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ABSTRACT 1. INTRODUCTION

Almost all medium- and large-scale businesses rely on electronic Business process management refers to the general challenge of
workflow systems to manage their business processes. A key chal-enabling the flexible yet systematic management and control of the
lenge is to enable the easy re-use and modification of these work-operations of a business (or similar organization). Almost invari-
flow schemas and their piece-parts, so that they can be adapted t@bly, electronic workflow systems are used to support the manage-
new business situations. This paper describes an approach for automent of business processes in medium- and large-sized organiza-
matic construction (and thus, evolution) of a workflow schema that tions. There has been a rapid increase in demand for the construc-
satisfies a specified condition (or “goal”), starting from a set of ba- tion, execution, and management of workflows in which data are
sic building block services (or “tasks”). We use a workflow model created and managed in a coherent manner that cuts across large
based on “business artifacts”, which represent key (real or concep-portions of the workflow schema. A key contributing factor is
tual) business entities, and include both the business-relevant datahe availability of mature data management tools which make it
about them and a specification of their lifecycle, that is, how they very easy to create, store, and access numerous data sources. An-
can evolve over time as they move through the workflow as the other is the growing popularity of the Service-Oriented Architec-
result of services being applied to them. ture (SOA), a methodology to (re)organize complex software sys-

tems in terms of piece-wise sharable, individually manageable “ser-
This paper uses a declarative form of artifact-centric workflow. The vices” that are easily accessible from a network. The availability of
services are non-deterministic, which corresponds to the intuition data sources and services has been enabling practitioners in busi-
that humans performing the services may rely on information that ness enterprises to build application systems of ever growing size
is not modeled within the framework. We study the problem of, and complexity. However, a serious challenge facing the practi-
given a goal to be achieved, automatically finding the “maximal” tioners is the lack of fundamental principles, techniques, and tools
workflow schema that has the following property: every execution necessary to deal with issues in managing assemblies of large set
is either complete or can be completed, and every complete exe-of data sources and services. This paper is among initial efforts
cution satisfies the goal. We also study a complimentary problem, [6, 14, 19, 18] towards discovering design principles for business
in which exception-handling is used to deal with executions that processes through investigation of fundamental issues in workflow
would otherwise not complete successfully. These problems are management.
non-trivial because the workflow services are non-deterministic.

A critical challenge in business process management is to enable
This paper provides a general framework for studying these prob- the easy re-use and modification of workflow schemas and their
lems, and shows a tight relationship between workflow systems piece-parts, so that they can be adapted to new business situations.
specified using logics that permit quantifier elimination and the Earlier and current work in SOA and workflow areas emphasize the
ability to construct maximal schemas with the desired properties. process assembly aspect, and treat the data exchange and mainte-
The paper then studies a restricted setting to provide insights into nance as either an afterthought or a consideration local to individual
complexity issues. Even in the restricted setting, the problem of services (see discussions in [6, 8]). Experiences in workflow man-
testing properties of maximal workflows is PSPACE-complete. agement have revealed that serious problems in assembling work-

flows from existing services often arise from the lack of coherent
*Pat of work by this author performed while visiting Bell Labora- modeling of the data at a level that is global to the entire workflow,

tories, Alcatel-Lucent Technologies. and several efforts have worked to give data more prominence, e.g.,
fPart of work by this author performed while employed by Bell [21, 26, 43]. IBM Research has been addressing this area by intro-
Laboratories, Alcatel-Lucent Technologies. ducing and extending the “artifact-centric” approach to workflow

and business process management. A watershed paper is [37], and

there has been considerable research and development based on that

work, e.g., [5, 6, 7, 8, 24, 31, 32, 41]. The artifact-centric approach
Permission to copy without fee all or part of this material is granted pro- enables business managers to have better insight into their business
vided that the copies are not made or distributed for direct commercial ad- operations, and has been shown to substantially reduce the cost of
vantage, the ACM copyright notice and the title of the publication and its pysiness transformations [5]. Artifacts represent key (real or con-
date appear, and notice is given that copying is by permission of the ACM. o1 1a1) pusiness entities, and include both the business-relevant
To copy otherwise, or to republish, to post on servers or to redistribute to data about th d ! ificati f their lif le thatis. h
lists, requires a fee and/or special permissions from the publisher, ACM. ata about them an ‘"{‘ specification of their lirecycle, that 1S, how
ICDT 2009 March 23-25, 2009, Saint Petersburg, Russia. they can evolve over time as they move through the workflow as
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; ; ; ; ; Artifact Class:Pur chaseOr der
the result of services being applied to them. Unlike procestrice Associated Aftributes.

models, the artifact approach puts data squarely in the center stage  atri
) ) pr odNane: string
and models a workflow by adding services that acton the data. Ina  pr odType: {hw”, “sw’}
sense, this approach beautifully bridges the significant gap between b d: integer
the semantic web services work in academic research communities  profi t Margi n: [0..100] // as a percentage
and the usage of web services and SOA in business development approved: bool

contexts (a challenge raised in a panel at ICWS '04). :zﬁgg\ﬁi’;g‘ésgf 32?;

ar chi ved: bool
In spite of the initial success of applying artifact modeling method-

ology in business process management [7, 5, 41], there is a lack of Figure 1: A simple artifact classPur chaseOr der
fundamental understanding of the approach with respect to re-use

and modification of workflows. In [6, 18, 19], we developed for-
mal models for artifact-based workflow and studied static analysis
of several properties such as satisfiability, “dead-end”, reachability,
etc. Additional research on static analysis is reported in [14]. In this
paper, we make our first attempt at automating workflow construc-
tion, that is, workflow synthesis. We focus on issues including (1)
whether it even makes sense to attempt to construct a workflow for
a given goal, (2) construction of a workflow that permits all input
artifacts which are guaranteed to support successful executions, (3
goal-directed workflow construction that permit exceptions. The
workflows constructed can give insights, at design time, about the
properties of a goal, which can help the goal designer to understand
whether the goal is capturing her intended semantics.

agers can adjust the goal specification for their workflow, and te
workflow schema can be adjusted automatically to a corresponding
schema.

This paper is organized as follows. Section 2 provides a motivat-
ing example to illustrate both the workflow model and the focused
technical problems. Section 3 establishes the formal model. Sec-
)tion 4 places our problem space into a generalized logic setting,
and provides a close linkage between quantifier elimination and
the ability to construct maximal workflows that use quantifier-free
conditions and rules. Section 5 introduces and studies the restricted
setting. Section 6 briefly discusses some related work from various
areas of Computer Science. Section 7 provides brief conclusions

This paper uses a declarative form of artifact-centric workflow, that and selected research directions.

follows and significantly extends the model of [6]. We study the

problem of, given a goal to be achieved, finding the “maximal”

workflow schema that has the following property: every execution 2. MOTIVATING EXAMPLE

is either complete or can be completed, and every complete exe-Thjs section provides an informal introduction to the artifact-based
Cution Satisﬁes the goal. Th|s problem iS Complicated by the faCt workflow framework’ presents a motivating example’ and illus-
that often the effect of running a service against an artifact is not trates the main technical results that the current paper is focused

completely known during workflow construction. Thus we model on, The formal definitions and statements of results appear in the
these effects as non-deterministic and construct workflows conser-fo||owing sections.

vatively, i.e. such that they succeed to achieve the goal for all pos-

sible outcomes of the involved service. We also study a compli- \\orkflows in the artifact-based approach are focusedrtifacts,
mentary problem, in which exception-handling is used to deal with \yhich are essentially sets of attribute/value pairs. Most values start
executions that would otherwise not Complete Successfully. The out undefined’ and become defined during the |ife_Cycie of the ar-
formulations expose some intricate subtleties perhaps for the firsttiact. (In the general artifact-based model [37, 6, 19], artifacts can
time in the formal setting. also move, during their life-cycle, through the states of a finite state
machine. We do not consider artifact states in this paper.)

This paper provides a general framework for studying these prob-

lems, and shows a tight relationship between workflow systems an example artifactlass calledPur chaseQr der , along with an
specified using logics that permit quantifier elimination and the associated set of attributes, is shown in Figure 1. In our examples,
ability to construct maximal schemas with the desired properties. we shall assume that odNane, pr odType, andbi d are initial-

The paper then studies a restricted setting to provide insights intojzed. Attributebi d is intended to hold the value that is offered by
complexity issues. Even in our restricted setting, the problem of g potential buyer for the produpt odNane.

finding maximal workflows is PSPACE-complete. The paper iden-

tifies a key property of workflows that can contribute to increased Artifacts are manipulated by services, as illustrated next.
run-time costs in these constructions.

Although the main technical results reported here are in a restricted
setting, we view them as an important starting point for further re-
search into mechanisms for both fully- and semi-automated con-
struction of workflows from goal specifications. In general terms,
a formal framework and algorithms for automatic generation of
workflow schemas from goal specifications holds the promise of
dramatic simplification of both workflow design and workflow evo-
e e o o e 1) denotes e uncoitonal e, Ahough the compiee -
managers to focus largely on their business goals, rather than get-mhm. of Esti mate IS not known, according t&FF we do know
. . o ! that if thebi d is < 400 then thepr of i t Mar gi n will end up <
ting bogged down with procedural realizations of those goals. In

o - . ! S
the case of evolution, there is the possibility that business man- 2>52/8£nd if thevi d is > 350 then thepr of i t Mar gi n will end up

EXAMPLE 2.1. A representative family of services that oper-
ate on artifacts ofur chaseOr der is shown in Figure 2. The
Est i mat e service computes th& of i t Mar gi n of a purchase re-
quest, based on the odName, thepr odType and thebi d. This
service can be executed on an artifaainly if the pre-condition
PRE is satisfied by. Theconditional effecEFF describes proper-
ties of the outcome of executing the service (Note that — ¢
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Estimate:profitMargin
PRE:DEF(pr odNane) A DEF(pr odType) A DEF(bi d)
EFF:
bi d <400 — profitMargi n <25%
bi d > 350 — profitMargi n> 20%
Rout i neAppr oval : appr oved
PRE:DEF(bi d) A DEF(pr of i t Mar gi n)
EFF:
bi d <100— approved =true
prodType =“sw” — appr oved =true
prodType =“hw” A profitMargin>10%
— approved =true
“else” — appr oved =false
ExecAppr oval : execAppr oved
PRE:appr oved =false
EFF:true — DEF(execAppr oved)
Schedul e: schedul eDat e
PRE:DEF(pr odNane)
EFF:true— DEF(schedul eDat e)
Archive: archived
PRE:DEF(schedul eDat €) v execAppr ov = false
EFF:true — ar chi ved =true

Figure 2: Family of services associated wittPur chaseOr der
artifact class

ServiceRout i neAppr oval also has a rich conditional effect. We
have used a shorthand for the fourth formul&Bf: here the “else”
means to take the negation of the disjunction of the conditions of
the first three conditional effects. ServiReut i neAppr oval will
always define a value fappr oved, perhaps true (i.e., approved)
and perhaps false (i.e., not approved).

ServiceExecAppr oval can be invoked iRout i neAppr oval ended
with false. Intuitively, this service gives an executive a chance to
override a non-approval that might occur fr®sut i ngAppr oval .
This service will always define a value fexecAppr oved, even if

the executive denies to approval.

Schedul e is performed based only on knowledge of pn@dName;
intuitively this schedules a date for the creation or delivery of the
product.

Intuitively, Ar chi ve will be used to represent the closing of a work-
flow execution. This can be achieved only if a date has been sched-
uled or ifexecAppr oved is defined and false. 1

Speaking informally, gpre-workflow (schemiis a pair (A4, S),
where A is a family of artifact classes with associated attribute
sets, andS is a family of services which can act on artifacts in
these classes. The artifact claas chaseOr der, along with the
set of services in Figure 2, forms the pre-workflow called here
Pur chasi ng.

In the general artifact model, multiple artifacts may interact with
each other. In this section and Section 5 we focus on a single ar-
tifact class, and assume that the individual artifacts of this class
evolve independently of each other.

Given a pre-workflowP, a path overP is modeled as a sequence

§ = s1,...,8, Of “snapshot”. Each snapshot corresponds to a
state of the overall system, and consists of a set of artifacts along
within information about the values of the attributes which are de-
fined for each artifact. Alsas;+1 corresponds to the application of
one service fron? to one artifact occurring is;. (In this paper

227

we do not consider artifact “creation”.) We focus in this paper on
how a single artifacb can evolve from some initial state through
other states as the result of service invocations. Thus we focus on
pathd = o1, ..., 0, for a single artifact, and for each, the artifact
(instance);+1 corresponds to the result of applying some service
10 0;.

The artifact-based approach to workflow permits a declarative style
of workflow construction called hegoal-based workflow construc-
tion. In particular, suppose that we are given a pre-workffow-=

(A, S). We also assume that we are given a%&ef attributes that

are to be initialized for all input artifacts. We are interested in con-
structing an actual workflowV from P such that all executions in

W satisfy a goaly. In this paper we consider goalswhich are
logical formulas to be satisfied by the final snapshot of an execu-
tion. (More generally, the goal might include temporal properties

to be satisfied by the overall execution.)

The following is a very natural, first question that arises when con-
templating goal-driven workflow construction.

Q1 (Satisfiability): Given pre-workflowP (with fixed set of input
attributes to be initialized) and goalis there an initial artifact
and a path om in P which ends in a snapshot that satisfiés

ExAMPLE 2.2. In connection with th@ur chaseOr der class
and the services of Example 2.1, consider the goal

v1 = archived = true cl
A (DEF(scheduleDate)
— (approved = true c2

V execApproved = true))

Intuitively, clausecl here states that a path is successfuhfoonly

if it includes execution of thar chi ve service. Clause2 (which
consists of the second, third, and fourth lines of the formula) states
that a purchase can actually be scheduled only if it is approved by
Rout i neAppr oval or by ExecApproval .

In connection withQ1, it is easy to construct artifacts which have
successful paths through this pre-workflow. For example, an input
artifact with pr odType = “sw” can progress throughst i nat e,
thenRout i neAppr oval , thenSchedul e, and finally pass through

Ar chi ve. 1
Given a pre-workflowP = (A, S), we create a workflow by as-
sociating a seR of (transition)rulesto P. The problem of goal-
directed workflow construction thus becomes the problem of find-
ing a ruleset that completes a pre-workflow and complies with the
goal.

ExAamMPLE 2.3. Recall goal; from the preceding example. Fig-
ure 3 provides a diagrammatic representation of a set of rules for
Pur chasi ng. Two of the rules illustrated there are

if DEF(pr odNane) A DEF(pr odType) A DEF(bid)
invoke Est i nat e

if (approved = trueV execAppr oved = true)
invoke Schedul e

Speaking intuitively, the ruleséR, indicated in Figure 3, along
with various properties of the services themselves, will guide each



IR, : DEF(prodName)
: ODEF(prodType)
; 0 DEF(bid)

-

-
-
R, : DEF(bid) I:IDEF(/pr/o/fitMargin)

Routine
Approval

! S R, : approved = false
I T~
i

M Exec
: e Approval
R, : (approved = true g
O execApproved = trtig)
AT

Schedule | R, : (DEF(scheduleDate)

T O execApproved = false)
S v

’ Archive

Figure 3: Simple ruleset that is+, -sde

execution through a certain sequencing of services, and will guar-

antee that each non-extendable execution satigfies

Given a pre-workflowP = (A, S) ard a rulesetR for P, we say
thatW = (A, S, R) is a workflow. In general, multiple rules may
call for invoking the same service. The rules indicate permissions
to invoke a service. However, the truth of some rule condition does
not require that the service actually be invoked.

The workflonWW = (A, P,R) is safefor goal ~ if each (non-
extendable) execution forV ends in a snapshot that satisfies
The pre-workflowPur chasi ng extended byR, of Example 2.3 is
~1-safe.

It is now natural to ask the following.

Q2 (maximal ruleset v-safe for P): Given pre-workflowP =
(A, S) and goaly, is there a ruleseR such that(4, S, R) is ~-
safe? Is there a “maximalj-safeR, in the sense thak permits
any execution that is permitted by at least ensafeR’'?

It can be shown thaR, is maximaly;-safe forPur chasi ng.

EXAMPLE 2.4. Consider now the goal

Y2 =m

N DEF(execApproved) — bid > 300 ¢3

Intuitively, clausec3 states that executives do not want to waste
their time thinking about purchase requests wheréthkeis under
300. There are a variety of different ways that an execution can
be~»-safe, but what happens if request pasdType = “hw” and
hasbi d between 100 and 300? It may arise tRat i mat e will
assign thepr of i t Mar gi n to be<< 10%, in which caseppr oved

will be assignedalse. Because of clauses in ~2, the execution
does not satisfyy2, nor can it be extended to satisfy. We call
such executiongead-end

Consider now Figure 4, ignore the service labeld, and fo-
cus on the ruleseRgare Note that the rule permitting entry into
Esti mat e (and effectively, into processing by the workflow) pre-
vents input executions where tpeodType = “hw” and thebi d
is strictly between 100 and 300. It can be shown tRats is a
maximal-~y.-safe ruleset. 1
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R safe’ DEF(prodNa
O(prodTyp

DEF(prodN4
Y

me) ODEF(prodType) ODEF(bid)
e=sw O bid <100 O bid =2300)

Rsafe-exé me) ODEF(prodType) ODEF(bid)

Estimate

R safet DEF(bid) ODEF(profMargin) .~
DEF(bid) O DEF(profitMargin)

O( bid 2 300 O profigMargin > 10% )
Routine
Approval

Ksavfya"ﬁsafye.-exd approved =false | gyception !
Exec !
- Approval

R safe-exc
R safe-exc ProdType = hw
“--.._Obid < 300
U‘p[@{itMargin <10%

-
_
-

R safer R safe-exc (@pproved =true
u] {ExecApproveﬁ.z’/true)
P

Schedule ~ R safe R safe-exci(DEF(scheduleDate)

v O execApproved = false)

.. v
~

Archive

Figure 4: Alternative rendition of Maximal workflows for Pur-
chasing pre-workflow and goal~2

Intuitively, the condition of the rule iR saefor Est i mat e is “con-
servative”, in the sense that if an input artifactiolates that con-
dition, theno maylead to a dead-end execution. We now con-
sider a more “lenient” form of maximality, in which executions
are permitted to proceed through a workflow until the set of de-
fined attribute values is sufficient to imply that the execution will
become dead-end. To provide a formal setting for this, we intro-
duce a new, “universaléxceptionservice, denote@XC. This has
precondition—DEF(exc) and has exactly one conditional effect,
which istrue — exc = true. Intuitively, if a workflow execution
includes the servicBXC, then we shall view that execution as hav-
ing moved into exceptional treatment. We do not consider recovery
from exceptions in this paper.

Given a pre-workflowP = (A, S), thelenient(also calledexception-
permitting extension ofP, denotedP™°, is the pair( A, S U
{EXC}) where

(a) A®*¢ is obtained by adding, to each artifact class4fthe
new attributesxc, and

(b) S°* is the result of modifying each servieein S into the
services®*¢, which is obtained by replacing the pre-condition
p of o by p A ~DEF(exc).

Intuitively, P**¢ extends (each artifact class @)with the new ex-
ception servic&Xc, and modifies the pre-condition of each service
o of P so that it cannot be used if attribuéec has been defined.
The EXC service acts as a sink — once the execution of an artifact
o executes th&XC service, then attributexc for o takes the value
true, and no other service can be executedofor

Given pre-workflow(.A, S) and goaly, a rulesefR is said to bey-
safe forP with exceptionsf R is +'-safe forP®° relative toP*°,
wherey’ is the formulay V (exc = true).

It is trivial to construct rulesets that aresafe with exceptions;
just route every execution to tIRXC service. Informally, we say
that rulesetR is maximal~-safe with exceptions faP if (i) it is
~-safe forP°, (ii) each execution througt® that satisfiesy is
an execution througiR, and (iii) if in an executions the defined



attributes of an artifact imply that there is no extension afthat
satisfiesy, then inR this execution is immediately moved to the
EXC service. Intuitively, item (iii) states that in-gsafe ruleseR
maximal for exceptions, an execution that will fail is shifted to the
EXC service at the earliest possible moment.

We can now phrase a third question.

Q3 (maximal ruleset~-safe for P with exceptions:) Given pre-
workflow P = (A, S) and goaly, is there a ruleseR such that
(A, S, R) is maximalvy-safe?

EXAMPLE 2.5. Consider again Figure 4 but this time including
the EXC service. RuleseRsafe-excShown there is maximal,-safe
for Pur chasi ng with exceptions. To see this, note first that the
Esti mat e service will be performed on all input artifacts, even
the ones withpr odType = “hw” and 100 < bid < 300. At the
point of certainty that an execution will eventually become dead-
end, however, that execution will be routed to &% service. In
particular, consider a “hw” product withD0 < bid < 300, if the
profit Mar gi n computed byEst i mat e is < 10%. It is easily in-
ferred that such artifacts will eventually dead-endpim chasi ng,
and so ruleseR safe-exdmnoves this artifact directly tBXcC.

With Rgafe-exe the routing toEXC is “eager”, in the sense that

a potential dead-end execution is diverted to HX€ service as
soon as possible. An alternative would be “lazy” routing, i.e.,
to continue to perform services on the execution until a dead-end
has actually been reached. In the example, this would happen if
the entry condition foRout i neApproval in Rgafe-excWEre re-
placed byDEF(pr of i t Mar gi n), the edge fronEst i mat e to EXC
removed, the condition for enterirgxecAppr oval were replaced

by appr oved =falseA bi d > 300, and the condition for entering
EXC were replaced bgppr oved = falseA bi d < 300. 1

We study here the case of building rulesets that enable “eagat’ r
ing to EXC, because these will have the effect of reducing the total
cost of performing services before an execution ends gxat
Variations may also be relevant in practice.

We view question®1, Q2, andQ3 as fundamental for goal-directed
workflow construction and design-time analysis. Intuitivé}, is
asking whether it even makes sense to attempt to construct a work
flow for goalv. Q2 focuses on construction of a workflow that

permits all input artifacts which are guaranteed to support success-

ful executions. If for a given context we cannot construct such a
workflow, then probably we cannot use the goal-directed approach
to workflow construction in that contexQ3 provides a more ro-
bust approach to goal-directed workflow construction tQ@an By
permitting exceptions, answers@3 can guarantee that every exe-
cution throughP that satisfiesy is supported. The workflows con-
structed for bottQ2 andQ3 can give insights, at design time, about
the properties of a goal, which can help the goal designer to un-
derstand whether the goal is capturing his/her intended semantics.

3. AMODEL FOR WORKFLOWS

problems studied here. Notably, we focus here on workflows for a
single artifact; we also leave out artifact states. On the other hand,
we allow checking if an attribute has an assigned value and exam-
ining its value in service pre-/post-conditions and rule conditions.
(Extensions for multiple artifacts will be discussed in Section 4.)

Let £ be a first-order logic language asdbe a first-order structure
of £ with a universe/. We assume some familiarity with standard
logic notions formulas,sentencesquantifiers,satisfiability, etc.)
for £ andS. Intuitively, £ and.S are used to model individual data
values in artifacts manipulated in workflows.

We assume the existence of the following two disjoint, countably
infinite sets:

e ATT = {A, B, A4, ...} of attributes and
e SERV = {0, 01, ...} Of service names

Without loss of generality, each attribute AnT is also assumed
to be a variable inC, called anattribute variable To deal with
attributes with no assigned values, we extend the univénaéth a
special symbol 1",

DEFINITION. An (artifact) schemad is a finite set of attributes
in ATT. An artifact of A is a mapping from AtoU U { L}.

Terms(over a schemad) include variables inC, constants i/,

and for each attribute! in the schemad, A and A’ (the primed
attribute A’ is used to denote the new attribute value immediately
after a service invocation). Similarly, if is an artifact, we use’

to denote the artifact as the result of invoking a service.on

Atomic formulas(over a schemad) include DEF(A), DEF(A")
whereA € A is an attribute variable, and atomic formulas built
using predicates i and terms in the standard manner. A formula
is attribute-onlyif each variable occurring in it is an attribute vari-
able or its primed version.

An assignments a mapping from variables G and (primed) at-
tribute variables td/ U { L}. Satisfaction of a formula (ove$)
is defined in the standard manner, except thai(A) (DEF(A’))
is true if A (resp. A’) has a value (i.e.4 1). A pair of arti-
factso, o’ satisfies a formula under an assignmept, denoted as
(0,0") = olu] if S | p[u{o,0’)] wherep(o, o’) is an assignment
modified fromy by mapping attribute variables to coincide with
and primed attribute variables to coincide with Wheny has no
primed attribute variables, we also usel- [u]” to mean thab
satisfiesp, or technically,(o, o') = ¢[u] for everyo'.

We next introduce the notion of a “service”, which captures an

available task that may be performed automatically or by humans.
Services are the building blocks for assembling workflows. Since
the focus of this paper is on workflow schemas that act on a single-
artifact class, we also simplify the notion of a service; a more gen-
eral notion can be found in [6].

DEFINITION. Let A be an artifact schema. gerviceover A is

In this section, we present several definitions that are needed toa tuple(o, R, W, 7, p), whereo € SERV is a service nameR, W

study the three workflow construction problems raised in the previ-
ous section.

The artifact workflow model follows the spirit of the model intro-
duced in [6], however, it is tailored to the focus of the technical
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are finite sets of (respectively, read, write) attributesdinr and
p are quantifier-free, attribute-only formulas representing the pre-
and post-condition (resp.).

Given a servicdo, R, W, , p) and an artifacb, the semanticof



the service is intuitively defined as follows. If all attributesR
are defined im ando satisfiesr, the servicer may be invoked and
if o is invoked, its execution on modifieso into o’ such that (1)
A = A’ for each attributed € A — W, and (2)o’ satisfiesp (with
a slight abuse of notation). In this case, we denofeo’.

DEFINITION. A pre-workflow (schemais a pairP = (A,S)
whereA is an artifact schema ar#ia finite set of services ovet.
For a pair of artifact®1, 02 of A, o1 derivesos in P, denoted as
01 Fp 02, if 01 F 02 for some service € S.

for eachi € [1..(n — 1)], 0; - 0,41 for some ruler in R. We also
refer to such asxecution®f W.

4., WORKFLOW CONSTRUCTION

In this section, we formulate and study the workflow construction
problems in a general context. We study Probl&2sandQ3; we
give detailed definitions needed for Probl€g, based on which

it is relatively easy to formulate definitions f@3. A key step

of construction of a “maximallyy-safe ruleset” is the computa-
tion of “weakest pre-condition” of a service to guarantee that a

From a pre-workflow schema, a workflow can be assembled by given condition is satisfied after the service execution. We consider
defining a set of “(business) rules”. Roughly, a rule specifies which two kinds of weakest pre-conditions and formulate the computa-

service is to be executed on which artifact and when.

We view the logic languagg as a set of formulas. Aub-language
of £ is a subset of, e.g., the set of quantifier-free formulas/n
In the following discussions, lef’ be a sub-language df.

DEFINITION. An £’-conditionof an artifact schema is a for-
mula in £’ with only attribute variables occurring free. Ati-
condition is testableif it can be determined whethersatisfiesp
for each artifaco.

Consider a few candidates for the domain logic langu@gehich

were studied in constraint databases [30]: (1) dense or discrete total

order (with<), (2) linear arithmetic, (3) real arithmetic (with, +,
x), (4) integer arithmetic (with<, +, x). Conditions for (1)-(3)
are testable (with various complexity), while not testable for (4).

DEFINITION. Given a pre-workflow scheni®, an£’-rule is an
expression with the formif* ¢ invoke o”, where ¢ is a testable
L’-condition, ands a service inP. An artifacto. is derived from
another artifacb; using a ruler, denoted a1 I~ 02, if 01 = ¢
ando; ¥ 02. An £'-rulesetis a finite set ofZ’-rules.

As we noted in the previous section, when a rule is applicable in a
situation, it does not have to be applied since only one of multiple
applicable rules is applied. Such non-deterministic behaviors are

often results of external decisions in business workflows.

DEFINITION. A workflow (schemals a tripleWV = (A,S,R)

whereP=(A,S) is a pre-workflow schema ar@ a finite set of
rules overP. W is said toextendP. An artifacto; derivesanother
artifactos in W, denoted as; Fw oz, if 01 - o2 for some ruler

inR.

LetP = (A, S) be a pre-workflow schema. Anput (set)for P is

a subsetd,i; C A. In general, we shall consider a pre-workflow
P and a given inputdinit. A goalfor P is a satisfiable’-condition
over A.

A pathfor a pre-workflowP = (A, S) with input A, is a se-
quence of artifacts' = o4, ..., 0, Where

1. 01 = DEF(A) iff A € Ajyi foreachA € A,
2. Foreach <i<n,o0; Fp 0it1.
Let v be a goal. The patéiis v-safeif o, = .

LetW = (A, S, R) andAjnjt be an input parameter set fod, S).
Apathos, ..., 0, for (A, S) with input Ajn; is anexecutiorof R if
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tion process using quantifier elimination. In the following, we first
present the weakest pre-condition and its computation, and then
define and study the problems.

4.1 Weakest pre-conditions

First some technical considerations. We treat each (primed) at-
tribute variable as a normal variable in the logicHowever, since
these variables may have undefined values, we use a distinct (new)
variable for each of them and one fixed elemenUirwhich we
nameNULL to “encode” the undefinedness. For exampled'ifs a
primed attribute variable; ,» = NuULL holds iff DEF(A’) is false.

IFor each formulap in £, we denote byy? the formula obtained
from ¢ after the following substitutions: For each occurrence of an
atomic formulag involving an attribute variabled (or A"), (1) if

0 is DEF(A), itis replaced by-(x4 = NULL), (2) otherwise it is
replaced by A ~(x4 = NULL).

DEFINITION. Thecoreof a service(o, R, W, T, p) is defined as
core() = (R, W, =%, p?).

For convenience, we denatere(o) as(n(Z), p(Zy)) wherez and
4 are enumerations of variables for attributesdrand primed at-
tributes inW (resp.).

Similarly we replace a goal by v but write it asy(z7). We now
define the notions of “weakest precondition” [15], which is a key
to solveQ2 and Q3 for the services that will guarantee that the
result of executingr always satisfies the goal

DEFINITION. Let (x(Z), p(Zy)) be the core of a service and
0(zy) a (sub-goal) condition. A-precondition ofr,  is a formula
() such that logically impliesw andS = Vz(e(z) — Vy(p(Zy)
— 6(zy))); an 3-precondition ofe and § is a formulag(z) such
that¢ logically impliesw andS' |= Vz(£(z) — 3g(p(Zg) A (TY))).

A V-(or 3-)precondition isveakestf it is logically implied by every
V-(or 3-)precondition.

Let o be a service and be a condition. We denote the weakest
V-precondition (resp. weakeStprecondition) asve” (o, §) (resp.
wp? (g, 0)).

We note here that a weakest precondition in [15] corresponds to
V-precondition in our setting. (The concept was formulated by
Dijkstra in the programming language context, see details in Sec-
tion 6. The notion of weakest precondition has also been used var-
iously in Al and termed “regression” [42].)



LEMMA 4.1. For each service with core (7(z), p(zg)) and DEFINITION. A pre-workflow P is invoke-oncef there is no se-
each conditiord (zy), quence of services, .. ., o, for which there exists apath, . . .,
(%) AVG(p(z7) — 8(z5)), and ?ﬁe?gzzléﬁe}?ﬁ?;j, \(/)\;ﬁér?;ieicz .e [1..n—1] and for which

7(2) A 3y(p(zy) A 6(zY))
are the weakest-(resp.3-)precondition ofr ands. Speaking intu_ively, there are many ways thata pre-_workﬂow might
“enforce” the invoke-once restriction. For example, in the restricted
setting of Section 5, each service can write only one attribute, and
can be invoked only if that attribute is currently undefined. As
o . another example, the artifact schema might hold attributes which
4.2 Building maximal workflow schemas essentially perform book-keeping about which services have been
As we shall seey-preconditions can help to solv@2, while 3- invoked, and prevent multiple invocations.
preconditions can help to sol¥@3. We now discuss Proble@2.

The lemma can be easily proved from the definitions.

) THEOREM 4.3. Forinvoke-once pre-workflows, Problép2 is
DEFINITION. Let be a pre-workflowAjnit an input, andk and solvable for£% if the first order theory ofS is decidable and ad-
R’ sets of rules (iC") for P. ThenR subsume®’, denotedR > mits quantifier elimination.

R’, if each execution ofR’ overP and Ajj; is also an execution

of R. Proof: (Sketch) LetP be an invoke-once pre-workflow. Since each

service is executed at most once in execution®ptonsider all
possible sequences of service invocations. For each such sequence,
we compute weakest preconditions one by one starting-wiitbm

the end of the sequence. At each step, a weakgsecondition

is used to form a rule in the ruleset, that allows to invoke the cor-

) ) responding service. (See Algorithm 5.2 below for a more detailed
set, anFiy a goallforP. An L'-rulesetR for P is -safeif (1) each description of a variant of this algorithm, that works in a specialized
execution of\V is y-safe and (2)V = (A, S,R) has no dead-  c,pieut ) |etR be the ruleset formed, and ¥ be the workflow

ends. created fromP andR.

Let~ be a goal. A path (execution)isdead-endf it is not a prefix
of any~-safe path (resp. execution). When it is clear, we may use
dead-end instead af-dead-end.

DEFINITION. Let P=(A,S) be a pre-workflow,Ajni; an input

An L'-rulesetR for P is maximallyy-safe (in£’) if it is ~-safe,

. To see thaRR is y-safe and dead-end free, suppose that. ., o,
and for everyZ’-rulesetR’ for P that isy-safe,R = R'. S uppose that. ., o

is a path in? andR whereo; is initial, n > 1, ando,, cannot be
extended in? andR. (We know that each path has bounded length
becauseP is invoke-once.) We argue that, satisfiesy. Suppose
otherwise. Consider the ruié « invoke o that is used to move
from o,—1 to 0,,. Since this rule is ifR, there is some sequence
o1,...,0m With weakestv-preconditionsyy, . . . , a,,, and where

a = aj ando = o1. If m = 1, theno, = o1(on—1) satisfiesy, a
contradiction. Son > 1 ando,, satisfiesws. Further,if a2 invoke

o2 isin R. This means that, can be applied te,,, thatis,o,, can

be extended after all, again a contradiction.

Q2: (Fixalanguagel’ C L) Is there a maximallyy-safe ruleseR
for P and Aj,it? Is there an algorithm that constructs such a ruleset
if it exists?

In the remainder of the section, we explore the prob@in the
general setting in order to understand the theoretical underpinnings
for the problem.

Consider a servicéo, R, W, 7, p) and a goal conditiory. In a
naive approachQ?2 could be solved with the following intuitive
idea: search for a serviea and compute the weakegétprecondi-
tion 1 of o1 for 4, and then search for another servigge and
compute the weakest-preconditionys of o2 for v1, and so on so
forth until a precondition over the input set is obtained. At each
step, each weakestprecondition is used to create a rule.

To see thafR is maximal, suppose that there is some rulggét

that isy-safe and dead-end free. Suppose further that there is some
initial artifact o for which there is an execution iR andR’. where

that execution uses the sequefite= o1,...,0,. Theno will
satisfy the weakest-precondition at the head of this sequence, and
one can use the rules i that were created fof to moveo to an
artifact that satisfies. That is, the execution omby R’ is also an

In the following, we state that for the general case wiién= L, execution forR. 1

solving problemQ2 is not easier than the complexity of the first
order theory of the structure.

COROLLARY 4.4. Forinvoke-once pre-workflows, Problep?
is solvable for?" when. is (1) dense or discrete total order (with
<), (2) linear arithmetic, (3) real arithmetic (witkg, +, x).

PrRoOPOSITION 4.2. If ProblemQ?2 is solvable forZ, then the
first order theory ofS is decidable.

Proof: (Sketch) Given a sentenge in £, we construct a ser-
vice with no input/output and precondition and effects being true.

Clearly the weakest-precondition is the condition for the rule. PROPOSITION 4.5. If ProblemQ2 is solvable for£% then the
The weakest-precondition is true iffo is true. 1 first-order theory ofS is decidable and admits quantifier elimina-
tion.

We now considel’’ to be the set of quantifier-free formulas 6f

denoted aLL. In the following, we introduce an “invoke once”  Proof: (Sketch) Consider a formuta = Jyo(y, z1, ..., 21 ) Where
property of pre-workflows that express that the pre-workflow does ¢ is quantifier free. We construct a service with crele DEF(y))
not admit executions in which the same service is used more thanand lety(y, z1, ..., z) be the goal. Clearly, the weakesprecon-
once. dition is a quantifier-free formula equivalent¢o 1
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Itis open if the converse of Proposition 4.5 is true in the gdrsata
ting. The main difficulty is that the constructed workflow may have

finding a maximaly-safe ruleset i?sPACEcomplete; develop a
constructive algorithm for creating maximaisafe rulesets (both

recursion, and thus the naive approach of performing an exhaustivewith and without exceptions) and consider its running time; and we

search may not terminate.

4.3 Constructing workflows with exceptions

We now present a brief, informal discussion about an algorithm for
resolving ProblenQg3 for the case of invoke-once pre-workflows.
The key difference fronQ2 is that the use of exception services for
bad cases means that it is not necessary to insisetkeayexecu-
tion from a given input leads togsafe endpoint. Thus, at the outer
level Q3 can be solved by using weakesfpreconditions. Impor-
tantly, a solution tdQ3 must also identify dead-end executions as
quickly as possible, and direct themB&cC.

To provide a bit more detail, recall from Section 2 the extension of a
pre-workflowP = (A4, S) into a pre-workflowP™¢ = (A4°** S uU
{EXC}) with theEXC service. The algorithm used now is similar to
the one described in the proof of Theorem 4.3 with one modifica-

describe some restrictions which can be used to reduce that running
time. We discuss the collection of restrictions made in this previous
section at length in Subsection 5.4.

5.1 A simple framework

This section focuses on a model called #imple quantifier-free
dense linear order artifact-based workflow framework, and denoted
W< This was illustrated in Section 2. As underlying first-
order logic structure we assume a single sort (domain) which has
a dense linear order, which we denote Zs. In W< it is
assumed that each service writes exactly one attribute.

In W @< the service pre-conditions and the conditions for rules
are quantifier-free formulas iE<. The service post-conditions
have the form ofconditional effectsthat is, each post-condition
is a conjunction of formulas of formx — 3 (as in the examples of

tion and an added step at the end. The modification, as noted aboveSection 2). Further, each antecederis a quantifier-free formula

is to use the weakeskprecondition rather than théprecondition
in the construction of the rules discussed in the proof. Retde-

in £, and eachp is an atomic expression having one of the fol-
lowing forms: DEF(A) for attributeA; or ¢, o t2 where exactly one

note the ruleset obtained from these. It can be shown that eachof ¢y, ¢ is the attributed and the other is a constant, and where

~-safe path ofP = (A, S) is an execution ofR;. However, there
may also be dead-end executions permittedday To satisfy the
definition of maximakh-safe with exceptions, we need to “shift” an
execution to th&XC service as soon as it cannot be extended to be
a~y-safe execution.

In general, an execution, . . ., o,, is dead-end for a set of rules
if no rule can be applied to,,. By construction ofR, it is fur-
ther true that for an execution, . . ., o,, if there is not extension
of this execution that reachesthen the path is already dead-end.
Thus, patho, . .., o, is dead-end foR; iff o,, does not satisfy the
condition of any rule inR;. Let A be the set of all conditions of
rules inR1, and lety = V{6 | § € A}. Leta be the ruleif —¢
invoke EXC, and letR2; = R1 U {a}. This rule has the desired ef-
fect of moving artifact instances to tE&C service once there is no
possible way to continue execution to a point wheris satisfied.
ThusR, provides a solution t@3 for P**¢ and-.

As a final remark, we note that the technique described above can

be applied to multiple artifacts with “fixed-link structures” [6]. Sup-

is one of{=, #, >, >, <, <}.

Our final restrictions focus on preventing arbitrary permutations of
the service invocations, and thereby reducing somewhat the num-
ber of weakest preconditions that need to be computed. To be-
gin, a servicer is well-formedif the pre-condition has formr =

» AN N{DEF(B) | B occurs in the pre-condition or the antecedent
of some conditional effe¢tA —DEF(A), where A is the attribute
defined byo and ¢ is a quantifier-free formula over the read set
of 0. In this case, we say thatrequiresDEF(B) for each of the

B’s mentioned. Further, if is the attribute defined by, it is as-
sumed for each artifaet; that satisfiesr that (a) there is at least
one artifacto, such thab; F o2, and (b) all artifacte. satisfying

o1 ¥ 02 haveos. A defined. (Intuitively, this says that if you can
enter servicer then you will exit from it with a defined value for

A.) Note that under these assumptions, at most one service that
defines attributed can be invoked in an execution. A pre-schema
P = (A, S) is well-formedif each service ir§ is well-formed.

We say that a well-formed pre-scherffa = (A, S) admits an

pose further that the artifacts linked together have same (similar) attribute orderingif there is some orderingl, ..., A,, of the at-
lifespan. In this case, one can merge the artifacts into a single fattributes such that for eaghe [1..n] and each service that defines

artifact and the algorithms for Problen@2, Q3 can be applied.
It is interesting to explore situations when the linked artifacts have
very different lifespans.

5. COMPLEXITY OF A SPECIAL CASE

attribute A;, o requires only attributes ifiA1, ..., A;—1}. Such an
ordering is calledadmissible Each workflow inW "< is as-
sumed to admit ordering of attributes.

5.2 Complexity

We now consider the concepts presented above in a specialized conWe consider first the complexity of finding maximal rulesets in

text, which is both relatively simple and practically motivated. The

W<,

context assumes that the underlying domain has just one sort, which

is a dense linear order. It also imposes a number of restrictions onProblem: Coverage byy-safe Ruleset

the services used, which in turn restricts how the services can belnstance: A pre-workflow? = (A, S) in W<, a fixed set of
sequenced. The examples of Section 2 essentially lie within this attributes to be initialized, and a goal (The input to this problem

context. In particular, the services of Section 2 do satisfy the re-
strictions. As for the underlying domain, the use of finite domains

is considered to have size equal to the length of the string of sym-
bols used to specify all ofl, P, and~.)

(e.g., Boolean) is easily simulated in the context of the dense linear Question: Is there ay-safe ruleseR for P that permits all input
order, and one can view the percentage and dollar amount domainsartifacts to entef.A, S, R).

as being dense.

We show here that even in the restricted context the problem of

232

THEOREM 5.1. The problem of Coverage bysafe Ruleset is
PSPACEcomplete.



v for each celky that (a) has values By, ..., Bk, C1,...,C;}

Proof: Suppose that artifact schentg pre-workflowP = (A4, S). and null for the remaining attributes, and (b) that could result from
and goaly are given. Letl denote the size of the input. the application ofv.service on v’ .cell, wherev' is the parent of

v. It can be verified that there isasafe rulesefR with the de-
We show first that the problem is withirs PACE We start by creat- sired properties iff the following holds, whefé, denotes the set of
ing the algebraic cell decomposition [29] fBrand-~. To this end, nodes ofl" at leveli, ¢ € [1..2m + 1]:
let A= {Ai,..., A,}, letC be the set of constants appearingin
orv, and letc = |C|. Assignmentsy andy of the attributes ind to () Vo €Ni Fuz € Na Yoz € N3
the underlying domaify U{_L } are said to bequivalenif for each Fvzm € N2m, Vozmi1 € N%H
i, € [1..n] and constand € C, we have (a)/(A;) is undefined iff [vi+1 is a child ofv; for eachi € [1..m —1], and
w(A;) is undefined, (by(A;) < diff u(A;) < d, (€)v(4;) > d Vam+1.-cell satisfiesy]

iff 1u(As) > d, and (d)(As) < v(A;) iff 0(As) < p(A;). Acell

is an equivalence class of assignments. Each cell can be specifie(;ll-he treel” can now be used to guide a non-deterministic computa-
b_y writing a sequence of all attrit_)utes and constants, se_parated bytion, in space polynomial of, to check propertyt). At each step,
either< or =, where they appear in the sequence according to their y,e ¢omntation will hold one partial path from the root, including
ordering as in some (any) assignment in the equivalence class idenyq geryices and cells associated with the nodes along that path. The
tified by the cell. Thatis, each cell can be specified in length which ¢, tation performs a depth-first search across all relevant paths.
isin O(c + n) and thus inO(L). For a pathp of lengthi = 2j +1, j € [0..m — 1], for the first entry

into nodep; one child ofp; (i.e., one service defining’;+1 that

has true pre-condition fas;.cell) is non-deterministically chosen
and recorded. This is becayseis an ‘or’ node. Given a patp of
§engthi = 24, j € [0..m], each child ofp; must be processed (i.e.,
the sub-trees below have to be processed), begduisean ‘and’
node. Ifj = m, then each child op;.cell must satisfyy. It can

be verified that there is a successful non-deterministic computation
iff property () holds. Note that the amount of storage required is
on the order of the space needed to steressignments, which

is at most a quadratic df. This completes the argument that the
Coverage problem is withinspPACE

As an aside, we note that the total number of cells @c+n)").

To see this, imagine assigning each attribdteto a location in

the sequence that represents a cell. For the first attribute there ar
2¢ + 1 choices, and for th&™ attribute there are no more than
2(c+ (k—1)) + 1 choices.

A symbolic executiothroughP is an execution where cells rather
than artifacts are used. It is easily verified that there is a natural ho-
momorphism (bisimulation) from true executions to symbolic exe-
cutions, and that to check for the existence of{ksafe ruleset we
need consider only rulesets using constants occurrirdy amd -y,

and consider only symbolic executions. We now show that the problem isspacehard. We perform a re-

. R . duction from Quantified Boolean Formulas (QBF). Let
We shall describe a non-deterministisPACEcOmputation that de- a=Q'1Q%...Q xnf(z1,. .., xn), where eaclf)’ is either

termines whether there isyasafe ruleseR for (P, S) that permits vVor3, and3(z1, .. .,z.) is a Boolean formula over, . .. , ..
all input artifacts to entef.A, S, R). From this, we can apply Sav- ' o .
itch’s theorem to conclude that this test can be performed in deter- \wa shall build a pre-workflo#pP = (A, S)
ministic PSPACE While the test for existence ofasafe ruleset is ’
within polynomial space of,, the ruleset itself might have size on

the order of the number of cells in the algebraic cell decomposition.

and goaly that is related

to a. Interestingly, we shall need only one constant in this pre-
workflow. It will be shown thatv is valid iff there is ay-safe ruleset
that permits all inputs to enter into an execution. Thuss valid

iff each maximaly-safe ruleset permits all input artifacts to enter

The computation shall be guided by a tfE¢hat is described now. into an execution.

Intuitively, this is a tree with alternating levels of ‘and’ and ‘or’

nodes, where th_e children of ‘and’ nodes are Iabe!ed with selected For the artifact4, we have attributes

cells and the children of ‘or’ nodes are labeled with selected ser-

vices fromS. Let By,..., B, C1,...,Cy be an admissible or- a; i € [0..n] _
dering of the attributes id, where the attribute®, . . ., By are bi,¢i i€ [l.n]andQ’ =3

the initialization attributes foP. . . . L .
Attribute ao will act as the input parameter, and is ignored during

The treeT” has heigh2m + 1. For a nodey of T', we usev.cell to the execution of all services of the workflow.

denote the cell labeling (if there is one), and.service to denote

the service labeling (if there is one). Fori € [1..n], attributea; will correspond to variabler;. The

b;'s and¢;’s will be used for bookkeeping. We allow 0O (zero) to
be a constant in the domain of these attributes. Intuitively, if during
execution we have; > 0, this will correspond ta:; being assigned
the valuetrue, and if a1 < 0 this will correspond tar; being
assigned the valuelse.

The root of " (level 0) is an ‘and’ node, and has a child for each
cell « which has values foBi, ..., Bx and has null for each of
Ci,...,Cp. Given a nodev at an odd level = 25 + 1, j €
[0..m — 1], vis an ‘or’ node. Further, there is a child ofin T" for
each servicer € S such that (ay defines attribut€”; 1, and (b)
v.cell satisfies the pre-condition of. If v is at an even level =

24, 7 € [1..m], thenv is an ‘and’ node. Further, there is a child of

We use the following family of services

Thereader will note that term ‘assignment’ used here is actually 7% * % for L€ [1.'“] whereQ* = v
co-extensive with the term ‘artifact’. We use ‘assignment’ to avoid  Pre-condition:DEF(a;—1)
confusion, since the way assignments are used in this proof is quite Post-conditiontrue — DEF(a;)
different than how artifacts are used in workflow executions.
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& . b; fori € [1..n] where@® = 3
pre-condition:DEF(a;—1) A —DEF(c;)
post-conditiontrue — DEF(b;)

18 ¢ fori € [1.n] whereQ' = 3
pre-condition:DEF(a;—1) A —DEF(b;)
post-conditiontrue — DEF(c;)

g s a; fori € [1.n] whereQ’ = 3
pre-condition:DEF(b;) Vv DEF(c;)
post-condition:DEF(b;) — a; > 0

DEF(CL) — Q; < 0

Itis easily verified that the pre-workflow just described ¥4 <,

Intuitively, if Q° =V, theno; can yield a value bigger or less than

0 for a;, i.e., it can “produce” the value true or false for. If

Q' = 3, then the rules can be used to determine which;ofor

7F can be invoked (and only one of them will succeed in any case).
This in turn permits the rules to “control” whethey becomes true

or false.

Assume that in3 there is no negation except on variables. We
constructy from g by replacing each non-negative tetmin 3 by
a; > 0, and each negative terf; in 5 by a; < 0.

Suppose first that is not valid. This means thai« is satisfiable.
Let R be a maximal ruleset foP and~. Suppose thaRk permits
some execution. This means that for at least one valug,afn ex-
ecution can be started f@®. Using the facts thatc is satisfiable,

fori € [1..n] with Q* =V, include

ri = if DEF(a,L-,l) then T;
fori € [1..n] with Q* = 3, include
7‘? =if DEF(ai—1) A (ﬁ?(ah. ..
T,LF = if DEF(G,Z‘71) A —‘@?(al, ..
A g&f(ah N

,ai71) then TZ-T
S @i—1)
,ai71) then TZ-F

It is straightforward to show that i& is valid, then on any input
there are successful executions that satisfgnd no dead-end ex-
ecutions. 1

5.3 A constructive algorithm

This subsection describes a constructive algorithm for building max-
imal v-safe rulesets foW @< pre-workflows. This is described

so that we can discuss a contributor to the high running time of
the ruleset construction, and identify restrictions that reduce that
running time.

Recall that pre-workflows ifW “>< admit ordering of the at-
tributes. LetA,,..., A, be one such ordering. In this case, to
perform the construction of rules as in the proof of Theorem 4.3,
we can focus on a directed graph which hdayers (where: is the
number of attributes). Thé&" layer will consist of all services that
define attributed;, and for eachi € [1..n] edges are included from
each service at layér 1 to each service at layér As will be seen,
although the full number of paths in such a graph is exponential in
n, the number of rules needed to sol@2 (or Q3) is equal to the
number of services.

The main algorithm is now given. In the algorithm it is assumed
that the weakest pre-condition formulas that are computed are trans-

that R does not permit dead-end executions, and that the servicesformed to be quantifier-free.

o; canyield any output, it is now possible to construct an execution
valid for R which ends with all of thex;’s defined, but withy not
satisfied. This is a dead-end execution after all, a contradiction.

Suppose now that is valid. We shall construct a rulesgt for P
that isy-safe and that permits all input artifacts to enter the system.
Lets € [1..n] be fixed, wher&)®” = 3. If v is a truth assignment for
{z1,...,2i—1}, letv+{x;/true} denote the extension ofwhere
x; Is assigned tdrue, and definev + {z;/false} analogously.
Create a Boolean formula/ (1, ..., x;—1) such that

ol V] = true iff

Qi ... Q" xnfB(z1, ..., xn) [V + {z:i/true}] = true

Analogously, create! (z1,. .., x;—1) such that

of [V] = true iff
Qi+1xi+1 e annﬂ(:cl, ..

In general, we will not have! = —¢I. However, suppose that
vis chosen so tha®'z; ... Q"xnB(x1, . .., x,)[V] is valid. (This
is trivial for the case for = 1, since« is assumed valid.) Since
Q' = 3, atleast one op] [v] or ¢ [v] is true.

S xn) v+ {xi/false}] = true

Assume thatp? and ¢! have no negations except on variables.
Let $7 (a1, ..., a;) be constructed fromp; by replacing each non-
negative termx; by a; > 0 and each negative tera; by a; < 0.
Constructp; (a1, ..., a;) analogously.

Build the rulesefR as follows.
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ALGORITHM 5.2. Maximaly-safe ruleset foW @<

Input: P = (A, S) andy in W<

and initialization attributeg

Output: maximalv-safe ruleseR for the above

Procedure:

Assume thatl,, ..., A, is an ordering of the
attributes so that each service definiigrequires
only attributes fromAd,, ..., A;_1.

For each service that definesA,,, create the
rule Rs = if wp” (o, ) then invoke o.

Do for each € [1..n — 1] in reverse order:

Letos,..., o be the services that defink ;. 1,
and letR; =if a; then invoke o; be the
rule already constructed by the

CoNoOR~LONE

10. algorithm foro;

11. For each service that definesd;, create the
12. ruleR, =if o then invoke o where

13. a =thewp” of o and the disjunction of
14. the formulasy;, j € [1..k].

It is straightforward to verify that this algorithm is correct.

We have developed constructive algorithms for computing quantifier-
free formulas equivalent tavp’ (o, ¢) and wp (o, ¢); these in-
volve a detailed analysis of the formulaand the pre- and post-
conditions ofg, which essentially comes down to removal of exis-
tential quantifiers.



As noted previously, Algorithm 5.2 constructs one rule for esmh
vice in’P. The astute reader will have noticed, however, that there
is the potential for the size of the conditions in the rules to grow

containing all attributes contained by the original artifacts (some re-
naming may be necessary). For example, this approach is discussed
using the notion of “fixed-link structures” in [6], and also used in

to be size exponential in the number of attributes. This is because[14]. However, if two artifact types have substantially different life

the condition for the rule of a service defining is based on a
conjunction of formulas, one for each service that defifigs; .

We now explore the question of whether further restrictions on the
pre-workflows inW @< can help to limit the size of the condi-
tions in the rules, thereby reducing the overall running time and
space of the algorithm. A key factor is the number of attributes that
are involved in the construction efp” formulac in line 14 of the
algorithm.

Suppose that the in the loop of line 11 is at level, letp > ¢, and
suppose that’ is a service at levep. If A is an input attribute for
o', andA = A, for someq < i, thenA can occur in at least one
of the formulasa; mentioned in line 14. Attributed from -~ that
are defined above levékan also occur in one of the;’s.

More generally, definéree(i) to be{A4, | ¢ < i and A, appears
in v or is an input attribute for some, with p > ¢}, and define
width(i) = [free(¢)]. Letw = maxwidth(i) | 1 € [1..n]}. It
can be shown that the time required to comput® o, o] in line
13 is bounded by some constant= f(b), where f is no more
than doubly exponential intimes ¢ plus the number of constants
appearing ir§ and~). (The latter multiplicand is included because

expectancy, then there will typically be many artifacts of one type
for just one artifact of the other type. In this case, the “super”-
artifact would essentially involve a set-valued attribute, and as seen
in [14] this can significantly complicate the formal properties of the
model. It remains open what restrictions would need to be made on
set-valued attributes and/or artifacts with differing life expectan-
cies in order to achieve results analogous to the ones obtained in
this section.

Restriction (b) alone, that services write just one attribute, is in-
cluded mainly for technical convenience. For example, if a service
may write more than one attribute, then complex tautological rea-
soning is sometimes required when performing an optimized com-
putation of the weakest precondition. Intuitively, this is because
certain combinations of effects may lead to tautologies (which would
lead to satisfiable weakest preconditions), even when the weakest
precondition for each affected sub-formulae in isolation would be
equivalent tdalse. In general, restriction (b) can be dropped with-
out impacting theeSPACEresult.

The well-formedness restriction (c) is quite strong; together with
(b) it implies that each service can be executed at most once. The
restriction enables Algorithm 5.2 to be relatively straightforward.

it helps to control how many atoms can be constructed using the If multiple invocations of a service were permitted, then executions

variables inx.)

Intuitively, the value ofwidth(7) corresponds rather coarsely to the

could potentially have arbitrary length. Although the overall mem-
ory of the system at each point in time is bounded (by the space
available in the artifact for storing values), it is unclear how the al-

amount of “scratch paper” that an execution needs to retain just gorithm could be generalized to this case. Further, it remains open

after computing the attributd;. A pre-workflow with small maxi-

whether theespAcEupper bound of Theorem 5.1 will hold in the

mum width is one that produces attribute values and then consumescontext of multiple service invocations. (In principle, one might

them (for the last time) fairly quickly, and a pre-workflow with
large maximum width is one that will produce many attribute values
before it uses them for the final time. The discussion above indi-
cates that for pre-workflows that have a very small maximum width
the computation of the maximal-safe ruleset can be performed
with runtime at a smaller exponential than for the pre-workflows
which have high maximum width.

5.4 Discussion

This subsection briefly reviews the restrictions made for the results
obtained in this section, considers how realistic they are, and what

might be involved in relaxing them. The key assumptions for the

technical results are (a) focus on a single artifact type; (b) each

service writes exactly one attribute; (c) services are well-formed;
and (d) the pre-workflow has an admissible attribute ordering. The
combination of (b) and (c) imply an “invoke-once” semantics for
services, that is, each service can be invoked at most once in al
execution. Restriction (c) also implies a “write-once” or “mono-
tonicity” property, i.e., that each attribute can be written at most
once.

Consider first the focus on single artifacts. A key consideration
here is the “life expectancy” of an artifact [8], e.g., some arti-
facts, such aerder might have a life expectancy of days or weeks,
where as other artifacts, such @sstomer which would focus on
the overall experience of customers over time, might have a life

to work with a bounded set of artifact types that have a similar
life expectancy, by simulating them with a single “super”-artifact,

235

n

have to keep track of computations whose length is on the order of
the number of cells in the algebraic cell decomposition.)

Restriction (d) concerning admissible ordering of the attributes is
also quite strong. Itimplies that the attributes can be organized into
a DAG, and that service invocations must be sequenced according
to some topological sort of the DAG. This assumption significantly
simplifies both the proof of thespAcEupper bound and the con-
struction of Algorithm 5.2. However, the DAG assumption does
not appear to be critical to either of these, as long as each service is
known to be invoke-once.

We finally consider whether the results obtained in this section can

be applied in practice. On the one hand, experience in the field [5,
7] has shown that there are typically artifact types of different life
expectancies, and that there are often cycles in the lifecycle of an
artifact. Assuming that we focus on a single artifact, then itis often
the case that the cycles are “local”, and can be encapsulated to be

viewed as essentially a single service. Many services are invoke-

once, and in many situations the high-level flow of services in a
lifecycle is DAG-based. Further, at IBM Research there is active

work on developing a hierarchical approach to specifying lifecy-

cles, where the work units in a given level of the hierarchy can be
organized in either a declarative or more procedural manner. This
suggests that the results developed here might be applied directly
in selected contexts within a practical system. It is clear, however,

expectancy of years. The results of this section can be extendedthalt much research remains to be done.



6. RELATED WORK use of non-determinism and pre- and post-conditions to character-
We describe here related work in the following areas: the use of ize services is closely related to the use of Input, Output, Precon-
weakest pre-conditions in formal verification and synthesis, veri- dition, conditional Effect (IOPE) in OWL-S. Similar to the current
fication of artifact-based workflow, constraint-based systems, se- paper, [35] develops an approach to create a composition of se-
mantic web services, Al planners for workflow synthesis, and de- mantic web services that satisfies a static goal; that work uses a
cision theory as found in Al and operations research. construction based on Petri nets. Another approach to automated
composition of web services is provided by the Roman model and
The notion of weakest condition, which originated in [23] and sub- follow-up work [4, 17, 3, 39]. The Roman model focuses purely on
sequently studied in [15], has been used widely in formal verifica- data-less activities, and the complexity of the composition problem
tion and the theory of program derivation (synthesis). In verifica- is in EXPTIME [4, 17]. The Colombo model can be viewed as a
tion [12], algorithms have been developed to deal with program- substantial extension of the Roman model, which incorporates data
ming constructs as arise in general programming languages. Theinto a formal semantic web services framework in a rich way [3].
problems studied are thus quite general, and typically have high However, the complexity of the composition problem in Colombo
complexity. Techniques such as BDDs help with practical situa- is EXPSPACE Thus ourPSPACEresults for workflow construction
tions. With regards to program derivation, work such as [34, 36] in the presence of data bring us one step closer to being practical.
build upon and extend the initial ideas in [15] to develop a general
theory for derivation of programs involving the assignment state- Turning to the use of Al techniques in automated workflow de-
ment and control structures. In contrast, the services in our work sign, [33] describes a system that uses a partial-order planner based
are more general than assignment statements (which can be viewe@n UCPOP [38] to construct business processes. In that work, a
as services of specific types) and we distinguispreconditions plan, which is essentially a use-once workflow schema, is built on-
and 3-preconditions. Also, we focus on the complexity aspect demand for each individual set of inputs. While there are some
which the earlier work did not address. On the other hand, the implicit conditionals in the plans, they have little flexibility once
techniques for reasoning through control flow constructs in their an execution has started. Our approach, on the other hand, gen-
work may have a potential use in workflow construction, but this erates a general-purpose workflow schema that can be used for all
is not exactly clear due to the different style of “programming” in possible inputs, and is least restrictive in the sense that it leaves
the declarative workflow setting. One interesting note is that the maximal flexibility to its user. For example, the precise scheduling
avoidance of “dead-end” seems to resemble Dijkstra’s concept of of services is not fixed in advance, and could be varied to achieve
“free of miracles” [34, 36]. certain optimizations.

Work on formal analysis of artifact-centric business processes in The planning approach to workflow design described in [40] uses
restricted contexts has been reported in [6, 18, 19]. Properties in-weakest pre-conditions (called “regression” there) in a manner sim-
vestigated in these studies include reachability [18, 19], general ilar to the current paper. This work starts with a desired goal and a
temporal constraints [19], and the existence of complete execution family of “actions” (which are similar to our services but determin-
or dead end [6]. Citations [18, 19] are focused on an essentially istic), and uses weakest pre-conditions to obtain a tree of all pos-
procedural version of artifact-centric workflow, and [6] is the first sible ways the goal can be achieved. This tree is used to generate
to study a declarative version, albeit at a very abstract level in which a policy, that is, a mapping from conditions to actions, where each
attributes are either defined or undefined (i.e., the values associated:ondition corresponds to a different possible state of the world. Itis
with attributes are not considered in the formalism). Both [14] and shown in [20] that the worst case complexity is linear in the size of
the current paper extend that model by letting attribute values rangethe state space, which is exponential in the number of attributes
over a dense linear order, and incorporate non-deterministic ser-used in the environment. Our approach differs by permitting a
vices with pre-conditions and conditional effects specified in terms dense linearly ordered domain and non-deterministic services, and
of the underlying domain. Unlike the current paper, [14] permits by building a general-purpose workflow schema. Further, we have
set-valued attributes, interaction of multiple artifacts (in limited set- identified some cases where our approach appears to be pragmati-
tings), and a static external database that services can refer to. Thatally feasible.
paper studies static analysis of properties specified in a first-order
extension of linear temporal logic, and maps the boundaries of de- Finally, we note that decision theoretic approaches to similar prob-
cidability. lems can be found in Al and operations research, e.g. [9, 10].
These differ from our perspective in that they consider stochastic
A key technical ingredient in this paper is the use of constraints, uncertainty, and also explicit costs and rewards of actions. In that
e.g., in modeling and reasoning about services. Constraints haveframework, the objective is to maximize the expected accumulated
been used in logic programming [27], databases [28], and verifi- reward.
cation (e.g., of hybrid systems [16]). In particular, our model of

services is reminiscent of constraint relations [28, 22, 30]. How- 7 CONCLUSIONS AND FUTURE WORK
ig(rel;t:)ar'lr?t I:zl);?gf:]err:nce 'S Ehat thte sfemfartltlcs r?'lre t\;]ery dlffer%nt: 21n this paper, we formulate the technical problem of goal-directed
con ditiolns S e(I:i thpres;enfs ase_blo pomts,V\f[ 'f t_eprt:lan .tp.os‘tworkflow construction in the context of declarative artifact-centric

. pe fy the seto possibie input-output paIrs. AISO, 1S4y fiow, and develop results concerning the general setting, design-
typical to manipulate constraint _rt_elatlons using first-order queries, time analysis, and the synthesis of workflow schemas from goal
Wrgefracsht:iiizre;)?tr;,ipsf}tiizgdmons of services are used to ensurgpecifications. The work is among the important initial steps along
prop 9 ) the path towards eventual support for tools that enable substantial

. . . automation for workflow design, analysis, and modification.
The declarative artifact-centric workflow model of the current pa- 9 y

per can be viewed as a specialized form of semantic web services

as in OWL-S [13] and subsequent efforts [2, 44]. In particular, the In terms of future work, one area is to consider the same prob-

lems but with different settings. For example, how do we handle

236



recursive workflows, i.e., not satisfying “invoke once”. How do 8. REFERENCES
we generalize to cases with multiple artifacts which are linked to- [1] J. Baier and S. Mcllraith. Planning with first-order

gether but have very different life expectancies? To what extent can temporally extended goals using heuristic search. In
we permit set-valued attributes? What if different underlying do- Proceedings of the 21st National Conference on Artificial
mains are used (e.g., the integers)? What if limited quantification is Intelligence (AAAIO6), pages 788—795, Boston, MA, July
permitted in the specification of services or rules? As noted in Sec- 2006.
tion 5, there is currently active work at IBM Research on incorpo- [2] S. Battle et al. Semantic Web Services Ontology (SWSO)
rating hierarchy into lifecycle specifications in the artifact-centric Version 1.0.
approach; perhaps this can be leveraged to reduce the complexity http://ww:. dam . or g/ servi ces/ swsf/ 1. 0/ swso/ ,
of automated workflow synthesis. May 2005.

[3] D. Berardi, D. Calvanese, G. D. Giacomo, R. Hull, and
Arich area is to extend the goals used here to include temporal op- M. Mecella. Automatic composition of transition-based
erators. We expect that traditional approaches (e.g., [1, 11]) could semantic web services with messagingPhoc. 31st Int.

be used to transform temporal goals into end-state goals such as Conf. on Very Large Data Bases (VLDBRges 613-624,
used here, perhaps with the overhead of adding new attributes to 2005.

the artifact type. Itis unclear how many attributes would be needed, [4] p. Berardi, D. Calvanese, G. D. Giacomo, M. Lenzerini, and

and how temporal goals would impact results such a®8m\CE M. Mecella. Automatic composition of e-services that export
completeness. their behavior. IrProc. 1st Int. Conf. on Service Oriented

o ) o Computing (ICSOG)olume 2910 of. NCS pages 43-58,
Another direction concerns whether incremental modifications to 2003,

goals could be translated in an incremental fashion into new work- (5]
flow schemas. This would be especially useful in the context of F. Wu. Artifact-centered operational modeling: Lessons from
workflow evolution, in cases where relatively modest modifications customer engagement&M Systems Journal

are being made. Separate techniques might be useful for the some- 46(4):703-721, 2007.

what distinct cases of adding/removing attributes from the artifacts 6] K Bhattachary:a C. Gerede R. Hull. R. Liu. and J. Su

and modifying the business goals or constraints about how or when waards formal ;inélysis of értifact-c'eniric t;usineés prbcess

certain aitributes are to be computed. models. InProceedings of 5th International Conference on
Business Process Management (BPM), Brisbane, Australia,
September 2007.

K. Bhattacharya, R. Guttman, K. Lymann, F. F. Heath IIl,

S. Kumaran, P. Nandi, F. Wu, P. Athma, C. Freiberg,

L. Johannsen, and A. Staudt. A model-driven approach to
industrializing discovery processes in pharmaceutical
researchlIBM Systems Journafl4(1):145-162, 2005.

A final promising area is to see whether techniques developed in [8] K. Bhattacharya, R. Hull, and J. Su. A Data-centric Design

K. Bhattacharya, N. Caswell, S. Kumaran, A. Nigam, and

In the model used in this paper, the services read only from artifacts
and modify only artifacts. In the general case, of course, workflow
services may use or impact the “outside world”. It will be inter- [7]
esting to explore how the results and techniques obtained here can
be generalized to the case with external databases that can be read
and/or updated, and other side-effecting operations.

the current paper have relevance in the area of execution optimiza- Methodology for Business Processes. In J. Cardoso and
tion of declarative artifact-centric workflow schemas. As discussed W. van der Aalst, editorgjandbook of Research on Business
in [8], it appears useful to structure the implementation and opti- Process Managemer009. to appear. _
mization problem in three layers: conceptual layer (the rules-based [9] C. Boutilier, R. Dearden, and M. Goldszmidt. Stochastic
workflow schemas generated in the current paper), logical imple- dynamic programming with factored representations.
mentation layer, and physical implementation layer. (These layers Artificial Intelligence 121:49-107, 2000.

are analogous to relational database query implementation, with[10] C. Boutilier, R. Reiter, and B. Price. Symbolic dynamic

SQL at the conceptual layer, the relational algebra at the logical programming for first-order MDPs. IRroc. IJCAI'0Y, pages
implementation layer, and the details of indexing and relational op- 690-700, 2001.

erator implementations at the physical implementation layer.) In- [11] J. Chomicki. Efficient checking of temporal integrity
deed, it appears that the conceptual model described in [37] might constraints using bounded history encodiAGM Trans.

provide a starting point for the logical implementation layer. It Database Syst20(2):149-186, 1995.
would be an interesting exercise to “compile” the rules of a declar- [12] E. Clarke, O. Grumberg, and D. A. Pelédodel Checking
ative artifact-centric workflow schema into artifact workflows in The MIT Press, Cambridge, Massachusetts, 2000.
the model of [37], which can then be implemented in a fairly direct [13] O. S. Coalition. OWL-S: Semantic markup for web services,
manner. Optimization criteria, e.g., around resource limitations or November 2003.
the prioritization of particular artifact instances, could be incorpo- [14] A. Deutsch, R. Hull, F. Patrizi, and V. Vianu. Automatic
rated into this compilation process. Techniques from [25] and from verification of data-centric business processe®rbe. of
Al planning may also be relevant here. Intl. Conf. on Database Theory (ICDT3009.

[15] E. W. Dijkstra. Guarded commands, nondeterminacy and
Acknowledgments formal derivation of programsCommunications of the ACM
The authors are grateful to K. Bhattacharya for fruitful discussions, 18(8):453-457, 1975.
and benefited from conversations with A. Nigam, N. Caswell, and [16] M. Frénzle. Verification of hybrid systems. Rroc. 19th Int.
F. Wu. The authors also thank several anonymous referees for sug- Conf. on Computer Aided Verification (CAZPO7.
gesting a number of improvements in the exposition. The research[17] C. Gerede, R. Hull, O. Ibarra, and J. Su. Automated
reported on here supported in part by NSF grants 11S-0415195, composition of e-services: LookaheadsPioc. 2nd Int.

CNS-0613998 and 11S-0812578.

237



Conf. on Service-Oriented Computing (ICSOZ)04. Transactions on Programming Languages and Systems

[18] C. E. Gerede, K. Bhattacharya, and J. Su. Static analysis of 11(4):517-561, 1989.
business artifact-centric operational modelsHEE [37] A.Nigam and N. S. Caswell. Business artifacts: An
International Conference on Service-Oriented Computing approach to operational specificatidBM Systems Journal
and Applications, 2007. 42(3):428-445, 2003.

[19] C. E. Gerede and J. Su. Specification and verification of [38] J. Penberthy and D. Weld. UCPOP: A sound, complete,
artifact behaviors in business process model®rbteedings partial order planner for ADL. IfProceedings of the Third
of 5th International Conference on Service-Oriented International Conference on Knowledge Representation and
Computing (ICSOG)ienna, Austria, September 2007. Reasoningpages 103-114, 1992.

[20] M. L. Ginsberg. Universal planning: an (almost) universally  [39] S. Sardina, F. Patrizi, and G. De Giacomo. Behavior
bad ideaAl Magazine 10(4):40—-44, 1989. composition in the presence of failure. In G. Brewka and

[21] R. Glushko and T. McGrattDocument Engineering: J. Lang, editorsProceedings of Principles of Knowledge
Analyzing and Designing Documents for Business Representation and Reasoning (KBages 640-650,
Informatics and Web ServicadIT Press, Cambridge, MA, Sydney, Australia, Sept. 2008.

2005. [40] M. J. Schoppers. Universal plans for reactive robots in

[22] S. Grumbach and J. Su. Finitely representable databases. unpredictable environments. In J. McDermott, ediRmc.
Journal of Computer & System Sciences, 55(2):273-298, IJCAI'87, pages 1039-1046, Milan, Italy, 1987. Morgan
October 1997. Kaufmann publishers Inc.: San Mateo, CA, USA.

[23] C. A. R. Hoare. An axiomatic basis for computer [41] J. Strosnider, P. Nandi, S. Kumaran, S. Ghosh, and
programmingCommunications of the ACM A. Arsanjani. Model-driven synthesis of soa solutiolM
12(10):576-583, 19609. Systems Journapages 415-432, 2008.

[24] R. Hull. Artifact-centric business process models: Brief [42] R. Waldinger. Achieving several goals simultaneously. In
survey of research results and challenge®irthe Move to E. W. Elcock and D. Michie, editor$fachine Intelligence
Meaningful Internet Systems: OTM 2008, OTM 2008 volume 8, pages 94-136. Wiley, 1977.

Confederated International Conferences, CooplS, DOA, [43] J. Wang and A. Kumar. A framework for document-driven

GADA, IS, and ODBASE 200Blonterrey, Mexico, 2008. workflow systems. IiBusiness Process Managemegrdges
[25] R. Hull, F. Llirbat, B. Kumar, G. Zhou, G. Dong, and J. Su. 285-301, 2005.

Optimization techniques for data-intensive decision flows. In  [44] Web Service Modeling Ontology.

Proc. Int. Conf. on Data Engineerin@000. http://ww. wsno. org/ .

[26] R. Hull, F. Llirbat, E. Simon, J. Su, G. Dong, B. Kumar, and
G. Zhou. Declarative workflows that support easy
modification and dynamic browsing. Froc. Int. Joint Conf.
on Work Activities Coordination and Collaboratiph999.

[27] J. Jaffar and J. Lassez. Constraint logic programming. In
Proc. ACM Symp. on Principles of Programming Languages
pages 111-119, 1987.

[28] P. Kanellakis, G. Kuper, and P. Revesz. Constraint query
languagesJournal of Computer & System Sciences
51(1):26-52, 1995.

[29] D. Kozen and C. Yap. Algebraic cell decomposition in NC.
In Proc IEEE Foundations of Computer Scienpages
515-521, 1985.

[30] G. Kuper, L. Libkin, and J. Paredarns, editd€anstraint
Databases. Springer Verlag, 2000.

[31] J. Kuster, K. Ryndina, and H. Gall. Generation of BPM for
object life cycle compliance. IRroceedings of 5th
International Conference on Business Process Management
(BPM), 2007.

[32] R. Liu, K. Bhattacharya, and F. Y. Wu. Modeling business
contexture and behavior using business artifact€ASE
volume 4495 oLNCS 2007.

[33] M. Moreno and P. Kearney. Integrating Al planning
techniques with workflow management system.
Knowledge-Based System$(5-6):285-291, 2002.

[34] C. Morgan. The specification statemef€M Transactions
on Programming Languages and Systef{3):403-419,
1988.

[35] S. Narayanan and S. Mcllraith. Simulation, verification and
automated composition of web servicesPiroc. Int. World
Wide Web Conf. (WW\W2002.

[36] G. Nelson. A generalization of dijkstra’s calculdsCM

238



