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Abstract. Data plays a fundamental role in modeling and management of busi-
ness processes and workflows. Among the recent “data-aware” workflow mod-
els, artifact-centric models are particularly interesting. (Business) artifacts are
the key data entities that are used in workflows and can reflect both the busi-
ness logic and the execution states of a running workflow. The notion of artifacts
succinctly captures the fluidity aspect of data during workflow executions. How-
ever, much of the technical dimension concerning artifacts in workflows is not
well understood. In this paper, we study a key concept of an artifact “lifecycle”.
In particular, we allow declarative specifications/constraints of artifact lifecycle
in the spirit of DecSerFlow, and formulate the notion of lifecycle as the set of
all possible paths an artifact can navigate through. We investigate two technical
problems: (Compliance) does a given workflow (schema) contain only lifecycle
allowed by a constraint? And (automated construction) from a given lifecycle
specification (constraint), is it possible to construct a “compliant” workflow? The
study is based on a new formal variant of artifact-centric workflow model called
“ArtiNets” and two classes of lifecycle constraints named “regular” and “count-
ing” constraints. We present a range of technical results concerning compliance
and automated construction, including: (1) compliance is decidable when work-
flow is atomic or constraints are regular, (2) for each constraint, we can always
construct a workflow that satisfies the constraint, and (3) sufficient conditions
where atomic workflows can be constructed.

1 Introduction

Business process management (BPM) has received a rapidly increasing interest in re-
search communities (MIS, CS, and application domains including digital governments,
health care delivery, as well as traditional business applications) [5,31]. A key reason is
that BPM as a core part of a business enterprise has a wide scope (resource including
human management, workflow management, etc.) and is difficult in aspects including
discipline barriers among business administration, MIS, IT, etc., and effective man-
agement of process/workflow changes. The demand for workflow management tools is
enormous. On the other hand, BPM as a research area is rather appealing since there
is a lack of a suitable technical framework or model that includes process, data, re-
sources, and human, and can help separating technical problems so that they can be
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addressed individually and independently [5]. In this paper, we introduce integrity con-
straints for workflow executions and study the interactions of workflow models and
such constraints.

Data plays a fundamental role in modeling and management of business workflows
[5]. For example, it is quite often that a workflow starts in response to an (external)
request that records some vital information about the request; at each step of a workflow
execution, proper bookkeeping is made so that the results of actions taken are reflected
and can be used for future decisions, and even the actions themselves are logged for
system reasons (e.g., reliability) and business reasons (e.g., accountability). Among the
recent proposals for “data-aware” workflow models, artifact-centric models [23,9,2]
are particularly interesting. Here (business) artifacts mean the key data entities that are
used in workflows and can reflect both the business logic and the execution states of a
running workflow. The notion of artifacts succinctly captures the fluidity aspect of data
during workflow executions.

Although artifact-centric modeling approach is suitable for applications [3], many
challenges remain in developing technical models for artifact centric workflows. Pre-
vious studies on artifact-centric workflow models focused on formal models [9,2,1],
verification of temporal properties concerning the workflow logic [9,13,6], static analy-
sis of model well-formedness [2], automated construction from non-temporal goals [8],
etc. However, there are still many issues concerning artifacts in workflows that are not
well understood.

In this paper, we study the key concept of “lifecycle” for artifacts. A lifespan of
an artifact is the sequence of services it encountered during its life time. A lifecycle
of an artifact class is the set of all possible lifespan by artifacts in the class. In the
formal study, we introduce a variant model for artifact-centric workflows called ArtiNet.
ArtiNet workflows resemble Petri nets (see [22] for a tutorial) with two key differences.
First, artifacts are used in instead of “tokens”. Each artifact belongs to a “class” and
places are “typed”, i.e., each place may store artifacts of a fixed class. Second, when
a transition have multiple input (output) places, only one artifact of each input class is
consumed (generated) at each firing.

Motivated by DecSerFlow [32,33], we allow declarative specifications of or con-
straints on artifact lifecycle. We consider two formalisms for lifecycle specifications:
regular expressions and semilinear sets of Parikh maps [24] that we call counting
constraints. As lifecycle constraints, we study the compliance problem: does a given
workflow only contain lifecycle allowed by a constraint? As lifecycle specification, we
investigate the automated construction problem: from a given lifecycle specification, is
it possible to construct a workflow that “realizes” (satisfies) the specification?

DecSerFlow is a declarative language for specifying permitted sequences of services
in a workflow. Earlier work on DecSerFlow focused primarily on implementation of
DecSerFlow specifications [33], mapping into SCIFF [21], and verification of logical
properties [4]. The compliance problem for regular lifecycle constraints was studied
earlier [28,18,17,34]. However, the notion of compliance in these works is “syntactic”,
i.e., based on containment of transition relations. Our model of compliance is semantic
and our results naturally generalize the earlier results.
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We present a range of technical results concerning compliance and automated con-
struction problems. We show the following. (1) The compliance problem is decidable
for either atomic workflows or regular constraints, with the case of workflows and
counting constraints remains open. (2) For each regular/counting specification we can
always construct a workflow that realizes the constraint, in particular, each regular con-
straint is realized by an atomic workflow. (3) We also give cases when atomic workflows
can be constructed for counting constraints with or without regular constraints.

This paper is organized as follows. Section 2 motivates the problem with an example.
Section 3 defines the ArtiNet model, Section 4 introduces the regular and counting con-
straints. Sections 5 and 6 focus on compliance and automated construction problems,
respectively. Section 7 concludes the paper.

2 Motivations

We use a workflow example to motivate artifact lifecycle constraints and the problems
studied in this paper. In this example (Fig. 1), preselling refers to selling an apartment
before completing the construction. A preselling permit for a group of apartments must
be obtained by a developer before selling activities happen. This workflow is simplified
from a similar workflow for real estate management in Hangzhou, China [19] where
permits are issued by the real-estate administration office of the city.

In Fig. 1, upon receiving an application, an artifact of PAF (Preselling Approval File)
is created. For each apartment listed in the PAF, an AF (Apartment File) is created. Each
AF is first verified by a compliance officer, and then evaluated by a pricing estimator.
Finally an approving process takes the PAF and the reviews for each AF and approves
and completes the application.

As a part of the government requirement, each PAF application must have one pre-
liminary review and and one approving service (task), in that order. This can be easily
expressed as a regular constraint “(receiving App-Form)(PAF prelim. review)+(PAF
approving)+”. Another constraint to satisfy involves the number of times services are
executed. Note that each apartment in a PAF application need to be reviewed sepa-
rately. Hence the number of PAF preliminary review executions should be the same as
the number of PAF approving executions, otherwise, some apartments could miss the
PAF approving service before the entire PAF application is approved. Both example
properties are properties on PAF artifact “lifecycle”.
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Fig. 1. An ArtiNet Workflow for Apartment Preselling Approval
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In this paper we focus on artifact lifecycles, and study the compliance and automated
construction problems for workflows in the ArtiNet model. When a new workflow is
designed, it is always desirable to know if the workflow is compliant with specified life-
cycle constraints. In [28,18,17] authors studied OLCs (object life cycles), and the con-
formance and coverage problems of OLCs by business process models. A comparison
with their results is provided in Section 5. In [34], authors studied the coupling between
objects and proposed a method to compute the expected coupling of a process model.
Different from these earlier studies, our study also includes automated construction of
workflows from lifecycle constraints.

3 ArtiNet: A Formal Model for Artifact-Centric Workflows

In this section, we define the key concepts needed for the technical presentation, includ-
ing “artifacts”, “workflow”, “configurations”, and “enactments”.

Intuitively, artifacts are (abstract) objects that can “flow” through a workflow. The
workflow model resembles Petri nets [25] (see e.g., [22]) by substituting tokens with
artifacts. Perhaps, the main semantic difference lies in the transition firing rule. But
as we will explain below, the firing rule can be simulated by standard Petri nets. Our
workflow model is a formal version of ArtiFlow [19] used in the ArtiMT system [20].

In the technical development, we assume the existence of the following countably
infinite, pairwise disjoint sets:

– A of (artifact) class (names),
– S of services (names),
– P of places, and
– T of transitions.

Definition 1. Let B be a class. A workflow for B is a tuple W = (Σ, P, T, τs, τf , E, r, s)
satisfying all of the following conditions:

– Σ is a finite (possibly empty) set of classes such that B �∈ Σ,
– P ⊆ P is a finite set of places (or repositories),
– T ⊆ T is a finite set of transitions and τs, τf ∈ T are the seed and archival

transitions respectively,
– E ⊆ P×(T−{τs}) ∪ (T−{τf})×P is a set of edges,
– r : P → Σ ∪ {B} is a mapping that assigns each place p ∈ P a class such that if

(τs, p) ∈ E or (p, τf ) ∈ E then r(p) = B,
– For each transition τ ∈ T−{τs, τf}, (p, τ) ∈ E and r(p) = B for some place

p ∈ P iff (τ, q) ∈ E and r(q) = B for some place q ∈ P , and
– s : T − {τs, τf} → S is a mapping that assigns each transition a service name.

The workflow W is atomic if Σ = ∅.

If W is a workflow for B, we also call B the focused class of W . (Σ in W consists of
auxiliary classes.) To simplify the presentation, for the remainder of this paper, we fix
some focused class B.
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Definition 2. Given a workflow W = (Σ, P, T, τs, τf , E, r, s) for a class B, a configu-
ration of W is a mapping C from P to natural numbers. A configuration is empty if it
assigns 0 (zero) to every place.

If a place p is assigned C(p), then p stores C(p) number of artifacts.
Let W = (Σ, P, T, τs, τf , E, r, s) be a workflow. The set of input (resp. output)

places of a transition τ , denoted by •τ (resp. τ• ), is the set of all places that have an
edge entering (resp. leaving) the transition τ . We also denote by (•τ)A (resp. (τ• )A)
denote all input (resp. output) places of the transition τ labeled A. For a set P of places,
we define r(P ) = {r(p) | p ∈ P}. In the remaining of this paper, we will frequently
use the notations r(•τ) and r(τ• ) to mean input and output labels of τ , respectively.

Definition 3. Given a workflow W = (Σ, P, T, τs, τf , E, r, s) for a class B, a transition
τ ∈ T is enabled in a configuration C if for each A ∈ r(•τ), Σp∈(•τ)A

C(p) > 0.

This condition states that a transition is enabled if there is at least one artifact available
from each input class from all input places combined. A transition can have multiple
input places with the same label, but only one artifact from each input class is sufficient
to enable the transition. Note that this is different from standard Petri nets that consume
a token from each input place. However, one can simulate this semantics in Petri nets.
For example, if a transition τ has input places p, q storing artifacts of B. We could
construct an additional place p′ and two transitions τp and τq that reads input from p
and q (resp.) and outputs to the place p′. We also modify τ ’s input so that it takes one
input from p′. Thus, the “picking an artifact from either places” construct in our model
is turned into “picking some artifact from a place” in Petri nets.

A workflow “moves” from one configuration to another when a transition fires. Given
a configuration, there might be more than one possible transitions that are enabled. One
of the enabled transitions is chosen to be fired nondeterministically.

When a transition fires, it consumes one artifact from each input class. It generates
one artifact for each output class and puts it nondeterministically in one of the output
places if there are multiple possible places to put the artifact.

The firing of a transition τ is defined as a triple (C, τ, C′). It indicates transition τ is
invoked and the workflow moves from configuration C to configuration C′.

Definition 4. Given a workflow W = (Σ, P, T, τs, τf , E, r, s), two configurations of
C1, C2 of W and a transition τ ∈ T , C1 derives C2 using τ if the following conditions
are all true:

1. τ is enabled in C1,
2. If A is an input class and let pA be the place artifact labeled A is chosen to be

consumed, then for each input place p ∈ (•τ)A,

C2(p) =
{

C1(p) − 1 If p = pA
C1(p) otherwise

3. If A is an output class and let pA be the place artifact labeled A is put then for each
output place p ∈ (τ• )A,

C2(p) =
{

C1(p) + 1 If p = pA
C1(p) otherwise
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Definition 5. An enactment of a workflow (Σ, P, T, τs, τf , E, r, s) is an alternating se-
quence of configurations and transitions C0τ0C1τ1C2 · · · τn−1Cn such that

1. C0 is the empty configuration,
2. τ0 = τs (seed transition) and for all 1 � i < n, τi ∈ T − {τs}, and
3. For each 0 � i < n, Ci derives Ci+1 using τi.

The enactment is complete (or terminating) if the last configuration Cn is empty and
the last transition is the archival transition.

4 Lifecycle Constraints of Artifacts

In this section, we introduce a notion of integrity constraints for ArtiNet workflows,
called “lifecycle constraints”. Intuitively, lifecycle constraints limits the way how work-
flow executions should be carried out. In artifact-centric workflows, a workflow enact-
ment (or instance) executes a collection of services in certain order to accomplish the
business goal. The constraints in our model thus focus on the sequencing aspect. In the
general case, lifecycle constraints could involve the contents of artifacts. However in
this initial study, we focus on constraints that do not examine data values. In this sec-
tion we formulate the key concepts, the technical discussions will be presented in the
next two sections.

Clearly, the language DecSerFlow [32,33] for specifying sequencing of service or-
derings is easily seen as a class of lifecycle constraints. In [29,30], an algebra was
developed for event sequences. Algebraic expressions were used as constraints on task
sequences during the execution. In [18,28,17] authors studied the consistency of OLC
(object life cycle) with respect to a business process model. Finite state machines are
used to represent OLCs. In that aspect, our definition of lifecycle coincides with the
OLC notion in these papers.

Definition 6. Let W=(Σ, P, T, τs, τf , E, r, s) be a workflow for artifact class B and
C0τ0C1τ1C2 · · · τn−1Cn a complete enactment of W . A lifespan of B in W is a se-
quence of service names corresponding to the transitions in the complete enactment:
s(τ0)s(τ1) · · · s(τn−1). The lifecycle L(W ) of B is the set of all lifespans of B in W .

Note that the seed and archival transitions are ignored in a lifespan. Let W be a work-
flow. We define SW as the set of all services that are images of the service mapping
in W .

Definition 7. Let W be a workflow for a class B. A (life-cycle) constraint on B is a
subset of S∗

W , i.e., a (possibly infinite) set of words over SW . The workflow W satisfies
(or realizes) a life-cycle constraint γ, if L(W ) ⊆ γ (resp. L(W ) = γ).

Let W be a workflow for class B. We consider two classes of life-cycle constraints:
“regular” and “semi-linear” constraints. A constraint γ on B is regular if γ is a regular
language over SW . In this paper, we further assume that regular constraints are specified
in form of regular expressions [14]. Assuming a, b, c . . . are services in SW examples
of regular constraints include: (a + b)∗c, (ab∗a)∗, and a∗b∗(c + d).
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To define the second class of constraints, we first assume some fixed enumeration
s1, ..., sn of SW . The Parikh map [24] of a word w ∈ S∗

W is a vector of natural numbers
Parikh(w) = (v1, ..., vn) such that for each i ∈ [1..n], vi is the number of occurrences
of si in w. Let γ ⊆ S∗

W be a set of words over SW . The Parikh map of γ is the set
Parikh(γ) = {Parikh(w) | w ∈ γ}.

We say that γ ⊆ S∗
W is a counting constraint if its Parikh map Parikh(γ) is a

semilinear set [10]. Recall that a linear set is a pair (v̄, P ) where v̄ is an n-vector
and P = {v̄1, ..., v̄n} is a finite set of base vectors. It defines the set of points in n-
dimensional space {ū | ū = v̄ +

∑n
i=1 kiv̄i, where ki � 0 for all 1 � i � n}. A

semilinear set is a finite union of linear sets.
An example of a counting constraint is i · (1, 2, 0)+ j · (0, 0, 2) where i, j � 0. This

constraint states that s2 occurs twice as much as s1 and s3 occurs an even number of
times.

Lemma 4.1. Let W be a workflow for a class B and Γ be a finite set of regular (resp.
counting) constraints on B. Then there exists a regular (resp. counting) constraint γ
such that the following are equivalent:

1. W satisfies every constraint in Γ .
2. W satisfies the constraint γ.

The above lemma easily follows from the fact that both regular languages and semilin-
ear sets are closed under intersection [14,10].

We conclude the section with the following results.

Proposition 4.2. (1) The lifecycle of every atomic workflow is a regular language.
(2) The lifecycle of a workflow is always context-sensitive, and there are workflows

whose lifecycles are (i) context-free but not regular, or (ii) not context-free.

Item 1 is rather straightforward. Item 2 is not surprising, since (formal) languages de-
fined by Petri nets are always context-sensitive [26,22].

5 Compliance of Lifecycle Constraints

In this section, we focus on the “compliance” problem for ArtiNet workflows and life-
cycle constraints. The problem easily occurs in practice as one would ensure if the
existing workflow would satisfy the constraints. We show that the problem is decidable
for atomic workflows with either type of constraints, and for workflows with regular
constraints. The case of workflows with counting constraints is left open. We also study
compliance of DecSerFlow constraints.

Lifecycle Compliance (LC) Problem: Given a workflow W and a regular or counting
constraint γ, determine if W satisfies γ.

Unlike the work in [29,30] where enforcement is done at runtime, we study the static
analysis problem of deciding if the workflow will always satisfy the constraints. The
object lifecycle compliance problem studied in [28,18,17] is closely related to the com-
pliance problem defined above. However, the notion of compliance in [28,18] requires
that the object state transitions in the business process is a subset of the transitions in
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a specified lifecycle. This is a stronger requirement, i.e., if a workflow is compliant in
our model, it may not be compliant by their definition. However, compliance holds in
their model would imply compliance in our model. [17] studied compliance considering
side-effects while our model does not consider side-effects.

The main results of the section are now stated below.

Theorem 5.1. LC problem is decidable for atomic workflows. For the general case of
workflows, LC is decidable for regular constraints.

ArtiNet workflows can be reduced to Petri nets, which as language acceptors, accept
context-sensitive languages [22,26]. Since the emptiness problem for context-sensitive
languages is undecidable [14], one cannot directly apply known results for the LC prob-
lem. On the other hand, Petri nets can be converted to “partially blind multicounter
machines” [16], and it is shown [16] that the containment of a Petri net language in a
regular language can be determined.

In the remainder of this section, we focus on atomic workflows.

Lemma 5.2. Given an atomic workflow W and a regular constraint γ, it is decidable
to check if W satisfies γ.

To establish the lemma, it is sufficient to note that one can effectively convert each
regular expression γ to an equivalent (non-deterministic) finite state machine Mγ . By
Proposition 4.2, the language accepted by W is regular; subsequently, one can construct
a finite state machine MW that accepts the language L(W ). It follows that W satisfies
γ iff MW ⊆ Mγ (with an abuse of notation). The latter is known to be decidable.

The LC problem for atomic workflows and regular constraints is however PSPACE-
complete. This follows from the fact that checking if a non-deterministic FSA accepts
Σ∗ is PSPACE-hard [11]. We note here that the main source of complexity is from
constraints and not workflows. To see its membership in PSPACE, we note that the con-
tainment M1 ⊆ M2 of two FSAs can be reduced to checking the emptiness of M1∩M c

2

(M c
2 is the complement of M2). Although M c

2 has an exponential size, the emptiness
checking can be done without writing down the complete complement machine.

Lemma 5.3. Let γ be a regular constraint that is equivalent to a deterministic FSA Mγ .
It can be determined in O(n2) time if an atomic workflow satisfies γ, where n is the
size of the workflow and Mγ .

Clearly, the workflow can be viewed as an FSA MW . MW ⊆ Mγ iff MW ∩ M c
γ is

empty. Since Mγ is deterministic, M c
γ and Mγ have the same size. Finally, the empti-

ness of intersection of two FSAs can be determined in the size of their product.
An interesting application of Lemma 5.3 is on compliance of DecSerFlow [32,33]

constraints by ArtiNet workflows. DecSerFlow is a declarative language for specifying
permitted sequences of tasks in a workflow. DecSerFlow is based on LTL [7] with
restrictions in syntax and semantics.

A DecSerFlow specification includes a finite set of services (tasks) and a set of con-
straints. It defines a set of sequences of services permitted in workflow execution. There
are two types of constraints. The first type is cardinality constraints that are associated
with individual services, which limits the number of invocations allowed for a service
(i.e., occurrences of the service in the sequence). The second type of constraints are
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Fig. 2. A DecSerFlow Specification
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Fig. 3. FSAs corresponding to DecSerFlow constraints

relational constraints. A relational constraint can be associated with two services and
limits occurrences and/or ordering of the involves services.

Fig. 2 shows a simple DecSerFlow specification with three services and two rela-
tional constraints. The cardinality constraints restrict the lower and upper bounds of
the numbers of occurrences of services (∗ means unbounded). The relational constraint
from s2 to s1 requires that each s2 must be followed by some s1, i.e., s2 cannot occur
as the last task. The constraint from s2 to s3 requires that between two occurrences s2

there must be an s3 and that some s3 must appear after the last s2.
There are 11 types of relational constraints in DecSerFlow and some of them have

negated versions [32,33]. For example, existence-response on two services s1, s2 means
that if s1 executes, s2 should also execute but the timing of these executions can be arbi-
trary; the relational constraint response from s1 to s2 requires that whenever s1 executes,
there is a “responding” execution of s2 later on. In this case, timing is important. How-
ever, s2 does not have to execute immediately after s1, and two or more executions of s1

may share the same s2 responding execution. The dual relational constraint precedence
from s1 to s2 enforces that if s2 executes there must be a preceding s1 execution.

We can easily view each DecSerFlow specification as a lifecycle constraint. In this
sense, the following can be shown.

Theorem 5.4. Let γ be a DecSerFlow constraint and W a workflow. It can be decided in
O(nml) time if W satisfies γ, where n is the size of W , m the total number of services
and relational constraints in γ, and l the largest integer in the cardinality bounds in γ.

In Fig. 3(a), we give the FSA corresponding the alternate response constraint in Dec-
SerFlow between s2 and s3 showed in Fig. 2. (T stands for the finite set of services.) In
this FSA, after each s2 occurrence, there has to be at least one s3 before the next s2 oc-
currence. Therefore, this FSA is exactly the alternate response constraint. In Fig. 3(b),
we give the FSA corresponding to the cardinality constraint on s2 in Fig. 2, where s2

can occur at most 3 times.
For each relational constraint γ′ in γ, we can easily construct a deterministic FSA

with a constant number of states. By Lemma 5.3, satisfaction of γ′ can be tested in
O(n) time. For each cardinality constraint, we can also construct a deterministic DFA
with at most l number of states. The theorem follows easily. We now turn to counting
constraints.
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Lemma 5.5. Given an atomic workflow W and a counting constraint γ, it can be de-
termined if W satisfies γ.

From Proposition 4.2, the lifecycle of W is a regular language. To establish decidabil-
ity in Lemma 5.5, we note that the Parikh map of each regular language is semilinear
[15]. It is also known that semilinear sets are closed under intersection, union, and
complement [10]. Thus, W satisfies γ iff Parikh(L(W )) ∩ γ is empty (γ denotes the
complement of γ), the latter is decidable [12]. (An alternative is to construct a Pres-
burger formula that states the containment Parikh(L(W )) ⊆ γ; the decidability follows
from the decidability of Presburger arithmetic [27].)

6 Workflow Construction from Lifecycle Specification

In this section, we treat a lifecycle constraint as a workflow specification and study the
problem of constructing a workflow from a given constraint. It is obvious that one can
always construct an atomic workflow for each regular constraint. Therefore, we restrict
our attention to (atomic) workflows and counting constraint or in conjunction with a
regular constraint, and study the problem of whether from a given counting constraint
we can construct an (atomic) workflow. We show that for each counting constraint we
can effectively construct a workflow that realizes (satisfies) the constraint. We also ex-
hibit various cases when atomic workflows can be constructed for a counting constraint.

Automated Construction Problem: Given a counting constraint γ, can we find an
(atomic) workflow that realizes (satisfies) γ?

Theorem 6.1. (a) For every regular constraint γ, there is an atomic workflow that re-
alizes γ.

(b) For every counting constraint γ, there is a workflow that realizes γ.

Part (a) of Theorem 6.1 is straightforward. In particular, γ can be converted into a
nondeterministic FSA Mγ , and then one can construct an atomic workflow by creating
a transition node for each transition in Mγ and a place node for each state in Mγ .

Since each DecSerFlow constraint can be expressed as a regular constraint, the fol-
lowing holds.

Corollary 6.2. Each DecSerFlow constraint can be realized by an atomic workflow.

For Part (b), we use auxiliary artifacts to help counting. For one linear set counting
constraint, we can construct one workflow that realizes (satisfies) the constraint. If the
counting constraint γ is semilinear, i.e., a finite union of linear sets, we can construct a
workflow for each linear set and then combine the workflows into a single workflow.

To demonstrate the key idea and techniques, consider a counting constraint 2za = zb

that states the number of executions of transition b should be twice as much as the
number of occurrences of transition a. The Parikh map of the constraint is {(i, 2i) | i �
0}, i.e., the base vector is (1, 2). To realize this constraint, in addition to our focused
artifact B we also have one auxiliary artifact A. There is one place for class B, all
transitions labeled a or b take a B artifact from and put it back to the place when they
are executed. We have 4 places for the auxiliary artifact A each representing the vectors
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Fig. 4. Realization of a Counting Constraint

(i, j), where 0 � i � 1 and 0 � j � 2, except for (0, 0) (not started yet) and (1, 2)
(completed). Each of the a transitions takes an A artifact from (i, j) for some i, j and
after execution puts it into (i+1, j) (or just archive it), therefore simulating the increase
in the number of a’s. Similarly, each of the b transitions should increase the b counts by 1
while leaving a count unchanged. It is clear that the constraint on the numbers of a’s and
b’s has to be satisfied in complete enactments. Fig. 4 shows the workflow constructed
for the counting constraint 2za = zb. In a complete enactment of this workflow, all
the places should be empty at the end. Therefore, all tokens of the auxiliary artifact A
should already be consumed. It can be clearly seen in the figure that when all tokens of
A is consumed, the number of executions of transitions b is exactly the twice as much
as the number of executions of transition a.

We now describe the construction of a workflow from a counting constraint. We
start from linear sets with a single base vector (m1, ..., mk), where k is the number
of services. We create place nodes for class A for each vector (n1, ..., nk) where 0 �
ni � mi for each 0 � i � k, except the two vectors (0, ..., 0) and (m1, ..., mk).
For each place p representing the vector (n1, ..., nk) where ∃j, nj = 1, nr = 0 if
r �= j, 0 � j, r � k, we create an initialization transition τ and an edge (τ, p). For
each place p representing the vector (n1, ..., nj , ..., nk), if there is a place p′ with the
vector (n1, ..., nj−1, nj + 1, nj+1, ..., nk), then we create a continuation transition τ
and two edges (p, τ), and (τ, p′). For each place p representing the vector (n1, ..., nk)
where ∃j, nj = mj − 1, nr = mr if r �= j, 0 � j, r � k, we create an ending
transition τ and an edge (p, τ). In fig. 4, created initialization transitions are t1 and t4,
continuation transitions are t2, t5, t6, and ending transitions are t3 and t7. In addition,
we create a place node p∗ for the focused artifact B and edges (τs, p∗) and (p∗, τf ).
We also create edges (τ, p∗) and (p∗, τ) where τ �= τs, τf . It can be shown that the
Parikh map constraint {i · (m1, ..., mk) | i � 0} is satisfied. When a linear set has more
than one base vector, the construction would repeat for each base vector, except that the
common place p∗ for the focused class is shared. If the counting constraint γ is a finite
union of linear sets, we will construct a workflow with disjoint places for linear set and
let the seed transition to (randomly) pick one B place to start.

In the remainder of the section, we study the problem of constructing atomic work-
flows: Given a counting constraint γ, find an atomic workflow that satisfies γ.

Clearly, if the γ is a regular language, it reduced to Theorem 6.1(a). We assume
that γ is not regular. Actually, the class of counting constraints includes all context-free
languages [24]. Naturally, we are looking for atomic workflows whose lifecycles are
sublanguages of γ.
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Since atomic workflows are basically FSAs, in the following discussions, we focus
on finding regular sublanguages called “factors” rather than constructing workflows.

Definition 8. Given two languages L1 and L2, L2 is said to be a factor of L1 if L2 ⊆
L1, L2 is infinite and regular.

Notion of factor naturally leads to the following strategy for automated constructions.
Given a constraint γ. Let L1, ..., Lk be factors of γ, we construct a FSA (workflow) for
L where L = ∪1�i�kLi.

Lemma 6.3. The language L ⊆ {a, b}∗ such that Parikh(L) = {(i, i) | i � 0} has
infinitely many pairwise incomparable factors.

To prove the above lemma, we construct the sets En’s (n � 1) as follows. En = {w |
Parikh(w) = (n, n) and w �∈ ∪n−1

i=1 E⊕
i }, where E⊕

i = {wj | w ∈ Ei and j � 1}.

Claim 1: For each n � 1, En is not empty.
Claim 1 holds because there are no words in ∪n−1

i=1 E⊕
i that starts with n a’s. However,

anbn ∈ En.

Claim 2: For each i � 1, and each w ∈ Ei, w∗ ⊆ L.
One can easily show that Parikh(w∗) ⊆ {(i, i) | i � 0}; therefore w∗ ⊆ L.

Claim 3: For each pair of words w1, w2 ∈ ∪iEi, if w1 �= w2 then w∗
1 � w∗

2 .
If we can find a word w ∈ w∗

1 and w �∈ w∗
2 , then w∗

1 � w∗
2 . Consider w = w1.

If |w1| < |w2|, then there are no words in w∗
2 with the same length as w1, since each

word in the set w∗
2 has length |w2| or greater. Therefore, w1 �∈ w∗

2 .
If |w1| > |w2|, to satisfy the condition w1 ∈ w∗

2 , we should have w1 = wi
2 for some

i � 1. This violates our construction, hence such w1 cannot exists.
If |w1| = |w2|, only word in w∗

2 that has the same length with w1 is w2. But obvi-
ously, w1 �= w2, therefore w1 �∈ w∗

2 .
Lemma 6.3 naturally generalizes to the following.

Theorem 6.4. Let Σ be a (finite) alphabet. Every non-regular counting constraint over
Σ∗ has infinitely many pairwise incomparable factors.

L has at least one non-regular subset whose Parikh map is a linear set. Let’s assume L′

is such a subset of L. Since L′ is not regular, there is at least one base vector for the
Parikh map of L′ that defines a non-regular language. The corresponding non-regular
constraint can be written as {i · (ma, mb, . . . , mz)} and at least two of the mis are
non-zero. If at most one of them is non-zero, then it defines a regular language. For the
basis vector {i · (ma, mb, . . . , mz)}, one can come up with infinitely many pairwise
incomparable factors, using a similar construction as shown in Lemma 6.3. In fact,
these factors can be constructed as: for each i � 1, (ai·mabi·mb · · · zi·mz)∗. Since L′ is
a subset of L and L′ has infinitely many pairwise incomparable factors, so does L.

Theorem 6.4 shows even if the constraints define non-regular languages, “compliant”
implementations by atomic workflows are still possible. And in fact, there are many
ways to choose from. However, the following result shows that combining regular and
counting constraints may sometimes prohibit atomic workflows.
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Lemma 6.5. L = {anbn | n � 0} has no factors.

Assume L has a factor L′. Let M be the FSA that accepts the language L′. Since L′ is
infinite, there exists a word w ∈ L′ such that w = aibi and |w| > number of states in
M . By the pumping lemma for regular languages, M must include words not in L (thus
not in L′).

In spite of the above negative result, in the following, we show that it may still be
possible to find atomic workflows for a pair of regular and counting constraints.

Lemma 6.6. Let γr and γc two a regular and counting (resp.) constraint. if γr has no
union and one star, then γr ∩ γc defines a regular language.

Intuitively, the above lemma holds since for each linear set, and each union-free regular
expression with at most one star, their intersection must be regular. It is because with no
stars, the language is finite and so is the intersection. With one star, the Parikh map of
the corresponding regular language can be expressed linear equations with the number
i of iterations as a parameter. The intersection is thus a linear set and is either finite or
infinite including all i’s greater than some fixed number.

With this positive result, it is interesting to obtain more sufficient conditions for
factor existence in presence of a regular and a counting constraint.

7 Conclusions

In this paper we provide a formal analysis on artifact-centric workflows, centering
around the notion of artifact lifecycle. Although our work is inspired by DecSerFlow,
the technical problems examined provide new insights into the interplay between con-
straints/specifications and workflow models. On one hand, compliance problems are
solvable in case of workflow and regular expressions (but remain open for counting
constraints). On the other hand, construction of workflows can always be done. Our
results do not provide a complete characterization of complexity for the technical prob-
lems. There are many open problems, including: compliance of counting constraints by
workflows, sufficient (and/or necessary) conditions for existence of atomic workflows
for counting constraints with or without regular constraints.

One interesting remark is that while our workflow model is closely related to Petri
nets, our study of the technical problems uses a myriad of tools including formal lan-
guages, automata, linear algebra, and logic.
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