Artifact-Centric Workflow Dominance

Diego Calvanese!, Giuseppe De Giacomo?, Rick Hull?, and Jianwen Su*

! KRDB Research Centre
Free University of Bozen-Bolzano
1-39100 Bolzano, Italy
calvanese@inf.unibz.it
2 Dip. di Informatica e Sistemistica
SAPIENZA Universita di Roma
1-00185 Roma, Italy
degiacomo@dis.uniromal.it
3 IBM T.J. Watson Research Center
Yorktown Heights, NY, U.S.A.
hull@Qus.ibm.com
4 Department of Computer Science
University of California at Santa Barbara
Santa Barbara, CA, U.S.A.
su@cs.ucsb.edu

Abstract. In this paper we initiate a study on comparing artifact-
centric workflow schemas, in terms of the ability of one schema to emulate
the possible behaviors of another schema. Artifact-centric workflows are
centered around “business artifacts”, which contain both a data schema,
which can hold all of the data about a key business entity as it passes
through a workflow, along with a lifecycle schema, which specifies the
possible ways that the entity can evolve through the workflow. In this
paper, the data schemas for artifact types are finite sets of attribute-value
pairs, and the lifecycle schemas are specified as sets of condition-action
rules, where the condition is evaluated against the current snapshot of
the artifact, and where the actions are external services (or “tasks”),
which read a subset of the attributes of an artifact, which write onto a
subset of the attributes, and which are performed by an entity outside
of the workflow system (often a human). The services are also charac-
terized by pre- and post-conditions, in the spirit of semantic web ser-
vices. To compare artifact-centric workflows, we introduce the notion of
“dominance”, which intuitively captures the fact that all executions of a
workflow can be emulated by a second workflow. (In the current paper,
the emulation is focused only on the starting and ending snapshots of
the possible enactments of the two workflows.) In fact, dominance is a
parametric notion that depends on the characterization of the policies
that govern the execution of the services invoked by the workflows. In
this paper, we study in detail the case of “absolute dominance”, in which
this policy places no constraints on the possible service executions. We
provide decidability and complexity results for bounded and unbounded
workflow executions in the cases where the values in an artifact range
over an infinite structure, such as the integers, the rationals, or the reals,
possibly with order, addition, or multiplication.
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1 Introduction

The importance of automation of workflow and business processes continues to
increase, with a world economy moving towards increased globalization and the
drive for more efficiency. A fundamental problem in workflow management is to
understand when one workflow (schema) can emulate another one. At a prac-
tical level, this is important for workflow evolution and workflow integration,
where one might need to verify that the new workflow can faithfully emulate
the old workflow(s). Emulation has been studied in considerable depth in the
form of simulation for process algebras, which can be viewed as an abstraction
of process-centric workflow models. In the past several years a data-centric ap-
proach to modeling workflows has emerged, in which both data and process are
tightly coupled in the basic building blocks of workflows. One class of data-
centric workflow models is centered around “business artifacts” [12I16], which
are augmented data records that correspond to key business-relevant entities,
their lifecycles, and how/when services (a.k.a. tasks) are invoked on them. This
“artifact-centric” approach provides a simple and robust structure for workflow,
and has been demonstrated in practice to permit efficiencies in business transfor-
mation [2/3]. In the artifact-centric approach obviously the process is of interest,
but differently from process-centric workflows the data play a key role.

This paper provides a first investigation into workflow emulation in the con-
text of artifact-centric workflows. In particular, we develop a basic framework for
characterizing when one artifact-centric workflow “dominates” another one, and
then provide decidability and complexity results for bounded and unbounded
workflow executions for a particular kind of dominance, called “absolute domi-
nance.”

In our formal model, which follows the spirit of [Al[7], the artifact “data
schema” is a set of attribute-value pairs, which is used to hold relevant informa-
tion about the artifact as it passes through the workflow. The values range over
an infinite structure, such as the integers, the rationals, or the reals, possibly
with order, addition, or multiplication. The “lifecycle schema”, which is used
to specify the possible ways that the artifact can pass through the workflow,
is specified as a set of condition-action rules, where the condition is evaluated
against the current snapshot of the artifact, and where the actions are services
(a.k.a. “tasks”), which read a subset of the attributes of an artifact, which write
onto a subset of the attributes, and which are performed by an entity outside
of the workflow system (often a human). Similar to the context of semantic web
services [11], the behaviors of the services used here are characterized using pre-
and post-conditions. The notion of dominance studied in the current paper fo-
cuses on the initial and final snapshots of the artifact as it passes through a
workflow; in particular, workflow W; dominates workflow W, if for each execu-
tion of W on a given initial snapshot, there is an execution of W, on that initial
snapshot that yields the same final snapshot. This notion of dominance is in fact
a parametric notion that depends on the characterization of the policies of the
performers that execute the services invoked by the workflows. In this paper, we
study in detail the case of “absolute dominance”, in which this policy places no
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constraints on the possible executions. Alternative policies, which are the topic
of future studies, might require that the service executions be deterministic, or
that they be generic in the sense of database queries.

This paper develops results concerning absolute dominance for several vari-
ations of the underlying workflow model, based primarily on logical structure
of the underlying domain of values. In the case of bounded-length executions,
deciding absolute dominance can be reduced to first-order logic reasoning, which
yields decidability if the underlying logical structure is, the integers with addi-
tion (+) and order (<), the rationals with addition and order, or the real closed
field. For the unbounded case, we show that dominance is decidable if the logical
structure has no function symbols and permits quantifier elimination, but it is
undecidable for the cases of integers, rationals, or reals mentioned above.

Additional decidability results are obtained by focusing on FO logic/structures
that have equality, order, and no function symbols. We borrow techniques from
the powerful framework of Datalog with order constraints [9] to obtain decid-
ability of absolute dominance in this case. In particular, we show decidability of
absolute dominance for the cases of the integers with discrete order, and for ra-
tionals and reals with dense order. In all of these cases, we show that decidability
is in exponential time.

Organizationally, Section [2] defines the formal model of artifact-centric work-
flow used in the paper, Section [3] defines the general notion of dominance, and
absolute dominance in particular. Section [ presents the theoretical results and
Section [B] provides brief conclusions.

2 Artifact-Centric Workflows

In this paper we make use of a specific form of artifact-centric workflows, which
we introduce in the following. We use a first-order logic £ with equality, with
predicates, constants, and possibly function symbols, over interpreted struc-
tures with a non-empty, possibly infinite domain. Examples of such interpreted
structures are a dense or discrete order (<), Presburger arithmetic, or a real
(closed) field. We will denote a structure S with domain AS over function sym-
bols f1, f2, ..., and predicate symbols p1,pa ..., asS = (AS, fi, fa...,p1,p2...).
We will assume to have one constant for each element of AS, hence we usually
omit constants (i.e., 0-ary functions) in the list of function symbols.

We assume an infinite alphabet AN of attribute names, which are also used
as variables in logic formulas in £ interpreted over S. In the following, we use a,
b for attribute names, ¢, d for values from the domain, and x, y, z for generic
variables in formulas, all possibly with subscripts. Given a structure S with
domain AS| an attribute-map (w.r.t. S), shortened as amap, is a total function
from a finite set X C AN of attribute names into AS U { 1}, where the special
symbol L (which is not in AS) has the intended meaning that the attribute is
“undefined”. Specifically, to represent that an attribute has an undefined value
in an amap, i.e., has value equal to L, in formulas we shall use a syntactic
shorthand: we introduce for each attribute name a an additional attribute a,



Artifact-Centric Workflow Dominance 133

and use a = 0 to indicate that a is undefined, where 0 (zero) is a distinguished
constant of £. Then, in formulas, we write a = L as a shorthand for a = 0 and,
e.g., R(ay,...,ay) as a shorthand for @y #0A---Aa, # 0AR(ay,...,a,), where
R is any predicate symbol, including equality.

Definition 1. An artifact (data schema) is a non-empty set A of attribute
names. The names are partitioned into the following three sets:

— the set 14 of input attributes,

— the set T4 of temporary attributes, and

— the nonempty set O4 of output atiributes.
A snapshot o of A is an amap whose domain is A. o is initial if o(a) # L for
each a € I4 and o(a) = L for each a € A\ I4. o is complete if o(a) # L for
each a € Oy4.

If A is an artifact, o a snapshot of A, and X C A, then the projection of o onto
X, denoted |y, is the function from X to A® defined by o|x(z) = o(x), for
each r € X.

A fundamental concept in the workflow model is that an artifact gets modified
by a service in a single step (see later). To model this, we also allow primed
attribute names as variables in our logic, which are used to represent the artifact
after the modification. Let ¢ be a formula in which each free variable is an
unprimed or primed attribute name. Let X contain the set of attribute names
that occur unprimed in ¢ and Y’ contain the set of attribute names that occur
primed in ¢. Let ox be an amap with domain X and oy/ be an amap with
domain Y”. In this case, (ox,0y+) models ¢ in S, denoted (ox,0y/) |=s ¢ if ¢ is
true in S under the assignment that maps each unprimed attribute name x € X
to ox(z), and each primed attribute name y’' € Y’ to oy (y').

It is clear that the notion of a pair (o,0’) of snapshots over an artifact A
modeling a formula ¢ can be used whenever the set of attribute names occurring
in ¢ is contained in A. If one thinks of ¢ as a snapshot preceding o', then we
are following the tradition of using unprimed variables to indicate a “current”
state and primed variables to indicate a “next” state.

We introduce now services, which are the atomic units that progress a system.

Definition 2. Given an artifact A, a service (specification) for A is a 4-tuple
S = (Is, Os, (55,55) where

— Is CITAUTy is called the input of S.

— Os CTAUO4 is called the output of S.

— dg, the pre-condition of S, is a formula in L where each free variable is an
unprimed attribute name from Ig.

— &g, the post-condition of S, is a formula in L where each free variable is an
unprimed attribute name from Is or a primed attribute name from Og.

The frame formula of S is the formula @5 = )\ ¢ 4\0,(a = d').

Intuitively, we require that a service takes its inputs either from the inputs to
the workflow (i.e., the input attributes I 4 of the artifact), or from the temporary
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attributes T4 of the artifact. The latter can be written by a service, together
with the outputs of the workflow (i.e., the output attributes O 4 of the artifact).

Definition 3. Given an artifact A and a service S = (Ig,Og,05,&s) for A, an
execution of S is a pair (o,0") of snapshots of A such that (o,0") |Es dsNEs ADs.

Note that o is in fact independent from ¢’ and that the frame formula @5 requires
that in an execution (o,0’) of S, each attribute not in Og has in ¢’ the same
value that it had in o. Also, executions are in general non-deterministic, i.e., a
service may have two executions (o, ¢’) and (o,0”), with ¢’ # ¢”.

We are interested in sequences of service executions that, from an initial snap-
shot of an artifact A may lead to a complete snapshot, i.e., one where all output
attributes of A are defined. To formalize this notion, we first introduce the notion
of (artifact-centric) pre-workflow (schema), which is simply a pair P = (A, S),
where S a finite set of services for the artifact A. Each (initial, complete) snap-
shot of A is also an (initial, complete, resp.) snapshot of P. We can then provide
the following definition of enactment.

Definition 4. Given a pre-workflow P = (A,S), an enactment E of P (of
length n) is a sequence
0'0,51,0'1,...,57“0'71

where

— o0 1s an initial snapshot of P,

— 0y 1s a snapshot of P, for i € [1..n],

- S, €8, forie[l.n],

— (0i=1,0:) is an execution of S;, for i € [1..n].

The enactment E is complete if o, is complete. The 1/O-pair of a complete
enactment E is the pair IO(E) = (00|14, 0nl04)-

Observe that og|r, = on|1, since the input attributes I4 of the artifact cannot
be changed by services (see Definition [2))

We now introduce business rules, which specify the conditions under which
a service may be executed. Given a pre-workflow P = (A, S), a (business) rule
p for P is an expression of the form “(if « allow S)” where « is a formula
in which each free variable is an unprimed attribute name from A, and S € S.
With this notion in place, we are ready to provide the definition of artifact-centric
workflows.

Definition 5. Given a structure S, a(n) (artifact-centric) workflow (schema)
over S is a triple W = (A, S, R) where (A,S) is a pre-workflow and R is a finite
set of rules for (A,S). An enactment of W is an enactment of its pre-workflow
(A,S)

003517013 . '7Sn70n
such that for each i € [l..n], there is a rule “(if a allow S;)” in R where
0i—1 ':s Q.
In the following, we will omit the specification of the structure S when it is clear
from the context.
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3 Dominance

Intuitively, services are executed by a performer. Performers are often humans,
but they could also be software components. In this paper we do not address
different “roles” that different performers might have. Performers choose how a
service is executed. Indeed, as mentioned for a given service .S and a snapshot o
there may be executions (o, ¢’) and (o, ¢”), with ¢’ # ¢”. This non-determinism
corresponds to the possibility that the performer may execute the same service
on the same inputs differently. Intuitively, this might be because the performer is
exercising human judgement, or because there is information about the snapshot
o that is not modeled within the formal system, or both.

In order to capture formally the above intuitions on performers, we introduce
the notion of a “performance policy”, which specifies the possible behaviors of
the performers of the services of a workflow. Given a set of attributes X, We
denote with M[X] the set of amaps over X.

Definition 6. A performance policy for a workflow W = (A, S, R) is a function
m whose domain is S. The value of m on S=(Ig,Og,ds,£s) € S, denoted «[5],
is a subset of M[Ig] x M[Os] such that, if (1, v) € w[S], then u s ds and
(u,v) s &s. An execution (o,0’) of S is compliant with 7 if (o|1,0'|og) €
7[S]. An enactment of W is compliant with 7 if each execution in the enactment
is compliant with .

With the notion of performance policy at hand, we can now compare two artifact-
centric workflows. In particular, we are interested in comparing two workflows
in terms of how values for the input attributes are mapped into values for the
output attributes. Also, we ignore the order in which the output attributes are
written in one enactment versus the other enactment. For this, we say that two
workflows Wy = (A1, S1, R1) and Wy = (Az, Sz, Ro) are compatible if [4, = 14,
and O4, = O,,. Note that the temporary attributes (T4, and T4,) may be
different.

Definition 7. Let Wy = (A1, 81, R1) and Wa = (Az, S, Ra) be two compatible
workflows and II a class of performance policies. Then W, is II-dominated by
Ws, denoted W1 =< W, if the following holds. For each perfomance policy
w1 € Il for Wy there exists a performance policy o € II for Wa such that: for
every enactment FEy of Wy compliant with wy there is an enactment Ey of Ws

compliant with o such that I0(Ey) = I0(E,).

We consider also the case where we compare two workflows only w.r.t. enact-
ments of bounded length. To this purpose we introduce the notion of
k-dominance between two compatible workflows, denoted W, j’fj W, whose
definition is analogous to the one above, except that we consider only enact-
ments whose length is < k.

This framework permits us to study a variety of behaviours of performers,
i.e., of performance policies, including, e.g., policies where 7[S] is required to
satisfy certain properties, such as being computable or tractable. In this paper



136 D. Calvanese et al.

we concentrate on the most general performance policy, which states that the
performers may use any execution of a service within the workflow (i.e., any
execution that satisfies the pre- and post-conditions of the service), without
further restrictions. We call this notion of dominance absolute dominance.

4 Absolute Dominance

We study now the problem of checking absolute dominance and absolute k-
dominance. Let Abs denote the class of all performance policies. We say that
Wi is (k-)dominated absolutely by Way if W1 < aps Wa (resp., Wi jlﬁlbs Wa).

4.1 Enactments of Bounded Length

We deal first with the case of bounded absolute dominance, and show that we
can characterize in a closed form the set of realizable I/O-pairs.

Lemma 1. LetW = (A, S, R) be a workflow with service pre- and post-conditions
and rule conditions expressed in FOL with equality. Let k be a positive integer. Then
there is a FOL formula W, whose free variables are the input (I4) and output (O 4)
attributes of A, that characterizes the set of all I/O-pairs of complete enactments
of W compliant with Abs, for enactments whose length is bounded by k.

Proof. We cousider all possible sequences of services (possibly with repetitions)
that may appear in enactments of length n < k, and characterize their I/O-pairs
by means of a FOL formula.

Let p = S1,..., S, be such a sequence of services. Then, for i € [1..n], let

ay = (\/(if a allow §;)€R 0‘) [a/a’™" | a € A,
§Y = 6g,la/a’ | a € A,

& =&s,la/a" ! Ja € Ig]la'/a’ | a € Os)],

P! = Os,[a/a’" [ a € (A\ Og,)][d'/a" | a € (A\ Os,)],

where ¢[a/b | a € X] denotes the formula obtained from ¢ by renaming each
(occurrence of) attribute a € X to b. Using such formulas, we build inductively,
for each i € [0..n], the “cumulative post-condition”, denoted &I as follows:

- éf = true,
— & =3a" " ac AYEP AP NP AP ABY),  fori € [1.m).

Note that £°, for i € [1..n], is a formula whose free variables are among {a’ | a €

A}. Tt remains to project away the temporary attributes of the last step, and to
impose that all output attributes are defined. Hence, we define

W{/)\) - (H{GH | ac TA}(éﬁ /\/\aGOA a” 7& J—)) [an/a | a €Iy UOA].
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By quantifying over all possible sequences of services of length up to k, we obtain
the desired formula

S1,..., Sn,
for S; € S,i € [l.n],n < k

It is not difficult to prove by induction on k that Ll'/{fv characterizes the set of
all I/O-pairs of complete enactments of W compliant with Abs, for enactments
whose length is bounded by k. [l

Using the above characterization of I/O-pairs, we can determine absolute k-
dominance W; j’j‘bs Ws between two compatible workflows Wy = (A1, 81, R1)
and Wy = (Aa,S2, Ra), where I = I4, = I4, and O = Oy, = O4,, by simply
checking whether the following formula is true in S:

V{a € TUO}(T};, — ). (%)

Hence, in all those cases where FOL over S is decidable, we obtain decidability
of absolute k-dominance for workflows over S.

Theorem 1. For each positive integer k, absolute k-dominance between work-
flows over S is decidable for the following structures:

1. (Z,+, <), integers with additions.
2. (Q,+, <), rational numbers with additions.
3. (R, +, x, <), real numbers with additions and multiplications (the real closed

field).

Proof (Sketch). By Lemma [Il absolute k-dominance between two workflows
holds if and only if the formula shown in Equation (&) is true in the underlying
structure. Thus the decidability results follow immediately from the decidabil-
ity results for Presburger arithmetic [I3] (Case 1) and the real closed field [I7]
(Cases 2 and 3). O

We discuss briefly the complexity of the decisions problems. Given two workflows
of length ¢, the formula in Equation (&) has length at most O(k**1¢). For the
domain of integers with additions, since the complexity of Presburger arithmetic
is double exponential [6], it follows that the absolute k-dominance problem has
complexity double expential in ¢ and triple exponential in k. On the other hand,
since the complexity of the FO theory for the real closed field is exponential
[1U14], the dominance problem is exponential in ¢ and double exponential in
k. Note that the above analysis puts coarse upper bounds in the most general
situations. If we focus on restricted classes, such as services only having quantifier
free formulas as pre- and post-conditions, and put bounds on the number of
temporary variables they can use, the complexity upper bounds can be refined.
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ioPairs(I,01) « initial(I,T,O), transStar(I,T,0,I,,T1,01),
complete(I,T1,01).
initial(1,T,0) «— defined(I), undefined(T, O).
complete(I,T,0) — defined(O).
transStar(I,T,0,1,T,O).
transStar (I, T, O, I2,T>,02) «— trans(I,T,0,1,T1,01),
tmnsStar(Il,T17O1712,T2702).
trans(I,T,0,11,T1,01) <« transByS;(I,T,0,I,T1,01).
trans(I,T,0,11,T1,01) <« transBySn(I,T,0,11,T1,01).
transByS;(I,T,0,11,T1,01) « ds,(I,T,0), rulesAllowS;(I,T, O),
nextSnapshotByS; (I, T, 0, I1,T1,01).
nemtSnapshotBySi(LﬂO,Ith,Ol) — fsi(I,T,07117T17O1),¢Si(I7T,O,117T17O1).
rulesAllowS;(I,T,0) «— ai(I,T,0).

rulesAllowS;(I,T,0) «— o} (I,T,0).

Fig. 1. Constraint Datalog program Py capturing the I/O-pairs of a workflow W for
enactments of unbounded length

4.2 Enactments of Unbounded Length

We now turn to enactments of unbounded length. Oone might think that when
the FO logic over the structure S admits quantifier elimination, the character-
ization in Lemma [l could be extended to enactments of unbounded length. In
general, it is not clear how this can be possibly done. In fact, the following can
be established.

Theorem 2. Absolute dominance between two workflows is undecidable for the
following structures:

1. (Z,+, <), integers with additions.
2. (Q,+, <), rational numbers with additions.
3. (R, +, x, <), real numbers with additions and multiplications (the real closed

field).

Proof (Sketch). The proofs are accomplished by reductions from Hilbert’s 10th
problem (computing integer roots of polynomials with integer coefficients), which
is known to be undecidable (see [10]). Roughly, the idea of the reduction is to
guess potential (integer) solutions (with a simple increment service) and then
verify if they are indeed solutions. Over the given structures, one can easily
compute multiplications with repeated additions. Thus, the verfication can also
be expressed with a workflow. O

In the following, we explore more restricted FO logic/structures that consists of
equality and order and without any functions. We borrow techniques from the
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powerful framework of Datalog with order constraints [9] to show that absolute
dominance can still be decidable for these structures.

Specifically, we focus on workflows whose service pre- and post-conditions
and rule conditions are quantifier free formulas over equality (=) and order (<)
constraints. Given a workflow W = (A4,S,R), we construct a constraint Dat-
alog program Py as shown in Figure [Il which views service pre- and post-
conditions and rule conditions as constraint relations [9]. In the specification of
the program, we have assumed that S = {S1,...,S,}, and that for i € [1..n],
(if a; allow S,), ..., (if o' allow S;) are all rules having S; as consequent. Such
a program provides a characterization of the set of all I/O-pairs of W under Abs
for enactments of unbounded length. We briefly comment on the rules of Py .

— 40Pairs(I,01) « initial(I,T,O), transStar(I,T, 0, I, T1,01),
complete(I1,T1,01).
Generates all I/O-pairs of complete compliant enactments. Here, I, T, and
O stand respectively for the input, temporary, and output attributes of the
artifact in the initial snapshot. Similarly, I, 77, and O; stand for the same
attributes in the complete snapshot at the end of the enactment.
— anitial(I, T, O) «— defined(I), undefined(T, O).
States when a snapshot is initial, i.e., all input attributes are defined, and
all temporary and output attributes are undefined.
— complete(I,T,O) « defined(O).
States when a snapshot is complete, i.e., all output attributes are defined.
— transStar(I,T,0,1,T,O).
transStar(I,T, O, Iz, Ts, O3) « trans(I,T,0, I ,Ty,01),
tmnsStar(Il, Tl, 01, IQ, TQ, 02)
Compute the reflexive transitive closure of trans, defined below.

— trans(I,T,0,1,,T1,01) « transByS;(I,T,0,1;,T1,01).

trans(I,T,0,1,,T1,01) «— transByS,(I,T,0,I,Ti,01).
State that transition can be made by (and only by) services.
— transByS;(I,T,0,11,T1,01) < 65,(I,T, O), rulesAllowS; (I, T, O),
nextSnapshotByS;(I,T,0,11,T1,01).
States that a transition is made by service S; when its preconditions hold
and the rules allow S; to execute. The service produces the next snapshot.

— nextSnapshotByS;(I,T,0,1,T1,01) «— &5, (I, T,0,1;,T1,01),
&g, (I, T,0,1,T1,04).
States that the execution of S; produces the next snapshot on the basis of
the service post-conditions and its frame formula. Note that s, and Pg,
together constrain all variables Iy, 71, Oy w.r.t. I, T, and O, either with
effect £s, or with the frame formula ®g,.

— rulesAllowS;(I,T,0) «— al(I,T,0).

rulesAllowS;(I,T,0) «— o;"(I,T,0).
State that S; is allowed to be executed.
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We can show the following property regarding Pyy.

Lemma 2. Given a workflow W = (A,S,R) over S, let Pyy be the constraint
Datalog program constructed from W as specified above. Then an I/O-pair
(01,00) is an I/O-pair of a complete enactment of W if and only if (o1,00)
is returned by the above constraint Datalog program when it is evaluated over S.

Proof (Sketch). The proof can be done via an induction argument on the length
of the enactment producing the I/O-pair. O

We note here that the above construction is rather general, and that the resulting
Datalog program may not always terminate when the logic language includes at
least one function symbol, regardless of whether the language/structure admits
quantifier elimination.

We now exploit results on constraint Datalog with order constraints that
state, for some specific structures S, that a constraint Datalog program P can
be evaluated in closed form over S to produce a FOL formula ¢p over S (with
the output variables of P as free variables). The resulting FOL formula is in fact
equivalent to the Datalog program [9I5]. Specifically, from the results in [9/I5]
it follows that the program Py is equivalent to a formula of £ over the structure
S having I and O; as free variables, in the cases where the logic £ is FOL with
equality, and S is a dense order over the rationals or reals (with all rationals as
constants), or a linear order over the integers (with all integers as constants).
Hence, extending Lemma ] we obtain the following result.

Lemma 3. Let W = (A, S, R) be a workflow over a structure S with service pre-
and post-conditions and rule conditions expressed as quantifier-free formulas in
FOL. For each of the following structures, there is a quantifier-free FOL-formula
Wy whose free variables are the input (I4) and output (O.4) attributes of A, that
characterizes the set of all I/O-pairs of complete enactments of W compliant with
Abs:

— (Z,<), integers with the discrete order.
— (Q, <), rational numbers with the dense order.
— (R, <), real numbers with the dense order.

Proof (Sketch). Clearly, for each service S, we can construct a constraint rela-
tion (quantifier-free formula in disjunctive normal form) [9] that represents its
set of input and output pairs allowed by the pre- and post-conditions. Similarly,
each rule condition can also be represented as a constraint relation. Let the con-
straint database consist of the constraint relations representing services and rule
conditions. The Datalog program constructed above can then be evaluated as a
query against the constraint database. Results from [9/I5] state that the query
answer can be computed effectively and represented as a constraint relation. The
constraint relation is in fact a quantifier-free FOL formula. O
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For each structure listed in Lemma [3], we can proceed as for the case of bounded
enactments, and exploit the formulas ¥y, and Wy, to rephrase, also for un-
bounded enactments, absolute dominance between two workflows W; and W,y
over S in terms of evaluation over S of the FOL formula

V{CL elu O}(le — LDW2).
From the decidability of FOL with equality over S, we get the following result.

Theorem 3. Absolute dominance between workflows over S is decidable in the
following cases:

— (Z,<), integers with discrete order.
— (Q, <), rational numbers with dense order.
- (R, <), real numbers with dense order.

The argument for the above theorem is similar to Theorem[Il We now briefly dis-
cuss the complexity of the above decision problems. Note that the query evalua-
tion of the Datalog program can be done in exponential time and the size of the
constraint relations that represent all possible enactments are of exponential size
in the terms of the input workflow [915]. Applying known complexity of results in
logic, checking the FOL formula that characterizes the dominance would add one
additional level of exponentiation (in the cases of (R, <) and (Q, <)) or two ad-
ditional levels of exponentiation (in the case of (Z, <)). However, this complexity
for all three cases can be improved to overall single exponential time; we outline
the algorithms in the following.

We call a conjunction of constraints primitive if it is satisfiable but not log-
ically implied by but not equivalent to another conjunction. It is easy to see
that for a given (finite) number of variables and a given finite set of constants,
the number of pairwise non-equivalent primitive constraints is also finite (but
exponential in terms of the total number of variables and constants.

For a given pair of workflows Wi, Wh, let V be the set of constants occurring in
either W; or Ws. We convert the results of the Datalog program for W, and Ws
into two sets of primitive conjunctions of constraints, for W; and W, resp., of
form “zfv” or “xfy” where v isin V and 6 is either “=" or “<”. We then remove
each unsatisfiable primitive conjunction, which can be done in PTIME [§]. It can
be shown that dominance holds for the workflows iff the containment of two sets
of primitive conjunctions holds. Since the number of primitive conjunctions is
exponential in the size of input, so is the complexity of the algorithms.

5 Conclusions

In this paper we have addressed the problem of comparing artifact-centric work-
flows by introducing a general notion of dominance between workflows. Such a
notion is parametric with respect to a class of policies adopted by the perform-
ers of the services that are invoked by the workflow. Here we have focused on
the most general type of performers, which may use any execution of a service
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within the workflow, resulting in the notion of “absolute dominance”. We and
have provided decidability and complexity results for this case.

The framework and results reported in this paper provide a basis and starting
point for a rich study of dominance between artifact-centric workflows, and leave
many questions yet to be explored. As noted above, our notion of dominance is
focused only on the initial and final snapshots of a workflow execution; it would
be useful to understand a richer notion of dominance that incorporates the order
in which output values of the workflow execution are created. Also, the model
used here assumes that all relevant data is held within the artifact. A useful
extension would be to study the natural case in which there is also an external,
basically fixed database that the conditions can refer to (for example, in the spirit
of [5]). It is also of interest to study other types of performers, characterized by
restrictions on the policy they may adopt. A notable case is the one where the
performance policy is a deterministic function from the input attributes to the
output attributes of the service. In other words, a performer deterministically
takes its decision considering only the values of the input attributes of the service
it is executing, and hence, if it re-executes a services with the same inputs, it takes
the same decision, producing the same outputs, as in the previous execution.
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