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Abstract

This paper addresses the problem of describing and an-
alyzing data manipulation within business process work-
[flow specifications. We apply a model-driven approach. We
begin with business requirement specifications, consisting
of an ontology and an associated set of normative rules,
that define the ways in which business processes can inter-
act. We then transform this specification into a Petri Net
workflow model and, separately, an Event B specification.
The former models can be submitted to further behavioural
analysis to ensure, for instance, satisfaction of liveness and
safety properties. The latter specifications are important as
we can use theorem proving techniques to check and refine
data representation with respect to process evolution. An
important property of the transformation is semantic equiv-
alence between the Petri net model and Event-B model.

Keywords— Petri nets, MEASUR, Business Process Manage-
ment, Formal Specification, Semantic Augmentation

1. Introduction

Business process management (BPM) is an increasingly
challenging aspect of the enterprise. Middleware support
for BPM, as provided by, for example, Oracle, Biztalk and
the recent Windows Workflow Framework, has met some
challenges with respect to performance and maintenance of
workflow.

The central challenge to BPM is complexity: business
processes are becoming widely distributed, interoperating
across a range of inter- and intra-organizational vocabu-
laries and semantics. It is important that complex busi-
ness workflows are checked and analyzed for optimality and
trustworthiness prior to deployment. The problem becomes
worse when we consider the enterprise’s demand to regu-
larly adapt and change processes. For example, the growth
of a company, changes to the market, revaluation of tasks
to minimize cost. All these factors often require reengi-
neering or adaptation of business processes along with con-
tinuous improvement of individual activities for achieving
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dramatic improvements of performance critical parameters
such as quality (of a product or service), cost, and speed
[16]. Reengineering of a complex workflow implementa-
tion is dangerous, due to existing dependencies between
tasks.

Formal methods can assist in meeting the challenge
of complexity, as their mathematical basis can assist in
analysing and refining a system specification. However,
complex systems often involve a number of different as-
pects that entail separate kinds of analysis and, conse-
quently, the use of a number of different formal methods.

Petri nets are a formal method that has successfully as-
sisted in workflow design and analysis. While Petri nets are
good for expressing the dynamics of a workflow, the repre-
sentation of data as tokens do not provide the full depth of
specification necessarily to by developers. Petri nets model
the possible flow of information in a business process, but
do not specify the nature of the information nor how in-
formation is to be manipulated during the business process.
Petri net lack modeling power and mechanisms for data ab-
straction and refinement [6].

In contrast, a business process implementation within a
BPM middleware requires detailed treatment of both infor-
mation flow and information content. The abstraction gap is
identified by Hepp and Roman in [9]: an abstract workflow
that ignores information content provides an abstract view
of business processes that does not fully define the key as-
pects necessary for BPM implementation.

We argue that this abstraction gap can be addressed by
developing semantically compatible PN models and data
models from an initial business process requirements speci-
fication. We employ a Model Driven Architecture approach.

The overall framework is depicted in Fig. 1. For our pur-
poses, we consider transformations between models of three
languages, a Computation-Independent Model (CIM) and
two Platform Independent Models (PIMs). The CIM is an
initial model of business requirements. It describes business
functionality without treating any architectural or computa-
tional aspects of the system implementation. The two PIMs



describe complementary aspects of the overall structure of
the system to be implemented: workflow descriptions from
PN models and data and data exchange mechanisms from
Event B specifications.

Ontologies and norms for
specifying business rules

MDA transformation MDA transformation

Business model in

Business model
defined by Petri net

Compatibility Event-B language

Figure 1. The data-centric workflow framework.

The initial CIM might be written as models within a
number of requirements specification frameworks. We use
the ontologies and normative language of the MEASUR
method [12]. The method has a 20 year history and is
widely used within the organizational semiotics commu-
nity, but less well-known in Computer Science. Its roots
lie in the philosophical pragmatism of Pierce, the semiotics
of Saussure and Austin’s speech act theory. It is model-
based, with ontologies and normative constraints forming
the central deliverables of a requirements document. We
employ MEASUR notation because our starting point is in-
formation systems analysis, where MEASUR has found the
most application. We have also found its normative con-
straints lend themselves to transformation into our PIM lan-
guages. However, our approach should be readily adaptable
to a number of similar notations in use in the multi-agents
and normative specification research communities.

The Event B language is used in specifying, designing,
and implementing software systems. The language may be
used to develop software by a process of gradual refinement,
from an abstract, possibly nonexecutable system model, to
intermediate system models that contain more detail on how
to treat data and algorithms, to a final, optimised, executable
system. In this process,

o the first abstract model in this refinement chain should
be verified for consistency and

e cach step in the refinement chain should be formally
checked for semantic preservation.

Consistency will then be preserved throughout the chain.
This means that the final executable refinement can be
trusted to implement the initial abstract specification. This
is the main reason why we are using Event-B method: once
we have an initial abstract model of the system we can refine
it to get more concrete and executable model. The efficiency
of using formal methods in software development is proven
by significantly low number of errors in a developed system
and high degree of reliability. Development-by-proving ap-

proach allows develop more efficient and less error-prone
software system.

Our approach defines a transformation MEASUR mod-

els to

e PN models, permitting the usual workflow analysis re-
sults

e Event B machines, permitting

— a full B-based formal semantics for vocabularies
and data manipulation that is carried out within
the modelled workflow, which can be validated
for consistency.

— an initial, abstract B model that can be further
refined using the B method to a final optimal ex-
ecutable system in an object-oriented workflow
middleware, such as Windows Workflow Foun-
dation.

A notion of semantic compatibility holds over the trans-
formed models, so that any property derived over the PN
view of the system will hold over potential processes that
arise from the Event B machine.

The paper proceeds as follows:

e In section 2, we sketch the nature of our CIM, the nor-
mative ontology language of MEASUR.

e Section 3 provides a brief introduction to Event B
specifications, focusing on the main points relevant to
our formal semantics and the notion of semantic con-
sistency between PNs and Event B specifications.

e Section 4 then outlines the transformation approach to
generating B specification and Petri nets from our on-
tologies. We discuss how the resulting specification
provides a formal semantics of our data-centric busi-
ness process, and how this enables consistency valida-
tion checks.

e Section 5 discusses related work and conclusions.

2. MEASUR models

The MEASUR can be used to analyse and specify an
organization’s business processes via three stages [12]:

1. Articulation of the problem, where a business require-
ments problem statement is developed in partnership
with the client.

2. Semantic Analysis, where the requirements problem
statement is encoded as an ontology, identifying the
main roles, relationships and actions.



3. Norm Analysis, where the dynamics of the statement
are identified as social norms, deontic statements of
rights, responsibilities and obligations.

Space does not permit us to detail the first stage. Its pro-
cesses are comparable to other well known approaches to
requirements specification. The last two stages require
some elaboration. For our purposes, they provide a Com-
putation Independent Model, consisting of an ontology and
collection of norms, that formally define the structure and
potential behaviour of an organization and its processes. We
hereafter refer to the combination of an MEASUR ontology
and associated norms as a normative ontology.

2.1. Ontologies

The ontologies of semantic analysis are similar to those
of, for example, OWL, decomposing a problem domain into
roles and relationships. As such, our ontologies enable us
to identify the kinds of data that are of importance to busi-
ness processes. A key difference with OWL is the ability
to directly represent agents and actions as entities within
an ontology. This is useful from the perspective of business
process analysis, as it enables us to identify tasks of a work-
flow and relate them to data and identify what agent within
the organization has responsibility for the task.

Semantic Analysis has its roots in semiotics, the philo-
sophical investigation of signs. MEASUR applies to infor-
mation system analysis a number of ideas and approaches
from philosophy of language, drawing on the pragmatism
of Pierce, semiotics of Saussure and the epistemology of
Wittgenstein and Austin. The method’s core assumption
is knowledge and information exists only in relation to a
knowing agent (a single human or a social organization).
There is no Platonic reality which defines Truth. Instead,
Truth is a derived concept that might be defined as agree-
ment between a group of agents. An agent is responsible
for its knowledge. When a group of agents agree on what
is true and what is false, they accept responsibility for that
judgement. Following Wittgenstein, MEASUR considers
an information system as a “language game”, a form of ac-
tivity involving a party of agents that generates meaning. In
an information-system-as-language-game, the meaning of
data derives from usage by agents, rather than from a uni-
versal semantics.

Semantic Analysis represents the information system as
language game in the form of an ontology diagram, identi-
fying agents, the kinds of actions agents can perform and the
relationships and forms of knowledge that can result from
actions.

These concepts are identified as types of affordance. An
affordance is a collection of patterns of behaviour that de-
fine an object or a potential action available to an agent.
Every concept in a MEASUR ontology is an affordance.

MEASUR subclasses the notion of affordance as fol-
lows. A business entity — such as a user account or a bank
loan — is an affordance in the sense that it is associated with
a set of permissible behaviours and possibilities of use. For
the purpose of business process analysis, business entities
are used to identify the main kinds of data that are of im-
portance in an organization’s processes. A relationship —
such as a contract — between business entities or agents is
an affordance in the sense that is is defined by the behaviour
it generates for the parties involved in the contract. Agents
are affordances in terms of the actions they can perform and
the things that may be done to them. Agents then occupy a
special status in that they take responsibility for their own
actions and the actions of others and can authorize patterns
of behaviour. The structure of a business entity, relationship
or agent is given via a list of associated properties, called
determiners. Determiners are properties and attributes of
affordances, such an address or telephone number associ-
ated with a user account. Units of measurement are typical
data types that type determiners and other values associated
with affordances. The latter two concepts are considered as
affordances as their values constrain the possible behaviour
of their owners.

In our treatment, affordances can be treated as types of
things within a business system, with an ontology defining
a type structure for the system. An actual executing system
consists of a collection of affordance instances possess the
structure prescribed by the ontology and obey any further
constraints imposed an associated set of norms.

WAREHOUSE
start : Bool
end : Bool

. | REQUEST_DECREASE
stock_increase_request : Bool
| REQUEST_INCREASE

EORDER
start : Bool

VINITIALISE end : Bool

.I | RECEIVE_ORDER
ORDER

status: {received,
dispatched, rejected...}

REQUESTS

Figure 2. Example normative ontology

CUSTOMER
name : String
address : String
creditcard : Int

processing : Bool
In stock : Bool

ORDERED_BY

ORDERED
PRODUCT

Example 2.1 The ontology for a purchasing system is given
in Fig. 2. Agents are represented as ovals and business en-
tities as rectangles with curved edges. Communication acts
and relations as rectangles, with the former differentiated
by the use of an exclamation mark ! before the act’s name.



All affordances (including agents and business entities)
have a number of typed attributes, defining the kinds of
states it may be in. We permit navigation through an af-
fordance’s attributes and related affordances in the object-
oriented style of the OCL.

The system involves processes that cross the boundaries
of two subsystems: an order processing system, and a prod-
uct warehouse system. These two subsystems are repre-
sented as agents in the ontology, eOrder and ProductWare-
house, respectively. By default all agents contain start and
end attributes.

Orders are requests for products, both represented as en-
tities in the ontology with a requests relationship holding
between them (multiplicities could be associated with the
relationship to define the possibility of a number of prod-
ucts contained in an order). A customer can initialise the
order processing system with a given order, denoted by a
communication act limmortalize between the correspond-
ing customer and eOrder agents. An order is associated
with its customer, defined by the ordered_by relationship
holding between the customer agent and order entity. An
order can stand in an ordered relationship with the eOrder
agent, after it has been successfully processed.

Another communication act, !receive_order, corre-
sponds to the initial reception of data.

2.2. Norms

Norms are constraints and rules that determine how
agents interact and control affordances. They also control
the initialization and termination of particulars (affordance
instances).

We have adopted a typed language of deontic and norma-
tive logic to express logical constraints over business pro-
cesses, using ontologies as atomic classes, relations, objects
and actions for the logic. Our constraints take the form

AB:=R(a)|-A|AVB|AAB|A— B|
Vx:CA(x) | 3x: C.B(x) | ObA | PA|NPA | E,A (1)

where C is an affordance (that acts as a type of a particular
instance); R(a) is an affordance with one or two antecedents
A and a is one or two particular instances of A; the mean-
ing of ODA is that A is obliged to happen; the meaning of
PA is that A is permitted to happen; the meaning of NPA is
that A is prohibited to happen; the meaning of E,A is that A
results from, and is the responsibility of, agent particular x;
the meaning of the other connectives follows standard first
order logic.

A behavioural norm is the general form for a constraint
over our ontologies, and has the following form (Liu, 2000):

Trigger — pre-condition —
EqgentOb/P/NPpost-condition  (2)

The informal meaning of the norm might be written:

if Trigger occurs and
the pre-condition is satisfied,
then agent performs an action so that
post-condition is
Obliged/Permitted/Prohibited from resulting

The idea of a behavioural norm is to associate knowledge
and information with agents, who produce and are respon-
sible for it. From a philosophical perspective, truth is then
defined as something that an agent brings about and is re-
sponsible for.

As shall be seen, from the perspective of determining
how to implement a normative ontology as a workflow-
based system, we view agents as corresponding to sub-
systems, business entities to specify data and behavioural
norms to expected dynamic interaction protocols between
subsystems.

Example 2.2 Consider the communication act
Ireceive_order from our example, corresponding to
the initial reception of data by the order processing system.
The idea that this reception can only occur over orders
that are not yet processed is captured by the following
behavioural norm:

Y 0o : Order.Y e : eOrder.—ordered (oo, e) —
E, Ob receive_order(oo,e) (3)

Both relationships and communication acts are represented
as logical relations in our language, but communication
acts are not used in pre-conditions, and may only be placed
after a Deontic operator.

Communication acts often define resulting changes of
state on related agents and entities. We define them as fur-
ther definitions of norms which contain expressions seman-
tically equivalent to the effects of communication acts. In
this case, the reception of an order entails a change of state
in the order (its status becomes set to “received” ) and order
processing system (its processing attribute is set to true).
This norm definition is depicted below:

Yoo : Order.Y e : eOrder.receive_order(oo, e) —
ordered(00) Noo.status = received \e.processing = true

“)

When the eOrder system is processing an order, it will
request an increase in the stock from the warehouse. This is
prescribed by the following norm:

Yoo : Order.Y e : eOrder.¥ p : ProductWarehouse.

—e.processing = true — E, Ob request_increase(oo,p)



where the communication act entails a change of state in
the warehouse subsystem:

Yoo : Order.Y e : eOrder.N p : ProductWarehouse.
request_increase(00, e) —

p-stock_increase_request = true

A number of other norms are required to define the en-
tire business process. For example, after processing this
information the system sends response to the customer de-
pending on data provided. If the data are valid, then system
sends an appropriate availability request to the warehouse.
If the product is available, it is sent to the customer. If not
validated, the order is rejected. The structure of the norms

There have been a number of attempts to use semantic
analysis normative ontologies as the language for a business
process management engine. The most widely used is Liu’s
NORMBASE system [12]. In such systems, the ontology
serves as a type system for data, while norms define the
conditions under which tasks may be invoked to create and
manipulate data.

Our approach is different: we treat normative ontolo-
gies as a useful and semantically rich requirements analy-
sis document. However, we intend to implement these re-
quirements using a standard business process management
infrastructure. We believe that further refinement and analy-
sis a necessary step to this goal. In particular, it is important
to ensure that

e the possible communication act traces permitted by a
set of norms do not deadlock unexpectedly (in our ex-
ample, this might happen if the order processing sys-
tem waits indefinitely for a response from the ware-
house that stock is available);

e the ontology and its associated norms do not allow for
an inconsistent state of the system (in our example, this
happens if an action entails that an order is processed
and rejected at the same time).

The first kind of error can be removed by providing the nor-
mative ontology with a Petri Net representation and apply-
ing standard behavioural analysis techniques. The second
kind of error can be eliminated by checking and ensuring
that our generated invariants and guard conditions of the
machines are not overlapping.

3 Event B and Petri nets

This section provides an overview of the Event B nota-
tion. We define the notion of semantic consistency between
Petri Nets and Event B specifications.

3.1. Event B

Event B specifies a software system in terms of encap-
sulated modules, called machines, that consist of a muta-
ble state and a number of related operations, called events,
whose execution changes the values of the state. Each event
consists of a logical guard and an action. The guard is a
first order logical statement about the state of the machine
and defines the conditions under which an action may oc-
cur. The action defines the way the machine’s state may be
modified as a first-order logical statement relating the initial
values of the state prior to the action occurring and the final
values of state.

Machines therefore have a formal operational semantics,
that models system execution as a sequence of events. If an
event’s guard holds over the machine’s state, its action may
be executed. This will change machine’s state, which may
cause another event’s guard to hold, and an action to be ex-
ecuted. The sequence continues until the system has halted
(it is deadlocked). Note that execution is potentially nonde-
terministic: when a number of event guards are true, then
one of the corresponding event actions is chosen at random.

A common requirement over business process descrip-
tions is the preservation of certain properties throughout the
whole course of execution of events. These properties are
called invariants: they represent predicates built on the state
variables that must hold permanently. This is achieved by
proving that under this invariant and guards of events, the
invariant still holds after modifications made to the state
variables associated with event executions.

Fig. 3 demonstrates the structure of an Event-B model.
Every model written in Event-B is represented as a ma-
chine/context pair. The relationship between these two con-
structs is that the machine “sees” the context (read-only ac-
cess, with no modification possible). The context contains
the main sets, constants, axioms, and theorems. Carrier sets
and enumerated sets are declared in the Sets section. Since,
an enumerated set is a collection of elements, additionally,
its members are defined as constants in the Constants sec-
tion. An axioms section contains assignments of the names
of each enumerated set to its values and declaration of rules
according to which constants are defined as not being equal
to each other. There can also be one or several theorems
defined in the Context of a model definition.

A machine consists of state variables, invariants, and
events. State variables represent states which the machine
can be in. The Invariants box is comprised of the conditions
that should hold throughout the whole execution of the ma-
chine. The events box contains the initialisation construct
and all events of the machine. Each event contains one or
several guards and one or several actions.

Definition 3.1 (Consistent B Machine) An event B ma-



/[seTs: ‘Axioms:
ORDER STATUS = {received, pending, invoiced, ...}
STATUS, received #pending
PRODUCT received # invoiced
' )
! (consTanTs: '
1 |received, pending, invoiced, dispatched, rejected '
'
' i
i
\ THEOREMS:...
. CONTEXT

/" (variasLEs:
! |order, status, product, quantity

INITIALISATION:
order:= &, statusi= &, ...

INVARIANTS:

order & ORDER

status & order >STATUS
product = PRODUCT

Receive (00):

guard: oo & ORDER \ order
action1: order:=order U {oo},

quantity < product > I
status(oo):=received

MACHINE

...<more events>...

Figure 3. The structure of an abstract Event-B model.

chine is consistent if the following conditions hold:

o Invariant preservation : for any event, assuming the
invariant and guard are true, then the invariant and
action are consistent (do not result in a contradiction).

o Feasibility: given any event, if the guard holds, then it
is possible for the action to be performed.

It is possible to define an operational semantics for event
B machines, over which the runtime execution of the mod-
elled system can be understood. Essentially, this is done
by assuming the initialization constraints to hold over the
state of the machine (actual values assigned to its set of
variables), and then successively selecting events based on
guard checks over the variables. Each event selection will
result in the action condition changing the state of the sys-
tem. The resulting sequence of events is a trace of the ma-
chine. A machine will usually have a potentially infinite
number of traces, due to the nondeterminism of guard selec-
tion (and the nondeterminism within actual actions, which
space does not permit us to discuss here).

B machines do not lend themselves easily to simulation.
This is because guards and actions are first order logical for-
mulae and, consequently, the selection of a guard and the
determination of how an action affects state is not decidable
and requires human proof. Simulation of the possible or-
dering of tasks in a workflow are better handled via a Petri
Net specification.

3.2. Petri nets and semantic compatibility

Space does not permit a full overview of the Petri Net no-
tation. The reader is referred to, for example, [16] for an de-
tailed introduction. A Petri net specifies a business process
workflow in terms of places, representing a main business
activity, tokens, representing some data or document that
can be passed between activities, transitions, representing
permitted flow of data between activities. Directed arcs are
used to related transitions to places. An example Petri Net
is given in Fig. 4: places are denoted by circles and transi-
tions as rectangles. Petri nets permit the usual business pro-
cess workflow notions of joins and forks from transitions to

places, allowing us to represent parallel and synchronizing
processes and nondeterministic choice.

An Event-B machine is semantically compatible with a
PN if there is a bijection from transitions of the PN to events
of the Event-B machine such that all possible traces of the
machine’s events correspond to possible traces of transi-
tions in the PN, and vice versa. That is, a machine is com-
patible with a PN if the PN simulates every possible se-
quence of events of the machine, and vice versa.

4 Semantic Embedding of Normative On-
tologies in Event-B

This section describes in detail the actual mapping ap-
proach that was used to implement the transformation.

4.1 General Mapping Strategy

We now sketch our transformations from normative on-
tologies to PN and Event-B machines. The purpose of the
transformations is threefold: 1) it provides a formal seman-
tics for MEASUR’s normative ontologies that can be anal-
ysed for consistency and correctness using B-based tools,
2) it serves to produce the first B model in a chain of refine-
ments that leads to a final implementation and 3) Petri net
model obtained from normative ontologies can be further
formally analysed for liveness errors.

We have implemented our transformations using Ker-
meta metamodelling language.

The transformation from normative ontologies to Petri
nets focuses on identifying the traces of communication acts
that are possible from a collection of norms. The trans-
formation involves discarding information about changes
to states of entities and agents, and mapping communica-
tion acts to places. The transformation is interactive, not
automatic, requiring a domain expert to identify the type
of ordering expected to hold between communication acts.
This is then used to define the possible transitions between
places.

The domain expert need not be an expert in formal meth-
ods or workflow implementation — our transformation might



be incorporated at the requirements analysis stage immedi-
ately after the normative ontology has been developed. The
resulting Petri Nets can be seen as a further refinement of
the normative ontology requirements, further constraining
workflow enabled by the norms.

increase_stock decrease_stock !

stockldecrease_reqyest

in_stock

[ ]

reject_order end

dispatch_order

Figure 4. Petri net model for eOrder

Example 4.1 A Petri net model obtained from our ex-
ample via the interactive transformation depicted in Fig.
4. The process eOrder is comprised of four main transi-
tions, receive_data, invoice_order, dispatch_order, and re-
ject_order, and four places, start, processing, in_stock, and
end. The process begins with the place “start” by contain-
ing a token in it. This fires the transition “receive_data”
after which the token transfers to the next place “process-
ing”. This place contains an implicit condition which se-
lects which transition to fire next. If the total price of
the purchase is lower than allowed credit limit then “in-
voice_order” transition fires, otherwise the transition “re-
ject_order” fires. If the ordered products are in stock the
token moves to the place “in_stock”. The presence of the
token in the place “in_stock” causes the transition “dis-
patch_order” to fire. Otherwise, if the product is currently
not available in the stock then the token moves to the place
“stock_increase_request” after which the transition “in-
crease_stock” fires which starts an appropriate subprocess
for increasing the stock and returns the token to the place
Vin_stock”. Successful execution of the transition “dis-
patch_order” decreases the stock and ends the process.

Normative ontologies are mapped to a B machine in the
following way.

The mapping of affordances is straightforward. Actors
are mapped to machines. Business entities and relations are
mapped to Event-B sets and relations.

The transformation of normative constraints is more dif-
ficult. Conceptually, norms of the form (2) appear similar
in form to an machine event:

e A trigger and pre-condition correspond to a guard.
The former define the situation that must hold before

an agent can act. The latter defines the state that must
hold before a machine can perform an action.

e The responsibility modality E, corresponds to the lo-
cation of the event within the machine corresponding
to agent a.

e The deontic modality Ob/Ppost — condition identifies
whether the action corresponding to post — condition
should be necessarily performed, or whether execu-
tion of another (skip action) is possible instead. The
NP deontic modality means the negation of the post-
condition holds.

Because the normative constraints are essentially abstract
business rules, while the conditions of the B machine define
further implementation-specific detail, the mapping will de-
pend on how we interpret relations and functions of the on-
tology. For this purpose our transformation must be based
on a given semantic mapping of individual relations and
functions to B relations and functions. We assume this is de-
fined by a domain expert with the purpose of wide reusabil-
ity for the ontology’s domain.

Fig. 5 shows an excerpt of the metamodel for norma-
tive ontology written in Kermeta (the source model). The

package COBRMM:

class OBRModel
[
attribute name : kermeta::standard::String
attribute isDefinedBy : Affordance[l..+]
attribute cnesV : Varisble[O..#)
attribute cntsN : Norm[O..*]
attribute containsittributes : DataType[0..*]
i

class Affordance

{
attribute newe : kermeta::standard::3tring
reference defines : OBRModel[1..1]#isDefinedBy
reference connBy : hssociation[0..*]#connects
reference has : Property[0..7]#isFor
reference contains : Type[0..*] §isOLTypel
reference inM : Norm[1..1]#cncsh
attribute rUses : Predicate[1..1]
reference definesVar : Term[1..*]#isOfType
reference domsin : Affordance[i..1]
reference range @ Affordance[l..1]

¥

class Agent inherits Affordance

{
attribute cntsE : Encicy[0..*]
attribute cntsR : Relationship[Q..*]
reference pfms : Effect[0..*]#by

i

class Relationship inherits Affordance

{

reference rIn : igent[1..1]#cntsR
¥

Figure 5. Metamodel for a normative ontology

main containing metaclass is OBRModel that is mainly de-
fined by affordances, which can effectively be an agent, a
relationship, an entity, a communication act, etc. Fig. 6 de-
picts an excerpt of the metamodel for an Event-B machine
written in Kermeta (the target model). The main containing
metaclass in this metamodel is EBModel which is defined



packaye EEBMN;

class EBNodel

1
attribute nawe : kermeta::standard::3tring
attribute isDefinedBy : Machine[1..*]

H

class Machine

{
attribute name : kermeta::standard::3tring
attribute evnts : Ewvent[0..¥%]
reference defines : EEModel[1..1]#isDefinedBy
attribute sees : Context[1..1]
attribute variables : EBVariable[1..%]

H

class Event

{
attribute name : kermeta::standard::3tring
attribute blks : Block[d..¥]
attribute grds : EBEWFF[0..%]
attribute invs : EBWFF[O..7%]
attribute prwt : EBEVariable[1..%*]
reference eIn : Machine[1l..1]#evnts

i

class Elock

{
attribute insts : Instruction[0..¥]
reference bIn : Event[1..1]#hlks

Figure 6. Metamodel for an Event-B machine

by machine, set of events and variables. Events are defined
by well-formed formulas for preconditions and blocks of
instructions for actions.

4.2 Mapping Rules

Mapping from normative ontologies to Event-B ma-
chines consists of several rules to be implemented in the
transformation ¢. The following rules are used:

R : Entity X Agent —, R}/, ©)

where R is from Entity x Agent superset and represents a
relationship type between Entity and Agent, R maps to R/,
which represents a set variable inside the machine A’;

For any variable a from the entity E

a:E—,d € FE, (6)

a maps to @’ which is a variable from the generated set E’;
Predicate P of the form P(a, b) maps to a local variable
a from the set variable P:

P(a,b) —,a€P, (7

where b is used for identifying the machine, which contains
the set variable;
‘7}7 F‘*q; ‘1#9(17> (8)

According to the rule (5) any given relationship » holding
between a given entity e and a certain agent a maps to a set

variable 7’ in the set ¢’ of the machine a’. For example, let
us consider the following expression of a norm:

—ordered(oo : ORDER, e : EORDER)

This statement declares that a particular order oo has not
been ordered, or is not yet in the system (agent) EORDER.
We can transform this expression to several constructs and
expressions in Event-B. By applying rule (5) we first gener-
ate a set (state) variable ordered and machine EORDER (if
it is not already created).

The following Fig. 7 — 12 show the excerpts of algo-
rithms of transformation implementation. Fig. 7 depicts the
transformation algorithm for this mapping.

EBVarisbles init EEVarisble.new
Boolsan
var guard : EBWFF init EBWFF.new
ebvarl.name := pred.name
AAochecking for possikble dublicates of variables
check:=ebvar .cntsT.exists{e | e.name==ebvarl.name}
if (check==false) then

ebvar.cncaT.add (ebvarl
else

stdic.writeln("Variskle already sxists"
end

rar sbvarl
var check :

machine.variables.add (sbvar

Figure 7. Algorithm for set variables

By applying rule (6) we generate a “general” guard oo €
ORDER which declares local variable oo of type ORDER.
Applying rule (7) will associate local variable oo with the
set (state) variable ordered: oo € ordered. Fig. 8 represents

if ipred.notlpplies.getMetaClass==Not) then
guard.expression:=
localvar.name + " /: " + ebvarl.name
else
guard. expression:=

pred.left.name + " @ " 4+ ehvarl.name

end
event.grds. add (guard)

Figure 8. Algorithm for set variables

the algorithm for this mapping rule. It considers both cases:
with and without negation. Since our example expression
contains “—” sign, which means that the order oo has not
been ordered, then (applying rule (8)) the resultant expres-
sion will effectively take the form of oo ¢ ordered. This
guard will reside in the event which is generated from the
behavioural norm (3) following the responsibility modality.
The content of the event is generated from the behavioural
norm definition (4), which is semantically equivalent to the
meaning of the effect of the norm. The norm’s expression
e : EORDER is used only to identify the responsible agent
that maps to a corresponding machine where the event re-
sides. Hence, we are not applying the rules to this state-
ment. Fig. 9 shows how we assign names to the newly cre-
ated events from predicates’ type information. For example,
a predicate receive_order is of type COMMUNICATION



if (pp.getMetacClass==Implies) then
if (pp.E.action.getMetacClass==DeonticWFF) then
var deontic i DeonticUFF
deontic?=pp.E.action
if (deontic.modalicy=="Ch")] then
deontic.cntsWFF.cncsF.eachipp |
/F/assigning event names
event.name := pp.isOfType.isOfTypel.name
}
end
end
else if [pp.getMetallass==Forill] then

Figure 9. Algorithm for norms’ effects

ACT RECEIVE_ORDER, taken from normative ontology
(see Fig. 2), generates a new event with the same name,
given that the deontic modality is “Ob”. These newly cre-
ated events from normative ontologies are added to the ma-

else if(pp.getMetaClass==Forill] then
var check : Boolean
pp.cataT.each{tt |
if (tt.isOfType.getMetaClass==Entity) then
localvar.name := Lt.name
else if(tt.isOfType.getMetaClass==igent] then
if (nn.cntsi!=Communicationict) then
var checkMachine : Machine init Machine.new
checkMachine.name := tt.isOfType.name + " H"
check:=result.isDlefinedBy.exists{e
/fchecking for possible dublicates of machines
e.name==checklachine. name
¥
if (check==false] then

checkMachine.nawe := tt.isOfType.name + " H"
CONEEXT.name := tr.isOfType.name + " _C7
checkMachine.sees := context

checkMachine. evnts.add (event)  //adding svent

result.isDefinedBy.add (checkMachine) //adding machine
machine :=checkMachine
else
if (wachine. nawe !=checkMachine . name) then
machine:=checkNachine
machine.evnts.add(event) /Sadding event
else
machine.evats.addevent] //adding event
end end
end end end
H

Figure 10. Adding machines and events

chines as shown in Fig. 10. This part of the transformation
is responsible for creating new machines, adding new events
to these machines and assigning new contexts to these ma-
chines. The events are further elaborated by adding new

nd.meaning.cntsT.eachiaa
var prmts : EBVarishle init EBEVariable.new
if (mm.isCEType.getMetaclass==Entity) then
Prmts.name : =a= . name
pruc.cntsT.add (procs
end

Figure 11. Adding parameters for events

parameters to them as shown depicted in Fig. 11. These
parameters are taken from norm definitions, which contain
necessary variables as input arguments.

One norm definition can contain several instructions to
execute. Fig. 12 demonstrates how parallel executions are
generated from such norms.

result.isDefinedEy.eachi{mn
. evnts. eachics |
no.meaning. compound. eachi oo |
if (cc.getMetaClass==ind) then

var andoperacor : And
andoperator7=co
var parallel : ParallelExecution

init ParallelExecution.new
var ebterm : EBTerm init EBTerm.new
if (=2 .noame==andOperator.cntsRPredicate.
1S0fType. 1S0ETypel. name
and ee.name==andOperator.cntsLPredicate.
iSOfType.isOfTypel.neme) then
se.prmt.add (prme) S/ adding parameter to event
parallel.left:=FredicatesTolnstructions
{andoperator.cntsLPredicate)
parallel.right:=PredicatesToInstructions
(andOperator.cntsRPredicate)
shterm.containsInstruction:=parallel
instruction.isBuiltOf:=ebterm
block.insts.add{instruction
=e.kllks. add (b lock)
end
else if(cc.getMetaClass==FPredicate) then

Figure 12. Handling parallel executions

Given a PN associated with a normative ontology, it is
possible to further extend our transformation so that the PN
and the Event B machine are semantically consistent.

It is possible for norms to specify invariant properties
over a system: these take the form of norms whose trig-
ger is always true: the invariant is then specified as a post-
condition in first-order logic whose Deontic modality is Ob.
These invariants are then mapped to invariants of the B ma-
chine associated with the responsible agent. Initial condi-
tions are handled in a similar fashion.

Example 4.2 The example order processing normative on-
tology can be transformed to an Event-B model, part of
which is shown in Fig. 13. Each normative act within the
ontology is mapped to Event-B events.

Fig. 14 shows the context for the model defined in Fig.
13.

Variable order (a subset of ORDER) is a set of order
data currently in the system. Variable product (a subset of
PRODUCT) is a set of products currently involved in the
ordering process. Variable status is a total function over
the variable order and represents the status of the order.
Variable quantity describes the quantity of ordered prod-
ucts within a given order and is a function over the product
variable.

One of the generated events which is shown in Fig. 13
is receive. This event creates a new instance of the or-
der and assigns the status of that order to received. The
receive event contains “any-where-then-end” substitution
construct. See the whole definition of “eOrder” and “Prod-
uct” and their operations in [15].

One of the requirements of technical specification devel-
opment is to prove that this specification does not violate
its initial requirements and is internally consistent, and that
eventually the final software system which is generated in
the course of successive refinement steps is indeed correct.



MACHINE EOS_0
SEES EOS_C0
VARIABLES order status product quantity
INVARIANT
invl: order C ORDER inv2: product C PRODUCT
inv3: status € order — STATUS
invd: quantity € product — N;
EVENTS
Initialisation
begin
actl: order := O act2: status := &
act3: product := & actd: quantity := O
end
Event receive =
any oo
where
grdl: oo € ORDER \ order
then
actl: order := order U {oo}
act2: status(00) := received
end
END

Figure 13. Machine for the model defined in Event-B

On the one hand, we are checking the correctness of the
generated model. Since, we are performing transformation
from normative ontologies to the Event-B model and the
Petri net model, it is of high importance to check whether
the both target models do not contain errors and are inter-
nally consistent. If this is the case, then we can state that
the generated Event-B model is compatible with the gen-
erated Petri net model and vice versa. On the other hand
by demonstrating the compatibility between two generated
models we can also assert that our transformation is indeed
correct. As [10] states, to be useful at all, an transformation
must have specific characteristics. The most important char-
acteristic is that a transformation should preserve meaning
between the source and the target model. In our case, it is

CONTEXT EOS_CO0
SETS
ORDER STATUS PRODUCT
CONSTANTS
received pending invoiced dispatched rejected
AXIOMS
axml: STATUS = {received, pending, ...}
axm?2: received # pending
axm3: received # invoiced ...
axml1: dispatched # rejected
END

Figure 14. Context for the model defined in Event-B

Table 1. Proof obligations

| Machine || Proof Obligations | Automatic | Interactive |

eOrder 22 22 0
Total 22 22 0

done by checking whether the target model functions in a
way, as it was “prescribed” by the source model.

We are particularly interested in checking whether events
and initialization preserve the guards and invariants of the
generated Event-B model. The Event-B language (simi-
larly to B-method) defines proof obligations for substitu-
tions (events and initializations). Discharging these proof
obligations presents a form of specification validation.

There are several theorem provers used for specification
validation. We used the Rodin platform, an Eclipse-based
IDE [1], to generate the proof obligations. As it was men-
tioned earlier, the proof obligations generated were only for
initializations and events, since only these elements of the
abstract machine modify state variables.

Example 4.3 Continuing our example, we can validate the
generated specification. Validation of the specification re-
quires that initialization T is guaranteed to establish the
invariant 1. It is also necessary to prove that all events pre-
serve the invariant. In other words, if invariant I and pre-
condition P are both true when the event is executed, then
the event should be guaranteed to re-establish I: I N\ P =
[S]1.

Table 1 illustrates a summary of statistics for proof obli-
gations. According to these numbers all 22 generated proof
obligations for the Event-B model were proven automati-
cally.

5 Conclusion and Related Work

In this paper, we have shown how normative ontologies
can be used for generating data-aware and semantically-rich
business process models in the form of B specifications. We
have shown the results MDA transformation from norma-
tive ontologies to both Petri nets model and and Event-B
machines. Petri nets specify possible flow of the informa-
tion but do not specify the nature of the information. In
order to avoid this, we are generating additional Event-B
machines from normative ontologies to provide missing se-
mantics for the business processes.

There are a number of related approaches for enriching
workflow models [3, 4]. One of them is showing transfor-
mation from BPEL4WS to full OWL-S ontology to pro-
vide missing semantics in BPEL4AWS. BPEL4WS does not



present meaning of a business process so that business pro-
cess can be automated in a computer understandable way
[2]. They are using an overlap which exists in the concep-
tual models of BPEL4WS and OWL-S and perform map-
ping from BPEL4WS to OWL-S to avoid this lack of se-
mantics.

Another work is using the example of BPEL processes
which should be converted to semantically enriched speci-
fications. All data (stored in process models) must be aug-
mented by references to ontologies [9]. They refer this aug-
mentation to as ontological lifting because input business
processes must be expressed using richer constructs pro-
vided by ontologies. However, from the perspective of web
services, systems support only part of the process space rep-
resentation which is reduced to the patterns of message ex-
change (choreography) and the control and data flow in the
combination of multiple Web services (orchestration) [8].

[4] advocates the idea of ensuring the correctness of
a workflow by making protocol specifications data-aware
through expressing actual data content rather than message
names. In other words, workflow validation cannot be com-
plete unless this abstraction is eliminated. They present
CTL-FO+ tool, an extension over Computation Tree Logic
that includes first-order quantification on state variables in
addition to temporal operators, and which is adequate for
expressing data-aware constraints.

There is also a variety of research directed towards se-
mantic enriching of Petri net business processes. The au-
thors were proposing to enrich the semantics of Petri nets by
combining it with OWL language. Representing Petri nets
in combination with OWL is a way to make data computer-
interpretable for flexibility, ease of integration and signif-
icant level of automation of loosely coupled business pro-
cesses [11]. In this work, authors are trying to define Petri
net models using OWL framework which entails horizontal
way of integration. In other words, they are defining seman-
tic metadata for business processes described by Petri nets.
[3] was proposing an approach for (semi-)automatic detec-
tion of synonyms and homonyms of the process element
names in order to support semantic process model intercon-
nectivity and interoperability with use of OWL.

There were also several results on integrating Petri nets
and Z [6, 7]. In [6] describes a thorough integration defini-
tion of Petri nets and Z which results in so called PZ nets for
specifying concurrent and distributed systems. In this work,
Petri nets are used to define the overall structure, control
flow and dynamic properties and Z is applied for specifying
tokens, labels and constraints of the system. This result is
based on the previous more preliminary work on integrat-
ing Petri nets and Z outlined in [5]. Another work in [17]
have used Z to specify certain aspects of restricted hierar-
chical coloured Petri nets. Namely, the authors have used Z
schemas to define the metamodel of a hierarchical coloured

Petri net and operation for specifying the transitions in a
specific coloured Petri net.

[13] describes the model-driven transformation between
the Semantic Web Rule Language with Web Ontology Lan-
guage (OWL/SWRL) and Object Constraint Language with
UML (UML/OCL). The implementation of the transforma-
tion is performed by using ATLAS Transformation Lan-
guage involving several MOF based metamodels, XML
schemas, and EBNF grammars. Whereas, [19] presents a
new interchange format for rules for integrating the Rule
Markup Language, the Semantic Web Rule Language and
the Object Constraint Language. Since these languages
are capable of providing a rich syntax for expressing rules,
it is possible to make conceptual distinctions of different
types of terms and different types of atoms. They also
adopt the Model-Driven Approach, particularly specifying
the computation-independent level as a domain containing
set of rules and business policies.

The advantage of our work over the before-mentioned
approaches is that we are incorporating norms into our
source models and for this purpose using the MEASUR
language to provide semantical information and additional
constraints to the business processes of the source model
(the CIM). Another advantage of our approach is that from
the CIM model we are generating two PIM models defined
in Petri nets and in Event-B. The Petri net model can be
checked for liveness errors. With respect to the Event-B
model we can use theorem proving techniques to check and
refine data representation to obtain an executable system.

In multiagent systems, there are several quite successful
works on developing and using norms in order to specify
the expected behaviour of agents in a certain organization.
For instance, one of the most interesting works in this area
is [21, 20] which describes the agent architecture SMART
which is based in an agent specification framework devel-
oped in the Z modeling language. Interesting aspect of this
work is that it provides an analysis of different kinds of
norms and agent societies based on these norms. Moreover,
they are modelling norms as objects rather than as static
constraints. As a result, these norms can have several states
which in its turn completes the Norm lifecycle.

[18] makes norms operational rather than purely declara-
tive by focusing on how norms should be operationally im-
plemented in MAS from an institutional perspective. [14]
view an electronic institution based on agents as dialog-
ical system where all the necessary interactions between
agents are made through dialogic activities (message ex-
changes). These interactions, also called illocutions, follow
a certain well-defined protocol and are structured through
agent group meetings, scenes. Such a division of all possi-
ble interactions among agents in scenes is in line with mod-
ular approach of systems design with the classical modu-
lar design principles and methodologies (e.g. Modular Pro-



gramming and Object-Oriented Programming) taken as a
foundation.

Future work will investigate how our B-based PIMs can
be further transformed into an actual platform specific so-
lution utilizing industrial BPM solutions. We hope that our
rich specifications involving data and operations will map
naturally onto the modular technologies employed in, for
example, Windows Workflow Foundation.
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