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Abstract

In retail information systems it is common practice
to subsume the data of products into product groups,
which offers 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 workflow
modules stored in a workflow warehouse, which repre-
sent reusable, standardized components that are used
to build more complex workflow models. In particu-
lar, the paper provides a formal foundation for such
compositions in form of a workflow algebra based on
Petri nets, which has similar operators known from
relational algebra in databases. In addition, the need
for a concept of workflow normalization is presented,
which arises during the composition of workflow mod-
ules. Finally, it is shown how the algebra can also be
applied in the context of Web service composition.

Keywords: Relational Data Model, Relational Alge-
bra, Petri Nets, Workflow Composition, Workflow
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Algebra, Web Services

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 workflows in such sce-
narios. Similar to product groups which are a set
of products, we use the term workflow modules to
denote sets of interrelated activities. We regard a
workflow 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-
flows (Petri 1962, Aalst 1996). In addition, this paper
draws the attention to applications where predefined,
standardized workflow models need to be combined to
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create new workflow 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, workflow
models for different branches may be identical, but of-
ten some minor modifications 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 predefined work-
flow 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 workflow algebra based on
Petri nets, which allows to express the creation of a
workflow 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 definition of work-
flow views using the workflow algebra, which is more
general than the definitions 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 workflow 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 workflow normal forms
is discussed.
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Figure 1: Workflow Composition Scenario.

Figure m shows a practical scenario in which a
repository, which we call workflow warehouse, is used



to store predefined workflow modules. The workflow
modules in such a warehouse are created and anno-
tated with metadata by workflow designers. Busi-
ness analysts verify and validate the models and make
sure that they conform to business practices. The
created workflow models represent general reference
models for small problem domains (e.g., receipt of
goods, handling of complaints, etc.). When a branch
is opened, a specific workflow model has to be created
that is tailored to the requirements of that branch.
However, because of similar requirements of branches,
some of the predefined workflow modules can be com-
bined to form an initial model that is subsequently
changed. After completion, the model is used in a
local Workflow 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 workflow 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
workflow literature, workflow patterns have already
been developed (Aalst, Hofstede, Kiepuszewski &
Barros 2000). By contrast, such patterns are more
abstract than our workflow modules, because they
describe elementary workflow operations in a gen-
eral way (e.g., sequence, synchronization, etc.). In
our approach, workflow modules are targeted at par-
ticular problem domains and represent more com-
plex workflows that are created for straight reuse.
Based on workflow patterns, it has also been shown
that Petri nets have advantages over process alge-
bras (Best, Devillers & Koutny 1998) like 7-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
defined 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 & Lowe 1997) are too general to be used
in the workflow 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 definitions for Petri nets which are used
throughout the paper are introduced in Section 3. A
workflow algebra based on Petri nets is presented in
Section 4. The applications of the algebra to view
definitions on workflows are presented in Section 5.
Section 6 introduces the notion of workflow 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 = {ay...a,} with do-
mains dom(a;), 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 C dom(ay) X ... x dom(a,). 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
re€R:r=(r,...,r,). 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 (o, used to select a subset of tuples satisfy-
ing a given condition), projection (m, picks only speci-
fied attribute columns from a relation), join (>, used
to combine related tuples from two relations into one
single tuple), union (U, includes all tuples from two
compatible relations into one relation without dupli-
cates), and set difference (\, 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.

Definition 1 A Petrinet N = (P, T, F) is a directed
bipartite graph consisting of a finite set of places P, a
finite set of transitions T with PNT = (), PUT # 0,
and a flow relation F' that represents a set of directed
arcs F C (P x T)U (T x P), going from places to
transitions or transitions to places. O

Definition 2 In a Petri net with n places, each place
p € P may contain zero or more tokens. Let x; > 0
denote the number of tokens assigned to a place p;. A
marking is an n-vector of the form My : (z1,...,Ty

which shows the number of tokens assigned to each
place p;. A Petri net N with an initial marking My
1s denoted (N, My). O

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., “pl” ) 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 ¢ are denoted et and called input places (or
pre-set) of ¢, whereas the set of places which are being
connected starting from ¢ via a directed arc are called
output places (or post-set) of ¢, denoted te. The sets
of transitions for a place p, ep and pe, are defined ac-
cordingly. In a Petri net, places are passive, and tran-
sitions are active components which may change the
state of places, according to firing rules. A transition
is said to be enabled, if each of the input places con-
tains at least one token. An enabled transition may
fire, 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 workflow 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-
flow process (Aalst & Hee 2002). The term workflow
instance is used to denote a copy of a workflow 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
refined using a subnet. We will give further details
throughout the paper. Furthermore, the workflow
models in our workflow 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 workflows, not on their dynamic properties.

4 A Workflow 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 define 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 workflow 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 workflow models or Web services.
Throughout the paper, we will use the following

general notations:
Given Petri nets N = (P, T,F), N' = (P',T',F')

a) mi(F) :={z|Jy : (z,y) € F}

b) ma(F) :={y|3z : (x,y) € F'}

¢) NN CN:& N'isasubnet of N:< P C P,

TCT,FF=Fn(SxTHu(T' xS

In a) and b), m; and 7y are defined to choose the
first and the second element of a tuple in F. In ¢), a
shorthand notation for a subnet is defined.

Selection We interpret the flow 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 first element of a tuple and end in a
transition (place) specified 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:

Definition 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 define the workflow selec-
tion operator og(N) as a transformation that pro-
duces from N a net N' = (P, T', F') with

F'.=FnNnS§S
P :=Pn(m(F')Ume(F"))
T :=T N (m (F)Uma(F)) 0

In F’, all directed arcs from F are included that are
specified in the selection set S. 71 and 75 are used to

include the places and transitions that are connected
by arcs in F’ into P’ and T”, respectively. Further-
more, we want to use the following shorthand nota-
tions given p € P, t; € T, pe = {t1,...,t,} with all
t; different:

(pv *) = (pvtl)a (pv t2)7 AR (pa tn)

Accordingly, we use (x,p), (t,*) and (x,t). For exam-
ple, for the Petri net N in Fig. Pa), the expression

N’ = 0((Task2,%),(+, Task2)} (V)

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

Difference The workflow difference operator (\)
can be used to “delete” a subnet N’ from a given
Petri net N, which results in a new net N”, i.e.,

Definition 4 (difference) Given a Petri net N =
(P,T,F) and a subnet N' C N with N' = (P",T', F’).
The difference N \ N’ is a transformation that pro-
duces from N,N' a net N" = (P",T",F") with

P’ =P\ P
T =T\T'
F" =Fn((P"xT")U(T" x P"))
O

In the definition above, the arcs going from the given
net N to the subnet N’ are also deleted. Figure Pb)
shows an example for N” = N\ N’ with N and N’
taken from Fig. fa).

Projection The idea behind projection in context
of a workflow is to find 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’ C N, with
N’ = (P',T', F"). Furthermore, the set B (standing
for “border”) will denote the set of places and
transitions of the subnet N’, which are connected
with the rest of the net N, i.e.,

B(N',N) =
{r e PPUT|(zeUex)\ (P UT + 2}

with ze and ex applied with regard to V. 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.

Definition 5 (place projection) Given a Petri
net N, a place-bordered subnet N' C N, and a place
Dnew ¢ P (used to substitute the subnet). We de-
fine the place projection operator mp(g_p,..)(V) as

a transformation that produces from N, N’ a net
N" =(P",T",F") with

P" = (P\ P)U {pnew}
T =T\T
F" = ®&(F\ F'),
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Figure 2: Operations from relational algebra defined for workflows which are represented as Petri nets.

O(F) = {e(z, y)|(z,y) € F}

(z,y) if zye(PUT)\ (P UT)
W(wvy) = (xupnew) Zf (VRS B(N/,N)
(pnewvy) Zf S B(N/,N)

O

In the definition above, the function ¢ is used to
relocate arcs (which are coming from “outside”
into the subnet or which go from the subnet to
the “outside”) to the new place. Similarly, for a
transition-bordered subnet N’ C N, we define the
transition projection operator wr(p—s,.,)(N). For
example, Fig. Pe) and Pd) show the results for the
expressions:

" __

N" = TrP({Resultla,Resultlb}—>Result1§ (N)
" __

N" = TT({Taskla,Tasklb}—Taskl) (N

The inverse operation of a projection — the sub-
stitution of a place or transition by a subnet with ei-
ther only places or transitions on the border — is also
a useful operation to hierarchically design workflow
models. Such an operation is known as refinement in
the Petri net literature (Reisig 1992). In our algebra,
we can express the semantics of such an operator by
using the difference and the join operator presented
next.

Join In analogy to databases, we introduce two
types of join to combine Petri nets: natural join (re-
ferred to as join in the following) and theta join.

Natural Join. Similar to the natural join oper-
ator in databases, the natural join operator for Petri
nets can be used to create a new Petri net from two
given Petri nets, which have both a place-bordered
or transition-bordered subnet regarded as “common”.
Because we have shown that the projection opera-
tor can be used to replace such subnets by places or
transitions, we define the join operator for common
places or transitions, and not for subnets (see Fig. E)
Again, two natural join operators are needed: one for
joining on places (that will be called place join, de-
noted as >ip) and one for joining on transitions (called
transition join, denoted as ).

Definition 6 (place join) Given two Petri nets
N = (P,T,F), N' = (P, T',F") with PN P' = 2,
TAT' 2, a'set of pairs J = {(p1,1h) . (bws Ph)}
with p; € N and p; € N', which represent the places
on which N and N’ will be "glued” together. The
place join N xip j (N') is a transformation that pro-
duces from N, N’ a new Petri net N" = (P",T", F")
with



mo(J) == {y|Fz : (z,y) € J}
P’ = (PUP)\ 7(J)

T .=TUT
F":=®(FUF)

Ex,y% if m,yer\T )
_ ) (zy) if wmye (P \7(J))UuT
P@ Y=Y (mp) if y=plemnl)

(Piry) if @ =p;€ma(J])

]

The two nets are joined together on the places speci-
fied in J. Then, the function ¢ is used to “relocate”
arcs. The definition for the transition join operator
N >ar ;7 (N') is similar and we omit it here. Figure
Ee) and Ef) depict examples for the expressions:

N"=N MP{(Resultl,Resuth)} (N/) and
N" = N >Xp{(Task1,Task2)} (N').

The semantics behind a place join is that places of
different nets are merged to more centralized reposi-
tory of results. This type of join can be used to model
mutual exclusion in workflows. In the Petri net com-
munity, such a composition is called fusion (Desel &
Oberweis 1996). The semantics of a transition join
operation is that tasks of different nets are merged to-
gether to a new task, which can only be performed if
all inputs are available. Therefore, the transition join
introduces synchronization. This is why the Petri net
community refers to such transformations as synchro-
nization (Desel & Oberweis 1996).

Theta Join. The theta join allows to combine
Petri nets N and N’ and add additional arcs between
them, specified in a connection set. This way, other
“branches of execution” described in N’/ can be added,
which were previously not included in V.

Definition 7 (theta join) Given two Petri nets
N = (P,T,F) and N' = (P',T',F') with PN P’ =
@, TNT" = @. The theta join N Meonnection_set (IN')
with connection_set # & is a transformation that pro-
duces from N, N' a new net N" = (P",T",F") with

connection_set C {(P xT")U (T x P")U
UP' xTYU(T" x P)}

P =PUP
T =TuUT’
F" = F'U F' U connection_set

O

The theta join operator is able to connect transitions
(places) from one net with places (transitions) of the
other net and vice versa. An example for

N" = N ><(N.Task1,N".Resuit1b)} (V')
is depicted in Fig. Pg).

Union In the context of workflows and Petri nets
we regard a union of two Petri nets N and N’ as the
union of their places, transitions, and flow relations.

Definition 8 (union) Given two  Petri nets
N = (P,T,F) and N' = (P, T',F'). The union
N U N/’ is a transformation that produces from N, N'
a new net N = (P",T",F") with

P’ =PUP
T =TUT
F" :=FUF'

The result of the union operator can express for
example that N and N’ are workflows which are
executed concurrently. In contrast to relations in
databases, the Petri nets do not have to be “compati-
ble”. Figure Eh) shows an example for the expression:

N’'"=NUN'.

Example As an example for the usage of the al-
gebra, we assemble a cugstom workflow X using the
modules shown in Fig. [l inside the workflow ware-
house. The result of the following expression is shown
in Fig.

X = NI1Xp [(N1.p1,N2.p3)}
(N3 ><p [(N3.p4,N2.p2),(N3.p3,N2.p1)}
(0 L(p1,41),(p2,41),(41,93))}
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Figure 3: Example for a workflow composition using
the workflow algebra.

First, a selection is made from the receipt_of_goods
workflow (N2) without the quality control. Then, the
place_order workflow (N3) is joined, and the places for
goods (N3.p3 and N2.pl) and order acknowledgement
(N3.p4 and N2.p2) are joined together, and the arcs
are relocated. Finally, the put_in_storage workflow
N1 is joined, and the places N1.p1l and N2.p3 are
glued together.

Given Petri nets:

N = (P,T,F), N' = (P, T',F"), N" = (P",T", F")
Properties:
1) NUN' =N'UN
2) For S; C F,Sy C F,S1 C Sa:
os1(os2(N)) = o51(N)
3) For S C (FUF):
0s(NUN') =05(N)Uos(N')
4) For S1,S2 C F:
os1us2(N) = 051(N) Uoga(N)
5) For N C N’ C N:

B” = B(N",N’), B' = B(N, N, and
N"", N’ place-bordered subnets:
TP (B —plyey,) (TP (B —pif,,) (N)) =
Tp (B'—=Dp!, ) (N)

6) For p2 € P/, {tl1...tn} = ep2,{t1’ ... tn'} = p2e:

N >Xp ((p1,p2)} (N') =
N <Y (£1,p1)....(4n,p1), (p1,817)....(p1,t07) } (
(N"\ o (p2,:)3 (N')U
: (N"\ o (x,p2)} (N'))

Table 1: Properties of the workflow algebra.



We finally point at some properties of the work-
flow algebra, presented in table [lj, and give some brief
ideas of the proofs. The commutativity of the union
operator which follows from Def. is expressed in
(1). Equation (2) states that if a more special selec-
tion is made from a selection, the more special se-
lection can be made right away, following from Def.

. Equation (3) expresses that the selection from a
union of two Petri nets can be split up, a result ob-
tained from Def. f and . In (4) a selection with two
unified selection sets can be replaced by two indepen-
dent selections with one of the selection sets, followed
by union of the results. This can also be obtained
from Def. | and . In (5) it is stated that in a sit-
uation with two nested, place-bordered subnets, one
projection can be omitted. Equation (6) shows that
a (natural) place join between two nets N and N’
on pl and p2 can be expressed using the theta join,
selection, difference, and union operators. The idea
is to first select all parts of N’ except the place p2
and except the arcs to and from that place, using the
expression (N/ \ O'{(p27*)}(N/)) U (N/ \ U{(*7p2)}(N/)).
Then, using the theta join, the arcs from the transi-
tions of N’ pointing to p2 are relocated to pl; the
same is done for the arcs going to the post-set of
p2. Despite this realization we do not remove the
place or transition join operators from the algebra,
because they are used frequently. The properties (5)
and (6) are similar for transition projection and tran-
sition join. Interestingly, we want to mention that if
the notation was adapted to the relational data model
and relational algebra (e.g., N and N’ as relations;
S, S1, Sz as conditions), the properties (1), (3), (4),
(5) would be similar for relations. The natural join
in the relational model can also be expressed using
theta join and an additional projection (Elmasri &
Navathe 2004). Of course, for a more thorough com-
parison, further adaptations are needed with respect
to the exact notation and the peculiarities of the rela-
tional model (e.g., “compatible” relations for union,
etc.), which we do not discuss here in more detail.
In addition, there are also significant differences to
the relational case, as other properties known from
relational algebra do not hold in our case. For exam-
ple, the selection operator has other properties (2).
Thus, although the models have many commonali-
ties, it cannot be said that there is an analogy in
all respects. Nevertheless, such a close relationship
between the models provides new ground for inves-
tigations if other concepts from the relational model
(e.g., views, normalization) can be applied to work-
flows and Petri nets.

5 Workflow Views

Originating in the area of databases, views are virtual
relations which are derived from existing relations or
other views, for example by using relational algebra
operators (Elmasri & Navathe 2004). Views are not
materialized, and they are typically computed every
time a user accesses them. A database user cannot
distinguish between a relation or a view. However,
data manipulation and update operations on views
are restricted, because there may be ambiguities when
such operations are mapped back to the original re-
lations. A view definition is useful when the result of
several joins of relations is used frequently, or when
access to data has to be restricted, so that certain
employees should see only some parts of the data.
Starting from database views, the need for a view
concept on workflows has already been recognized
in the literature (Avrilionis & Cunin 1995, Chiu
et al. 2004). However, a workflow view is often re-
garded only as a sub-model of the original workflow

model, thus not directly corresponding to the defini-
tion of database views which allow the combination
of several relations or views for the definition of a new
view, using relational algebra. We therefore propose
the usage of our workflow algebra for a more general
definition of workflow views. We propose the usage
of any expression of our algebra for the definition of
a view on workflow models. Such a workflow view is
not materialized and will be recomputed every time
it is accessed.

S: s2:
t2: put_stock_1 stock1

s1: shipping_

centre

3: put_stock_2
t1: product_
delivery

16: s4:

sell PointOf
Sale
View1: s1: shipping_ s5:
centre stock
t1: product_ t7: put_stock
delivery

Figure 4: Example for a workflow view.

As a simple example, let us consider a practical
scenario where a manager wants to streamline busi-
ness processes to make them more efficient. For a dis-
cussion with the board of directors, he needs to know
the main activities and their interconnections without
too many details, based on the workflow model used
in the company (e.g., S in Fig. }), starting from prod-
uct delivery to storage (he will unexpectedly ask the
employees to do this quickly, like all managers do).
To solve this problem, View! can be defined using
the expression:

Viewl = 0{(t1,*),(51,*)7(*785)}(
T({t2,t3}—1t7) (W({52,33)—»s5} (9)))

The view aggregates the places labelled stockl, stock?2
and the transitions labelled put_stockl, put_stock2
from S, and selects only the desired part of the work-
flow. It should be noted that the “*” in the selection
set has a dynamic aspect; if the underlying model
was changed in the meantime, e.g., a new place was
added in the post-set of t1, it would appear in the
view. Thus, if the workflow models are changed fre-
quently due to the adaptation to new requirements,
the view always provides up-to-date, customized in-
formation. In addition, business analysts often dif-
ferentiate between core processes which contribute to
the core competencies of a company and its competi-
tive advantage, and support processes which provide
support for the core business processes. Using views,
the current core processes and support processes can
be extracted from the company-wide workflow model.
Other operations also make sense when applied on
workflow views. A union may combine different pieces
of workflows or other views to one big overview for
the manager. This is very useful to supervise the
activities of several projects that run in parallel. Dif-
ference may be used to cut execution paths which
are not in the focus of the analysis. Joins can be
used to present a simplified model of interorganiza-
tional workflows. For example, a view for company A
shows a simplified model of a manufacturing process
in which products are output to a place Ap. Another
view for company B in the same supply chain uses
the products of company A as input to its production
process, modelled by a place B;y. The general “big



picture” would be obtained by joining the two views
on Ap and Bj. Such an approach can be very useful
in Supply Chain Management (SCM) to analyze and
streamline processes which are crossing several com-
panies. Furthermore, during mergers & acquisitions
of companies, a workflow analysis based on views can
also help to find interfaces and integrate the business
processes of an acquired company more efficiently.

Just like in the database area where operations on
views need to be restricted, in workflow views not
all combinations of workflows may make sense with
respect to the underlying workflow. Since this de-
pends on the specific situation and workflow, such
constraints need to be verified by a runtime system.
In addition, we mention that workflow views also need
to restrict the way tokens are shown in a view, be-
cause the firing rules in a view may not conform to the
underlying workflows. For example, this may occur
in situations where several places are projected onto
one single place. However, a solution to this problem
is out of scope here, since the focus is on the structure
of the workflows (Petri nets without tokens), not the
dynamic aspects. Nevertheless, it would be advanta-
geous to show tokens in a view as progress and status
indicators.

6 Workflow Normalization

Continuing with the composition scenario shown in
Fig. |l we argue in this section that a notion of nor-
mal forms for workflows is needed. As with database
relations, a careless design of workflow models using
Petri nets can lead to problems. For example, a work-
flow designer may be tempted to use “copy & paste”
functionality of an editing tool (based on our work-
flow algebra) to copy_a module from the workflow
warehouse (cf. Fig. [l) and paste it multiple times
at different locations in the workflow model he or she
is designing for a branch. This introduces anomalies,
some of which are similar to those found in relational
databases (Elmasri & Navathe 2004):

1. Redundancy. The information contained in the
workflow modules is repeated unnecessarily in
the workflow model.

2. Update Anomalies. Suppose that a workflow
module named “place order” was inserted mul-
tiple times at different locations in the workflow
model. If suddenly an extension has to be made
(e.g., a transition has to be added), the same
insertion has to be made in multiple locations
(we assume that this change is only needed in
that particular workflow model, so that it is not
appropriate to modify the global module in the
workflow warehouse). If possible, it would be
much better to have just one copy of the module
in the whole workflow model and thus, only one
insertion.

3. Inconsistent Behaviour. In the example
above, the workflow designer may forget to make
the changes to all copies of the “place order”
module in the model. Such inconsistent changes
lead to different, unintended workflow behaviour
which does not conform to the specifications.

The anomalies presented above are definitely un-
desirable and should be prevented by using a sys-
tematic conceptual approach. Although the method-
ology and the properties may slightly differ in the
following from databases, we chose to stick to the
term “normalization”, because in our view, the same
goal is pursued: a better design that avoids anoma-
lies. In databases, so-called functional dependencies

are analyzed to eliminate some anomalies (Elmasri &
Navathe 2004). In our workflow context, we analyze
the flow dependencies along with the structure of a
Petri net. As in the rest of the paper, we stick to
Petri nets without tokens. In analogy to databases,
we propose the notion of workflow normal forms for
Petri-net-based workflow models. The main inten-
tion is to specify criteria for a “good” structure of
workflows. Such criteria are also especially useful in
business process reengineering projects, in which ex-
isting workflow models need to be analyzed and re-
structured. We point out that our notion of workflow
normal forms should not be confused with normalized
Petri nets found in the Petri net literature (Tiplea &
Tiplea 1998), which denote Petri nets whose weight
function and initial and final markings take only val-
ues in {0, 1}.

Definition 9 (1INF) We define a workflow repre-
sented as a Petri net to be in First Normal Form
(INF), if all places or transitions are atomic, i.e. if
no place or transition is hierarchically decomposable
into sub-workflows. O

The INF is intended to flatten out hidden sub-
workflow specifications of a workflow. This is nec-
essary for the identification of redundant flow speci-
fications, and to reveal the real structure of the net.
Based on a workflow model in 1NF, further analysis
can be done. For this, we first need to introduce some
other definitions:

Definition 10 (Petri net morphism) Given

Petri nets N = (P,T,F) and N' = (P, T',F').
A structure-respecting Petri net morphism is a
map ¢ : P xT — P x T in which for every
(z,y) € F holds: 1) If (z,y) € FN (P xT)
then either (p(z),9(y)) € F' n (P x T or
o@) = o(y) and 2) If (z,y) € FN (T x P) then
either (p(x), p(y)) € F' N (T x P') or p(z) = ¢(y).

Definition 11 (isomorphism) A bijective map p :
PUT — P'UT’ that preserves the structure of places
and transitions is called an isomorphism, i.e., the
map of the net N = (P, T, F) onto N' = (P, T',F'),
is an isomorphism if Ve,y € PUT : (z,y) € F &
(p(z),p(y)) € F'. Two nets are called isomorphic if
there is an isomorphism from one net onto the other.
O

In general, Def. E provides a mapping from a source
net to a target net in which some structural proper-
ties of the source net are preserved. The term “mor-
phism” is generally used for the mapping as well as
for the resulting net. Definition |LI| (which is also a
morphism) can be used to find identically structured
subnets inside a workflow model.

Definition 12 (2NF) A workflow represented as a
Petri net in INF is in second normal form (2NF) if
there are no multiple occurrences of isomorphic sub-
nets with identically labelled places or transitions. [J

In Sect. P we assumed that a place or tran-
sition can have a name (e.g., “pl”)_and a la-
bel (e.g., “order form”). Definition [[J demands
that there should be no subnets with identical
structure and identical labels (even though the
names of labels or transitions may be different, e.g.

il ou fill out
D) f IL.@ vs. —’@

order form completed form order form completed form

. If a
workflow model IV is not in 2NF, there must be mul-
tiple copies (e.g., N1, Nj) of a subnet N’ at different



b)

Figure 5: Example for normalization.

locations in the model N. This situation is suspect,
since it points to conceptual errors which can be of
two types: 1) Ni, Nj are actually meant to be the
same as N'. In this case, the workflow model has to be
restructured to contain N’ only once. 2) Nj, Nj may
occur in another context, and therefore be different,
which justifies their existence. However, in this case
the labels have to be renamed properly to reflect this
different context (e.g., place labels “completed form”
to “completed order form” and “completed goods re-
ceipt form”, respectively — reflecting different forms).
Both actions lead to a workflow in 2NF.

Let us consider the case 1) where a workflow N
needs to be restructured, depicted in general in Fig.
fa). In the figure, multiple copies (N}, N4) of the sub-
net N’ occur multiple times in the workflow model
(we assume that places and transitions have different
names, but identical labels). Since the exact struc-
ture of N’ is not of interest, no arcs are shown inside.
The borders (see Sect. H]) connecting the copies of
N’ with other parts of the net consist of input and
output places and transitions {p;, po, ti,to}. Each of
these places and transitions represent a projection of a
more complex subnet. The copies of N’ are connected
to other nets A, B,C, D, whose representations are
also simplified assuming their border contains places
as well as transitions, which are projected on one
place and transition only. To avoid anomalies (e.g.,
when N’ is updated) the structure of the workflow
model has to be changed to contain N’ only once. In
principle, this can be accomplished using structure-
respecting morphisms. An example for such a mor-
phism is the folding operation:

Definition 13 (folding) Given two Petri nets N =
(P,T,F) and N' = (P',T',F'"). The folding opera-
tion is a surjective map v : PUT — P’ UT’, where

Y(P) C P ,¢(T) C T, and
(z,y) € F = (¥(2),9¥(y)) € F'

O

The folding operation maps places from a net N to
places of N’ and transitions from N to transitions of
N’ and preserves the flow dependencies. The oper-
ation is useful to “fold” identically structured parts
of a workflow model on top of each other and thus
reduce their multiple occurrence (redundancy). In
the Petri net literature (Baumgarten 1996), folding
is compared to the creation of procedures and proce-
dure calls in programming languages. As an exam-
ple, Fig. ) shows how the folding operation can
be applied to obtain a new workflow model with N’

occurring only once. Each place and transition of
the net N’ is mapped to those of y.N'; the places
pl...pd are mapped onto y.pl that now represents
an input/output repository for y.N’. The mapping
of the transitions ¢1...¢4 has to be done with care.
They cannot be mapped altogether on y.t1, since they
may represent different tasks outside N’. In addition,
after mapping ¢2...t4 onto y.t2...y.t4, the firing or-
der 12 < t3 < t4, which represents a sequential pro-
cessing, is lost. The firing order can be preserved by
adding constraints, for example by using predicates or
other constructs like inhibitor arcs (Peterson 1977).

In practice, several isomorphic subnets with iden-
tically labelled places or transitions may occur at dif-
ferent levels of aggregation. In such cases, the largest
isomorphic subnets occurring multiple times should
be identified first (e.g., using clustering (Keller 2003
or other algorithms (Kuramochi & Karypis 2004)
and the discussed procedure should be applied. The
same can be done recursively with the subnet, until
the 2NF of the workflow model is reached.

‘We point out that a “good” structure of a workflow
model may also depend on the semantics related to
labels of places and transitions, which cannot be in-
ferred only by analyzing the structure. Places or tran-
sitions with different labels may mean the same. For
example, two transitions performing the same task
may be labelled “process request” and “work on cus-
tomer inquiry”.

Definition 14 (3NF) A workflow represented as a
Petri net in 2NF is in third normal form (3NF) if
there are no multiple occurrences of isomorphic sub-
nets with semantically identical labels for places or
transitions.

In our view, a workflow designer can be provided
with some semi-automatic assistance for detecting
such redundancies of places or transitions with dif-
ferent labels meaning the same, for example by using
synonym dictionaries and concepts developed for the
Semantic Web (Berners-Lee, Hendler & Lassila 2001).
This implies additional effort during the design of a
workflow module, in which places and transitions may
be associated with concepts contained in an ontology
(Staab & Studer 2003) that is valid for the whole
warehouse. The ontology represents a taxonomy of
classes of objects and relations among them — an in-
formation that can be used by an inference mech-
anism to automatically draw conclusions and make
propositions to the workflow designer.

Finally, we mention that there are also other types
of Petri net morphisms, each of which preserve dif-
ferent properties of a Petri net (see (Mikolajczak &
Wang 2003) for a comparison), and which also take



tokens and the behaviour of nets into account. Based
on different types of morphisms and the dynamic be-
haviour of Petri nets, further workflow normal forms
can be developed. This may be especially beneficial
for avoiding situations with deadlocks which may re-
sult from the composition process. Behaviour-based
workflow normal forms may therefore represent fur-
ther milestones for quality criteria during workflow
composition. Since we concentrate on Petri nets with-
out marking at this time, such an examination is be-
yond the scope of this paper.

7 Application to Web Services

In this section, we show how the developed concepts
of the workflow algebra and workflow views can also
be applied in the context of Web services. Web ser-
vices play an important role in the workflow area,
since they are used to implement activities of busi-
ness processes (Leymann, Roller & Schmidt 2002).

Web services are independent software compo-
nents that use the Internet as a communication and
composition infrastructure. Building on a standard-
ized stack of protocols, Web services provide a service-
oriented view and abstract from specific computers
(see (Casati & Dayal 2002) for details). Web ser-
vice composition is used to create higher-level ser-
vices based on other Web services, e.g., a travel agent
may compose a hotel reservation and airline ticket
service to offer a new service. In this context, the
concept of orchestration is targeted at the interaction
between Web services at message level and focuses
for example on the execution order of interactions.
Choreography refers to the overall message exchange
between all Web services that participate in a collab-
orative exchange, and is for example directed towards
exception handling or transactions. The strict separa-
tion between orchestration and choreography is blur-
ring as various languages and standards have been
developed: Business Process Fxecution Language for
Web Services (BPELAWS), Web Services Choreogra-
phy Interface (WSCI), Business Process Management
Language (BPML), XLANG, Web Services Flow Lan-
guage (WSFL). A detailed comparison is given in
(Peltz 2003, Aalst, Dumas & Hofstede 2003).

Using the workflow algebra introduced in Sec. E,
we can describe the creation and composition of ser-
vices on a conceptual level. We assume that the be-
haviour of a Web service is described by an associ-
ated Petri net, which has one input and one output
place. Unlike other Petri-net-based composition ap-
proaches (Hamadi & Benatallah 2003), we use the
algebra not only to join input and output places of
available services, but also to construct services from
modules in the workflow warehouse (cf. Fig. [l). In
this context, we assume that the warehouse contains
predefined modules for business processes as well as
modules needed for the technical realization of Web
services, described as Petri nets.

A current problem in the area of Web service com-
position is that often the exact mode of operation and
the “inside” of a Web service used for composition is
not known. In many cases, the providers don’t want
to reveal such details because of competitive advan-
tages. Such information, however, could be important
if a certain quality of service level has to be ensured
in a composite service, or to avoid deadlocks with
services from other providers. We _propose the appli-
cation of workflow views (cf. Sec. ) as a compromise,
which are derived from the Petri net associated with
the service. When a developer requests the Petri net
description associated with a service, a view on that
Petri net is returned. Using the selection, projection,
or difference operators (cf. Sec. @), the parts that

the provider does not want to reveal to the public
may be eliminated. In a more sophisticated scenario,
different views with different levels of detail may be
computed for different types of (paying) customers.
The advantage is that the underlying functionality of
the service and the Petri net model are not changed
at all, since the view is computed dynamically upon
request.

8 Conclusion

This paper addresses problems encountered during
the composition of workflow modules. The need for
theoretical constructs is motivated by the descrip-
tions of practical scenarios from supermarket chains
or automotive manufacturers which use a workflow
warehouse to build new workflow models from exist-
ing ones. A formal notation (workflow algebra) for
the composition of Petri nets is proposed which is
inspired by operators known from relational algebra.
To a certain extent, the properties of the workflow
algebra are similar to those of relational algebra, and
interesting relationships are revealed. We expect that
users will adapt quickly to languages based on the
proposed workflow algebra, due to the popularity of
database concepts. Furthermore, using the workflow
algebra, the concept of workflow views is extended
in such a way that dynamically computed views on
workflows may aggregate, eliminate, or combine parts
of workflows. In addition, it is shown that a careless
modelling and composition of workflow models may
lead to unwanted anomalies — some of them similar to
databases. Therefore, the need for a notion of work-
flow normal forms is discussed to tackle this problem.
Finally, it is shown that the presented concepts can
also be used to describe the creation and composi-
tion of Web services which are often used to imple-
ment activities of business processes. In this context,
workflow views seem to be a promising solution for
the delivery of the the internal processing model of
a Web service, since they may aggregate or eliminate
parts that should not be revealed to the public.

This paper also tries to identify potential future
directions for workflow and business process manage-
ment research, in particular with respect to workflow
normalization algorithms. In the future, further in-
vestigations are needed to connect the results from
Petri nets without tokens with Petri nets which con-
tain tokens. In addition, the resulting implications
for workflow views and workflow normal forms with
respect to dynamic net behaviour have to be analyzed
in more detail.
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