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Abstract

In retail information systems it is common practice
to subsume the data of products into product groups,
which ofiers organizational advantages for example
when new branches are opened, because they are as-
signed product groups instead of single products. In-
spired by this approach, this paper focuses on busi-
ness processes and proposes the usage of work°ow
modules stored in a work°ow warehouse, which repre-
sent reusable, standardized components that are used
to build more complex work°ow models. In particu-
lar, the paper provides a formal foundation for such
compositions in form of a work°ow algebra based on
Petri nets, which has similar operators known from
relational algebra in databases. In addition, the need
for a concept of work°ow normalization is presented,
which arises during the composition of work°ow mod-
ules. Finally, it is shown how the algebra can also be
applied in the context of Web service composition.
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1 Introduction

The multitude of available products that are to be
managed by retail information systems (e.g., in super-
markets) has lead to the creation of so-called product
groups, which represent sets of particular products
(e.g., meat or dairy products). Product groups ease
organizational tasks, especially when new branches
are opened, because the products to be sold need not
be chosen one by one. In addition, product groups
represent a standardized range of products available
in all branches, thus easing administrative and logis-
tic tasks.

Inspired by this approach, this paper takes a closer
look at business processes and work°ows in such sce-
narios. Similar to product groups which are a set
of products, we use the term work°ow modules to
denote sets of interrelated activities. We regard a
work°ow as the part of a business process in the real
world which is automated by computers. Through-
out the paper Petri nets will be used to model work-
°ows (Petri 1962, Aalst 1996). In addition, this paper
draws the attention to applications where predeflned,
standardized work°ow models need to be combined to
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create new work°ow models. As a practical example,
one might think of supermarkets or automotive man-
ufacturers opening new branches which usually have
very similar activities. To a large extent, work°ow
models for difierent branches may be identical, but of-
ten some minor modiflcations need to be done in order
to account for the peculiarities of particular locations.
In order to take advantage of economies of scale also
on a modelling level by combining predeflned work-
°ow models, a precise notation is needed which can be
used as a basis for composition languages. The focus
of this paper are three related aspects of this composi-
tion problem: 1) to provide a formal notation for such
compositions in form of a work°ow algebra based on
Petri nets, which allows to express the creation of a
work°ow model from other models using an algebraic
notation with operators similar to those known from
relational algebra in databases. 2) The paper also
takes the opportunity to propose a deflnition of work-
°ow views using the work°ow algebra, which is more
general than the deflnitions currently found in the lit-
erature (Avrilionis & Cunin 1995, Chiu, Cheung, Till,
Karlapalem, Li & Kafeza 2004). 3) Continuing in the
composition context, it is shown that the composition
problem is not easily solved by a \copy & paste" ap-
proach, because a careless design of work°ow models
using compositions of smaller modules may introduce
unwanted properties such as redundancies and other
anomalies in the resulting model. To tackle this prob-
lem, the need for a notion of work°ow normal forms
is discussed.

N1: put_in_storage


p1:incoming_

goods


t1:find_

location


p2:processed_

goods


p3:location_document


t2:store_

goods


p4:stored_

goods


Handle Complaints


Branch 1


Workflow Model 1


Branch n


Workflow Model n


Workflow Designer
 Business Analyst


WFMS


WFMS


Workflow Warehouse


N3: place_order


p1:order

form


t1:complete_

form


p4:order_acknow

-ledgment


p2:completed_form


t2:send_

form


p3:goods


N2: receipt_of_goods


p1:goods


t1:quantity_

control


p3:goods_

qty_checked


p2:receipt_

document


t2:quality_

control


p4:

checked_


goods


Figure 1: Work°ow Composition Scenario.

Figure 1 shows a practical scenario in which a
repository, which we call work°ow warehouse, is used



to store predeflned work°ow modules. The work°ow
modules in such a warehouse are created and anno-
tated with metadata by work°ow designers. Busi-
ness analysts verify and validate the models and make
sure that they conform to business practices. The
created work°ow models represent general reference
models for small problem domains (e.g., receipt of
goods, handling of complaints, etc.). When a branch
is opened, a speciflc work°ow model has to be created
that is tailored to the requirements of that branch.
However, because of similar requirements of branches,
some of the predeflned work°ow modules can be com-
bined to form an initial model that is subsequently
changed. After completion, the model is used in a
local Work°ow Management System (WFMS) which
provides each participant with the right application,
the right data, the right inputs at the right time
(Georgakopoulos, Hornick & Sheth 1995).

Similar to our work°ow warehouse, the notion
of a process warehouse or repository already exists
(Nishiyama 1999, Gruhn & Schneider 1998). The
focus, however, is more on a general information
source for software process improvement. In the
work°ow literature, work°ow patterns have already
been developed (Aalst, Hofstede, Kiepuszewski &
Barros 2000). By contrast, such patterns are more
abstract than our work°ow modules, because they
describe elementary work°ow operations in a gen-
eral way (e.g., sequence, synchronization, etc.). In
our approach, work°ow modules are targeted at par-
ticular problem domains and represent more com-
plex work°ows that are created for straight reuse.
Based on work°ow patterns, it has also been shown
that Petri nets have advantages over process alge-
bras (Best, Devillers & Koutny 1998) like …-calculus
(Milner 1999, Aalst 2003). For example, Petri nets
are state-based instead of event-based (important for
the expressive power), they have formal semantics de-
spite their graphical nature, and many analysis tech-
niques are available (Aalst & Hofstede 2002). Al-
though various transformations have already been
deflned for Petri nets (Baumgarten 1996, Desel &
Oberweis 1996), the formalizations in general do not
allow to express such transformations as precise equa-
tions or do not focus on analogies to the relational
model. Other approaches like Model Management
(Bernstein, Halevy & Pottinger 2000), graph gram-
mars (Rozenberg 1997), or algebraic approaches of
graph transformation (Corradini, Montanari, Rossi,
Ehrig, Heckel & Lõwe 1997) are too general to be used
in the work°ow problem domain right away. Never-
theless, our proposal is related to these approaches
from a general point of view.

The paper is organized as follows. We recapitulate
some terms of the relational data model in Section 2.
Some basic deflnitions for Petri nets which are used
throughout the paper are introduced in Section 3. A
work°ow algebra based on Petri nets is presented in
Section 4. The applications of the algebra to view
deflnitions on work°ows are presented in Section 5.
Section 6 introduces the notion of work°ow normal
forms. Some applications of the algebra to Web ser-
vices are shown in Section 7. Finally, we discuss the
results and mention some aspects for future work.

2 The Relational Data Model

In the Relational Data Model (Codd 1970), data in
a database is organized in \tables". Each \table"
has a set of attributes A = fa1 : : : ang with do-
mains dom(ai), and is described using the mathe-
matical concept of a relation R which is a subset of
the cartesian product of the attribute domains, i.e.,
R µ dom(a1) £ : : : £ dom(an). A \row" r in a rela-

tion (other than the header row which contains the
attribute names) is referred to as a tuple, denoted as
r 2 R : r = (r1; : : : ; rn). Conceptually, relational al-
gebra is used to construct new relations that contain
tuples satisfying some given properties, using other
relations. This is done using a few basic operators like
selection (¾, used to select a subset of tuples satisfy-
ing a given condition), projection (…, picks only speci-
fled attribute columns from a relation), join (./, used
to combine related tuples from two relations into one
single tuple), union ([, includes all tuples from two
compatible relations into one relation without dupli-
cates), and set difierence (n, used to include all tuples
that are in one of two compatible relations, but not
in the other). Furthermore, there are several types
of join. For example, the theta-join is a join which
allows to specify a join condition, whereas the natu-
ral join of two relations pairs only those tuples which
agree in the attributes common to both relations (i.e.,
attributes that have the same name in both relations).
Other operators, like for example, intersection, can be
constructed by using the elementary operators men-
tioned before. Expressions of relational algebra can
be applied to atomic operands (i.e., relations) or other
expressions. Furthermore, all operands and results of
expressions can be treated as sets. For further details
and extensions we refer to (Garcia-Molina, Ullman &
Widom 2002).

3 Petri nets

In analogy to database systems, we want to consider
Petri nets as as a \counterpart" to relations in the
relational data model.

Deflnition 1 A Petri net N = (P; T; F ) is a directed
bipartite graph consisting of a flnite set of places P , a
flnite set of transitions T with P \T = ;, P [T 6= ;,
and a °ow relation F that represents a set of directed
arcs F µ (P £ T ) [ (T £ P ), going from places to
transitions or transitions to places. ⁄

Deflnition 2 In a Petri net with n places, each place
p 2 P may contain zero or more tokens. Let xi ‚ 0
denote the number of tokens assigned to a place pi. A
marking is an n-vector of the form M0 : (x1; : : : ; xn)
which shows the number of tokens assigned to each
place pi. A Petri net N with an initial marking M0
is denoted (N;M0). ⁄

As stated above, it is not allowed to connect nodes
of the same type. Furthermore, we assume each place
or transition to have a name (e.g., \p1" ) and a label
(e.g., \goods"). However, names and labels will be
omitted from the formalism, since they would intro-
duce unnecessary complexity for the following argu-
mentations. The set of places with a connection to a
transition t are denoted †t and called input places (or
pre-set) of t, whereas the set of places which are being
connected starting from t via a directed arc are called
output places (or post-set) of t, denoted t†. The sets
of transitions for a place p, †p and p†, are deflned ac-
cordingly. In a Petri net, places are passive, and tran-
sitions are active components which may change the
state of places, according to flring rules. A transition
is said to be enabled, if each of the input places con-
tains at least one token. An enabled transition may
flre, i.e., it decreases the number of tokens in all input
places by one and increases the number of tokens in all
output places by one. Transitions can be interpreted
as work°ow tasks that have to be performed. On the
other hand, places can be interpreted as repositories
which store tokens (i.e., objects) that are manipu-
lated by tasks. If places contain one token, they can
also be interpreted as conditions which evaluate to



true or false. Finally, tokens represent artifacts that
have been created by tasks using some input. Some-
times tokens are also referred to as \cases", because
they may represent real-world entities like products or
work assignments which progress through the work-
°ow process (Aalst & Hee 2002). The term work°ow
instance is used to denote a copy of a work°ow graph
(i.e., the Petri net) created for execution, together
with the associated cases.

Various extensions to Petri nets have been pro-
posed, like for example higher-order Petri nets
(Peterson 1977, Murata 1989, Aalst & Hee 2002), in
which a place or transition can also be hierarchically
reflned using a subnet. We will give further details
throughout the paper. Furthermore, the work°ow
models in our work°ow repository represent reference
models without associated cases, and we will only
consider Petri nets without tokens in the following.
Thus, the paper focuses on the analysis of the struc-
ture of work°ows, not on their dynamic properties.

4 A Work°ow Algebra

We now investigate the possibilities to modify and
construct new Petri nets from given Petri nets. We
introduce an approach which is inspired by operators
known from relational algebra in databases. This ap-
proach should also show possible connections between
the areas. Similar to relational algebra, we deflne the
operators selection, projection, join, union, and dif-
ference for Petri nets. The proposed algebra is closed
in that each of the operators applied to one or more
Petri nets results again in a Petri net. The advantages
of such an algebraic notation are that a series of com-
positions or other transformations of work°ow models
can be precisely written down using a single expres-
sion. Furthermore, the algebra could represent a ba-
sis for the development of programming languages for
the composition of work°ow models or Web services.

Throughout the paper, we will use the following
general notations:

Given Petri nets N = (P; T; F ), N 0 = (P 0; T 0; F 0)
a) …1(F ) := fxj9y : (x; y) 2 Fg
b) …2(F ) := fyj9x : (x; y) 2 Fg
c) N 0 µ N :, N 0 is a subnet of N :, P 0 µ P;
T 0 µ T; F 0 = F \ ((S0 £ T 0) [ (T 0 £ S0))

In a) and b), …1 and …2 are deflned to choose the
flrst and the second element of a tuple in F . In c), a
shorthand notation for a subnet is deflned.

Selection We interpret the °ow relation F as a
database relation which contains a set of pairs repre-
senting directed arcs. The arcs start in a place (transi-
tion) given by the flrst element of a tuple and end in a
transition (place) specifled by the second element of a
tuple. In principle, we want the selection operator to
select a set of directed arcs from a Petri net together
with the places and transitions that they connect, and
thus produce a new Petri net. More precisely:

Deflnition 3 (selection) Given a Petri net N =
(P; T; F ) and a set of pairs S representing the arcs
to be selected from N , we deflne the work°ow selec-
tion operator ¾S(N) as a transformation that pro-
duces from N a net N 0 = (P 0; T 0; F 0) with

F 0 := F \ S
P 0 := P \ (…1(F

0) [ …2(F
0))

T 0 := T \ (…1(F
0) [ …2(F

0))
⁄

In F 0, all directed arcs from F are included that are
specifled in the selection set S. …1 and …2 are used to

include the places and transitions that are connected
by arcs in F 0 into P 0 and T 0, respectively. Further-
more, we want to use the following shorthand nota-
tions given p 2 P; ti 2 T; p† = ft1; : : : ; tng with all
ti difierent:

(p; ⁄) = (p; t1); (p; t2); : : : ; (p; tn)

Accordingly, we use (⁄; p), (t; ⁄) and (⁄; t). For exam-
ple, for the Petri net N in Fig. 2a), the expression

N 0 = ¾f(Task2;⁄);(⁄;Task2)g(N)

returns the highlighted net. Note that it is not al-
lowed to select just one place or transition, since there
is no work°ow with just one element. We mention
that there are other ways to extend the work°ow se-
lection operator (e.g., using path expressions, etc.).
However, such extensions can be expressed using the
deflnition presented above.

Difierence The work°ow difierence operator (n)
can be used to \delete" a subnet N 0 from a given
Petri net N , which results in a new net N 00, i.e.,

Deflnition 4 (difierence) Given a Petri net N =
(P; T; F ) and a subnet N 0 µ N with N 0 = (P 0; T 0; F 0).
The difierence N n N 0 is a transformation that pro-
duces from N;N 0 a net N 00 = (P 00; T 00; F 00) with

P 00 := P n P 0

T 00 := T n T 0

F 00 := F \ ((P 00 £ T 00) [ (T 00 £ P 00))
⁄

In the deflnition above, the arcs going from the given
net N to the subnet N’ are also deleted. Figure 2b)
shows an example for N 00 = N n N 0 with N and N 0

taken from Fig. 2a).

Projection The idea behind projection in context
of a work°ow is to flnd a subnet of a Petri net
which has only places or transitions on its \bor-
der" to the rest of the net, and substitute it by
a single place or transition, respectively. Although
similar maps are known in the Petri net literature
(Reisig 1992, Baumgarten 1996), we want to keep the
database perspective and the term \projection" for
this operator. Thus, we introduce two projection op-
erators which project a subnet either on a place or on
a transition.

More precisely, we look at a Petri net
N = (P; T; F ) and a subnet N 0 µ N , with
N 0 = (P 0; T 0; F 0). Furthermore, the set B (standing
for \border") will denote the set of places and
transitions of the subnet N 0, which are connected
with the rest of the net N , i.e.,

B(N 0; N) =
fx 2 P 0 [ T 0j(x † [ † x) n (P 0 [ T 0) 6= ?g

with x† and †x applied with regard to N . Further-
more, we will use the terms place-bordered subnet and
transition-bordered subnet to denote a subnet whose
set B contains only places or transitions, respectively.

Deflnition 5 (place projection) Given a Petri
net N , a place-bordered subnet N 0 µ N , and a place
pnew =2 P (used to substitute the subnet). We de-
flne the place projection operator …P (B!pnew)(N) as
a transformation that produces from N;N 0 a net
N 00 = (P 00; T 00; F 00) with

P 00 := (P n P 0) [ fpnewg
T 00 := T n T 0

F 00 := '(F n F 0);




