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Abstract

This paper presents an approach for modeling
and simulation of certain domains of busi-
ness processes, which can be classified as
knowledge-based business processes. In those
areas, knowledge is already partly formalized,
and often structured functional models of the
problem domain exists; however, it is complex
enough to justify knowledge-based implemen-
tation of process execution.

The approach is based on extending struc-
tured functional decomposition model of busi-
ness process with traditional knowledge repre-
sentation techniques, such as AND/OR trees
or production rules, that can be used to
describe primitive processes on the lowest
level of decomposition. In the process of
modeling, both the structure of problem
domain concepts and their dynamic prop-
erties are identified. A graphical nota-
tion is proposed, based on SADT/IDEF-0,
extended with knowledge representation nota-
tions (graphical as well as textual) to define
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dynamic properties of lowest-level primitive
processes.  Process model in this graph-
ical notation can be effectively translated
into one-level graphical notation of extended
conceptual graphs, as well as into produc-
tion or production-frame knowledge represen-
tation that can be used in creating intelli-
gent automation and/or expert systems. It
is noted that forward-chaining logical infer-
ence in resulting knowledgebase is simulating
business process execution, while backward
chaining allows performing goal-based require-
ments analysis.

Proposed approach can be viewed as a
complementary multi-level model of knowl-
edge representation that is based on struc-
tured functional decomposition of knowledge
field instead of abstraction. Thus, together
with frame-based modeling, those techniques
can form the basis of complete graphical repre-
sentation of structural and dynamic knowledge
of certain problem domains.

1. Introduction

There is no doubt that business process modeling and
engineering constitute a very important area of modern
information technology. Being very complex systems
to study, modern business processes require specific
techniques to develop process models that can handle
complexity using some means of abstraction and/or
decomposition, and that can further be used to simu-
late business process or apply some optimization tech-
niques.

It can be noted that, while some business processes
are inherently algorithmic, others have more complex
and not strictly deterministic behaviour, where many
decisions are taken non-deterministically based on
expert knowledge. We would refer to the class of
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those processes as to knowledge-bases business
processes. Such processes appear in the areas of law
consulting, notary actions, workflow modeling, selec-
tion of products and services on e-business portals, etc.

Unlike in other areas such as medicine, knowledge
about business processes in many cases is already
partly formalized in the form of free-text instruc-
tions, documents, guidelines, or even better structured
functional diagrams. However, this knowledge is still
complex enough to justify knowledge-based approach
in describing and modeling those business processes.

While the use of knowledge-based techniques for enter-
prise business process modeling has been proposed
previously by a number of authors (a good overview
of related papers can be found in [1]), we present
an approach that combines knowledge-based busi-
ness process description with industry-standard func-
tional decomposition approach for structured process
modeling. On the other hand, the proposed approach
for decomposition can be used in a wider context of
knowledge acquisition in other problem domains, not
directly related to enterprise process modeling. In
addition, this approach provides out-of-the-box tech-
nology for business process simulation by logical infer-
ence in corresponding knowledgebase.

2. Knowledge-Based Business Process
Modeling

2.1. Viewing Business Process Execution as
Logical Inference

Let us consider the class of monotonic business
processes, in which data can be attached to a data flow
as a result of a business process, but cannot be altered
afterwards!.  From the hierarchical SADT/IDEF-
0 diagram we can effectively construct a one-level
diagram that would contain only atomic business
processes B;, and only the lowest level of decompo-
sition of data flows D;. This diagram would actually
be a graph with vertices B; and directed edges D;?.
We would also not distinguish between input, control
and mechanism input arrows, since this distinction is
not relevant to the execution semantics.

The state of business process in this case can be defined
by a function S : {D,;} — T, where T is a domain of
values with some order relation =, which can also be
naturally extended to the set of states itself &. We will
say that D; is active at state S if S(D;) # L.

Let us assume that each atomic business process is
described by a function B; : & — &"”, where &’,&"” C

In the process of finding the actual execution path the
attached data can change during the backtracking, but once the
execution path is found — each step of execution includes the data
obtained on earlier steps, only providing additional knowledge.

2For the resulting diagram to be a graph, we would need to
disregard any tunneled data flows, and in case the data flow
arrow is split into two — represent it by two edges of the graph.
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G — sets of local states that involve only mappings
from a subset of {D;} related to B;. We will say that
B; is active at state S € &, if B;(S) # L € &”, ie.
3D; € output(B;) Bi(S)|p;, # L. Each function B;
can also be extended to the whole set G in a natural
way, by assuming B;(S)|p, = S(D;), VD; ¢ &'. We
will also assume B; to be monotonic, which means that
execution of atomic business process does not reduce
the information contained in the state.

At each state S, there is a set of active atomic business
processes that can be executed, resulting in state being
altered. During the execution, one of the active atomic
processes is chosen in the process of conflict resolu-
tion, and applied. The whole process is repeated until
the final state or fixpoint is reached. Thus, the execu-
tion of the whole process can be viewed as a compo-
sition B;, o B;, o ... o B; , where the choice of B,
is not deterministic and is defined by some heuristic
execution strategy. Due to finite number of atomic
processes and monotonic nature of execution fixpoint is
guaranteed to occur after the finite number of compo-
sitions®. Theoretically, from each initial state Sy there
is a whole set of compositions that lead to a family of
final states, and thus the set of possible outcomes of
a business process from the initial state Sy would be
Ug2 1B, where By = By, o...0 By, (So)-

One notices the similarities between described execu-
tion model and forward chaining logical inference in
production expert systems, which suggests that execu-
tion semantics of structured functional model can be
captured using production knowledge representation.
Indeed, if we consider each atomic process to have a
set of discreet outputs and discreet inputs, it can be
represented as a set of production rules — in which case
business process execution would coincide with forward
chaining inference in the collection of production rules,
similar to [2]. Moreover, even when inputs and outputs
are not originally discreet, they can be reduced to the
discreet case by considering a factor set, as described
in [2], or to some arithmetic continuous function of
inputs.

2.2. Multi-Level Model Description

Business process execution semantics is conveniently
described using one-level diagram, but the same ideas
can be applied to trace process execution at any level
of decomposition. At the top level, the whole business
process would be described by one transformation func-
tion B§O) with a set of input and output values D](-O),
that would be decomposed on the next level using a set

) and arcs D](-l)

of lower-level functions Bl-(1 . If, during
decomposition, the input / output arc D](-k) is decom-
posed into a set of arcs {D](-lk“)}f:1 with values from

domains T;, then the value of D§-k) would belong to

3Provided that only strictly monotonic processes are applied,
i.e. Bil C Bl‘2 C...C Bin
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Figure 1. Atomic business process decomposition
using AND/OR trees

Ty x ...xT,. Behaviour of each process function ng)
at certain level of decomposition can be described using
the fixpoint approach above, and thus the behaviour of
the whole system can be constructed step by step from
the lowest level of decomposition towards the top-level
transformation function.

2.3. Extended AND/OR Tree Notation

The approach presented above defines the execution
behaviour of a business process given the functional
description of lowest-level primitive processes B;. To
fully describe the system, the behaviour of those prim-
itive processes should also be defined.

One of the ways is to outline a set of primitive processes
with pre-defined behaviour, and allow using those
at the lowest level of decomposition. However, this
approach would force us to use structured functional
decomposition below the usual level, which seems to
be quite artificial and inconvenient.

Another approach proposed in this paper is to use
some form of knowledge representation to describe the
behaviour of an atomic process. Such knowledge repre-
sentation can be graphical (in the form of AND/OR
or decision trees) or textural (production rules, deci-
sion maps). AND/OR trees are particularly suited
for this purpose, since leafs and root of AND/OR
tree are boolean values corresponding to some condi-
tions. By extending the notation with conditional and
assignment constructions we can seamlessly integrate
AND/OR tree notation into business process diagram
as shown on Fig.1.

Proposed notation actually borrows from the idea of
extending conceptual graphs with AND/OR trees in
order to describe dynamic behaviour of the system [3,
4], and includes the following components:

e Value vertices, that can be either variable
(input/output values of the process or some inter-
mediate variables) or constant (representing some
constant values from the problem domain).
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Figure 2. Simplified AND/OR Tree Notation

e Comparison nodes that connect value vertices
and are labeled with comparison sign (=,<, etc.).
Comparison nodes are activated when values
assigned to the corresponding value nodes obey
the comparison relation.

e Conditional assignment arcs connect value
vertices and represent assignment of values based
on certain condition.

e AND/OR nodes and connectors that actually
form AND/OR tree starting on the comparison
nodes, and ending on the conditional assignment
arcs.

The semantics of this notation is quite natural: input
values for the AND/OR tree are defined by the compar-
ison nodes. AND/OR tree is computed in the normal
way, and when the result is true — corresponding
conditional assignment arc is activated, and the value
is assigned to the value node.

An alternative way to describe the same behaviour is
by using production rules that include input values
on the left hand side of the conditional, and output
value assignment on the right hand side. AND/OR tree
notation is just a graphical representation of produc-
tion rules, and knowledge engineer may chose whether
graphical modeling or textual knowledge representa-
tion is more appropriate.

2.4. Simplified AND/OR Tree Notation

In some cases, especially when performing rough
process simulation, the actual values assigned to data
flows are not important — it is essential to know that
certain information is available to take some further
actions or decisions. In this case, we can assume
that atomic data flows can only be assigned true/false
values, and in this case the AND/OR tree notation
for atomic process description can be greatly simpli-
fied (see Fig.2).

It can be noted that business process model extended
with simplified AND/OR tree notation to a certain
degree resembles IDEF3 [5] model, with the seman-
tics of Petri nets. However, IDEF3 graphical model
is not strongly tied to IDEFO structured functional
decomposition diagram, in a sense that both provide
slightly different view of the same process, but are
not entirely complementary and cannot be transformed
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Figure 3. Frame induction from data-flow decom-
position and multi-level business process analysis

into each other. In fact, the general recommendation
for process modeling is to construct IDEF0O diagram
first to gain the initial understanding of the process,
and then proceed with developing IDEF3 model.

Proposed approach allows extending the original
IDEF0O model with the execution semantics similar
to IDEF3 / Petri nets, but without losing the struc-
tured functional decomposition approach to dealing
with process complexity. Moreover, the result of such
modeling can be represented as a knowledgebase, suit-
able for immediate simulation and/or usage in the deci-
sion support systems.

2.5. Extracting Domain Object Structures
from Data Flow Decomposition

After business process model extended with AND/OR
tree description of atomic processes has been
completed, the knowledge of business process execu-
tion can be extracted in the form of production rules
to form the expert system, which will model business
process execution by forward-chaining inference. In
this expert system, static knowledge of the problem
domain will be described by a set of attribute-value
pairs corresponding to atomic data flow arrows.

However, from the multi-level structural decomposition
diagram it is also possible to extract the knowledge
of domain concepts. Since data flow arrows represent
flows and states of information entities in the busi-
ness process, the decomposition of arrows naturally
define inner structure of higher-level domain entities, as
shown on Fig.3. On this figure, two frames are shown
that represent input data flow and output data flow
for the upper level diagram, and slots of those frames
correspond to individual atomic data inputs for the
lower-level diagram decomposed as AND/OR tree.

Since there may be many layers of decomposition in the
business process model, it is not very clear how those
can be represented as plain domain concepts with a
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number of attributes. The most obvious way to handle
this problem would be to manually define the level of
decomposition at which to perform attribute grouping,
or set some criteria for situations when attributes
should be grouped together to form a concept.

The example shows that different knowledge about the
problem domain can be extracted from the extended
structured functional diagram:

e Structural knowledge about problem domain
concepts in the form of frames

e Procedural dynamic knowledge in the form of
production rules

2.6. Extended Conceptual Graph Notation

While extended structured functional model can be
translated to production-frame knowledge representa-
tion and used in the development of software systems,
it can also be represented in the uniform notation of
conceptual graphs [6,7] extended with AND/OR trees
to express the explicit dynamic properties or domain
concepts. In fact, according to the proposed method-
ology individual atomic business processes are already
modeled using the similar notation, and constructing
the extended conceptual graph model for the whole
process largely consists of merging different atomic
process descriptions together (see Fig.4). In addition,
this notation allows expressing multi-layered concept
composition in the form of part-of relation, which is
essentially more expressive than the frame definition.

Extended conceptual graph notation has been
described in [3,4]. The advantage of this notation is its
uniformity, that allows natural translation of the model
into the tuple stack abstract machine with clear execu-
tion semantics [4], that can form the basis of imple-
mentation of reasoning engine on multiple platforms.
The relationship between extended functional model,
extended conceptual graph model and tuple abstract
machine is shown on Fig.6.

3. Knowledge-Based Business Process
Simulation

Using the modeling technique described above,
knowledge-based business process model can be



constructed as a structured functional decomposi-
tion diagram extended with AND/OR tree models
of low-level primitive processes. This model can
be then effectively used to simulate business process
execution by the process of logical inference in some
knowledge-based system driven by the knowledge-
base derived automatically from the graphical process
model. Process simulation can be part of the inves-
tigation of process behaviour directed to some model
optimizations, or it can be used in real-life decision
support systems or expert systems.

3.1. Translation into Knowledge Representa-
tion Models

The AND/OR tree graphical model can be effec-
tively translated into several knowledge representation
models suitable for logical inference, such as produc-
tion knowledge representation or predicate calculus.
For example, one of the statements generated from
Fig. 1 might look like

(3X) sensitivity(X)A X > 400 «
sport_shooting(required)V

Vnight_shooting(required)

or, as a production rule,

if sport shooting is required
or night shooting is required
then sensitivity is more than 400

If the whole model uses simplified AND/OR tree nota-
tion, it can be expressed as simple proposition calculus
statements, in the following manner (see Fig.2):

payment_complete <« cashV p;
p1 <« documents A bank_transfer

In addition, the model contains information about
higher level domain concepts that can also be captured
in the knowledge representation formalism, for example

part_of (camera parameters, sensitivity)
part_of (requirements, night_shooting)

However, this approach is particularly fruitful when
production-frame knowledge representation [8] is used
to represent the model — in which case atomic data
flow values become frame slots that are grouped
into higher-level concepts represented by frames. In
this case individual production rules become attached
to frame slots of the corresponding frames, in the
following manner:

frame requirements contains
sport shooting is (required, not required)

> External non-monotonic >

—Input 5| business process —|

| Monotonic knowledge-

based business process

Figure 5. Using external business process to avoid
monotonicity constraint

end

if requirements(sport shooting) is required
or requirements(night shooting) is required
then parameters(sensitivity) is more than 400

3.2. Logical Inference and Process Execution
Order

As it has been pointed out above, the process of
forward chaining logical inference in production knowl-
edge based system is simulating business process execu-
tion, i.e. when certain data flow values become avail-
able — a set of applicable business processes become
active and can be executed.

However, it also makes sense to apply backward
chaining inference to the same knowledgebase — in
which case we start with the desired goals of busi-
ness process execution, and discover which parts and
values of the initial data are required to achieve those
goals. In this manner, backward chaining inference
can be very useful in both the process analysis / simu-
lation, and in real decision support systems / expert
systems. For example, if the business process model
describes the process of obtaining certain document
in the legal system, then the application of backward
chaining inference would allow us to determine which
initial documents are required for our particular case.

3.3. Overcoming Monotonicity Constraints

The constraint of knowledge-based business process
being strictly monotonous can be very strict for real-
life situations. Partially non-monotonic processes
can be modeled as a combination of knowledge-based
process and some external process that is not based
on logical inference, eg. algorithmic (see Fig.5). This
external process can ”drive” the cycles of logical infer-
ence that take place in the underlying knowledge-
based process, and thus describe more complex non-
monotonic behaviour of the overall system.

As an example, consider the following way to reduce
non-monotonic inference to monotonic in an interactive
expert system (similar to the approach used in Yandex
Guru buying advisor [9]). At each step, the set of user
answers is maintained, and the user has an option to
remove or change any of his previous answers. Logical
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inference is started from scratch at each step, leading
the system to some point at which another answer is
needed from the user; in which case it is stored in the
answer set and the inference is started from scratch.
This approach can be well described using the tech-
nique presented here.

4. Structural Functional Decomposi-
tion as Knowledge Extraction and
Representation Technique

It is universally accepted that the bottleneck in the
development of knowledge-based systems lies in knowl-
edge extraction from the expert and its formalization
and representation in the form of a knowledgebase.
In most of the cases, the knowledge of the expert is
not formalized and is often very complex, thus knowl-
edge engineer needs some techniques to deal with this
complexity. Most commonly used technique is abstrac-
tion, which is typically realized through inheritance in
frame-based systems and ontologies.

However, there are also other ways of decomposition
that can be used to deal with complex processes — in
particular, structured functional decomposition
that is widely used in business process analysis. In
functional decomposition, processes connected with
some data flows are considered and structurally
decomposed into more primitive processes, which also
results in the decomposition of data flows. Typical
methodologies of structured functional decomposition
are SADT [10] and IDEF-0 [11].

The use of structured functional decomposition tech-
niques is particularly convenient because they allow
for natural graphical notation for analysis. In
ontology modeling hierarchy diagram is used to express
inheritance relationship between domain and abstract
concepts, but there are no effective means to graph-
ically describe and/or decompose dynamic proper-
ties of domain objects, expressed in terms of axioms,
rules, etc. Traditional graphical notations used in this
context are decision trees and AND/OR trees, but
they do not allow for natural graphical decomposition.
We show that structured functional decomposition can
be used to cluster domain knowledge into relatively
small independent entities, whose behaviour can be
further expressed using traditional knowledge represen-
tation techniques. Thus, proposed technique provides
a convenient graphical notation for expressing func-
tional decomposition of domain knowledge, in the same
manner as inheritance hierarchy provides the nota-
tion to express abstraction relation between domain
concepts.
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5. Methodology for the Development
of Knowledge-based Systems for
Business Process Modeling

Presented approach for functional knowledge decom-
position can form the basis for the methodology for
the development of knowledge-based systems in the
outlined class of problem domains. The methodology
consists of several related graphical modeling tech-
niques (see Fig.6) that can be used in some combi-
nation to describe the behaviour of problem domain
concepts and use this description in the development
of knowledge-based information systems.

5.1. Entity-Relationship Models

During the development of information systems
SADT/IDEF0 modeling is typically paired with
Entity-Relationship modeling using IDEF1X/ERD
notations [12]. Entity-Relationship diagram represents
data structure of domain concepts, and is typically
obtained from the decomposition of data flow arrows,
much in the same way as we suggested capturing
domain concepts in terms of frames. However, in addi-
tion to structure of problem domain concepts, entity-
relationship diagram also defines relationships between
concepts, including their cardinality and other proper-
ties. Those relationships are not directly represented
on the structured functional diagram.

As it has been described in [4], relational database
model with entity relationships can be translated into
the frame model, in which each domain entity is repre-
sented by a frame, and relationships are transformed
into frame relations (see Fig.7). This frame model
can be enriched by production rules generated from
structured functional diagram forming the ontology of
domain concepts, and all actual domain data, stored in
the relational database, can then be seamlessly used in
reasoning by being represented as a family of pseudo-
frames that inherit from ontology concepts. Thus,
using ERD diagram in conjunction with functional
modeling can more fully describe problem domain and
create database structure that can be used together
with procedural dynamic knowledge in the production-
frame representation.
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5.2. Distributed Ontology Modeling and
Process Inheritance

Once we have transformed structured functional model
into production-frame knowledge representation, it is
possible to use frame inheritance and bring the notion
of inheritance to business processes, which leads to
the notion of business process ontologies [13]. If the
knowledge-based business process is fully defined by a
set of frames and attached production rules, it should
be possible to inherit from those to obtain slightly
modified and refined version of the business process.
For example, if the generic process of photo camera
selection and sale is defined, it is possible to derive
a specialized process that would take into account
discounts offered by some particular manufacturers.

Also, it is possible to use the technology of distributed
frame hierarchy [4] to use remote business process
repositories in the process of logical inference. Such a
technology would be useful in the modern mobile envi-
ronments because if would provide seamless access to
reasoning from mobile devices such as cell phones and
PDAs, inside the uniform framework of frame-based
reasoning.

Another possibility of distribution in business process
descriptions is spatial distribution, where different
subprocesses have to be carried out at distant loca-
tions. In this case it is possible to separate the parts of
a knowledgebase responsible for different subprocesses,
and have the whole process execution be modeled by a
set of cooperating knowledgebases with remote refer-
ences. It is also quite natural to support the idea of
spatial process distribution in the graphical structured
functional model by providing some additional labeling
to specify the location of each data flow and/or process
execution.

It has to be noted, however, that inheritance is natural
for frame diagram, but not for the structured func-
tional decomposition diagram itself, which is inher-
ently non-inheritable. This is mainly because inheri-

tance is defined in terms of concepts, and functional
diagram focuses on processes that operate on those
concepts. Thus, process inheritance can be realized
through concept inheritance, but because structured
functional diagram concentrates on processes and not
concepts — this cannot be naturally incorporated into
functional decomposition diagram.

6. Directions for Further Research

Structured functional decomposition model typically
contains several layers of decomposition of processes
and data flows, which have to be transformed into
planar attribute-value or frame-based model, which
loses part of the decomposition semantics. It would
be interesting to see whether some other models, like
complex hyper-graph structures or hypermatrices can
be used to capture that semantics, in conjunction
with other models, or by itself, by providing uniform
consistent execution semantics much in a same way as
extended conceptual graph notation proposed in this
paper.

From the practical viewpoint, it would be interesting
to consider whether some other reference-based trans-
lation into families of frames may be used, which would
allow preserving each level of decomposition of domain
concepts into more primitive ones. Also, it may make
sense to represent actual processes by separate frames
linked together using references, that shall give more
flexibility to process inheritance. Another possibility
would be to consider the subsumption semantics of
frame-based systems and see how it can be formulated
in terms of knowledge-based business process model.

One of the important constraints of the knowledge-
based modeling described in this paper is the mono-
tonicity constraint. While we have proposed some ways
to deal with it using external processes that are not
modeled in the knowledge-based fashion, it does not
seem to suffice for all real-world problems that might
require more flexible process behaviour. To support
non-monotonic business processes, some knowledge
representation and logical inference models with truth
maintenance would be required, and the study of suit-
ability of those models for process modeling is an
important continuation of the work presented here.

Another prominent direction of research is the develop-
ment of effective graphical models for business process
inheritance that would be logically separated from
frame-based representation. The idea of creating busi-
ness process repositories that are not only based on
design patterns, but on actual inheritance should allow
much more flexible reuse of knowledge in the area of
process modeling.

7. Conclusion and Related Work

We have presented a technique based of structured
functional decomposition that can be used for knowl-
edge extraction and modeling of processes in certain
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problem domains. There are many methodologies
developed both for detailed business process anal-
ysis (IDEF3, UML, etc.) and for knowledge repre-
sentation and extraction (IDEF5, etc.). However,
presented technique has an advantage of being based
on an industry-standard method of process decompo-
sition that is both widely used for analysis of existing
processes, and is very well known. Thus, it can be
used to extend existing process models with lower-level
knowledge-based models of atomic processes to obtain
a knowledgebase that would model process execution.

Modeling technique described in this paper has been
partially implemented in a prototype of Dixi CASE
modeling tool on Microsoft Visio 2003 platform. The
tool supports SADT modeling of business processes,
and further decomposition of atomic processes using
free-text set of rules in a simple production language,
and in a graphical notation of extended AND/OR
trees. This process model can be converted into
production-frame knowledge representation in JULIA
and LIMA formats [8], which can be directly used for
the creation of Java- and .NET-based knowledge-based
reasoning systems respectively. Since those reasoning
engines support seamless integration with relational
databases, it makes the proposed set of tools ideal
for modeling data-intensive business processes with the
access to data stored in the databases, building busi-
ness process simulation and execution layer on top of
the exisiting data infrastructure.

As an example of using the proposed technique, a
knowledgebase for the selection of digital cameras in an
internet shop has been created using described method-
ology, and the reasoning engine with web service
interface has been implemented using LIMA .NET
production-frame reasoning compiler. A web-client
and PDA native client have been developed, allowing to
perform the process of consultation from a mobile plat-
form. The corresponding project has been presented on
the Microsoft Imagine Cup 2004 competition, and was
awarded the second place in the CIS Regional Final.

Modeling technique based on functional decomposi-
tion fits well into the infrastructure of other data
and knowledge representation models as presented
on Fig.6. That family of models can be used to
describe properties of objects and processes in the
problem domain fully, and translate them into repre-
sentation (production-frame or extended conceptual
graphs/ tuple abstract machine) suitable for auto-
mated reasoning, either for the actual process automa-
tion, or for the process simulation.
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