyclic graph for some GSM models that have cyRDDGs

Remark 4.13. (Event-relativized PDG.) This formulation of PDG is based on the ob-
servation that B-steps are based on single incoming evé&ien GSM model” and
incoming event typel, we define thesvent-relativized polarized dependency graph
(ePDQ@ of T for E, denoted®DGg(T'), as follows. The set of nodes f@DGg (') is
the same as fdPDG(I"), except that an additional node, F) is included. The set of
edges folPDGg(T) is constructed as follows:

1. Given a stageS with a guardy that hasE' as triggering event, include edge
(+E,+S.9).

2. For each milestons: with achieving sentry that has as triggering event, in-
clude the edgé+FE, +m).

3. For each milestone: with invalidating sentry that ha&' as triggering event,
include the edgé+E, —m).

4. Recursively add edges that are (apIDG(T") and (b) have source reachable from
edges already included inRDGg (T').

Intuitively, if a node®a in PDGg(T") is reachable from-E, then it is possible that for
some snapshat of I" and some evert of type E, the B-step resulting from incorpo-
ratinge into X includes the status attribute charge. (Technically, we are guaranteed
only the converse of this property.)

Consider a GSM model with milestones andms, wherem; has achieving sen-
try “LatestIncEventType = Ey Amsy” andms has achieving sentryt‘atestincEvent Type
= E>Am;.” The PDG of Definition 4.8 for this model is cyclic, but thesst-relativized
PDGs for this model are acyclic. 1

5. Equivalent Formulations of GSM Operational Semantics

This section presents the three formulations of the noti@istep, and then proves
their equivalence in the case of well-formed GSM models.

5.1. Incremental formulation

For this formulation, each PAC rule with consequent is associated with the
corresponding node of the grapG*(I") (e.g.(®, a) for a PAC rule with consequent
@a). Since the PDG is acyclic, its topological sort providesagtipl order< on PAC
rules. The main idea of the incremental semantics is thatpplyahe PAC rules in an
order consistent witk.

In more detail, let: be a snapshot of a well-formed GSM mo@leinde an incom-
ing event of typeF that is applicable t&:. Choose a topological soft; a1, ®2as, . . .,
©ra, for PDG*(T'). Construct the sequence

Y =30, =%,5,...,5,

inductively as follows. Suppose that has been constructed fran}_; by applying a
rule with consequenb,a,, or thati = 1 in which case sgt = 0. Consider the rules
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associated Wittb,,1ap+1, Opt+2ap+2, - - . IN SEquence until some rule for somga,,
is applicable toX, X;) (see Definition 4.5). Use that to for®; ;. Continue until
rules for all of the nodes iRDG’(I") have been considered.

Definition 5.1. Let 3, ¥’ be snapshots of a well-formed GSM modeande an in-
coming event. TherX, e, ¥’) is anincremental B-steffor T' if ¥’ is the result of
applying PAC rules t@:, 3¢ in the manner described above, for some topological sort
of PDG*(T") 1

Well-formedness guarantees the following important tesul

Theorem 5.2. For a well-formed GSM modadl, given a snapshat and an applicable
evente, there always exists a uniqi#s.t. (X, e, ¥’) is an incremental B-step. Further,
Y’ satisfies GSM-1 and GSM-2.

The proof of this result and others are presented in Sulosestél below.

5.2. Fixpoint formulation

The fixpoint formulation for the GSM semantics is analogauthe fixpoint charac-
terization used in logic programming [29]. The formulatisfiased on two properties
of triples (X, e, X’). In the following definitions, we assume that Y’ are snapshots
of a well-formed GSM moddr', and that is an incoming event applicable ¥ Intu-
itively, the first property states tha must comply with all of the demands of the PAC
rules.

Definition 5.3. Let " and (X, e,Y’) be as above. The tripleZ, e, ©’) is compliant
with respect td” if

- ¥’ andX¢ agree on all data attributes, and

- for each PAC rule(m, o, ®a) in rulesr, if ¥ E « and(%,%Y) £ o, then
¥ E @a.

Intuitively, the second property states that if a statushatte toggles betweeR
andY’, then that toggling must be “justified” by some PAC rule in meation with:
andy’.

Definition 5.4. LetT" and(X, e, ') be as above. The tripleZ, e, ') is inertial with
respect tal if for each status attribute: if X(a) # ¥'(a) then there is a PAC rule
(m,a, @a) in rulesy such that = 7; (X,Y) | o; andY’ | Ga. 1

We pause now to consider template PAC-2, which has conseqtimm +m but
prerequisite of fornactiveg rather than-m.

Remark 5.5. Suppose that we attempt to create a template PAC-2" as anatite
to PAC-2, where PAC-2’ has precedent rather tharmactives. Suppose that stage
S is the owner ofm. Becausen may become true only i is currently active, we
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need to include the conditiarctives in the antecedent. So, PAC-2’ has precedent
antecedent: = activeg A ¢, and consequentm.

Suppose now that = ¥y, 3¢ = ¥4, ..., %; is a partially constructed sequence of
pre-snapshots according to the incremental formulatiocegt that PAC-2’ is used in
place of PAC-2. Suppose further thag = —m and(3y,3;) | . This means that
Y; | actives, so the rule can be applied. Let us assume that the rule isedppb that
Y;+1 E m. Because of PAC-Hctives will be negated in some subsequent micro-step
in this B-step. Lek’ be the result of the B-step. We then h&Ve~ activeg. It follows
that(3, ¥) H o’. This means that the PAC rule fenmn is not applicable t&, ¥'. But
sinceX = —m andX’ = m, this means thats, e, ') is not inertial (in the context of
the modified PAC template). |

Returning to the main discussion, we now define the fixpoimhfdation.

Definition 5.6. LetI" and (%, e, X') be as above. Then the triple idiapoint B-step
for [ if

1. eis applicable toz,

2. for each data attribute >’ (a) = X¢(a)

3. (¥, e,Y) is inertial and compliant with respect o

5.3. The Closed-Form Formulation

The closed-form formulation of the GSM semantics is basedhenobservation
that the properties of compliance and inertial can be cegltim a first-order formula
that refers to structures having the foiff, e, X'). The construction of the overall
formula is reminiscent of constructions used for logic pesgming with negation, and
in particular, when characterizing “negation as failur&"16].

We sketch here how the formulais constructed. This formiullagfer to attributes
in X' as primed attributes. Also, for a PAC rule, o, ®a) we write « in the form
o A v whered is either empty or is a status change event. (If the ruleggtiied by an
incoming event, that is reflected m) Finally, § is the formula constructed fromas
follows: if § has form+a then seb to be—a A o, and if§ has form—a then set to
bea A —a'.

The main idea is to construct a logical formula from therségsr. Since many
rules affect the same status attribute, for each attribuiteiingt construct a formula
that includes the effects of all such rules. We refer to d#ésuhat have actioma as
Cnsd®a).

For status attribute, we defined, to be

((ﬁa AN \/(77,5/\’y,+a)€CnSq+a)(7T A 6 //\\ /y/)) — a,/) AN
((ma A /\(ﬂ,éA’y,+a)€CﬂSC{+a) =(m A S AY)) — —ad)

and defing_, to be

((a A \/(ﬂ,JA'y,fa)ECnsc[fa)(ﬂ- Ao //\\ ’71)) - jal) A
((a A /\(7r,6/\v,—a)€CnSC[—a) (A GAY)) —ad)
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The intuition is thatd, considers the effect of all the rules that might result in
a changed tarue. Note how the first conjunct intuitively refers to titempliance
requirement in the sense that it forces the attribute tcsttian to ¢rue whenever any
individual rule has prerequisite and antecedent both ffine second conjunct forces
theintertial requirement by forcing the attribute to remginise in case none of the
rules can be "triggered”. The same can be said fodthg which considers the rules
that govern the transitions of the attributefial se.

For the whole system we then define:

Or=( A (Bsarb-a) A T(e)
acAltlstatus

where ¥ (e) is a formula (not defined here) that states that the datduatits of>’
reflect the updates called for lay (The conditionOr can also be extended to include
the requirement thatis applicable ta:.)

Definition 5.7. LetT" and (X, e, ¥’) be as above. Then the triple ixckbsed-form B-
stepfor I if e is applicable ta- and(3, e, ¥') = Or. 1

We can now state the main result.

Theorem 5.8. Suppose thaf' is a well-formed GSM schema,, ¥’ are snapshots
of I, ande an incoming event applicable 8. Then the following are equivalent:
(i) (X,e,Y) is an incremental B-stefiji) (X, e,Y’) is a fixpoint B-step, andii7)
(3, e,Y) is a closed-form B-step.

Recall, as discussed in Introduction, that each of thesetformulations has it
own intrinsic value — theéncremental formulatiorbeing useful primarily for direct
GSM implementations (such as the one in the Barcelona GSNhhenghefixpoint
formulationbeing of use in developing alternative (e.g., distribuietjlementations
and optimizations, and the tletosed-form formulatiombeing critical for verification
purposes and for transferring existing verification respit 15, 12] to the GSM realm
as we discuss in more detail in Subection 6.1.

The equivalence of the three specialized notions of B-step allows us to for-
mally define the unified notion of B-step.

Definition 5.9. LetT" be a well-formed GSM mode};, >’ be snapshots df, ande an
event applicable t&. Then(3, e, ') is aB-stepfor T if this triple is an incremental
B-step forT" (or equivalently, a fixpoint B-step fdr or a closed-form B-step fdr). 1

5.4. Proofs

This subsection includes proofs for Theorems 5.2 and 5.8.
We begin with two lemmas. The first focuses on the relatignehihe PAC rules
and the Toggle Once principle.

Lemma 5.10. (Toggle Oncg LetI" be a well-formed GSM schem#,a snapshot of,
ande an incoming event applicable }o. LetY = ¥, X¢ = ¥1,%,,..., %, = X' be
constructed according to the incremental semantics, usjmgogical sorto a4, . . .,
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©ra, of PDG*(T"). Suppose that status attributehanges value during the formation
of ;. Thena does not change value again in the sequence, i.e., forjeach..n],
Ej(a) = EZ(Q)

Proof: LetS be a stage. Suppose that= actives. Then for each pre-snapsrﬁwve
have tha{(%, i) violates the prerequisite of the PAC-5 and PAC-6 rulesSforhus, if
actives changes to false at some point in the sequence, then it cahange back to
true. A similar argument using PAC-1 can be usel i —actives.

Suppose novt = m. By GSM-1,3 = —activey. Thus, for each pre-snapshot
(%, i) violates the prerequisite of the PAC-2 rule far This implies that ifn changes
to false at some point in the sequence, then it cannot chaagetb true. Finally,
suppose. = —m. Thus, for each pre-snapshot (X, X) violates the prerequisites of
rules PAC-3 and PAC-4. If» changes to true at some point in the sequence, it cannot
change back to true. |

We now present a “stability” lemma and corollary for increrta constructions,
that describe sufficient conditions for when a status aitelwill remain fixed from an
intermediate snapshay; until the end of the sequence.

Lemma 5.11. (Stability) LetI" be a well-formed GSM schems,a snapshot df, and
e anincoming event applicable }o. LetY = ¥, X¢ = X1, 3,...,%,, = X' be con-
structed according to the incremental semantics, usirgagiral sortoaq, . . ., ©ra,

of PDG*(T"). If a rule with consequenta is applied to creat&;, and if (Ob, ©a) €

PDG**(T"), then:

(@) if (+b,®a) and(—b, ®a) are iNPDG**(T") then for eachj € [i..n], 3;(b) =
i1 (b).

(b) if only one of(+b, ®a) or (—b, ®a) is in PDG’*(T"), then for eacly € [i..n],
(3,%)) = obiff (2,%-1) [ ©b.

Proof: Recall that a rule foroa cannot be applied in the sequence until all rules are
considered for polarized attributesb where(®'b, ©a) € PDG**(T").

If both (+b, ®a) and(—b, ®a) are inPDG**(T"), then the rules for bothkb and—b
have been considered befdigis constructed. If any such rules were applied, then the
value ofb has changed at or befo¥g_;, and cannot change again because the Toggle
Once Lemma 5.10.

Now consider the situation where only-b, ®a) € PDG™(T"). (The situation of
(—b,®a) € PDG™(T") is analogous.) There are two cases.

Case 1:X k= b. In this case there is no pre-snapshatuch that(S, &) = +b. Thus

(X2,%;) does not modet-b foranyj € [i — 1..n].

Case 2:% = —b. Inthis case, sinceb is considered beforeq, it is considered before
¥; is constructed. Thus, for eaghe [i..n], X;(b) = X;_1(b). This implies that for
eachj € [i.n], (X,%;) = +biff (X,%;-1) = +0b. |

It is straightforward to verify the following.

Corollary 5.12. (Stability) LetT" be a well-formed GSM schema, a snapshot of,
ande an incoming event applicable 1. LetY = ¥y, = ¥4,%,,..., %, = X' be
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constructed according to the incremental semantics, uspwjogical sortoa4, .. .,
©Ora, of PDG*(T"). Suppose thaba is considered o&; (whether or notitis applied to
createX; 1), and let(w, o, ®a) be arule foroa. Then for eacly € [i.n], (£,%;) =
o iff (B,%;) E o

The next two lemmas show thatd is the result of an incremental construction
from X ande, thenX’ is a fixpoint forX, e.

Lemma 5.13. (Incremental is compliant) Let I" be a well-formed GSM mode}; a
snapshot fol’, ande an applicable incoming event. (£,¢,3’) is an incremental
B-step ther(X%, e, 3') is compliant with respect tb.

Proof: Assume thak = ¥, ¥¢ = ¥4, %,,..., %, = X' is constructed according to
the incremental semantics, using topological spft1, . . ., ®,a, of PDG*(T").

Consider a rulér, o, ©a), and suppose thal = = and(X,¥’) = /. Suppose
that in the incremental construction rules fou are considered ol; (regardless of
whether one of the rules is applied to creatg ). By the Stability Corollary 5.12,
(3,%;) E o. Therefore ifS; £ © a, some rule with consequeatz will be applied
to createX; ;. By the Toggle Once Lemma 5.18,, = Ga. 1

Lemma 5.14. (Incremental is inertial) Let I" be a well-formed GSM model_ a
snapshot fol’, ande an applicable incoming event. (£, ¢e,%’) is an incremental
B-step ther(%, e, X') is inertial with respect td'".

Proof: ¥ =Xy, X% =X,%,,...,%, = X' and the topological sort be as in proof of
Lemma 5.13. Suppose thatf: © a andX’ = ©a. We shall exhibit a rulér, o, ©a)
such thatt = 7 and(X,Y’) E /. SinceY = @a, the value ofa was changed in
somey;. Let (w, a, ®a) be the rule used. It follows that = 7 and(Z,2;_1) E .
By the Stability Corollary 5.12(3, ) E «'. 1

We next show that the result of an incremental constructisfies the two invari-
ants.

Lemma 5.15. LetT" be a well-formed GSM mode}l, a snapshot foF', ande an ap-
plicable incoming event. If:, e, ') is an incremental B-step theti satisfies GSM-1
and GSM-2.

Proof: Assume thak = X, ¥¢ = X1, Y,,..., %, = X' is constructed according to
the incremental semantics. By Lemmas 5.13 and §34;, ¥') is both compliant and
inertial.

Let stageS; have childS>. In this case GSM-2 states thatSf is closed inX’
then stageS, is closed in¥'. Suppose thal’ = —actives,. There are two cases to
considerY |= actives, or ¥ = —actives, . In the first case(}, ¥') = —actives, and
so by PAC-6 and complianc®/ |= —actives,. In the second case, it follows from the
Toggle Once Lemma 5.10 that for each [1..n], ¥; = —actives, . By construction of
PAC-1, no rule can be applied to change the valuaatizeg, from false to true. Thus
¥/ = —actives, as desired.

Suppose now that stageowns milestonen. In this case GSM-1 states thatdf
is open thenn should be false. Suppose tHat = actives. There are two cases to
considerY. = actives or X = —actives.
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For the first case, suppose tl¥t = m. SinceX is a snapshof; satisfies GSM-
1 and in particulary = —m. Thus(%,%’) = +m. By compliance and PAC-5,
¥’ = —activeg, a contradiction.

Consider the second case. TH&h ¥') = +actives. Suppose thal |= —m. The
only rules with consequentm are from template PAC-2, and these have prerequisite
activeg. Since this is false foE, no such rules will apply and 6/ = —m.

Suppose now tha = m. Becaus€y, e, ¥’) is inertial and>’ |= activey, there is
some rule(—actives, o, +-activey) that was applied to create the pre-snapshofor
somes during the construction af. By the Stability Corollary 5.12(%, %) = «/.
There are two sub-cases: (ajn does not occur as a top-level conjunctiror (b) it
does. For (a), by PAC-4 there is a rule, «, —m). By complianceY’ = —-m as
desired. For (b), since the rule was applied®n, to create¥,;, (X,%;,1) F <.
By the Stability Corollary(X, ') = «'. Since—m is a top-level conjunct ir8, this
implies that®’ = —m as desired. 1

We now demonstrate that i’ is obtained through an incremental construction
from X ande, and if X" is a fixpoint forX, e, thenX’ andX” are identical. As a by-
product we establish that the incremental constructiamdependent of the topological
sort used, and that there is a unique fixpoint.

Lemma 5.16. LetT" be a well-formed GSM modeY, a snapshot foF', ande an appli-
cable incoming event. If%:, e, ¥') is an incremental B-step arfil, e, ©.”) is a fixpoint
B-step ther®! = ¥

Proof: Assume thal = ¥y, X¢ = ¥1,3,,...,%, = X’ is constructed according
to the incremental semantics using topological sorty, . . . , ©.a, of PDG*(T'). As-
sume also that’ # Y. Of the status attributessuch that’ (a) # X" (a), choose the
one for which there is a polarity such that>a is least in the topological sort among
all ©b such that! (b) # X (b).

Case 1: ¥ (a) = X(a). We will show thatX” is not inertial. Suppose that in the
construction o, rules for@a are considered &;. For each rulér, o, ©a), either
Y HEror (X, %) o If X 7 then none of the rules is satisfied @y, ¥2). In this
case, sinc&” is inertial,X" (a) = X(a) = ¥'(a), a contradiction.

Suppose now that = 7. By the Stability Corollary 5.12, for each rule of form
(7, o, ©®a) we have(X, ¥') = o/. Since®a was chosen to be least among polarized
attributes wher&’ andX” differ, we also have thaf:, ¥) £ «o/. Again sinceX” is
inertial we reach a contradiction.

Case 2:Y/(a) # X(a). We will show that™" is not compliant. There is some rule
(m, a, ®a) and some such that this rule is applied ; to obtainX, ;. ThusX | =
and(X,%;) E «'. By the Stability Corollary(3, %) | o’. Since®a was chosen to
be leastY” matches’ on each status attributes occurringninThus(%, ¥") &= «'.
BecausgX, e,X") is compliant,(X,X") = ©a, and soX”(a) = X'(a) afterall, a
contradiction. 1

Proof of Theorem 5.2. Let X be a snapshot of well-formed GSM modeknde an
applicable event. First note that the incremental constmalways succeeds, and by
Lemmas 5.13 and 5.14, it creates a snap3haff I that is compliant and inertial. This
implies that there is at least one fixpoint fore.
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To see that there is only one incremental B-step(¥ore), suppose that there are
two distinct snapshots8’ andX” such that(X, e, ¥’) and (%, e, ¥”) are incremental
B-steps. From Lemma 5.16, we see that these are both fixpeste® as well. Since
(3,e,%') is an incremental B-step ar(&, e, X") is a fixpoint B-step, Lemma 5.16
implies that’ = ¥”, a contradiction. |

Proof of Theorem 5.8.The proof of Theorem 5.2 above demonstrated that the notions
of incremental B-step and fixpoint B-step are equivalentaBise of the construction

of the closed form formulas, it is straightforward to show #quivalence of closed-
form B-step with fixpoint B-step. 1

6. Discussion

In this section we briefly consider four topics: (a) genewion of the verification
techniques of [7, 15, 12] to apply to GSM; (b) variations of tBSM meta-model;
(c) intuitions concerning sequences of B-steps; and (d) G&pementation. Item
(a) provides an important illustration of the value of theulrglence Theorem 5.8,
because it provides a bridge between the intuitive increéatéormulation of the GSM
operational semantics, and the succinct, logic-base@dtémm formulation.

6.1. Generalization of the verification techniques to GSM

Here we briefly discuss how the existing verification res{its15, 12] can be
applied to GSM. Notice that due to the equivalence of theetfivemulations of GSM
operational semantics the generalized verification teghes can be directly applied to
systems implementing the incremental as well as the fixgaintantics.

References [7, 15, 12] develop verification results for aifipof sequential declar-
ative artifact-based meta-modelSimilar to GSM, those models assume that artifacts
have information models and lifecycles. These meta-malglportservicesthat are
essentially identical to the GSM tasks described above ohtrast with GSM where
stages (and thus tasks) may run in parallel, in the sequeletitarative meta-models
the services operate in sequence. References [15, 12]giport the presence of a
fixed external database that may be referred to in the prepasticonditions. The
research reported there demonstrates decidability oftignesf the form: do all runs
of a sequential declarative artifact-based model satigfiyen LTL-FO formula.

The Closed Form formulation of the GSM semantics enableficapipn of the
proof techniques developed in [15, 12]. To see how, notedlrah of a GSM model
involves execution of B-steps in response to a series ofitg events. Each such B-
step is characterized by the form@a (extended to include testing for applicability of
an incoming event), and can be modeled as a service in the e€fib, 12]. Also, the
incoming events themselves can be modeled as the resporghet services calls. As
a result, the closed-form formulation provides a direct wayranslate GSM models
into ‘sequential’ declarative artifact models. It followsat verification techniques and
results in the spirit of [15, 12] can be extended to GSM.
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6.2. Variations of the GSM meta-model

The larger GSM team has worked on a number of variations dfdbie GSM meta-
model studied in the current paper. As noted earlier, [22 p2Bmit multiple artifact
types and multiple artifact instances that can interacitbh the use of sentries.

A minor but convenient generalization of the GSM approactoipermit more
than one event expression to be present in sentries. Inakés evhen putting a sentry
into the formr A ~ as in Definition 3.9, might involve a boolean combination of
multiple incoming and internal event expressions. Theltesid the current paper can
be generalized to this case.

Citation [40] studies a simplified GSM meta-model, in whictlestones and stages
are not tightly linked as in the current paper. In particutaitestones are not required
to be linked to a stage, but rather can stand freely, eithéreasame level as the top-
level stages, or nested within stages. Guards are used éorgaten stages open, and
“terminating sentries” govern when stages close. The PA&and notion of PDG can
be simplified. Importantly, the simplified GSM meta-modeh ceevertheless simulate
the tight linkage of milestones to stages as found in theectippaper. The separation
of milestones from stages was inspired in part by the indgbroach to milestones
taken in the IBM Case Manager product [47], and is also foartié emerging OMG
standard for case management [8] (see Section 7).

In GSM as studied here, a stage may not have two occurrenaearéh running
simultaneously. However, in some cases it is natural to hisasame stage to perform
work in parallel on multiple elements of a collection. Fomaeple, in business-to-
business commerce it may be natural to process each lineotearpurchase order
using different occurrences of the same stage. It appeatghth GSM meta-model
could be extended with a form @fidexed stage executiavhile still satisfying some
analog of the Equivalence Theorem.

Finally, we note that in the abstract meta-model of this pagmncurrency control
mechanisms are not provided. In particular, two tasks thaewo the same data at-
tribute might be executing in parallel, and the value wnithy the first task to complete
might be overwritten when the second task completes. It vbalnatural to develop
an approach fobusiness-level concurrency contrdathis might require, for example,
that an atomic stage would not be eligible to open if appaipriead- and write-locks
on data attributes were not available. Develoiping thigesion may require a gener-
alization of the notion of B-step to allow for non-deternsimi which may arise from
contention between atomic stages that may potentially oparsingle B-step.

6.3. Sequences of B-steps

We now turn to situations where it makes intuitive sense tusimter a cluster of
B-steps as a single unit. In the formalism presented abbaa,atomic stage contains
a computational task (e.g., assigning one data attributegt@l another one), then
this stage is opened in one B-stepand is closed in some subsequent B-sigp
Because the assignment is purely computational, it may reakee to havé, happen
“immediately” afterb;. In practice, we define macro-B-stepio be a family of B-steps
that starts with incorporation of an incoming event froméngironment, and includes
any subsequent B-steps stemming from computational actidacro-B-steps are not
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guaranteed to terminate, nor to be unique. We also notertsdme corner cases, a
change made by one B-step may be “undone” by another B-stbp same macro-B-
step.

We also note that in some corner cases, a B-step may comguetspme PAC rule
may be applicable to the result. As a simple example, supipas®; andS, are two
stages that are “siblings” in the hierarchy, with milestone, andms, respectively.

Let m; be triggered by incoming events of tyjg let +m; be an achieving sentry of
mg, and letmy be a guard foiS;. Suppose that both stages are open and an event of
type E arrives. The resulting B-step will include; is achievedy; is closed, andn:

is achieved. The guardiy” of S; will not be fired, because the associated PAC rule
has precedentactivey, . Snapshots that are created by a B-step and for which a rule
is immediately applicable are termedohans If an orphan does arise, then it seems
natural to permit applicable rules to fire in the same matep-as the initial B-step. It
appears that GSM models that permit orphans do not commasbyia practice. The
problem of finding a useful syntactic characterization thadrantees that a model is
orphan-free remains open at the time of writing.

6.4. GSM implementation

As mentioned in Introduction, a prototype engine, calledcBbna, is being de-
veloped to support experiments and implementations usiBigl @arcelona software
supports execution as well as design of GSM models. Notia while in this paper
(for ease of presentation) we have assumed a restrictibptitgthe focus on a single
artifact instance of a single artifact type, Barcelona altyusupports interactions of
multiple artifact types and instances. Barcelona supposteiple graphical design ed-
itor, and captures the GSM models directly into an XML formats an outgrowth of
the Siena system [10], that supports an artifact meta-maitlelstate-machine based
lifecycles. The expression language [28] used in Barceil®aa extension of the Ob-
ject Constraint Language (OCL) [19]; it supports first-arldegic constructs in a con-
text of nested collection-based structures. The Barcedagie has already been used
for two pilots, including one [42] that supports a style ohtiwledge- and data- in-
tensive processes”. The Barcelona implementation of GSMrporates a number of
practical capabilities, such as bindings between the bk$aof incoming messages
and how their values are incorporated into appropriatéaattinstances, handling of
time outs and other failures, etc., that are not addresstaiourrent paper.

7. Related work

The GSM meta-model is a natural evolution from the earliactical artifact meta-
models [35, 10, 39], but using a declarative basis. It cani®@ad as a natural evolu-
tion from the sequential declarative artifact-centric miscf [7, 15, 12], extended to
support modularity and parallelism within artifact instes. GSM draws on previous
work on ECA systems [31], and develops a specialized vaviseful for data-centric
BPM.

There is a strong relationship between the artifact paradigd Case Management
[45, 14, 47]. In general, both approaches focus on conckgpitities that evolve over
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time, and supporad hocstyles of managing activities. In both approaches, theee is
strong emphasis on conceptual entities that evolve as tloeae itihrough a business.
Both approaches make data a first-class citizen, and ircpéaticall for maintaining
an integrated view of all data that is business-relevantgiven entity (case) instance
as it evolves. The artifact approach has been used in a yafieontexts for which
case management is rarely if ever deployed, e.g., the useuliipfa artifact types
to support the management of financial “deals” [9], to maragstributed enterprise
services” [6], and to provide cross-silo visibility intoeghmanagement of engineering
changes in large-scale manufacturing. Also, while not dpére focus of the current
paper, the GSM meta-model provides richer declarativetoacts for supporting the
interaction of artifacts than typically found in the metadels for Case Management
[23]. Citation [42] provides various examples of such rigtladrative interactions in
GSM.

The work on Case Management that is arguably closest to therdypaper is the
Case Handling meta-model (called here “CH” for short) diésctin [45]. In both CH
and GSM, models involve an information model and closelypted process model.
CH focuses oractivitiesthat are essentially the same as tasks of GSM. Unlike GSM,
activities in CH have an explicit finite-state based lifdeyiovolving 6 statesifitial,
ready, running, passed skipped andcomplete)d CH does not support grouping of
activities into composite stages, nor does it support itafess as in GSM. In both CH
and GSM, the process model is obtained by adorning units of yaztivities in [45]
and stages in GSM) with a form of pre- and/or post-conditi@msl the operational
semantics is based on ECA rules derived from them. In CH, ¢tieittes are arranged
into a directed acyclic graph derived from the conditionsereas in GSM there is an
acyclicity requirement on the Polarized Dependency Gratich has a node for both
“positive” and “negative” versions of stages and milesg)né\ notion of roll-back is
supported explicitly in CH, whereby if some activiymust be re-worked, then activ-
ities subsequent td are also enabled for re-work. Although a detailed compazati
analysis between CH and GSM has not been performed, it appiedwith some mi-
nor extensions (including use of the event-relativized Rbéhtioned in Remark 4.13),
GSM can simulate essentially all of the characteristicstdf C

Recently, the perspective of Adaptive Case ManagementHd&]emerged; this
permits more freedom than earlier case management apg®achow the process-
ing of case instances is organized. Both GSM and Adaptive G&mnagement offer
a spectrum of styles for managing the conceptual entitiesy highly “prescriptive”
to highly “descriptive”. GSM includes a focus on the devetemt of a precise mathe-
matical definition for the operational semantics.

As noted in the Introduction, the leading industry conswmrtithat is responding
to the OMG call to standardize a Case Management Model Notd€MMN) has
adopted the core constructs of the GSM model, includingdgjestages with hierar-
chy, milestones, and sentries [8]. There are some diffeebetween GSM and the
meta-model being developed there, including most notably (8] milestones and
stages are more independent than in GSM (see Subsectigr{if).&jages, tasks and
milestones have finite-state machine based lifecyclesifiecent of the Case Handling
meta-model of [45]); and (iii) [8] includes rich mechanisthat enable case workers to
modify the case model of case instances they are currentlgimgowith. An effort is
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underway to provide a variant of the GSM operational seroarfitir the meta-model of
[8]. The consortium favors the GSM approach because it (i)stgpport the spectrum
from prescriptive to descriptive in modeling behaviorsd i) it provides a formal
foundation that is more declarative than classical, prac&adpproaches such as Petri
nets.

Statecharts [20] have some features that resemble GSM noiadily the use of hi-
erarchy for structuring clusters of work, and the supparpfarallelism. Fundamental
differences between statecharts and GSM include: (a) GShdamentally data cen-
tric whereas data is not central to the statechart meta-h@lttsough it can be added);
(b) statechart behavior is specified in a navigational, @docal manner, whereas GSM
behavior is considerably more declarative, includes adi@kmilestone construct,
and permits far greater flexibility in representing the jgassinterleaving of parallel
activities; and (c) although not explored in the currentgraprtifact instance interac-
tion is an important element of the GSM framework, and dathee mechanisms are
provided to specify that interaction.

There is a relationship between the artifact approach aodgis [43]. Both ap-
proaches focus on factoring business operations into coens, each focused on a
natural portion of the overall operations, and where compation between compo-
nents is supported in some fashion. Proclets use a Petno@el to govern internal
behavior and reaction to incoming events, and a messagetipasadigm for interac-
tions between the proclets. While proclets may maintainesdata, the data cannot be
shared except through the message-based interface. Taetapproach places more
emphasis on data that is held and maintained by each compo@&M provides a
declarative operational semantics, rather than one bas&®wi nets. Although not
studied in the current paper, in the case of multiple attifigoes and instances, GSM
permits declarative interactions between artifact inganIn particular, sentries of one
artifact instance may incorporate tests against dataisstdribute values, and/or status
change events in other artifact instances [23].

Several other data-centric approaches to Business Prieasgement have been
developed in recent years. Similar to the early artifacttte models, Redding et.
al. [36, 37] propose th&lexConnectmeta-model where processes are organized as
interacting business objects rather than as flows of aetvitnFlexConnectifecycles
are defined as communicating finite state machines, withadipeal semantics defined
by means of Coloured Petri nets. The states corresponddetéar activities to be
performed during the overall lifecycle of an object. Theeault$ can hold information,
although it is not exposed to other objects or the externdat@mment, as done in the
business artifacts approach. Communication between tsbjao occur in sub-states
of a state called gateways; these can be included at theastdrend of any state.
Flexibility is achieved by introducing patterns consigtiof coordination objectsjob
objectsandreferral objects

PHILharmonicFlows [26, 27] also defines a framework for ebgware process
managementwhich marries data with processes. The pradad2diLharmonicFlows
are modeled on two levelsnicro processegepresent data and behavior of individual
objects, whilemacro processedefine interactions between the objects. The data model
of objects is based on the relational data model, while thetier is defined as a so-
phisticated combination of finite state machines and flowk well defined semantics
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and with transitions being dependent on data. The apprdsaldafines access control
and a mechanism for auto generated user forms.

Muller et. al. [33] propose the COREPRO framework for ddt&en modeling of
large process structures. The data structure types haveiass with object lifecycles
(defined as state transition systems), and relationshéssad to characterize process
structures. A domain specific data model consisting of dkged relation types is
defined at design time, and such a data model can then betiagtdrio create specific
data structures that serve as a definition of the run timegsoc

While the FlexConnect PHILharmonicFlows and COREPRO approaches are all
data-centric, there are significant differences compase@3$M. First, all these ap-
proaches are in essence based on variations of finite stat@imea or on a combina-
tion of finite state machines with flows. In this respect, thagproaches are in essence
more procedural with a navigational style semantics, cartbéo more declarative
ECA style semantics of GSM. Next, GSM provides support ferdrichical organiza-
tion of life-cycles by means of stages and sub-stages. PatithbnicFlows introduces
an explicit mechanism for separation of concerns betwetenrial object behavior and
objectinteractions by means of micro and macro processethdhierarchical organi-
zation of stages in GSM is different in the sense that it adlthve hierarchical definition
of behavior on the level of artifact instances. Finally, G8Mables rich parallelism in
single instances,which is not supported by finite state inash

Product-Based Workflow Design [38, 46] is a data-centricrapgh to workflow
specification that focuses on definition of the informatiaricome (called Product
Data Model, or PDM) of the workflow. In essence, PDM is a tiike-btructure with
nodes representing data elements and edges represemtatigfial dependencies be-
tween the data elements. Actions are located on edgeswebrtdata nodes, and
generate new data values from the existing ones in a botmmanner. The PDM
formalism represents how the final data outcome is calalilasewell as the possible
alternative ways of generating the outcome. Execution@fitbrkflow is driven by the
PDM structure and the possible choices between altersatinederived from various
action attributes, such as the price or the probability déifa. Compared to GSM,
the Product-Based Workflow approach is specifically tayatgprocesses whose out-
come can be represented in a tree like structure, which mdam be used to drive the
processes’ execution. This approach imposes a ratheffispgoerational semantics,
which is in essence derived from the tree structure of PDMfeord the availability
of the data values. Artifact-centric processes and GSMhermther hand, are focused
on specification of generic processes where no such patistiucture is assumed
upfront.

Formal analysis of artifact-based business processesiougacontexts has been
reportedin[17, 18, 7, 15, 12]. As noted in Subsection 6.likathe GSM meta-model,
all of these assume that the external tasks (services) garped in a sequential fash-
ion. Notably, [15] permits infinite data domains with ordand an underlying (static)
database; and [12] extends to include arithmetic operatiBoth works characterize
bounds on expressive power that support decidability of-ETproperties.

The AXML Artifact model [2, 30] supports a declarative forrh artifacts using
Active XML [1] as a basis. Hierarchy based on the XML struetig used in AXML;
this contrasts with the stage hierarchy in GSM. Automatigfication for AXML is
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studied in [3].

DecSerFlow [44] is a fully declarative business procesguage, in which the
possible sequencings of activities are governed entirglgdmstraints expressed in a
temporal logic. GSM does not attempt to support that levelledlarativeness. In
terms of essential characteristics, GSM can be viewed asctive system that permits
the use of a rich rules-based paradigm for determining, wnament in time, what
activities should be performed next. The work in [21] falisthe same category as
[44].

8. Conclusion

The Business Artifact paradigm provides a compelling aatiatric approach for
modeling and deploying business operations and procetbsgtds now incorporated
into IBM products and service offerings. The Guard-Stagkesfone (GSM) meta-
model for artifacts represents a substantial extensiomesiigus artifact meta-models,
that supports a declarative style, parallelism withinfacti instances, and modularity
through hierarchical constructs. Based on the recent der@nt of two substantial
pilot projects using GSM, it appears that the core constratthe GSM meta-model,
and the essential aspects of the GSM operational semaatespbust and will not
undergo fundamental changes.

This paper provides the core mathematical foundations &ivi@& an abstract set-
ting. The paper introduces a well-formedness conditiol&f8M models that supports
naturally arising patterns of dependencies and intefogigliips between business op-
erations that have been combined using declarative cantstand helps to ensure key
mathematical properties. The paper demonstrates theadegnoe of three formulations
for the GSM operational semantics, and describes how thdt iz be used to adapt
verification results obtained for sequential artifact meiadels to the GSM context.

In this paper we have assumed a common restriction thatlpeifetus on a single
artifact instance of a single artifact type and we did notsider interactions of multi-
ple types and multiple instances. This restriction was vatdid purely by making the
presentation easier and, importantly, it does not fundaatigrcompromise the appli-
cability of the results. Actually, citation [23] presents extension of the meta-model
described here that supports multiple artifact types, iplaltartifact instances, and
structured attribute values. (See also [24].) Also, thel@m@nted execution engine
Barcelona supports interactions of multiple artifact typad instances. The coordina-
tion between artifact instances is taking advantage of pmveeclarative sentries as
is illustrated for example in citation [42].

The development and results in this paper provide the faioéor a number of
research and practical investigations into the use of dattle artifact-based frame-
works. Importantly, an effort is currently underway to dieyea variation of the GSM
operational semantics for use with the emerging OMG stahftarcase management
[8]. Some specific extensions of the GSM meta-model preddraee include: (1) ex-
tension to multiple artifact types and instances (see [2B; 22) simplification of the
GSM meta-model by permitting a looser relationship betwstages and milestones
(see [40]); and (3) incorporation of “collection-indexesfages, so that multiple occur-
rences of a stage can be executing simultaneously, wheheeauarrence corresponds
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to a different member of the indexing collection (e.g., parfing an operation on each
line-item in an purchase order). Some additional areas\afsiigation include: (4)

incorporating business-level transactional guarantég#corporating roles, perform-
ers, teams, accountability, and delegation into an hibieadly organized lifecycle; (6)

development of practical verification systems for GSM; (&yelopment of optimized

implementations for GSM, including highly distributed, ssavely scalable ones; (8)
the study of variations and customization of business msE® and (9) the devel-
opment of a declarative approach for specifying transfdiona and integrations of
legacy business processes into “views” of them.

Acknowledgements.The authors thank the many people in the extended Project Ar-
tiFact team at IBM Research, the EU ACSI team [5], and othdisst notable among
these are: David Cohn, Giuseppe De Giacomo, Manmohan (Rigtardo De Masel-
lis, Nirmit Desai, Alin Deutsch, Marlon Dumas, Fabiana Fdar, Hojjat Ghaderi,
Fenno (Terry) Heath lll, Stacy Hobson, Mark Linehan, Sridvearadugu, Renee
Miller, Nanjangud C. Narendra, Anil Nigam, Mohammad SadpBman Saha, Jian-
wen Su, Piwadee (Noi) Sukaviriya, Yutian (James) Sun, Jargd/ and Victor Vianu.

References

[1] S. Abiteboul, O. Benjelloun, and T. Milo. The Active XMLrpject: An overview.
Very Large Databases Journdl7(5):1019-1040, 2008.

[2] S. Abiteboul, P. Bourhis, A. Galland, and B. Marinoiu. &WXML Artifact
Model. In Proc. 16th Intl. Symp. on Temporal Representation and Reago
(TIME), 2009.

[3] S. Abiteboul, L. Segoufin, and V. Vianu. Static analysi@ctive XML systems.
In Proc. Intl. Symp. on Principles of Database Systems (PQRX®)S.

[4] K.R. Apt, H. Blair, and A. Walker. Towards a theory of dartive knowledge. In
J. Minker, editorFoundations of Deductive Databases and Logic Programming
pages 89-148. Morgan Kaufmann, Los Altos, CA, 1988.

[5] Artifact-centric ~ service interoperation (ACSI) web tesi 2011.
http:/acsi-project.eul.

[6] K. Bhattacharya, N. S. Caswell, S. Kumaran, A. Nigam, &n¥. Wu. Artifact-
centered operational modeling: Lessons from customergamgants.|IBM Sys.
J., 46(4):703-721, 2007.

[7] K. Bhattacharya, C. E. Gerede, R. Hull, R. Liu, and J. Sowdrds formal anal-
ysis of artifact-centric business process modelsPiwoc. Int. Conf. on Business
Process Management (BPM)ages 288-304, 2007.

[8] BizAgi and Cordys and IBM and Oracle and SAP AG and SingtygOMG
Submitters) and Agile Enterprise Design and StiftelsenT®Nand TIBCO and
Trisotech (Co-Authors). Proposal for: Case ManagementéMing and Notation
(CMMN) Specification 1.0, Feb. 2012. Document bmi/12-02-O%ject Man-
agement Group.

42



[9] T. Chao et al. Artifact-based transformation of IBM Ga&b-inancing: A case
study. Inintl. Conf. on Business Process Management (BR{D9.

[10] D. Cohn, P. Dhoolia, F.F. (Terry) Heath lll, F. Pinel,cai. Vergo. Siena: From
powerpoint to web app in 5 minutes. lintl. Conf. on Services Oriented Comput-
ing (ICSOC) 2008.

[11] D. Cohn and R. Hull. Business artifacts: A data-cenéfiproach to modeling
business operations and processE&E Data Eng. Bull.32:3-9, 2009.

[12] E. Damaggio, A. Deutsch, and V. Vianu. Artifact systemith data dependencies
and arithmetic constraints. Proc. Intl. Conf. on Database Theory (ICOB011.

[13] E. Damaggio, R. Hull, and R. Vaculin. On the equivakei¢ incremental and
fixpoint semantics for business artifacts with guard-stajjestone lifecycles. In
Intl. Conf. Business Process Mgmt. (BRI2D11.

[14] H. de Man. Case management: Cordys approach, Februafg.?2
http://wwmv. bptrends. comfdeliver file.cfnPfil eType=
publ i cati on&fil eName=02- 09- ART- BPTr ends%20- ¥20Case%20
Managemnent - DeMan%20- f i nal . doc. pdf .

[15] A. Deutsch, R. Hull, F. Patrizi, and V. Vianu. Automatierification of data-
centric business processesPic. Intl. Conf. on Database Theory (ICQB009.

[16] A. Van Gelder. Negation as failure using tight derieats for general logic pro-
grams. InNIEEE Symp. on Logic Programmingages 127-139, 1986.

[17] C. E. Gerede, K. Bhattacharya, and J. Su. Static arsabfsbusiness artifact-
centric operational models. ItEEE International Conference on Service-
Oriented Computing and Application2007.

[18] C.E. Gerede and J. Su. Specification and verificatiomtdfat behaviors in busi-
ness process models. Pmoceedings of 5th International Conference on Service-
Oriented Computing (ICSOCVienna, Austria, September 2007.

[19] Object Management Group. Object Constraint Langu&G Available Spec-
ification, Version 2.0.htt p: // www. ong. or g/ t echnol ogy/ docunent s/ f or mal / ocl . ht m
May 2006.

[20] D. Harel and A. Naamad. The STATEMATE Semantics of Stiasets. ACM
Transactions on Software Engineering and Methodol&¢¥), October 1996.

[21] T. Hildebrandt and R. R. Mukkamala. Distributed dynarondition response
structures. IrPre-proceedings of Intl. Workshop on Programming Language
proaches to Concurrency and Communication Centric So#WBLACES 1Q)
2010.

43



[22] R. Hull, E. Damaggio, F. Fournier, M. Gupta, F. Heath 8l Hobson, M. Line-
han, S. Maradugu, A. Nigam, P. Sukaviriya, and R. Vaculintroducing the
guard-stage-milestone approach for specifying businaity éfecycles. InProc.
of 7th Intl. Workshop on Web Services and Formal Methods fM3010), Re-
vised Selected Papeisecture Notes in Computer Science 6551. Springer-Verlag,
2010.

[23] R. Hull, E. Damaggio, R. De Masellis, F. Fournier, M. Gayd-. Heath lll, S. Hob-
son, M. Linehan, S. Maradugu, A. Nigam, P. Sukaviriya, and/&ulin. Busi-
ness artifacts with guard-stage-milestone lifecycles:ndpang artifact interac-
tions with conditions and events. ACM Intl. Conf. on Distributed Event-based
Systems (DEBS2011.

[24] R. Hull, E. Damaggio, R. De Masellis, F. Fournier, M. Gap F. Heath
Ill, S. Hobson, M. Linehan, S. Maradugu, A. Nigam, P. Sukigey and
R. Vaculin. A formal introduction to business artifactstiwiguard-stage-
milestone lifecycles, Version 0.8, May, 2011. Draft IBM Rasch internal
report, available athttp://researcher.watson.ibm conf researcher/
vi ew_page. php?i d=1710.

[25] S. Kumaran, P. Nandi, F.F. (Terry) Heath Ill, K. Bhaskarand R. Das. ADoc-
oriented programming. I8ymp. on Applications and the Internet (SAINJBges
334-343, 2003.

[26] Vera Kunzle and Manfred Reichert. A modeling paradifymintegrating pro-
cesses and data at the micro level. In Terry A. Halpin, Sellimcan, John
Krogstie, Pnina Soffer, Erik Proper, Rainer Schmidt, amlBider, editorsEn-
terprise, Business-Process and Information Systems Nhadel12th Interna-
tional Conference, BPMDS 2011, and 16th International @cerice, EMMSAD
2011, held at CAISE 2011, London, UK, June 20-21, 2011. diogs vol-
ume 81 ofLecture Notes in Business Information Processipgges 201-215.
Springer, 2011.

[27] Vera Kinzle and Manfred Reichert. PHILharmonicflom®wards a frame-
work for object-aware process managemeldurnal of Software Maintenance
23(4):205-244, 2011.

[28] M. Linehan et al. GSM expression language, VersionJa@uary 28, 2011. IBM
Research internal report, available on request.

[29] John. W. Lloyd.Foundations of Logic Programming, 2nd Editidpringer, 1987.

[30] B. Marinoiu, S. Abiteboul, P. Bourhis, and A. Galland. XART — Enabling
collaborative work with AXML artifacts.Proc. VLDB EndowmenB(2):1553—
1556, Sept. 2010.

[31] D. R. McCarthy and U. Dayal. The architecture of an acthata base manage-
ment system. IfProc. ACM SIGMOD Intl. Conf. on Mgmnt of Data (SIGMQD)
pages 215-224. ACM Press, 1989.

44



[32] S. A. Mcllraith, T. C. Son, and H. Zeng. Semantic web s&s. IEEE Intelligent
Systemsl6(2):46-53, 2001.

[33] Dominic Muller, Manfred Reichert, and Joachim HerbBata-driven modeling
and coordination of large process structures. OlRM Conferences (1)pages
131-149, 2007.

[34] P. Nandi et al. Data4BPM, Part 1: Introducing Businesatites
and the Business Entity Definition Language (BEDL), April 120
http://ww. i bm com devel operwor ks/ websphere/library/
techarticl es/ 1004_nandi / 1004_nandi . ht m .

[35] A. Nigam and N. S. Caswell. Business artifacts: An apgitoto operational
specification|BM Systems Journadl2(3):428-445, 2003.

[36] G. Redding, M. Dumas, A.H.M. ter Hofstede, and A. lordescu. Modelling
flexible processes with business objectsPtoc. 11th IEEE Intl. Conf. on Com-
merce and Enterprise Computing (CEQPO09.

[37] Guy Redding, Marlon Dumas, Arthur H. M. ter Hofstede,daAdrian lor-
dachescu. Transforming object-oriented models to precgsated models. In
Arthur H. M. ter Hofstede, Boualem Benatallah, and Hye-Yp®aik, editors,
Business Process Management Workshootume 4928 ofLecture Notes in
Computer Scieng@ages 132-143. Springer, 2007.

[38] H.A. Reijers, S. Limam, and W.M.P. van der Aalst. Proeibased workflow
design.Journal of Management Information syster28(1):229-262, 2003.

[39] J.K. Strosnider, P. Nandi, S. Kumarn, S. Ghosh, and Aafjani. Model-driven
synthesis of SOA solution$BM Systems Journadt7(3):415-432, 2008.

[40] Y. Sun, R. Hull, and R. Vaculin. Parallel processing business artifacts with
declarative lifecycles, 2012. Submitted for publication.

[41] Kieth D. Swenson. Mastering the Unpredictable: How Adaptive Case Man-
agement will Revolutionaize the Way that Knowledge Woi&etsThings Done
Meghan-Kiffer Press, Tampa, FL, 2010.

[42] R. Vaculin, R. Hull, T. Heath, C. Cochran, A. Nigam, aadsukavirirya. Declar-
ative business artifact centric modeling of decision amiledge intensive busi-
ness processes. Trhe Fifteenth IEEE International Enterprise Computing €on
ference (EDOC 2011pages 151-160. IEEE Computer Society, 2011.

[43] W. M. P. van der Aalst, P. Barthelmess, C.A. Ellis, anth\ainer. Proclets: A
framework for lightweight interacting workflow processbs. J. Coop. Inf. Syst.
10(4):443-481, 2001.

[44] W. M. P. van der Aalst and Maja Pesic. Decserflow: Towardsly declarative
service flow language. Ifhe Role of Business Processes in Service Oriented
Architectures2006.

45



[45] W.M.P. van der Aalst, M. Weske, and D. Grinbauer. Camedling: a new
paradigm for business process suppbita Knowl. Eng.53(2):129-162, 2005.

[46] Irene T. P. Vanderfeesten, Hajo A. Reijers, and Wil Mvéh der Aalst. Product-
based workflow supportnf. Syst 36(2):517-535, 2011.

[47] W.-D. Zhu et al. Advanced Case Management with IBM Casanafjer. Pub-
lished by IBM. Available atht t p: // www. r edbooks. i bm coni r edpi eces/
abstract s/ sg247929. ht m ?0pen.

46



