
Chapter 2
Related Work

Rule programs as handled by Business Rules Management Systems (BRMS)
are the focus of this book. In the present chapter we relate these programs to
other programming paradigms, whether rule-based or not. We concentrate on the
similarities and differences that have an impact on our objective, which is to help
understand the effects, and prove correctness properties on the executions of rule
programs as handled by BRMS.

The first section of this chapter reviews several rule-based paradigms, which
allows us to relate them more or less closely to rule programs in BRMS. Then
we discuss some formalization and verification approaches of related rule-based
paradigms, but also of concurrent programs.

2.1 Rule-Based Paradigms: Model vs. State

Rule programs as handled by Business Rules Management Systems are by far not
the only occurrence of the concept of rules in computer science. To sort out the
numerous paradigms that give an important role to rules, we adopt a schematic
classification between those where rules are used to model knowledge about a given
domain, and those where they are used to perform a computation. We refer to the
former as model-oriented rule-based paradigms, and to the latter as state-oriented
ones.

This classification, which follows a similar one proposed by Victor Vianu [79],
has the advantage of concentrating on the intent behind using rules. This contrasts,
for example, with a common distinction based on whether the rules are used in
backward- or forward-chaining. In the latter classification, the focus is on the way
in which rules are put into action: this gives little, if any, information on their actual
role.

The distinction between model- and state-oriented rule-based paradigms should
not hide the fact that the usages of rules are not clear cut. In particular, and as
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suggested by their genealogy briefly presented in Sect. 1.2.2, BRMS inherit from
paradigms in both categories.

We conclude this section with a brief review of some other cases where the two
categories are combined.

2.1.1 Model-Oriented Rules

In rule-based paradigms to which we refer as model-oriented, the intent is to build
a description of a given body of knowledge. Rules are used to provide parts of this
model intensionally. They are commonly gathered in rule bases, in contrast with
state-oriented paradigms which often collect them in rule programs.

Model-oriented rules are of course abundantly used in the large area of artificial
intelligence that studies knowledge representation; see for example [42] or [75] for
a survey. Deriving from this area are business rules in the sense of the description
given in Sect. 1.2.2, which are used to implement models of business policies.

As a consequence, Business Rules Management Systems naturally inherit from
these rules. This inheritance materializes primarily in the authoring components.
By authoring components, we mean the tools that provide business experts with rule
languages that are as close as possible to their domain-specific vocabulary. BRMS
will for example use standards such as the OMG one on Semantics of Business
Vocabulary and Business Rules (SBVR) [77].

Another important occurrence of model-oriented rules is to be found in deductive
databases, or deductive rules in databases [47, 50]. Here also rules are used to
provide parts of the model intensionally. Examples are rules used to enrich the data
stored in the base (for instance through recursive views), or rules used to specify
integrity constraints in a concise way.

The increasing work on the semantic web [16] in the last decade has leveraged
several concepts from artificial intelligence, with a renewed interest for ontologies.
An extensive survey of the combination of rules and ontologies in the context of the
semantic web is given in [6]. This remains an area of active research with an annual
Conference on Web Reasoning and Rule Systems [21]. As mentioned in [6, p. 20],
the kind of rules that are considered are model-oriented ones.

It is interesting to note also that the semantic web community is showing interest
[25] in the SBVR standard, which had initially been promoted by the business rules
community.

2.1.2 State-Oriented Rules

In rule-based paradigms to which we refer as state-oriented, the role of rules is not to
build a model intensionally for a body of knowledge, but rather to solve a problem.
In this, rules are used to evolve a state of the system towards a goal, by performing
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a series of computations. Particularly in this category of rule-based paradigms, both
forward- and backward-chaining approaches are represented.

Again, artificial intelligence provides several occurrences of state-oriented rules.
As mentioned in Chap. 1, production systems were introduced through the work
of Allen Newell on heuristics reproducing the human approach [53, 60]. Business
Rules Management Systems have inherited from production systems the basis for
their execution components: the engines that are in charge of selecting the rules to
apply, and actually perform their actions on the current state of the system.

The most obvious contribution is the Rete algorithm [29], the variants and
evolutions of which are implemented in the rule engines of BRMS. This influence
of production systems on BRMS is the one that is the most relevant to us, since
we are interested in the execution of rule programs as handled by Business Rules
Management Systems. Despite the seminal role of Rete, alternatives to Rete-based
execution have emerged in the last decade [27, 37, 65]. However, in Chap. 5 we
exhibit a structure in the execution of rule programs that is common to all execution
algorithms. We achieve this by dissociating applicability and eligibility of rules, and
exploit it to define a semantics of rule programs formally.

Databases, which as just seen use model-oriented rules through deductive rules,
also use state-oriented rules in active databases [80]. While the rules in production
systems are also called condition-action rules, the active rules in databases are often
called event-condition-action rules, because they react to events that are internal
or external to the database. The actions taken by these rules range from checking
integrity constraints to updating data in the base, to triggering broader operations
outside of the database. Even when the purpose of these rules is to ensure the
integrity of the database, the fact that they do so by applying updates to the base
gives them a state orientation.

The use of event-condition-action rules, not in the context of databases but in that
of the semantic web, has been investigated in [15, 18].

2.1.3 Combining the Two Approaches

Although the classification between model- and state-oriented rules reflects an
actual difference in the intent for using rules, there are several cases where a
combination of the two approaches has been investigated.

One of them is automated planning and scheduling, another occurrence of rules in
artificial intelligence. In this field, rules can be used to infer additional information
on a given state from domain knowledge; this usage of rules is called axiomatic
inference and is rather model-oriented. Rules are also extensively used in the state
space approach to planning, to evolve the state of the system towards a goal, that
is, with a state orientation. See [33] for an overview of automated planning and
scheduling.

The deductive and active rules in databases give another illustration of the
use of both approaches in a common area, with deductive rules oriented towards
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knowledge modeling and active rules oriented towards computation. In [47] their
seemingly diverging capabilities are integrated by the introduction of the Statelog
language, which Bertram Ludäscher defines as a state-oriented extension of Datalog.
This goes further than the work of Vianu, who provides alternate semantics for the
same syntax in [79]. Indeed, Ludäscher simultaneously puts into play features of
both kinds of rules to build Statelog.

The FLORID engine [30] was developed to evaluate rules in deductive databases,
thus in a model-oriented usage of rules. In [68] the use of the Rete algorithm, which
was introduced for the implementation of production rule systems, is investigated
as an evaluation technique.

Another example of combining the two approaches is given by the work on
performing rule-based computations on the semantic web, that is, on universes
described by ontologies. This usage of state-oriented rules on the semantic web
is addressed in [6], and is one of the subjects of study for the REWERSE network
[66]. The specific question of how Business Rules Management Systems could be
enabled to handle data modeled by such intensional mechanisms as ontologies is
one objective of the ONTORULE project [58], addressed for example in [22, 35].

2.2 Formalization and Verification of Rule Programs

2.2.1 Formalization

Business Rules Management Systems inherit from both model-oriented and state-
oriented rules, although the influence of each category expresses itself in distinct
components. On the one hand, the model orientation has an influence in the rule
authoring components, through the design and implementation of vocabularies
targeted at business experts. On the other hand, the state orientation shows in
execution components, through the semantics given to rules. We can therefore
expect that the formalization of rule programs as handled by BRMS will show the
influence of formalisms adopted for both orientations of rule-based paradigms.

Databases also make extensive use of both kinds of rules with deductive
and active rules being the respective representatives of model- and state-oriented
rules. The Datalog language [31, 50, 78] is at the heart of deductive and active
databases, and formalizations of numerous variants of this language have been
proposed [1, 2, 50, 79]. These formalisms, which provide several semantics for
Datalog, are all logic-based.

Among them, F-logic [39] has the peculiarity of having originally been devel-
oped for deductive databases, and of being used more recently in the context of the
semantic web as a formalism for ontologies [5], together with description logic [11]
and order-sorted features logic [3, 4]. There is no definitive formalism for rules in
the context of the semantic web. The choice depends primarily on the formalism
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adopted for ontologies, and on whether the rules are used in a model orientation to
provide parts of the knowledge, or in a state orientation to perform computations.

The principal point of effort when formalizing state-oriented rules, such as active
rules in databases or production rules, is the fact that they perform updates on states.
To this end, [20] uses �-calculus to represent propositional production systems,
and fixed-point logic to represent production systems with variables. This approach
leads to using first-order logic structures as we do. A formalization of production
systems with situation calculus is given by Baral and Lobo [13], while Baralis and
Widom [14] represents active rules in databases by means of an extended relational
algebra.

The formalizations proposed by François Fages and Rémi Lissajoux in [26],
then by Claude Kirchner, Pierre-Étienne Moreau et al. in [24], are also based on
first-order logic. They are restricted to the Rete algorithm. Furthermore, the former
explicitly discards the control strategy from its scope, and the latter gives no detail
of how it affects the execution of a rule program. On the other hand, the RIF-PRD
recommendation by the W3C [67] does provide a rigorous description of the control
strategy of the Rete algorithm and its influence on rule program execution.

Our formalization goes one step further towards the verification of properties
of rule programs as handled by BRMS, in particular by considering the execution
strategy as a parameter (Chap. 5), and by allowing the description of a saturation
semantics that extends to parallel or nondeterministic programs (Chap. 7).

2.2.2 Verification of Model-Oriented Rule Programs

As seen in Sect. 2.1.1, model-oriented rules are primarily used in knowledge man-
agement applications and in deductive databases. In these contexts the verification
concerns are almost exclusively focused on consistency and completeness of the
knowledge base, respectively of the database. See [49, 62, 76] for a survey of
problems and techniques in the verification of knowledge bases, and [46] for an
illustration on a specific knowledge management system. Deductive databases reuse
these techniques, or develop specific ones [41, 50].

The verification of the consistency of an ontology can be seen as a particular
case of consistency of a knowledge base. Specific investigations have been carried
out when ontologies are used in the semantic web context [64], and in particular
when they are implemented with description logic [63].

The verification of business rules in the sense of Sect. 1.2.2, that is, rules
modeling business policies, has been the subject of extensive study by Rik Gerrits
and Silvie Spreeuwenberg [32]. It has given birth to the commercial product LibRT
VALENS, which it is claimed is used by a few Business Rules Management
Systems. However the description of the product in [32] and on the company
website, furthermore confirmed by an in-depth study from the standpoint of a BRMS
[52], shows that LibRT VALENS considers rules with a model orientation, and
proves to be out of focus for a BRMS. For example, a self-contradiction is signaled
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when a rule is not applicable in the state that results from its execution, which is a
rather common case in state-oriented rule applications as they are nonmonotonic.
More generally, the verification concerns of LibRT VALENS focus on rule base
consistency and completeness, and transpose badly to production rules.

Consistency and completeness of a rule base are not our primary focus here.
Rather, we are interested in correctness properties of executions of a rule program.
However, we can provide an interpretation of consistency and completeness in the
context of Business Rules Management Systems. For example, a rule that can never
be applicable, no matter the values of the attributes of the objects in the working
memory, can be seen as an inconsistency in the rule program. Additional examples
of such interpretations of consistency for rule programs in BRMS are given in
App. A and in [23, 64]. Completeness can also be relevant for BRMS: checking
the completeness of a rule program means verifying whether the program can be
executed from all possible working memories—or from all working memories in a
subspace of interest.

2.2.3 Verification of State-Oriented Rule Programs

While the verification concerns for model-oriented rules are focused on consistency
and completeness, those for state-oriented rules primarily concentrate on confluence
and termination.

Several approaches to the verification of confluence and termination in active
databases are reviewed in [14]. Among them, Karadimce and Urban [38] reduces
event-condition-action rules to conditional term rewriting, and Hellerstein and Hsu
[34] restricts the rule language to guarantee confluence. Baralis and Widom [14]
itself proposes an approach based on an extension of the relational algebra. On the
other hand, Ludäscher and Lausen [48] focuses on the termination problem in active
databases.

The connection between production rules and term-rewriting systems has been
explored with the intention of using the techniques of rewriting systems to ana-
lyze properties, and eventually verify the correctness, of production systems. In
[69–72, 74], James Schmolze and Wayne Snyder propose a rewrite semantics
for OPS5. This proposal includes a form of constrained rewriting for negative
tests (“there is no object such that. . . ”, which we do not address). In addition,
techniques such as Knuth-Bendix completion [40] are applied to test the confluence
of production systems and repair it in case of failure, and to detect design issues
such as redundancy. This approach has shortcomings, which are listed by the
authors themselves [74, pp. 514–515]. Some of them can probably be addressed by
appropriate extensions of the formalism: for example the limitation of expressions
to Boolean ones, and of actions to additions to, and removals from, the working
memory. Other limitations however, such as not modeling the selection and
eligibility strategies, may prove too severe for this approach to be applied to rule
programs as handled by BRMS.
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For rule programs as handled by Business Rules Management Systems, con-
fluence can be defined as the property of a rule program that all its executions
from a given state lead to the same final state. This property is described in
[17]. We do not study it here, mainly because general confluence involves several
concurrent executions and hence cannot be expressed with correctness formulas of
the form fpg R fqg. However, in App. A, we present examples of particular cases
of confluence checking.

In addition to confluence and termination verification, analyses have been
designed in the context of production systems to find design flaws. For example,
Prakash et al. [61] describes a method to analyze OPS5 programs statically, in order
to detect relations between production rules that would suggest errors in the design
of the program.

The verification of safety properties in BRMS rule programs is within our
focus. Berstel and Leconte [17] addresses it by translating this verification task
into a constraint satisfiability problem. However, the technique described in this
paper for proving these safety properties lacks compositionality, contrary to the one
introduced in Part IV.

2.3 Verification of Pointer and Concurrent Programs

Verification of programs with a Hoare logic is a widespread technique. Its origins
are in the work of Robert Floyd [28] and Tony Hoare [36]. It has since been
extended to numerous programming paradigms. Surveys can be found for example
in [7, 8, 12, 54].

We have seen that rule programs as handled by Business Rules Management
Systems have common points with databases, in particular because production rules
can be seen as a special case of event-condition-action rules in active databases,
although the execution semantics of the two kinds of rule programs are different.
In addition they share features with two other, non-rule-based paradigms: programs
with pointers and concurrent programs.

The similarities with programs with pointers come from the fact that business
applications integrating with Business Rules Management Systems are typically
object-oriented applications. As a result, rules in BRMS handle objects with
attributes and methods. As mentioned in Chap. 1 (and formally described in Chap. 5)
the objects on which the rules reason are handled through a set called the working
memory.

In many aspects the working memory is similar to a heap: it is finite but not
bounded, it is accessed randomly, in particular when rule instances are formed, and
it is dynamic in two ways. Firstly, the links between the objects can be updated by
the execution of the rules (this aspect is covered in the present work). Secondly,
rules can add objects to the working memory or remove objects from it (we do not
cover this aspect). In contrast with programs with pointers however, there is usually
no concern such as shape analysis when verifying rule programs.
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Beyond the similarities between the working memory and a heap, the fact that
rules handle objects brings in the aliasing problem, that is, the fact that two distinct
variables can hold the same object. This has to be taken into account, in particular,
in the way updates of attributes are interpreted (Sect. 4.4) or rule execution is
defined (Sect. 5.3). We adopt the approach of Joseph Morris [51], which consists
in including a conditional expression in the formula that defines the effect of
assignment. We present it on p. 57; it is also presented in detail in [9, pp. 42–45].

Rule programs in BRMS also have important similarities with concurrent pro-
grams, which is a well-studied topic [19,44,45,55–57]. Clearly the working memory
can be seen as a shared memory. Furthermore, the execution of a rule program
as described in Chap. 5 shows two degrees of concurrency, which result from the
Cartesian product between rules and object tuples that is performed by the rule
engine. One way to look at this is to consider each rule in the program as a process,
within which all objects are concurrent; the symmetric vision holds as well, where
all objects are processes and run the same program made of the rules concurrently.
In addition, both viewpoints must account for the fact that rules do not match
individual objects but object tuples, which introduces synchronization constraints.
Chapter 7 handles this complexity by transposing the saturated semantics of rule
engines onto parallel programs.

In the light of the similarities between rule programs in BRMS and concur-
rent programs, the question naturally arises of whether verification methods for
concurrent programs could apply to rule programs. Such methods were initially
designed by Edward Ashcroft [10] using a global invariant, then independently
made compositional by Leslie Lamport [43], and by Susan Owicki and David Gries
[59]. These methods are also described or discussed in [9, 44, 73].

We shall see in Chap. 7 that in general a rule program as handled by a BRMS
cannot be simulated by a concurrent program. As a consequence, the verification of
a rule program cannot be performed by translating it into a concurrent one and then
applying the verification methods for concurrent programs.
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