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ABSTRACT

Almost all medium- and large-scale businesses rely onreleict
workflow systems to manage their business processes. A lety ch
lenge is to enable the easy re-use and modification of thede wo
flow schemas and their piece-parts, so that they can be apte
new business situations. This paper describes an approaahtb-
matic construction (and thus, evolution) of a workflow schdirat
satisfies a specified condition (or “goal”), starting fromeaaf ba-
sic building block services (or “tasks”). We use a workflowdab
based on “business artifacts”, which represent key (reabocep-
tual) business entities, and include both the businessaet data
about them and a specification of their lifecycle, that isy tibey
can evolve over time as they move through the workflow as the
result of services being applied to them.

This paper uses a declarative form of artifact-centric ilovk The
services are non-deterministic, which corresponds torthétion
that humans performing the services may rely on informatia

is not modeled within the framework. We study the problem of,
given a goal to be achieved, automatically finding the “maatim
workflow schema that has the following property: every exiecu

is either complete or can be completed, and every complete ex
cution satisfies the goal. We also study a complimentarylpnop

in which exception-handling is used to deal with executitret
would otherwise not complete successfully. These problaras
non-trivial because the workflow services are non-detestiin

This paper provides a general framework for studying thesb-p
lems, and shows a tight relationship between workflow system
specified using logics that permit quantifier eliminatiord ghe
ability to construct maximal schemas with the desired prioge
The paper then studies a restricted setting to provide litsigto
complexity issues. Even in the restricted setting, the lerabof
testing properties of maximal workflows is PSPACE-complete
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1. INTRODUCTION

Business process management refers to the general claliéng
enabling the flexible yet systematic management and caoittbe
operations of a business (or similar organization). Almogari-
ably, electronic workflow systems are used to support theagen
ment of business processes in medium- and large-sizedipagan
tions. There has been a rapid increase in demand for theraonst
tion, execution, and management of workflows in which daéa ar
created and managed in a coherent manner that cuts acrgss lar
portions of the workflow schema. A key contributing factor is
the availability of mature data management tools which niake
very easy to create, store, and access numerous data solirces
other is the growing popularity of the Service-Oriented Hitec-
ture (SOA), a methodology to (re)organize complex softveye
tems in terms of piece-wise sharable, individually manblge'ser-
vices” that are easily accessible from a network. The aviiiiaof
data sources and services has been enabling practitionbrsi-
ness enterprises to build application systems of ever gipwsize
and complexity. However, a serious challenge facing thetpra
tioners is the lack of fundamental principles, techniqaesl tools
necessary to deal with issues in managing assemblies & &ty
of data sources and services. This paper is among initiafteff
[6, 14, 19, 18] towards discovering design principles fosibass
processes through investigation of fundamental issueikflow
management.

A critical challenge in business process management isdblen
the easy re-use and modification of workflow schemas and their
piece-parts, so that they can be adapted to new busineatitsi
Earlier and current work in SOA and workflow areas emphasiee t
process assembly aspect, and treat the data exchange artd-mai
nance as either an afterthought or a consideration locatieidual
services (see discussions in [6, 8]). Experiences in waskiff@an-
agement have revealed that serious problems in assembtirig w
flows from existing services often arise from the lack of acehe
modeling of the data at a level that is global to the entirekfiow,
and several efforts have worked to give data more prominenge
[21, 26, 43]. IBM Research has been addressing this areatroy in
ducing and extending the “artifact-centric” approach takflow
and business process management. A watershed paper iafd7],
there has been considerable research and developmenidvetbed
work, e.g., [5, 6, 7, 8, 24, 31, 32, 41]. The artifact-cenéqproach
enables business managers to have better insight intdothgiress
operations, and has been shown to substantially reducett®t
business transformations [5]. Artifacts represent kegl(oe con-
ceptual) business entities, and include both the busireegant
data about them and a specification of their lifecycle, thahow
they can evolve over time as they move through the workflow as



the result of services being applied to them. Unlike procesgric
models, the artifact approach puts data squarely in thercestage
and models a workflow by adding services that act on the data. |
sense, this approach beautifully bridges the significaptgdween
the semantic web services work in academic research cortigrini

and the usage of web services and SOA in business development

contexts (a challenge raised in a panel at ICWS '04).

In spite of the initial success of applying artifact modglmethod-
ology in business process management [7, 5, 41], there tkafa
fundamental understanding of the approach with resped-tse
and modification of workflows. In [6, 18, 19], we developed-for
mal models for artifact-based workflow and studied statilysis
of several properties such as satisfiability, “dead-ereBchability,
etc. Additional research on static analysis is reported4.[In this
paper, we make our first attempt at automating workflow canstr
tion, that is, workflow synthesis. We focus on issues ineigdil)
whether it even makes sense to attempt to construct a workdiow
a given goal, (2) construction of a workflow that permits afut
artifacts which are guaranteed to support successful &resy (3)
goal-directed workflow construction that permit excepsiorThe
workflows constructed can give insights, at design timepabwe
properties of a goal, which can help the goal designer tonsialed
whether the goal is capturing her intended semantics.

This paper uses a declarative form of artifact-centric flovk that
follows and significantly extends the model of [6]. We stubg t
problem of, given a goal to be achieved, finding the “maximal”
workflow schema that has the following property: every exiecu

is either complete or can be completed, and every complate ex
cution satisfies the goal. This problem is complicated byféoe
that often the effect of running a service against an attifacot
completely known during workflow construction. Thus we mlode
these effects as non-deterministic and construct workflwser-
vatively, i.e. such that they succeed to achieve the goalfqos-
sible outcomes of the involved service. We also study a cempl
mentary problem, in which exception-handling is used td déh
executions that would otherwise not complete successfuillye
formulations expose some intricate subtleties perhapthiofirst
time in the formal setting.

This paper provides a general framework for studying thesb-p
lems, and shows a tight relationship between workflow system
specified using logics that permit quantifier eliminatiord ghe
ability to construct maximal schemas with the desired prioge
The paper then studies a restricted setting to provide litsigto
complexity issues. Even in our restricted setting, the lermobof
finding maximal workflows is PSPACE-complete. The paper-iden
tifies a key property of workflows that can contribute to irased
run-time costs in these constructions.

Although the main technical results reported here are is@icted
setting, we view them as an important starting point fortfertre-
search into mechanisms for both fully- and semi-automated c
struction of workflows from goal specifications. In geneshts,
a formal framework and algorithms for automatic generatién
workflow schemas from goal specifications holds the promfse o
dramatic simplification of both workflow design and workflowoe
lution. In the case of design, automatic generation of thgimal
workflow schema associated with a goal will allow designerd a
managers to focus largely on their business goals, ratherdhbt-
ting bogged down with procedural realizations of those gjo&h
the case of evolution, there is the possibility that businesn-

Artifact Class:Pur chaseOr der
Associated Attributes:
pr odNane: string
prodType: {*hw”, “sw"}
bi d: integer
prof i t Mar gi n:[0..100]
appr oved: bool
execAppr oved: bool
schedul eDat e: date
ar chi ved: bool

/] as a percentage

Figure 1: A simple artifact classPur chaseOr der

agers can adjust the goal specification for their workflovg tn
workflow schema can be adjusted automatically to a corraspgn
schema.

This paper is organized as follows. Section 2 provides avabti
ing example to illustrate both the workflow model and the &eml
technical problems. Section 3 establishes the formal mdslet-
tion 4 places our problem space into a generalized logiingett
and provides a close linkage between quantifier eliminasiod
the ability to construct maximal workflows that use quantifree
conditions and rules. Section 5 introduces and studiesttgated
setting. Section 6 briefly discusses some related work franous
areas of Computer Science. Section 7 provides brief coiocisis
and selected research directions.

2. MOTIVATING EXAMPLE

This section provides an informal introduction to the acifbased
workflow framework, presents a motivating example, andsilu
trates the main technical results that the current papescissed
on. The formal definitions and statements of results appetre
following sections.

Workflows in the artifact-based approach are focusedrtifacts,
which are essentially sets of attribute/value pairs. Ma#ies start
out undefined, and become defined during the life-cycle ofithe
tifact. (In the general artifact-based model [37, 6, 19%faats can
also move, during their life-cycle, through the states ohadistate
machine. We do not consider artifact states in this paper.)

An example artifactlass calledPur chaseOr der, along with an
associated set of attributes, is shown in Figure 1. In oumglas,
we shall assume thatr odNane, pr odType, andbi d are initial-
ized. Attributebi d is intended to hold the value that is offered by
a potential buyer for the produpt odNane.

Artifacts are manipulated by services, as illustrated.next

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 — ¢
denotes the unconditional effeg). Although the complete algo-
rithm of Est i mat e is not known, according t&FF we do know
that if thebi d is < 400 then thepr of i t Mar gi n will end up <
25%, and if thebi d is > 350 then thepr of i t Mar gi n will end up
> 20%.



Estimate:profitMargin
PRE:DEF(pr odNane) A DEF(pr odType) A DEF(bi d)
EFF:
bi d <400 — profit Margi 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 conditiof
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 executivelance to
override a non-approval that might occur fr®ut 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@dNane;
intuitively this schedules a date for the creation or delivef 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 beegdsch
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 calledeher
Pur chasi ng.

In the general artifact model, multiple artifacts may iatgrwith
each other. In this section and Section 5 we focus on a simgle a
tifact class, and assume that the individual artifacts of thass
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 asifalcing
within information about the values of the attributes whick de-
fined for each artifact. Alsas;+1 corresponds to the application of
one service fron? to one artifact occurring is;. (In this paper

we do not consider artifact “creation”.) We focus in this eapn
how a single artifacb can evolve from some initial state through
other states as the result of service invocations. Thus wagsfon
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 declaratiyle
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 inteeskin 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 arcexe
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 ariseewion-
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 foapatates
that a purchase can actually be scheduled only if it is apgutdoy
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 exampleénant
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 problemnaf-fi

ing a ruleset that completes a pre-workflow and complies thi¢h

goal.

ExAamMPLE 2.3. Recall goal; from the preceding example. Fig-
ure 3 provides a diagrammatic representation of a set of ifole
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, wiklgweach



iR, : DEF(prodName)
' ODEF(prodType)

; 0 DEF(bid)

-

R, : DEF(bid) O DEF(/me'itMargin)

Routine
Approval

! ~~.__ R, :approved = false
P T
i

>
Exec
: - Approval
R4 : (approved = true g
n] ext%Approved = true)
e

Schedule . R, : (DEF(scheduleDate)
\"\.\ O execApproved = false)
S~ v
’ Archive

Figure 3: Simple ruleset that is+; -safe

execution through a certain sequencing of services, aridjualr-
antee that each non-extendable execution satigfies

Given a pre-workflowP = (A, S) and a ruleseR 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 pesimins
to invoke a service. However, the truth of some rule conditioes
not require that the service actually be invoked.

The workflown W = (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 v-
safe? Is there a “maximaly-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 executam c
be y,-safe, but what happens if request pasdType = “hw” and
hasbi d between 100 and 300? It may arise tBat i mat e will
assign thepr of i t Mar gi n to be<< 10%, in which caseppr oved

will be assignedalse. Because of claused 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 ruleseRsate 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

R safe’ DEF(prodName) ODEF(prodType) ODEF(bid)
O(prodType =sw 0O bid <100 O bid =300)

Rsafe-exé DEF(prodName) ODEF(prodType) ODEF(bid)

Estimate

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

R safe-ext a
O( bid 2 300 O profifMargin > 10% )

Kgafe-\exé prodType = hw

Routine Obid <300
Approval EpfggitMargin < 10%
Ksa;f\é'”"&sa,[e_-exé approved =false | pgyception |
Exec
- Approval
R safe: K safe-exc (approved =true
u] {‘F‘xecApproveﬂz/true)
pos

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

v O execApproved = false)

~..
~.

Archive

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

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 execut®
are permitted to proceed through a workflow until the set of de
fined attribute values is sufficient to imply that the exeautwill
become dead-end. To provide a formal setting for this, weint
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 considesvery
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 executeddsfor

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 &fthat
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 shdtto 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 becodead-
end, however, that execution will be routed to ¥ service. In
particular, consider a “hw” product with00 < bid < 300, if the
profit Mar gi n computed byEst i mat e is < 10%. Itis easily in-
ferred that such artifacts will eventually dead-endpim chasi ng,
and so ruleseR safe-exgmnoves 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.
to continue to perform services on the execution until a daatl
has actually been reached. In the example, this would haippen
the entry condition foRout i neAppr oval in Rgafe-excWEre re-
placed byDEF(pr of i t Mar gi n), the edge fronEkst 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 feeme-

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. Intuitiy@€1 is
asking whether it even makes sense to attempt to construatla w
flow for goalv. Q2 focuses on construction of a workflow that
permits all input artifacts which are guaranteed to suppactess-
ful executions. If for a given context we cannot construathsa
workflow, then probably we cannot use the goal-directed @

to workflow construction in that contexQ3 provides a more ro-
bust approach to goal-directed workflow construction tQ@an By
permitting exceptions, answers@® can guarantee that every exe-
cution throughP that satisfies 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 intendecsgaos.

3. AMODEL FOR WORKFLOWS

In this section, we present several definitions that are etbéd
study the three workflow construction problems raised irptiewi-
ous section.

The artifact workflow model follows the spirit of the modetrio-
duced in [6], however, it is tailored to the focus of the tachh

problems studied here. Notably, we focus here on workflows fo
single artifact; we also leave out artifact states. On themhand,
we allow checking if an attribute has an assigned value aathex
ining its value in service pre-/post-conditions and ruleditons.
(Extensions for multiple artifacts will be discussed in Sat4.)

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, £ andS are used to model individual data
values in artifacts manipulated in workflows.

We assume the existence of the following two disjoint, cabht
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 tha(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 a
available task that may be performed automatically or by dmsn
Services are the building blocks for assembling workflowisic&
the focus of this paper is on workflow schemas that act on desing
artifact class, we also simplify the notion of a service; aengen-
eral notion can be found in [6].

DEFINITION. Let.A be an artifact schema. ferviceover A is
atuple(o, R, W, m, p), whereo € SeRV is a service nameR, W
are finite sets of (respectively, read, write) attributesdinT and
p are quantifier-free, attribute-only formulas represeantime 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 attriles in R
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 arf#la 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 asxecutionf W.

4., WORKFLOW CONSTRUCTION

In this section, we formulate and study the workflow congtaunc
problems in a general context. We study Probl&2sandQ3; we
give detailed definitions needed for Probl€a, 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 guaranteat th

From a pre_workﬂow Schema, a workflow can be assembled by giVen condition is satisfied after the service execution.cdfesider

defining a set of “(business) rules”. Roughly, a rule spezifibich
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-
mulay in £’ with only attribute variables occurring free. Afi-
condition is testableif it can be determined whethersatisfiesp
for each artifaco.

Consider a few candidates for the domain logic languagehich
were studied in constraint databases [30]: (1) dense oradéstotal
order (with<), (2) linear arithmetic, (3) real arithmetic (with, +,
x), (4) integer arithmetic (withg, +, x). Conditions for (1)-(3)
are testable (with various complexity), while not testdble(4).

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

As we noted in the previous section, when a rule is applicabée
situation, it does not have to be applied since only one ofipial
applicable rules is applied. Such non-deterministic binavare
often results of external decisions in business workflows.

DEFINITION. A workflow (schemals a tripleVV = (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 F 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 Aj,;; is a se-
quence of artifacts' = o4, ..., 0, Where

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

LetW = (A, S, R) andAjnit be an input parameter set fod, S).
Apathos, ..., 0, for (A, S) with input Ajn; is anexecutiorof R if

two kinds of weakest pre-conditions and formulate the cdipu
tion process using quantifier elimination. In the followjingg first
present the weakest pre-condition and its computation, taex
define and study the problems.

4.1 Weakest pre-conditions

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

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

0 is DEF(A), itis replaced by-(z4 = 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 ikey
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
€(Z) such that logically impliesw andS = Vz(e(z) — Vy(p(Zg)

— 6(zy))); an 3-precondition ofe and § is a formulag(z) such
that¢ logically impliesm andS' |= Vz(£(Z) — 3g(p(Zy)A6(Z7))).

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, ).

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



LEMMA 4.1. For each service with core (7 (z), p(Zy)) and
each conditiord (zy),
m(z) AVY(p(zy) — (7)),
m(z) A Jy(p(zy) A 6(TY))
are the weakest-(resp.3-)precondition ofo andé.

and

The lemma can be easily proved from the definitions.

4.2 Building maximal workflow schemas
As we shall seey-preconditions can help to solv@2, while 3-
preconditions can help to sol¥@3. We now discuss Proble@2.

DEFINITION. LetP be a pre-workflowAjni; an input, andR and
R’ sets of rules (irC’) for P. ThenR subsume®’, denotedr =
R’, if each execution oR’ overP and Ajj; is also an execution
of R.

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 aefdead-end.

DEFINITION. Let P=(A,S) be a pre-workflow,Ajni an input
set, andy a goal forP. An £’'-rulesetR for P is y-safeif (1) each
execution ofW is y-safe and (2)V = (A, S,R) has no dead-
ends.

An L'-rulesetR for P is maximallyy-safe (in£’) if it is v-safe,
and for everyZ’-rulesetR’ for P that isy-safe,R = R'.

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 theoreticalnpiui@ngs
for the problem.

Consider a servicéo, R, W, , p) and a goal conditiony. In a
naive approachQ?2 could be solved with the following intuitive
idea: search for a serviea and compute the weakegtprecondi-
tion 1 of o1 for v, 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. eath
step, each weakestprecondition is used to create a rule.

In the following, we state that for the general case wiién= L,
solving problemQ2 is not easier than the complexity of the first
order theory of the structure.

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 betiue.
Clearly the weakest-precondition is the condition for the rule.
The weakesY-precondition is true iffp is true. 1

We now considel’’ to be the set of quantifier-free formulas 6f
denoted aL?". In the following, we introduce an “invoke once”
property of pre-workflows that express that the pre-workftimes
not admit executions in which the same service is used mare th
once.

DEFINITION. A pre-workflow P is invoke-oncef there is no se-
quence of services, .. ., o, for which there exists apath, . . .,
on, Of P such thab; 7% 0,4, for eachi € [1..n—1] and for which
there is some, j, ¢ # j, whereo; = o;.

Speaking intuively, there are many ways that a pre-workflaghtn
“enforce” the invoke-once restriction. For example, intéstricted
setting of Section 5, each service can write only one attiband
can be invoked only if that attribute is currently undefinefls

another example, the artifact schema might hold attribwteish

essentially perform book-keeping about which serviceshmen
invoked, and prevent multiple invocations.

THEOREM 4.3. Forinvoke-once pre-workflows, Problép2 is
solvable for£% if the first order theory ofS is decidable and ad-
mits quantifier elimination.

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 sgokisee,
we compute weakest preconditions one by one starting-wfitbm
the end of the sequence. At each step, a weakgsecondition

is used to form a rule in the ruleset, that allows to invokedbe
responding service. (See Algorithm 5.2 below for a moreildeta
description of a variant of this algorithm, that works in acjalized
context.) LetR be the ruleset formed, and ¥ be the workflow
created fromP andR.

To see thafk is y-safe and dead-end free, suppose 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 oz invoke
o2 isinR. This means that, can be applied te,,, thatis,o,, can
be extended after all, again a contradiction.

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 sequerite= o1,...,0,. Theno will
satisfy the weakest-precondition at the head of this sequence, and
one can use the rules iR that were created faof to moveo to an
artifact that satisfies. That is, the execution amby R’ is also an
execution forR. 1

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

PROPOSITION 4.5. If ProblemQ2 is solvable for® then the
first-order theory ofS is decidable and admits quantifier elimina-
tion.

Proof: (Sketch) Consider a formuta = 3yp(y, x1, ..., xx) where
@ is quantifier free. We construct a service with c(ireilg DEF(y))
and letp(y, z1, ..., ¢ ) be the goal. Clearly, the weakesprecon-
dition is a quantifier-free formula equivalent¢o 1



Itis open if the converse of Proposition 4.5 is true in theggahset-
ting. The main difficulty is that the constructed workflow nave
recursion, and thus the naive approach of performing anustiva
search may not terminate.

4.3 Constructing workflows with exceptions

We now present a brief, informal discussion about an algarifor
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 weakesipreconditions. 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 exiemsf a
pre-workflowP = (A4, S) into a pre-workflowP™¢ = (A4*° S U
{EXC}) with theEXC service. The algorithm used now is similar to
the one described in the proof of Theorem 4.3 with one modifica
tion and an added step at the end. The modification, as notee ab

is to use the weakeskprecondition rather than théprecondition

in the construction of the rules discussed in the proof. Retde-
note the ruleset obtained from these. It can be shown th#&t eac
~-safe path ofP = (A, S) is an execution ofR,. However, there
may also be dead-end executions permitteday 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, pathoy, . .., o, is dead-end foRR; 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 letR, = 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 wherlis satisfied.
ThusR, provides a solution t@3 for P**¢ and-.

As a final remark, we note that the technique described abawe c
be applied to multiple artifacts with “fixed-link struct@’g6]. Sup-
pose further that the artifacts linked together have saiingilés)
lifespan. In this case, one can merge the artifacts into glesfiat
artifact and the algorithms for Problen@2, Q3 can be applied.
It is interesting to explore situations when the linkedfactis have
very different lifespans.

5. COMPLEXITY OF A SPECIAL CASE

We now consider the concepts presented above in a spediabne
text, which is both relatively simple and practically metigd. The
context assumes that the underlying domain has just onengoch
is a dense linear order. It also imposes a number of restnign
the services used, which in turn restricts how the servieesbe
sequenced. The examples of Section 2 essentially lie within
context. In particular, the services of Section 2 do satiké/re-
strictions. As for the underlying domain, the use of finiterdons
(e.g., Boolean) is easily simulated in the context of thesddimear
order, and one can view the percentage and dollar amountidema
as being dense.

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

finding a maximaly-safe ruleset i sPACEcomplete; develop a
constructive algorithm for creating maximatsafe rulesets (both
with and without exceptions) and consider its running tiame] we
describe some restrictions which can be used to reduceutiaing
time. We discuss the collection of restrictions made inpiévious
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 framewahkd denoted
W< This was illustrated in Section 2. As underlying first-
order logic structure we assume a single sort (domain) whazh
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
Section 2). Further, each antecederit a quantifier-free formula

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

of t1,t2 is the attributed and the other is a constant, and where
isone of{=,#,>,>,<,<}.

Our final restrictions focus on preventing arbitrary peratiohs of

the service invocations, and thereby reducing somewhatuhe

ber of weakest preconditions that need to be computed. To be-
gin, a servicer is well-formedif the pre-condition has formr =

© A 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 artifacts. 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 servite tha
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-scherfta = (A, S) admits an
attribute orderingif there is some orderingly, ..., A,, of the at-
tributes such that for eaghe [1..n] and each service that defines
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 consider first the complexity of finding maximal rulesets i
W<,

Problem: Coverage byy-safe Ruleset

Instance: A pre-workflow P = (A, S) in W<, a fixed set of
attributes to be initialized, and a gogl (The input to this problem
is considered to have size equal to the length of the strirgyoF
bols used to specify all ofl, P, and~.)

Question: Is there ay-safe rulese®R for P that permits all input
artifacts to entef A4, S, R).

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



Proof: Suppose that artifact schentg pre-workflowP = (A4, S).
and goaky are given. Letl denote the size of the input.

We show first that the problem is withirs PACE We start by creat-
ing the algebraic cell decomposition [29] fBrand-~. To this end,
let A= {Ai,..., A,}, letC be the set of constants appearindAin
orv, and letc = |C|. Assignmentsy andy of the attributes ind to
the underlying domaify U{_L } are said to bequivalenif for each
1,7 € [1..n] and constard € C, we have (a)y(A;) is undefined iff
1(A;) is undefined, (by(A4;) < diff p(A4;) < d, (C)v(4;) > d
iff w(A;) > d, and (d)v(A;) < v(A4;)iff u(A;) < p(Aj). Acell
is an equivalence class of assignments. Each cell can b#isgec
by writing a sequence of all attributes and constants, sépaiby
either< or =, where they appear in the sequence according to their
ordering as in some (any) assignment in the equivalences iclas-
tified by the cell. That is, each cell can be specified in lengtith
isin O(c+ n) and thus inO(L).

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 attribate tare
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. Itis easily verified that there igtanal ho-
momorphism (bisimulation) from true executions to symbelke-
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 shall describe a non-deterministisPACEcOmputation that de-
termines whether there isyasafe ruleseR for (P, S) that permits
all input artifacts to entef.A, S, R). From this, we can apply Sav-
itch’s theorem to conclude that this test can be performetéter-
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 decasitjmm.

The computation shall be guided by a tfE¢hat is described now.
Intuitively, this is a tree with alternating levels of ‘andhd ‘or’
nodes, where the children of ‘and’ nodes are labeled withcset]
cells and the children of ‘or’ nodes are labeled with selgcter-
vices fromS. Let By,..., B, C1,...,Cy be an admissible or-
dering of the attributes i, where the attribute®,, ..., By are
the initialization attributes foP.

The tre€l" has heighm + 1. For a nodey of T', we usev.cell to
denote the cell labeling (if there is one), and.service to denote
the service labeling (if there is one).

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 (ap 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

1The reader will note that term ‘assignment’ used here isadigtu
co-extensive with the term ‘artifact’. We use ‘assignmeatavoid
confusion, since the way assignments are used in this sapfiie
different than how artifacts are used in workflow executions

v for each celky that (a) has values B, ..., Bk, C1,...,C;}
and null for the remaining attributes, and (b) that couldiltsfsom
the application ofv.service on v’.cell, wherev' is the parent of
v. It can be verified that there isasafe rulesefR with the de-
sired properties iff the following holds, whefé, denotes the set of
nodes ofl" at leveli, i € [1..2m + 1]

('|') Vv, € N1 Jvs € Ny Vv € N3 ...
Evam S N2m Vv2m+1 S N2m+1
[vit1 is a child ofv; for eachi € [1..m — 1], and

Vam+1.-cell satisfiesy]

The tre€l’ can now be used to guide a non-deterministic computa-
tion, in space polynomial of, to check propertyt). At each step,
the computation will hold one partial path from the root lirttng

the services and cells associated with the nodes alongattatphe
computation performs a depth-first search across all retgaths.
For a pattp of length: = 25 + 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 becaysgis an ‘or’ node. Given a patpy of
lengthi = 24, j € [0..m], each child ofp; must be processed (i.e.,
the sub-trees below have to be processed), begdlisean ‘and’
node. Ifj = m, then each child op;.cell must satisfyy. It can

be verified that there is a successful non-deterministicozdation

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

We now show that the problem ispacehard. We perform a re-
duction from Quantified Boolean Formulas (QBF). Let
a=Q'r1Q%*x2...Q "z, B(x1,...,x,), Where eacl)’ is either
Vor3,andg(z1,...,z,) is a Boolean formula ovet, . .., z,.

We shall build a pre-workflowP = (4, S) and goaly that is related

to a. Interestingly, we shall need only one constant in this pre-
workflow. It will be shown thaty 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
into an execution.

For the artifact4, we have attributes

i € [0..n]
i€ [l.n]and@Q’ =3

(€23
bi7 C;

Attribute ao will act as the input parameter, and is ignored during
the execution of all services of the workflow.

Fori € [1..n], attributea; will correspond to variabler;. The
b;'s and¢;’s will be used for bookkeeping. We allow 0 (zero) to
be a constant in the domain of these attributes. Intuitjvetjuring
execution we have; > 0, this will correspond ta:; being assigned
the valuetrue, and if a1 < 0 this will correspond tar; being
assigned the valuelse.

We use the following family of services
ai s a; fori € [1..n] whereQ* =V

pre-condition:DEF(a;—1)
post-conditiontrue — DEF(a;)



T b fori € [1..n] where@Q® = 3
pre-condition:DEF(a;—1) A —DEF(c;)
post-conditiontrue — DEF(b;)

75 1 ¢; fori € [1..n) whereQ* = 3
pre-condition:DEF(a;—1) A —DEF(b;)
post-conditiontrue — DEF(c;)

oi : 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 describechidV 27" <,

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 g3 by
a; > 0, and each negative terf; in 5 by a; < 0.

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

for i € [1..n] with Q* =V, include

ri= if DEF(a,L-,l) then a;
for i € [1..n] with Q* = 3, include
r{ =if DEF(a;—1) A ¢F(a1,. ..
ri =if DEF(ai—1) A =@F (a1, ..
A g&f(ah N

,ai71) then TZ-T
S, Qi—1)
704;1) 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 fddimg max-
imal v-safe rulesets foW @< pre-workflows. This is described
so that we can discuss a contributor to the high running tifne o
the ruleset construction, and identify restrictions theduce 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 Theore®) 4
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 expoakimti

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 assdme
that the weakest pre-condition formulas that are computetians-

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 etieou
valid for R which ends with all of thex;’s defined, but withy not
satisfied. This is a dead-end execution after all, a corttiadi.

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

ol V] = true iff

QiH:ciH Qe f(1, .y T [V + {Ts [true}] = true

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

of [V] = true iff
QM ziv1...Q " znB(x, ..

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, sincea 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 terf; by a; < 0.
Constructp; (a1, ..., a;) analogously.

Build the rulesefR as follows.

ALGORITHM 5.2. Maximaly-safe ruleset foW @<

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

and initialization attributeg

Output: maximaly-safe ruleseR for the above

Procedure:

Assume thatl,, ..., A, is an ordering of the
attributes so that each service definiigrequires
only attributes fromA,, ..., 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 cocte

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



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

to be size exponential in the number of attributes. This &ahse

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

We now explore the question of whether further restrictiomshe
pre-workflows inW @< can help to limit the size of the condi-
tions in the rules, thereby reducing the overall runningetiamd
space of the algorithm. A key factor is the number of attelsuhat
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(s) 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
it helps to control how many atoms can be constructed usiag th
variables inx.)

Intuitively, the value ofwidth(7) corresponds rather coarsely to the
amount of “scratch paper” that an execution needs to retan j
after computing the attributd;. A pre-workflow with small maxi-
mum width is one that produces attribute values and therucoes
them (for the last time) fairly quickly, and a pre-workflow ttvi
large maximum width is one that will produce many attriblakres
before it uses them for the final time. The discussion aboge in
cates that for pre-workflows that have a very small maximunthwi
the computation of the maximal-safe ruleset can be performed
with runtime at a smaller exponential than for the pre-wank8
which have high maximum width.

5.4 Discussion

This subsection briefly reviews the restrictions made ferrfsults
obtained in this section, considers how realistic they amne, what
might be involved in relaxing them. The key assumptions ffier t
technical results are (a) focus on a single artifact typ¢;e@dxrh
service writes exactly one attribute; (c) services are “feethed,;
and (d) the pre-workflow has an admissible attribute orderithe
combination of (b) and (c) imply an “invoke-once” semantios
services, that is, each service can be invoked at most onar in
execution. Restriction (c) also implies a “write-once” andno-
tonicity” property, i.e., that each attribute can be writig most
once.

Consider first the focus on single artifacts. A key consitiena
here is the “life expectancy” of an artifact [8], e.g., somé-a
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 havéea |
expectancy of years. The results of this section can be @sten
to work with a bounded set of artifact types that have a simila
life expectancy, by simulating them with a single “supertifact,

containing all attributes contained by the original adifa(some re-
naming may be necessary). For example, this approach issdisd
using the notion of “fixed-link structures” in [6], and alsead in
[14]. However, if two artifact types have substantiallyfelient life
expectancy, then there will typically be many artifacts nédype
for just one artifact of the other type. In this case, the &iip
artifact would essentially involve a set-valued attrihated as seen
in [14] this can significantly complicate the formal propestof the
model. It remains open what restrictions would need to beenoad
set-valued attributes and/or artifacts with differingeliéxpectan-
cies in order to achieve results analogous to the ones @lotam
this section.

Restriction (b) alone, that services write just one attabus in-
cluded mainly for technical convenience. For example, xise
may write more than one attribute, then complex tautoldgiea:
soning is sometimes required when performing an optimineg-c
putation of the weakest precondition. Intuitively, thishiscause
certain combinations of effects may lead to tautologied¢tvivould
lead to satisfiable weakest preconditions), even when ttakest
precondition for each affected sub-formulae in isolaticyuld be
equivalent tdalse. In general, restriction (b) can be dropped with-
out impacting the>SPACEresult.

The well-formedness restriction (c) is quite strong; tbgetwith
(b) it implies that each service can be executed at most ofice.
restriction enables Algorithm 5.2 to be relatively strafghward.
If multiple invocations of a service were permitted, thee@xtions
could potentially have arbitrary length. Although the @temem-
ory of the system at each point in time is bounded (by the space
available in the artifact for storing values), it is uncléaw the al-
gorithm could be generalized to this case. Further, it ramapen
whether theespacEupper bound of Theorem 5.1 will hold in the
context of multiple service invocations. (In principle,eomight
have to keep track of computations whose length is on the ofde
the number of cells in the algebraic cell decomposition.)

Restriction (d) concerning admissible ordering of theiladtes is
also quite strong. Itimplies that the attributes can bemizgal into

a DAG, and that service invocations must be sequenced aogord
to some topological sort of the DAG. This assumption sigaifity
simplifies both the proof of thespAcEupper bound and the con-
struction of Algorithm 5.2. However, the DAG assumption sloe
not appear to be critical to either of these, as long as eaglteés
known to be invoke-once.

We finally consider whether the results obtained in thisiseatan

be applied in practice. On the one hand, experience in the[Bel
7] has shown that there are typically artifact types of défe life

expectancies, and that there are often cycles in the lifeafcan

artifact. Assuming that we focus on a single artifact, thés often

the case that the cycles are “local”, and can be encapsuiateel
viewed as essentially a single service. Many services aukén

once, and in many situations the high-level flow of services i
lifecycle is DAG-based. Further, at IBM Research there tsvac
work on developing a hierarchical approach to specifyifecki-

cles, where the work units in a given level of the hierarchy ba
organized in either a declarative or more procedural martas

suggests that the results developed here might be appliectigi
in selected contexts within a practical system. It is clbawever,
that much research remains to be done.



6. RELATED WORK

We describe here related work in the following areas: theafse
weakest pre-conditions in formal verification and syntheseri-
fication of artifact-based workflow, constraint-based ey, se-
mantic web services, Al planners for workflow synthesis, ded
cision theory as found in Al and operations research.

The notion of weakest condition, which originated in [23Haub-
sequently studied in [15], has been used widely in formaificer
tion and the theory of program derivation (synthesis). Irfiz-
tion [12], algorithms have been developed to deal with paogr
ming constructs as arise in general programming languagks.
problems studied are thus quite general, and typically gl
complexity. Techniques such as BDDs help with practicalasit
tions. With regards to program derivation, work such as (8],
build upon and extend the initial ideas in [15] to develop aageal
theory for derivation of programs involving the assignmstatte-
ment and control structures. In contrast, the services invauk
are more general than assignment statements (which caewedi
as services of specific types) and we distinguispreconditions
and 3-preconditions. Also, we focus on the complexity aspect
which the earlier work did not address. On the other hand, the
techniques for reasoning through control flow constructtheir
work may have a potential use in workflow construction, big th
is not exactly clear due to the different style of “programgfiin
the declarative workflow setting. One interesting note & the
avoidance of “dead-end” seems to resemble Dijkstra’s qunek
“free of miracles” [34, 36].

Work on formal analysis of artifact-centric business peses in
restricted contexts has been reported in [6, 18, 19]. Ptiegen-
vestigated in these studies include reachability [18, #@heral
temporal constraints [19], and the existence of completewion
or dead end [6]. Citations [18, 19] are focused on an esdgntia
procedural version of artifact-centric workflow, and [6]the first
to study a declarative version, albeit at a very abstraet iewvhich
attributes are either defined or undefined (i.e., the valsssciated
with attributes are not considered in the formalism). Bdi#][and
the current paper extend that model by letting attributaesrange
over a dense linear order, and incorporate non-deterrrsst-
vices with pre-conditions and conditional effects spedifieterms
of the underlying domain. Unlike the current paper, [14]rpis
set-valued attributes, interaction of multiple artifa@tsimited set-
tings), and a static external database that services cantoefThat
paper studies static analysis of properties specified irsedinder
extension of linear temporal logic, and maps the boundariele-
cidability.

A key technical ingredient in this paper is the use of comstsa
e.g., in modeling and reasoning about services. Consirhate
been used in logic programming [27], databases [28], anidi-ver
cation (e.g., of hybrid systems [16]). In particular, ourdabof
services is reminiscent of constraint relations [28, 23, 3@ow-
ever, one key difference is that the semantics are veryrdiite a
constraint relation represents a set of points, while tbeg@mnd post
conditions specify the set of possible input-output paiso, it is
typical to manipulate constraint relations using firstesrdueries,
whereas the pre- and post-conditions of services are usatstoe
proper chaining of the services.

The declarative artifact-centric workflow model of the et pa-
per can be viewed as a specialized form of semantic web ssrvic
as in OWL-S [13] and subsequent efforts [2, 44]. In partigutlze

use of non-determinism and pre- and post-conditions tcachear-
ize services is closely related to the use of Input, Outprgcéh-
dition, conditional Effect (IOPE) in OWL-S. Similar to theiicent
paper, [35] develops an approach to create a compositioe-of s
mantic web services that satisfies a static goal; that woels as
construction based on Petri nets. Another approach to atemn
composition of web services is provided by the Roman model an
follow-up work [4, 17, 3, 39]. The Roman model focuses puay
data-less activities, and the complexity of the compaositimblem

is in EXPTIME [4, 17]. The Colombo model can be viewed as a
substantial extension of the Roman model, which incorgsrdata
into a formal semantic web services framework in a rich wady [3
However, the complexity of the composition problem in Cobam

is EXPSPACE Thus ourpspAcEresults for workflow construction
in the presence of data bring us one step closer to beingqahct

Turning to the use of Al techniques in automated workflow de-
sign, [33] describes a system that uses a partial-ordenptdrased

on UCPOP [38] to construct business processes. In that veork,
plan, which is essentially a use-once workflow schema, i o
demand for each individual set of inputs. While there areesom
implicit conditionals in the plans, they have little fleXibi once

an execution has started. Our approach, on the other hand, ge
erates a general-purpose workflow schema that can be usetl for
possible inputs, and is least restrictive in the sense tHatves
maximal flexibility to its user. For example, the preciseestiiing

of services is not fixed in advance, and could be varied toeaehi
certain optimizations.

The planning approach to workflow design described in [4@kus
weakest pre-conditions (called “regression” there) in amea sim-
ilar to the current paper. This work starts with a desired god a
family of “actions” (which are similar to our services buttelamin-
istic), and uses weakest pre-conditions to obtain a tred! pba-
sible ways the goal can be achieved. This tree is used to afener
a policy, that is, a mapping from conditions to actions, veheach
condition corresponds to a different possible state of thedw It is
shown in [20] that the worst case complexity is linear in tize ®f
the state space, which is exponential in the number of ateg#
used in the environment. Our approach differs by permiting
dense linearly ordered domain and non-deterministic sesyiand
by building a general-purpose workflow schema. Further, awesh
identified some cases where our approach appears to be gragma
cally feasible.

Finally, we note that decision theoretic approaches tolairprob-
lems can be found in Al and operations research, e.g. [9, 10].
These differ from our perspective in that they consider lsstic
uncertainty, and also explicit costs and rewards of actitmshat
framework, the objective is to maximize the expected acdated
reward.

7. CONCLUSIONS AND FUTURE WORK

In this paper, we formulate the technical problem of goatatied
workflow construction in the context of declarative arttfaentric
workflow, and develop results concerning the general sgttiesign-
time analysis, and the synthesis of workflow schemas fronh goa
specifications. The work is among the important initial stafpng

the path towards eventual support for tools that enabletaotisl
automation for workflow design, analysis, and modification.

In terms of future work, one area is to consider the same prob-
lems but with different settings. For example, how do we tand



recursive workflows, i.e., not satisfying “invoke once”. \Malo
we generalize to cases with multiple artifacts which arkdihto-
gether but have very different life expectancies? To whegreébcan
we permit set-valued attributes? What if different undedydo-
mains are used (e.g., the integers)? What if limited quaatifin is
permitted in the specification of services or rules? As nat&tkc-
tion 5, there is currently active work at IBM Research on mpce
rating hierarchy into lifecycle specifications in the atif-centric
approach; perhaps this can be leveraged to reduce the odtyple
of automated workflow synthesis.

Arrich area is to extend the goals used here to include terhppra
erators. We expect that traditional approaches (e.qg.,1[},cbuld
be used to transform temporal goals into end-state goals asic
used here, perhaps with the overhead of adding new attsiltate
the artifact type. Itis unclear how many attributes woulshbeded,
and how temporal goals would impact results such as#m\CcE
completeness.

Another direction concerns whether incremental modifocetito
goals could be translated in an incremental fashion intowwevk-
flow schemas. This would be especially useful in the contéxt o
workflow evolution, in cases where relatively modest modifimns
are being made. Separate techniques might be useful foothe-s
what distinct cases of adding/removing attributes fromattiigacts
and modifying the business goals or constraints about havhen
certain attributes are to be computed.

In the model used in this paper, the services read only froifaets

and modify only artifacts. In the general case, of coursekflaw

services may use or impact the “outside world”. It will beeirt
esting to explore how the results and techniques obtainezidaa
be generalized to the case with external databases thaecaat
and/or updated, and other side-effecting operations.

A final promising area is to see whether techniques develaped
the current paper have relevance in the area of executiomiapt
tion of declarative artifact-centric workflow schemas. Ascdssed
in [8], it appears useful to structure the implementatiod apti-
mization problem in three layers: conceptual layer (thestbased
workflow schemas generated in the current paper), logicplem
mentation layer, and physical implementation layer. (EHagers
are analogous to relational database query implementatigh
SQL at the conceptual layer, the relational algebra at thedd
implementation layer, and the details of indexing and iefe op-
erator implementations at the physical implementatioeddyin-
deed, it appears that the conceptual model described imjgjit
provide a starting point for the logical implementationday It
would be an interesting exercise to “compile” the rules oéaldr-
ative artifact-centric workflow schema into artifact wodkls in
the model of [37], which can then be implemented in a fairhgdi
manner. Optimization criteria, e.g., around resourcetétians or
the prioritization of particular artifact instances, adbiie incorpo-
rated into this compilation process. Techniques from [26] from
Al planning may also be relevant here.
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