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Abstract

In the current state of the art on the ramification problem, the
purpose of causal laws is to restore the integrity of state con-
straints. In contrast with this view, we argue that causal laws
should be seen as representations of how physical (or logical)
forces and effects propagate through a dynamic system.

We argue that in order to obtain a natural and modular rep-
resentation of the effect propagation process, a causal rule lan-
guage 1s needed which allows for recursion to model effects on
mutually dependent fluents, for negation to model effects which
propagate in the absence of other effects, and with complex fluent
formulae to model causality in a compact and natural way.

A fundamental property of the process of effect propaga-
tion in a dynamic system is that it is constructive: effects and
change propagations do not spontaneously appear without an
external cause. To adequately model the constructive nature
of the physical change propagation process, we base the seman-
tics of the formalism on the principle of inductive definition, the
main mathematical constructive principle. We use a generalised
inductive definition principle, generalising Clark completion and
circumscription, to define a unique intended semantics for causal
theories. Our approach can deal in particular with cyclic depen-
dencies between effects, in such a way that to some definitions,
in spite of syntactic cycles, we can assign a unique intended
semantics in a constructive way, while other “actually cyclic”

definitions are explicitly detected by the semantics as bad defi-



nitions.

Our formalism allows to express the effect propagation pro-
cess with high precision. Evidence for this is found in the fact
that in many applications, a representation is obtained which —
almost as a side effect — correctly models the interacting effects
of simultaneous actions. Our approach is presented independent
of a specific time structure, such as Situation Calculus, A or
Event Calculus, but we briefly discuss how it can be embedded

in different time structures.



1 Introduction

Correctly representing indirect effects of actions (ramifications) is a
fundamental issue in the research on reasoning about actions which
has received a lot of attention lately, e.g. in [23, 21, 35, 15, 33, 14]. In
this paper we introduce an approach which allows for much greater
flexibility in the representation of indirect effects, both of individual
actions and sets of simultaneous actions. Our approach is indepen-
dent of a specific time structure and can therefore be embedded in
most temporal reasoning formalisms. We offer the following contri-
butions.

First of all, we argue that in order to represent general ramifica-
tions, independent effect propagation rules (derived effect rules') are
required which — contrary to the ones in existing approaches — are
not necessarily coupled with state constraints: it is not hard to show
that in the real world indirect effects are quite often not related to
any actual state constraints, just as well as state constraints do not
always lead to indirect effects. Up to now this has been neglected in
the literature.

Second, we define a precise and general semantics for the proposed
effect rules. There exist several approaches to defining a semantics for
sets of rules, e.g. forms of circumscription in nonmonotonic reason-
ing, inductive definition semantics in mathematical logic, and several
semantics for logic programs. We show that the approaches in these
different research areas can all be seen as instances of the same idea,
i.e. interpreting the set of rules as a generalised form of inductive def-
inition, a notion that was elaborated in [9]. However, apart from the
most general logic programming semantics, all approaches depend on
different instances of a syntax-dependent notion of acyclicity. In rea-
soning about actions an acyclicity condition can be justified because
of the acyclic nature of causality, but we argue that this notion should
not be imposed on the syntactic level. This is because an evident re-
quirement in knowledge representation is the modularity of represen-
tations: it should be possible to describe the behaviour of a system
in terms of the behaviour of its components, where each component
type has a specific representation which is used for different instances,
in the same system or in different systems. The model of a system
should only be dependent on the types of all components and on their
connections. We will show that such a representation can give rise to
apparently (i.e. syntactically but not semantically) cyclic definitions,
even in the description of perfectly normal, well-behaved physical
systems. Therefore we substitute the syntactic notion of acyclicity
with a more flexible notion of well-founded, non-self-supported argu-
ment at the semantic level. This notion is investigated in detail in
[9]. It is shown to correspond to the well-founded semantics of logic
programs [40], but formalised in a way that explicitates the idea of

'yroughly comparable to “causal laws” or “causal rules” in the literature



well-founded argument. The formalisation in the current paper is
very similar to the one in [9]. By showing the appropriateness of this
notion for formalising effect propagations, we complement the theo-
retical arguments of [9] with a correspondence to phenomena in the
real world.

Third, we show that in many applications a compact and natural
representation of direct and indirect effects of (possibly simultaneous)
actions, with possibly interacting effects, can be obtained using one
particular type of complex derived effect rules, i.e. effect rules stating
that an effect is triggered by the change in truth value of a complex
fluent formula. This is related to the observation that in a more low-
level description of a problem domain the primitive derived effect
rules tend to occur in particular combinations. We will show the
relation between complex rules and combinations of primitive effect
rules.

The focus of the paper is on the ramification problem, i.e. on
determining the complete set of effects of a set of actions in a par-
ticular state. The semantics of a set of effect rules (an effect theory)
is expressed by formally defining a transition function that maps any
tuple (5, A) of a state of the world S’ (at some time point or situation)
and a set of actions A which occur simultaneously in that state, to
a new state in which all direct and indirect effects of the actions are
realised. Inertia is tackled in the following way: a fluent may only
change if a cause for the change can be derived from the effect theory
(in the context (5, A)).

Other issues, such as temporal structure (branching versus linear
time versus explicit representation of states as in Strips-like languages
and A), the solution to the default qualification problem, etc., are not
considered in detail. Also a complete solution to the inertia problem
(including axioms stating that nothing changes as long as there are
no actions) is not studied because a precise formalisation necessarily
relies on a specific time structure and formalism, to which we do not
want to commit ourselves. In other words we single out the ramifi-
cation problem and study it independent of other issues in temporal
reasoning. As a result the solution can be embedded in different
temporal reasoning formalisms. As an example, in [37] and in more
detail in [38] and [36], we present an embedding of the approach in
an event-based language ER. In addition we have addressed the is-
sue of reasoning on the theory by mapping the language to Open
Logic Programming, an extension of Logic Programming on which
an abductive resolution procedure can be used for various forms of
reasoning.

The rest of the paper is organised as follows. In the following sec-
tion we introduce the types of information we will consider in reason-
ing about action, their relations and the representation methodology.
The next sections are devoted to illustrating how different approaches
to nonmonotonic reasoning, inductive definitions and logic program-
ming semantics can be (and have been) used for dealing with some



classes of problematic definitions relying on some form of acyclic-
ity. Section 5.2 describes the general approach that only introduces
acyclicity at the semantic level. In subsequent sections we discuss the
issue of delays in effect propagations and introduce limited nondeter-
minism, based on which we compare our approach in detail with the
one of Thielscher in [35]. Finally we show more relations to other
recent work.

2 Motivation of the approach

In order to represent dependencies between fluents (or their changes)
and actions or events in a system, three types of information are
commonly used:

e State constraints represent properties that hold in each state, or
at all times, in the dynamic system. These constraints describe
the system from a static point of view.

e Action preconditions or action qualifications specify necessary
conditions on the state of the world for particular actions to
occur.

o Fffect rules represent the effects of actions or events, and more
in general all of the changes occurring in the system. One can
distinguish between

— direct effect rules (action laws), representing the primitive
effects of actions, i.e. the changes that are directly associ-
ated with actions;

— derived effect rules (causal laws), representing indirect ef-
fects or ramifications, i.e. how changes in certain fluents
propagate to cause changes in other fluents. Using such
rules in addition to direct effect rules, rather than trying
to give all the effects of actions directly, is essential for the
modularity of a representation.

Action preconditions and derived effect rules are often related to
state constraints. For example, to the constraint that walking persons
are necessarily alive, correspond both an implicit action precondition
on the action start_walk (alive must hold) and a derived effect rule
that when someone dies, he/she also stops walking.

In the state of the art approaches to the frame problem, it is
acknowledged that neither action qualifications nor ramifications can
be derived automatically? from state constraints [12, 13, 20, 29] and
must be explicitly represented. Yet, to date, action preconditions and
especially causal laws are still considered to be tightly coupled with

2This is obvious e.g. in the above example, where the same state constraint
represents a precondition on one action and leads to ramifications on other actions
(those terminating alive).



state constraints. In some approaches, e.g. [21, 23, 16, 15], causal laws
include an implicit state constraint component®. In the approach of
[35], the semantics of causal rules is defined in terms of the state
constraints, in the sense that they are seen as rules “restoring” the
state constraints (therefore the same causal rule may have different
semantics in contexts with different state constraints); causal rules
are also (suggested to be) derived from state constraints augmented
with additional influence information.

As mentioned in section 1, we argue in this paper that, in general,
action qualifications and ramifications may be entirely independent
of state constraints.

As far as qualifications are concerned, an obvious example of an
action precondition which does not correspond to a state constraint
is that in a chess game moving a piece from one position to another
is only possible if the moved piece is initially on the starting position.
On the other hand, the state constraint that a player may not be
in check after his own move, represents an implicit precondition on
possible moves; it would be very difficult and clumsy to express this
action precondition explicitly, as a condition on the starting state
from which the player makes the move.

As concerns ramifications, rather than focussing on their relation
to state constraints and how these can be maintained through indirect
effects, we model the physical forces or logical dependencies in the
system; we consider causal laws to be representations of how changes
propagate. As such, causal laws may be but do not need to be related
to state constraints. Below is an example.

Example 1 Obvious examples of systems exhibiting indirect effects
unrelated to state constraints are electronic counters in a digital net-
work. Assume a network with many input signals, which can be di-
rectly modified through actions, an arbitrary internal structure, and
one or more output lines. A counter on one of these output lines
counts the number of times the output voltage changes from 0 to 1.
It seems natural to represent this information by derived effect rules
like

caus(count(n + 1)) < init(out), holds(count(n))

caus(—count(n)) < init(out), holds(count(n))

Here holds(l) means that [ is true in the initial state (for a fluent
literal /). caus(l) means that there exists a cause for [ to become
true; it is possible that [ is already true in the initial state, i.e. that
holds(l) is true; obviously, in that case [ should remain true. init(l)
means that [ changes from false to true: [ is false in the initial state
and there is a cause for [. For the time being, init({) is used as a
shorthand notation for holds(—l) A caus(l).

Jor a constraint relating different states in the case of delayed effect rules in
[15].



The indirect effects described by the above rules are in no way re-
lated to a state constraint? : there is no relation between the contents
of the counter and the current state of the network. What is happen-
ing here is just a propagation of effects. Indirect effects of this kind
cannot be correctly modelled in state constraint based approaches.

We want to design an expressive language for describing effect
propagations which satisfies the following conditions:

e expressivity: the language should cover a broad class of appli-
cations.

e robust representation of multiple effects: multiple effects may
arise due to simultaneous actions or due to the presence of ram-
ifications (even if any action has a single direct effect and there
are no concurrent actions). If multiple changes are allowed to
occur “at the same time” (at least, at the level of abstraction
that assumes that direct and indirect effects occur with no de-
lay), no matter if they are direct or indirect effects of a single
or multiple actions, some problematic cases may arise if the
different changes are not independent.

e modular representation: each type of component in the system
should have a specific representation which can be reused in
different instances, in the same system or in different systems.

e compact and intuitive representation.

As will be shown below, these requirements lead to a formalism in
which effect propagations depend on the absence of other effects, and
in which positive cycles may occur in the effect rules.

Example 2 Consider the suitcase example [21], where a suitcase
with two locks opens if both locks are opened at the same time,
or one lock is opened and the other one is and remains open.

The direct effect rules can be represented as follows:

caus(locklopen) < act(openl)
caus(lock2open) < act(open2)

for which the following high-level syntax can be given as in the A
language and its variants:

openl causes locklopen
open?2 causes lock2open

Since the opening of the suitcase depends also on the openness of
locks not being terminated at the considered time, and since we want

*To be precise, the second rule can be derived from the first one given the state
constraint that count has only one value; strictly speaking only the first rule is
then not related to a state constraint.



to take into account multiple changes at the same time, a possible
set of derived effect rules is the following:

caus(open) <« init(locklopen) A holds(lock2open)A
—init(—lock2open)

caus(open) <« init(lock2open) A holds(locklopen)A
—init(—locklopen)

caus(open) < init(locklopen) A init(lock2open)

Note that intuitively, the above three rules can be represented
more compactly as follows:

caus(open) < init(locklopen A lock2open)
or in a more A-like syntax
initiating locklopen A lock2open causes open

where we introduced initiation of a complex formula, a conjunction in
this case: the cases where this conjunction becomes true are exactly
the three ones in the informal description and the three rules above.

The suitcase example illustrates two principles of our approach.
The first is that effects may depend on the absence of other effects,
for which reason the formalism should allow negative causality lit-
erals. On the semantic level, this may create problems when effects
mutually depend on each others absence.

The second principle is the use of compact derived effect rules
based on the initiation of complex fluents. Such complex effect rules
can be reduced to sets of primitive effect rules (using only initiation
of literals). This reduction is based on a simple case analysis of when
complex fluent formulae are initiated given changes in the involved
literals. We have evidence that most or all causal dependencies can
be conveniently expressed in one compact form, and hence that there
is no need for rules with arbitrary combinations of init, caus, holds
and act literals.

Another potentially problematic form of dependency that could
especially arise in the representation of physical systems is a cyclic
dependency.

Example 3 Consider two connected gear wheels. Any force caus-
ing the first wheel to start or stop turning propagates to the second
wheel and vice versa. The propagation of the effects in this system
is represented by the cyclic rules:

caus(turny) < caus(turny)
caus(turny) < caus(turny)
caus(—turng) « caus(—turny)
(

caus(—turny) < caus(—turny)

Assume that there are the following direct effects:



caus(turny) < act(starty)
caus(turny) <— act(starty)
caus(—turny) < act(stop,)
(

caus(—turng) < act(stopy)

The intended semantics of this set of rules is clear in all cases where
there are no simultaneous occurrences of stop and start actions: both
wheels start to turn iff there is at least one start action, and both
wheels stop iff there is at least one stop action. What should be
avoided is to allow for both wheels to start turning in the absence of
any actions justifying this, by reasoning that the two changes justify
each other.

Notice that such a cyclic dependency would not exist if the two
fluents, which are apparently equivalent in the system (the state con-
straint turny <> turny holds) were replaced by a single fluent, which
is caused by start; and by starty. However, such a change in repre-
sentation, which is easy in this case, cannot be seen as an instance of
a systematic and modular representation methodology.

Several additional issues and choices need to be considered. One
choice we make for reasons of conceptual clarity is to aim for a rep-
resentation and a semantics such that, as long as nondeterminism is
not explicitly introduced in effect rules, given a complete state of the
world, the state resulting from an action or a set of concurrent actions
is uniquely determined. More precisely, actions produce a unique set
of direct effects, which lead to a unique set of additional (indirect)
effects by propagation through the derived effect rules. We assign the
semantics of effect rules constructively, corresponding to the actual
physical or logical propagation®.

If multiple changes at the same time are considered, we insist that
only theories that do not entail multiple changes of the same fluent
at the same time are considered as well-defined. In particular a fluent
can not change from true to false and back again in the same batch
of effects. This ensures the “same time” abstraction to be correct. In
this respect our approach differs conceptually from the one in [35],
where change propagations in one “simultaneous” batch of effects are
assumed to happen consecutively and to take a very small amount of
time. Hence in Thielscher’s approach multiple changes of the same
fluent in the same batch of effects are not considered problematic or
inconsistent.

In order to achieve the goals described above and avoid the poten-
tial problems due to cyclic dependencies and dependencies on absence
of effects, we introduce in the semantics a notion of well-founded,
non-self-supported argument, which is especially appropriate for the
semantics of causation. In fact, as remarked in [34], essential proper-
ties of causation are:

State constraints do not take part in this constructive process. We return to
the role of state constraints later.



e cach effect should be caused, either by a primitive action or by
another effect;

e there cannot exist self-supported effects;

e effect causation is well-ordered; there should not be an infinite
chain of effects in which each effect is caused by the next effect
in the chain.

In the literature of nonmonotonic reasoning, semantics of logic
programming and inductive definitions, several approaches exist which
can be reduced to the principles above or to some sort of “closure”
principle for definitions. These approaches have been shown to be
appropriate for different syntactic subclasses, some of them including
— under certain conditions — negative literals in the body of rules
(as for the —init literals in the effect rules considered before), some of
them including the possibility of positive loops as in the gear wheels
example. In particular,

e predicate completion [7] is adequate for acyclic rule sets [2];
e circumscription [24] is adequate for positive rule sets;

e prioritized circumscription [18] is adequate for stratified rule
sets;

e perfect model semantics is adequate for stratified rule sets [30];

e Iterated Inductive Definition semantics is adequate for stratified
rule sets [1];

e the well-founded semantics of logic programs [40] is adequate for
general rule sets, giving an “undefined” value to the atoms that
do not have a well-founded, i.e. non-self-supported, argument
in favor of their truth or falsity.

In the intersection of the syntactic classes, the different approaches
coincide. This suggests that there is a uniform intuitive principle
underlying these rules, which has been called the (generalised) prin-
ciple of inductive definitions in [9]. The principle is related to the
well-founded semantics, but will here be formulated in a way that
explicitates the well-founded arguments.

In the following sections, we will investigate the semantics of the-
ories of effect rules of the form

caus(l) < Ly,..., L,

where [ is a fluent literal and, for ¢ = 1,...,n, £; is a literal of one of
the forms

o caus(l), —caus(l), holds(l),—holds(l) where [ is a fluent literal.
The holds literals refer to the starting state of the transition.



e act(a),nact(a) where a is an action constant; these literals refer
to the actions that are part of the transition.

These rules will be called primitive effect rules.

In the most general case, the above definition is extended by also
allowing literals init(l) and —init(l) in the body of rules and by al-
lowing [ in body literals to be a complex propositional fluent formula
rather than a single fluent literal.

The rules involving complex fluent formulae and nit literals can
be reduced to (sets of) primitive rules. For init literals this reduction
is straightforward using the equivalence init(l) <+ caus(l) Aholds(=l).
Also the reduction of complex holds formulae to primitive ones is
straightforward (holds can be moved inward through all operators).
These extensions can be considered basic syntactic sugar and will be
treated as such. The reduction of complex caus literals to primitive
ones requires a more careful case analysis as illustrated in the suitcase
example, and will be formalised later for the general case.

Finally, we choose to introduce some additional syntactic sugar
with an A-style look and feel for a particular subset of the effect rules
which is sufficient for actual knowledge representation:

e o causes [ if F' where [ is a fluent literal, ¢ an action con-
stant and F' a complex fluent formula, is equivalent to the rule
caus(l) < act(a) A holds(F)

e initiating F’ causes [ if F where [is a fluent literal and F, F’
complex fluent formulae, is equivalent to the definition rule
caus(l) < init(F') A holds(F)

If F is trivially true, we omit the if condition. In a later section we
will discuss this choice of high-level effect rules.

The above description does not allow for variables in fluent for-
mulae. Qur formalisation can be extended to formulae involving vari-
ables and full quantification, but we do not address the issue in this
paper. In some examples in the paper we use variables (without
quantification): the intended meaning is that all variables are uni-
versally quantified with the entire rule as scope, and rules containing
variables are considered as equivalent to the set of all their ground
instances.

Given a theory Il, of primitive effect rules® , our formal goal in
the following sections is to define, for increasingly complex classes of
theories, a transition function Transyy  that maps a pair consisting

of

e a set S of fluent atoms, representing a state of the dynamic
system,

e a set A of actions which happen simultaneously in state S.

Later on we will define the semantics of complex effect rules by mapping them
to an equivalent set of primitive rules.
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to a new fluent set S’ representing the state after the simultaneous
occurrence of actions A in state S.

To this end we will first define a canonical interpretation MS,A,]L
determining which fluents are caused to be true or false given the rules
in I, and a particular S and A. The problem of determining this
interpretation is split up in several cases, corresponding to different
syntactically restricted classes of theories. In sections 4, 3 and 5.1,
we focus respectively on

e hierarchical effect theories: with negation but without recur-
sion;

e positive recursive effect theories: no negation;

e stratified effect theories and general effect theories (with recur-
sion and negation).

The canonical model defines the update set UHE,S,A for given S
and A. This is basically the set of true caus literals in the canoni-
cal model, unless the theory yvields a so-called bad definition.” The
precise definition is as follows: if Mg , 11, assigns a truth value u
to any caus literal, then Uy o, = {caus(l) | is a fluent literal }.
Otherwise, Uy g 4 = {caus(l) | Mg 4 1_(caus(l)) = t}.

The transition function Transyy is then defined as follows:

o if Upy 4 contains a subset of the form {caus(f),caus(~f)},
then Transyy (S,A) = T, where T denotes the inconsistent
state.

e otherwise, Transyy (5, 4) = S\ {flcaus(=f) € Uy 54}V
{fleaus(f) € Upy_ s 4}

3 Predicate completion and explanation clo-
sure

In this section, we define the canonical model and hence the transition
function for the class of hierarchical effect theories, in which effects
may depend on the absence of other effects (i.e. negative caus literals
may appear in the body of effect rules) but no recursive dependencies
may exist. More formally, for a given effect theory Il., define the
immediate dependency relation as the set of tuples of fluent literals
({,1") such that there is a rule caus(l) + ..caus(!’) in Il.. Define
the dependency relation as the transitive closure of this immediate
dependency. The class of hierarchical effect theories is the one in
which no fluent literal depends on itself®. For this class of theories, a

"The possibility of bad definitions exists only in the most general case and will
be discussed there.

8Note that only caus literals are taken in consideration to define dependency.
The causation of a fluent may depend on the presence or absence of the same
fluent in the initial state. This does not lead to recursion.
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conceptually simple and intuitive approach in the literature can deal
with some of the complexity involved in defining direct and indirect
effects of actions.

As a base example, consider again the suitcase example (example
2). Defining a semantics for the set of rules requires being able to
deal correctly also with the dependencies on absence of terminations.
Since as usual in nonmonotonic reasoning (and in work on the frame
problem in particular), we are not expecting reasons for the non-
occurrence of effects to be provided explicitly, we should consider
the rules above as completely defining all reasons for changes in the
fluents involved in them. One of the early ways of formalising this
definitional view in logic programming and nonmonotonic reasoning
was to see a set of implication rules with a common “head” p as
defining p, in the sense of reading them as “if and only if” rather
than just “if”. This is the predicate completion approach in [7].

Completion of the suitcase example at the ground term level yields
the following theory? :

caus(locklopen) <+ act(openl)
caus(lock2open) <+ act(open2)
caus(open) <> init(locklopen) A holds(lock2open) A
—init(—lock2open)
V init(lock2open) A holds(locklopen)A
—init(—locklopen)
V init(locklopen) A init(lock2open)

Here, a well-ordered way of assigning truth values is as follows: given
a (real or hypothesized) complete state of the world (i.e. an assign-
ment of truth values to fluents), and an action or a set of actions
occurring (or hypothesized to occur) in that state,

e we first decide which changes occur to locklopen and lock2open
given the complete definition of when such changes are caused
and the current truth value of the fluents (this is important
since, as argued before, ramifications usually involve changes
driven by other changes, not just by something else being true
or false);

e then we decide which change may affect open given the complete
definition of when such a change is caused.

In other words we first decide which direct effects occur, then
which indirect effects occur. This construction can be made for all
hierarchical effect theories and yields always the unique model of its
completion.

This approach works fine in case of simultaneous actions. Assume
that a person opens lock 1 and closes lock 2 simultaneously. In that
case, the suitcase should remain closed; this is exactly what the com-
pletion semantics yields: in the first step of the construction, lock 1

®recall that init(l) stands for caus(l) A —holds(l)
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is determined to be open, lock 2 to be closed. In the second stage of
the construction, it is found that not both locks are closed, hence the
rule for opening cannot be applied.

There is one important remark to be made here though. In the
construction, it can be seen that the evaluation of effect rules is de-
layed until the existence or absence of effects at lower levels is deter-
mined. This hides a subtle assumption about the physical system;
namely that in the physical system, the propagation of a higher level
effect is delayed until the lower level fluents on which the effect depend
have become stable in the physical system. An example illustrates
the point.

Assume that the suitcase is opened, not be a mechanical spring
but by an electrical motor which reacts to two hypersensitive nano-
second detectors connected to the locks. So, the locks do not mechan-
ically block the opening of the suitcase. In such a system, it must
be inpredictable whether the suitcase will open or not when a human
opens one and simultaneously closes the other lock. This is simply
because even when in the human’s perception, the two actions occur
simultaneously, the detectors will still discover some small delay be-
tween them, and if the opening action is detected first, the opening
signal will be already sent to the motor before the closing of the other
lock is detected.

In this alternative suitcase example, the completion is not correct
because in a physical system the rule
caus(open) <« init(locklopen), holds(lock2open), —init(—lock2open)
may fire before the system has stabilised on its premises. It is an
underlying assumption of this representation which abstracts away
delays, that the physical system stabilises on the premises of a rule
before propagating the effect described by the rule. If this assump-
tion is not satisfied, the completion semantics cannot be used, and in
general we cannot expect any semantics to reason correctly on delays
that have not been modelled (we will return to this issue in section
6).

In [2], it is shown that the completion of a hierarchical logic pro-
gram has one unique model. It follows that given any state S and set
of actions A, a hierarchical effect theory II. has exactly one model.

This is the model Mg , 17 used to define the update set and the tran-

sition function, using the definition given in the previous section.!.

The completion is also able to deal with some potentially cyclic
dependencies, as in the following example.

Example 4 Suppose that a person is happy if a person he hates is
not happy (and this is the only reason to be happy), and the only
cause of hatred is the rejection of papers. Suppose we start with

0Observe that no truth value u occurs anywhere as the completion yields a
classical (2-valued) FOL theory; hence the update set is simply the set of true
caus literals, as intended.
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a state where John and Fred are unhappy and no one hates any-
one; then John rejects a paper of Fred’s, which surprisingly enough®!
makes Fred happy. A compact representation would be:

initiating hate(X,Y) A =happy(Y) causes happy(X)

reject_paper(Y, X) causes hate(X,Y)
which corresponds to the following low-level representation:

caus(happy(X)) < init(hate(X,Y)) A holds(=happy(Y))
Aminit (happy(¥ ) ()
caus(happy(X)) <« init(=happy(Y)) A holds(hate(X,Y))
A=init(—hate(X,Y))
caus(happy(X)) < init(hate(X,Y)) A init(=happy(Y))
caus(hate(X,Y)) < act(reject_paper(Y, X))

SN TN TN
= W N
~—

We omit the corresponding rules for termination of happiness for
reasons of brevity.

Notice that in rules (1), (2) and (3) happiness depends on happi-
ness. The resulting completion is:

caus(happy(X)) < init(hate(X,Y)) A =holds(happy(Y))
A=init(happy(Y))
vV anit(=happy(Y)) A holds(hate(X,Y))
A—init(—hates(X,Y))
Vo anit(hate(X,Y)) Ainit(=happy(Y)) ()
caus(hate(X,Y)) < act(reject_paper(Y, X)) (6)

Given the initial state:
—happy(john) A —happy(fred) AVX,Y -hate(X,Y)
and the action reject_paper(john, fred), i.e.
act(X) < X = reject_paper(john, fred)

the completion entails init(hate(fred, john) and therefore also
intt(happy(fred)) because of the first disjunct of (5).
Notice that —init(happy(john)) is true because, considering again
(5) with X = john, the first and third disjuncts are false because
no one rejected a paper of John’s, and the second disjunct is false
because John does not hate anyone.

The completion approach is a nice solution in some respects, since,
after a conceptually simple syntactic transformation, it relies on the
established semantics of classical (monotonic) logic. In reasoning
about actions, this is essentially the approach introduced by Reiter
[31], based on a monotonic solution to the frame problem which ex-
plicitates an “explanation closure” assumption. This approach, which

" Given real-world knowledge, but not given the rules provided in this example.
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deals with actions with only direct effects, is further extended in [26]
to deal with the ramification problem (restricted to the case of acyclic
theories).

The shortcomings of this kind of solutions arise in case of positive
cyclic dependencies, as shown in the next section.

4 Causation theories with positive cycles

Consider again the two gear wheels example (example 3). How can
we model the semantics of this set of rules in correspondence with
the intended one? The Clark completion does not correctly model
these effects. For example, in case of an empty set of actions, the
intended model is that all caus atoms are false, but one verifies that
e.g. the interpretation {caus(turn_1), caus(turn2)} is also a model
of this theory. Hence, according to Clark completion, the two gear
wheels might start turning spontaneously.

To adequately model the effect propagation process in the above
example, an appropriate semantics is the one used for inductive def-
initions [6, 27, 1]. By interpreting the above set of causal rules as an
inductive definition, the intended semantics is obtained. The prob-
lem of completion semantics to model the propagation of the cyclic
dependencies between effects, is entirely equivalent to its problem to
model inductive definitions.

Positive Inductive Definitions (PID, i.e. definitions without nega-
tions in the body), have been formalised in various ways. Aczel [1]
studies inductive definitions in an abstract representation with an
obvious correspondence to definite logic programs [22]. A definition
on a domain D of propositional symbols is represented as a possi-
bly infinite set D of rules p + B with p € D, B C D. Aczel gives
three equivalent mathematical principles for describing the semantics
of PID’s. They are equivalent with the way the semantics of definite
logic programs is defined [39]:

e The intended model of D can be defined as the least model of
the implications. E.g. in [10], this unique minimal model se-
mantics is expressed through a circumscription-like axiom (but
expressing that the interpretation must be the least rather than
a minimal model).

e The model can be expressed constructively as the least fixpoint
of a step-wise operator!? associated with the definition.

e The model can also be expressed as the interpretation in which
each atom has a proof tree'®.

The PID semantics can be used to define the semantics of causal
theories without negative literals. The above three principles and

12This operator is analogous to the Tp-operator for definite logic programs.
13 Also this formalisation has been used in LP in [8].
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its variants (e.g. circumscription) are mathematically equivalent and
yield identical semantics. We have chosen the proof tree formalisa-
tion, for the reason that it is a constructive semantics which reflects
the constructive nature of the effect propagation. A least model or
minimal model semantics, though elegant and simple, is not construc-
tive. A stepwise operator semantics is constructive as well but is not
easily extended to the case of causal theories with negative cause
literals.

We present the proof tree semantics for a slightly extended version
of the formalism of [1]!4.

Given is a domain D of propositional symbols including symbols

t,f.

Definition 1 A Positive Inductive Definition is a set of rules p + B
with head p € D and body B a nonempty set of positive or negative
literals of D. Let Defined(D) be the set of atoms which occur in the
head of a rule. For every rule p «— B € D, for every negative literal
—q € B, it should hold that ¢ ¢ De fined(D).

The set Defined(D) is called the set of defined atoms. Its comple-
ment Open(D) = D\ Defined(D) is called the set of open atoms.
We will assume always that Open(D) includes the atoms t and f,
denoting true, false respectively.

Note that each symbol p € Defined(D) has at least one rule
p < B € D (it may be the rule p « {f}) and the body B of a rule is
never empty (B may be the singleton {t}).

For any given interpretation A of the open symbols, D defines
the truth value of all defined symbols of D. The resulting model,
which we denote MP, is the least model extending M and satisfying
the rules of D. The proof tree semantics is equivalent to this:

Definition 2 A D-proof-tree T of p € D is a tree of literals of D
with p as root such that:

e all leaves of T are open literals (possibly t,f);

e for each non-leaf node p with set of immediate descendants B,
it holds that p + B € D; hence p is a defined symbol in D;

e T contains no infinite branches (hence it is loop-free).

Note that when D is a set of effect rules, a prooftree gives a visual
picture of the effect propagation leading to the effect in the root of
the tree.

Below is a constructive characterisation of the model of D given

M.

14This extension facilitates the leap to the case of causal theories with negative
literals in the next section.
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Definition 3 The model MP is the set {p € D|p has a proof tree T
with only true leaves' in M?}.

Using the above definitions, we define a semantics for the class of
positive causal theories.

Definition 4 A causal theory 1l. is positive iff all causation rules
have no negative causation literals in the body'®.

For any pair S, A, one defines the interpretation Ms 4 of holds
and action atoms Mg 4(holds(l)) =t iff [ € S and Mg 4(act(a)) =t
iff @ € A. The canonical model Mg , 17 used to define the update

and transition functions is then M57AH€.

Observe that — not surprisingly — for acyclic positive definitions,
the results of the positive induction semantics and the completion
semantics coincide. They capture the same intuition for different
classes of definitions, and coincide in the intersection of these classes.

Consider again the gear wheels example, with effect rules

caus(turny) < caus(turny)
caus(turny) < caus(turny)
caus(—turng) « caus(—turny)
caus(—turny) < caus(—turny)
caus(turny) < act(starty)
caus(turny) <— act(starty)
caus(—turny) < act(stop,)

(

caus(—turng) < act(stopy)

Assume a situation in which the wheels are not turning, i.e.
S = {—turny,—turny} and an action start;. caus(turni) has two
(loop-free) finite proof trees: one in which it has as only immediate
descendant the leaf start;, and one in which it has caus(turng) as im-
mediate descendant and hence start, as only leaf. The former proof
tree determines that caus(turn;) is true. Similarly, caus(turns) is
true due to the proof tree caus(turny) — caus(turny) — start;. The
finite proof trees of caus(—turny) and caus(—turng) all have false
leaves (either stop; or stopy), hence these literals are false. The up-
date set is consistent and both wheels start turning. Observe that
simultaneous start; and stop; actions would yield an inconsistent up-
date set where both fluents and their negations would be initiated.
This simultaneous occurrence is hence not allowed by the theory.
Modelling what would happen in the real system if the actions were
tried simultaneously, would require a greater level of detail.

5Note that an open atom p has only one prooftree, and this prooftree has one
single node p. Hence, p has a prooftree with only true open literals in the leaves
iff p is true in M. Hence, M7 is identical to M in Open(D).

1%We tacitly assume there exists a rule for every atom, possibly caus(l) « {f}.
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5 A General Semantics

5.1 Stratified and Nonstratified Rule Sets

The positive induction semantics defined in the previous section al-
lows for dealing with cyclic dependencies between effects. However,
as opposed to the completion approach it can not deal with nega-
tions in effect rules, in other words with effects that depend on the
absence of other effects. That both semantics coincide in their com-
mon range of applicability, suggests that they are approximations of
the same more general concept in different specialised settings. It is
this concept we are trying to identify.

In fact, as pointed out in [9], ways of extending the positive induc-
tion semantics to allow for negations in the rules have been studied
as well in the area of Iterated Inductive Definitions (1ID) as in Logic
Programming and in the context of circumscription. In all three re-
search areas similar extensions have been proposed which cover strat-
ified rule sets. A rule set is stratified if atoms can be ordered in layers
such that no atom depends on any atom in a higher layer, nor on the
negation of an atom in a higher or equal layer. In terms of effect
rules, this corresponds to the condition that effects can not depend
in any way on effects in higher layers, and if they depend on the ab-
sence of another effect, this other effect should be in a strictly lower
layer (since a negative effect literal evidently represents the absence
of an effect).

Stratified rule sets are handled in IID by determining the effects
one layer at a time. First it is determined which of the fluents in
the lowest, most primitive layer are initiated, using only the effect
rules for these fluents as a definition and only t and f as open atoms.
These effect rules are not dependent on any effects in higher layers, so
they can be dealt with independently. Moreover they do not depend
on the absence of any effects, so they form a positive causal theory.
Hence, the positive induction semantics of the previous section is
applicable. When all effects in a layer are determined, in the next
step these effects are added to the set of open literals and assigned
their determined truth value. The effect rules for the next higher
layer can then be tackled in exactly the same way, which is repeated
until all effects are determined and a fixpoint is reached. For more
formal details we refer to [1] or [27]. An alternative formalisation
of this semantics in the logic programming setting is described in
[30], and in the circumscriptive setting in [18]. Unsurprisingly, for
definitions without positive cycles the approach again coincides with
the completion approach.

Stratified definitions are the largest class for which a semantics
is defined in IID. The stratification condition imposes that atoms
(e.g. effects) can not depend on each other’s or their own negation
(e.g. absence): so-called negative cycles are not allowed. The funda-
mental reason for this is that negative cycles may make definitions
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nonsensical or ambiguous. They are much more problematic than
positive cycles: as each effect needs a well-founded argument to oc-
cur, an effect that is only justified by a positive cycle does not occur.
But the absence of an effect requires no argument, only that there
is no argument for the effect’s presence. Hence, if we consider the

definition
caus(p) < —caus(q)

caus(q) < —caus(p)

there can be two possible readings: either we assume there is no argu-
ment for caus(q), in which case =caus(q) is an argument for caus(p)
and hence there is indeed no argument for caus(q), or we apply the
same reasoning with p and ¢ switched. Obviously the arguments for
both readings are self-supported, although on a higher level than in
the case of a positive cycle. In this case there is no way around
the problem, because rejecting both arguments, and hence conclud-
ing that p nor ¢ are initiated, would lead to a violation of the rules
read as simple implications. An even more extreme example is the
definition
caus(p) < —caus(p)

which can not be given a sensible reading based on non-self-supported
arguments.

Since negative cycles lead to nonsensical or at least ambiguous
definitions as illustrated above, they have been disregarded in I1ID.
However, the notion of a cycle in the IID setting (and the LP or
circumscriptive settings) is defined syntactically, whereas syntactic
cycles do not necessarily correspond to actual cycles. Hence, a defi-
nition which contains negative cycles on the level of the syntax may
nevertheless be a perfectly meaningful definition. In fact the “happi-
ness” example of section 3, in which happy(X') depends negatively on
itself, is not stratified, whereas in most cases it is perfectly possible
to determine who remains happy and who does not. Also proposi-
tional definitions may be syntactically nonstratified but have a clear
meaning: it is possible to construct a physical system of which the
natural representation contains negative cycles, but which exhibits
nonproblematic and well-defined behaviour.

Assume for example the following electric circuit (a variation of
the examples in [35])consisting of two interconnected sub-circuits. On
one circuit there are two serially connected switches p and s and a
relay relayl, on the other two switches r and ¢ and a relay relay?2.
The first relay ensures that ¢ is closed (i.e. true) if and only if there is
current in the first circuit, whereas relay2 makes sure that p is open
(false) if there is current in the second circuit. The following state
constraints represent the two sub-circuits and the relays:

relayl <> (p A s)
q < relayl
relay2 <> (r A q)
—p &> relay?



19

P s
o‘o o —o
|
|
g o | o o‘o
r q

|
Figure 1: Schema of the double relay example

The corresponding effect rules can be represented (in short notation)

as
initiating p A s causes relayl

initiating relayl causes ¢
initiating r A ¢ causes relay?2
initiating relay2 causes —p

and their counterparts

initiating —p causes —relayl
initiating —s causes —relayl
initiating —relayl causes —q
initiating —r causes —wrelay?
initiating —¢ causes —wrelay?
initiating —relay2 causes p

Now, assume that in the above circuit the switches r and s are
mechanically connected, such that always exactly one of them is open.
An additional state constraint is then r < —s, and we assume that a
change of either switch has an immediate impact on the other switch,
as indicated by the effect rules

initiating —r causes s
initiating r causes —s
initiating —s causes r
initiating s causes —r

Observe that the positive cycles introduced by the last four rules
make the completion approach inappropriate, like in the gear wheels
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example: completion yields caus(—r) <> caus(s) and caus(—s) <>
caus(r), thus allowing for example the initiation of —r and s (or —s
and r) at any time without external cause.

On the other hand, the rules

initiating p A s causes relayl
initiating relayl causes ¢
initiating r A ¢ causes relay?2
initiating relay2 causes —p

can be expanded to

caus(relayl) < init(p) A init(s)

caus(relayl) < init(p) A holds(s) A =init(—s)
caus(relayl) < holds(p) A —init(—p) A init(s)
caus(q) « init(relayl)

caus(relay2) < init(q) A init(r)

caus(relay2) < init(q) A holds(r) A —init(—r)
caus(relay2) < holds(q) A —init(—q) A init(r)

caus(—p) «+ init(relay2)

q
q

which contains a negative cycle caus(—p) < caus(relay?) < caus(q)
— caus(relayl) < —caus(—p), i.e. the initiation of —p depends on its
own absence. The definition is not stratified, but the physical system
can be built and will show quite simple behaviour. In particular,
due to the construction of the circuit the switch p can never be open
(which actually follows already from the state constraints). To see
why —p can not be initiated, observe that ¢ and r can never be closed
at the same time: if r gets closed then s will be opened, so relayl
will receive no more current and open ¢. As a result relay2 can never
become active, and hence the only rule for initiating —p is never
applicable.

This example of a circuit which can be realised in practice shows
that a syntactic notion of acyclicity is not sufficiently general for
dealing with real-world ramifications. It is a fact that the cycles in the
above formalisation are linked to some redundancy: there are fluents
that are always true, fluents that are equivalent and rules which can
never be applied. As in the gear wheels example, the cycles in the
definitions can be removed by eliminating this redundancy. However,
this is necessarily an ad hoc and non-modular approach. Tuning the
representation to make a particular semantics applicable is not the
way to go in knowledge representation. Moreover, observe that for
some classes of nonstratified definitions (those without actual cycles),
the simple completion approach still yields intuitive results, again
suggesting that there is a more general principle underlying all these
different semantics.

5.2 Formal semantics

There appears to exist a semantic notion of acyclicity, which guaran-
tees that rule sets have a sensible and non-ambiguous reading. How-
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ever, this notion does not appear to be easily captured syntactically.
Now, rather than imposing more complex syntactic restrictions, we
propose a general semantics which is applicable to all definitions sat-
isfying the basic syntax. More specifically, this semantics should give
the unique sensible interpretation to all definitions which have one,
i.e. those for which each atom can be assigned a truth value based
on a well-founded non-self-supported argument. For other definitions
the semantics should indicate that no such unique assignment exists.

To define this more general semantics, we can look at existing
work in Logic Programming. There two different semantics have been
proposed for dealing with general definitions with negation: the sta-
ble and the well-founded semantics, which differ mainly in their treat-
ment of ambiguous definitions. In the stable semantics an ambiguous
definition is considered to have multiple models: in the ambiguous

definition
caus(p) « -—caus(q)

caus(q) « —caus(p)

either ¢ or p would be initiated nondeterministically; both interpreta-
tions are consistent although self-supported through negation. Non-
sensical definitions like caus(p) < —caus(p) have no stable model.
The well-founded semantics is strictly constructive and allows no form
of self-supported argument, not even through a negative cycle. Every
definition has exactly one well-founded model. The semantics is 3-
valued, and ambiguous as well as nonsensical definitions are marked
by the presence of the third truth value “undefined” (u) in the model:
as we will show below, u is assigned to any atom for which all of the
arguments are self-supported through a negative cycle. It has been
proven that if the well-founded model is 2-valued, it coincides with
the unique stable model of the definition, and for definitions without
positive cycles also with the unique model of the completion. For
stratified definitions the well-founded model is always 2-valued and
coincides with the model defined in IID and the perfect model in LP.

We argue, like in [9], that the underlying principle of the well-
founded semantics is the most natural and useful generalisation of
the principle of inductive definition. The semantics is constructive,
just like we expect physical effect propagations to be. It is not re-
stricted to syntactical subclasses of definitions, but it detects and
identifies non-constructive definitions. Observe that, as opposed to
the stable semantics, it leaves no room for nondeterminism. This is
in our view an important property for sets of rules that are appar-
ently deterministic themselves: nondeterminism should not arise due
to tricky interactions of deterministic rules, but should be modelled
explicitly when intended. We will introduce nondeterministic effect
rules in a later section as a natural extension of the deterministic
rules.

Formally, the semantics for stratified definitions is generalised as
follows. Since negative literals can occur in rule bodies, and since
definitions are in general not stratified so that the definition can not
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be split up in positive definitions, we must slightly extend the notion
of proof tree to allow for negative literals.

Definition 5 A D-proof-tree T of p € D is a tree of literals of D
with p as root such that:

e all leaves of T are open literals (possibly t,f) or defined negative
literals;

e for each non-leaf node p with set of immediate descendants B,
it holds that p + B € D; hence p is a defined symbol in D;

e T contains no infinite branches (hence it is free of positive cy-

cles).

The truth value of an atom is determined by its best argument,
i.e. its best proof tree. Like in the positive case, if any proof tree has
only true leaves, the atom is true, and if all proof trees have a false
leaf, the atom is false. However, for a nonstratified definition it can
not be guaranteed that for a particular atom the truth values of all
proof trees are known when one tries to determine the atom’s truth.
This can be solved by using the third truth value u to designate
atoms of which the truth could not or has not yet been determined.
We define u=! = u. Clearly, initially all atoms are assigned u. The
notion of best argument can then be generalised as follows to 3-valued
valuations.

Definition 6 (Vp,<p) Given a set of defined ground atoms P, the
set Vp of (3-valued) valuations on P is the set of all functions P —
{t,u,f}. On Vp, a partial order < is defined as the pointwise exten-
sion of the order u <pg t,u <p f; more precisely, VI,I' ¢ Vp : I <p I'
ffvie P I(l) <p I(l'). We use the symbol L to denote the valua-
tion which assigns u to all defined atoms.

Given a valuation I € Vp and an interpretation O of the open
atoms (i.e. in this paper the act and holds atoms, so O = Mg 4),
for each [ € P we define its supported value w.r.t. I and O, denoted
SVro(l), as the truth value proven by its best proof tree, i.e.

Definition 7 (supported value)

o SVio(l) =t ifl has a proof tree with all leaves containing true
facts w.r.t. I and O;

o SVio(l) =f if each proof tree of | has a false fact w.r.t. I and
O in a leaf;

o SVio(l) = u otherwise; i.e. if each proof tree of | contains
a non-true leaf, and some proof tree contains only non-false
leaves.

We now define the following operator which maps each atom to
its supported value.
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Definition 8 (PZp ) The induction operator PIpo : Vp — Vp :
I — I’ is defined such that Vp € P : I'(p) = SVi0(p).

It can be proven that this operator is monotonic and hence always
has a least fixpoint PZp o1 for a given interpretation O of the open
atoms. This allows us to define the model of a general definition D
w.r.t. O, denoted Ip o as:

Definition 9 Given < P,D,0 >, Ipo =PIpot.

IHe,Ms,A is now the canonical model used to define the update
sets and transition function given a general causal theory Il., as in
section 2.

The generalised induction operator essentially mimics the truth
assignment in one layer of a stratified definition: the atoms to which
t or f have already been assigned are the atoms in lower layers. The
atoms in higher layers still have the value u. Layer by layer the u
values are replaced by t or f. In this sense, the operator can be inter-
preted as a more general implementation of the principle adhered to
in stratified definitions: the partial interpretations generated by con-
secutive applications of the 1ID operator are now represented as full
3-valued interpretations where u indicates the atoms that have not
vet been assigned a “real” truth value. Unsurprisingly for a stratified
definition the least fixpoint of the generalised induction operator is
then 2-valued and corresponds to the model defined using the IID
operator. More in particular, observe that for a positive definition D
and an arbitrary interpretation O of holds and act atoms, SV o(p) is
2-valued for all p and corresponds exactly to the model of the positive
induction semantics. The results are formally summarised in section
5.5.

In definitions incorporating actual negative cycles'”, e.g.

caus(p) < —caus(q)
caus(q) < —caus(p)

both caus(p) and caus(q) retain the value u, as neither u can be
eliminated until after the other one is removed. The resulting model
contains u, which indicates that some atoms could not be given a
real truth value or in other words that the definition is not a good
constructive definition, i.e. it is either ambiguous or nonsensical.
However, if the cycle is only apparent and not actual, as in the non-
stratified definition

caus(p) < —caus(q), caus(r)
caus(q) < —caus(p)

we obtain a unique model in which caus(r) and hence caus(p) are
false (the only proof tree for caus(p) has a false leaf once caus(r) is

17"Observe that for this case we do not give a meaningful “real-world” example:
it 1s our claim that such examples do not exist.
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determined), and caus(q) is true. So, the semantics detects actual
cycles and does not forbid syntactical ones which are not problematic.

In [9], the least fixpoint of the induction operator has been proven
to coincide with the least fixpoint of the well-founded operator of
[40]. This is an argument for the position that the well-founded se-
mantics represents a generalised inductive definition principle. The
interpretation of logic programming under well-founded semantics as
an inductive definition logic deviates considerably from other well-
known knowledge theoretic interpretations given by the embeddings
of logic programming in default and autoepistemic logic, for exam-
ple in that in the inductive definition reading, negation is objective,
whereas in the default and autoepistemic readings negation is seen
as a modal operator. Our treatment of effect rules in this paper
and the motivations given for it are therefore also an indication that
this alternative perspective on logic programming provides a promis-
ing framework for general knowledge representation, which formalises
important KR, principles. However this issue is outside the scope of
this paper.

5.3 Higher level effect rules

Above we have defined a semantics for sets of rules involving only
primitive caus literals, plus holds and act literals which can be eval-
uated immediately in any (state,action) pair. These rules form a
very low-level language. Observe that in our examples, we have al-
ready introduced some syntactic sugar by using the predicate init,
where init(p) stands for caus(p) A —~holds(p). This leads to (slightly)
more intuitive rules, as we usually expect only actual changes to be
a reason for further propagation. Another simplification is that we
allow the parameter of holds to be a complex fluent formula, so that
we can abbreviate e.g. holds(a) A —holds(b) to holds(a A =b). These
notations have no practical implications.

A more substantial difference is due to the observation that in all
examples we found in the literature, the primitive effect rules only
occurred in particular forms and combinations, corresponding to one
specific form of higher level, complex effect rules.

A first observation is that an effect is never triggered by the ab-
sence of other effects alone, e.g. the suitcase will not open just be-
cause nothing happens (which would be a serious violation of inertia).
Each effect requires at least one other actual effect or action (e.g. the
opening of a lock) as a cause, and the absence of other effects (e.g. the
not simultaneously closing of the other lock), is only relevant when
these other effects may counteract the causing effect.

A second observation, e.g. in applications like the suitcase exam-
ple and the interlinked relays example, is that the interplay between
effects and counter-effects reflects that the change in truth value of
one particular combination of fluents (a fluent formula) is the actual
cause of other changes: the suitcase opens as soon as it is no longer
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restrained, i.e. as soon as both locks are open. A relay is activated
when it receives current, i.e. as soon as all the switches in its circuit
become closed (no matter if they are closed at the same time or if the
last one is closed when the others already were). This kind of exam-
ples is very common and can be modelled compactly by introducing
complex initiations in effect rules.

Finally, effects or their propagation may be context dependent: in
the example with the digital counter, the change of an output voltage
triggers a new counter value which depends on the value at the time
of change. In the Yale Shooting Problem the shoot action triggers
the termination of alive if loaded holds.

Given these observations, we propose a high-level form of derived
effect rules which represents that a change in one particular complex
fluent formula, possibly in a particular context, is the cause of a new
effect. Syntactically, as defined in section 2:

initiating I’ causes [ if I

with [ a fluent literal and F and F’ complex fluent formulae. These
rules can be read as

init(l) « init(F'), holds(F).
In addition we use direct effect rules of the form
a causes [ if F
with @ an action constant and [ and F' as before, which represent
intt(l) < act(a), holds(F).

Observe that the direct effects of individual actions are repre-
sented independently, which is important for the modularity of the
approach. Complex derived effect rules provide a compact and ele-
gant way of describing the interaction of simultaneous actions. A nice
example is the following, taken from [11]: a table is considered which
can be lifted on the left and right sides; on top is a glass of water
which will spill its contents as soon as the table is in a non-horizontal
position.

The effects of the actions lift [ and lift_r (and similarly drop_l and
drop_r) are represented by the direct effect rules

lift | causes up; if true
lift_r causes up, if true

The rule that the glass spills its contents when the table is moved
into a non-horizontal position is expressed through

initiating —(up; <> up,) causes spilled if on_table

Assuming the table is initially on the floor, executing either one of
the [lift actions will cause the water to spill, but if they are executed
at the same time there is no spilling.
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We define a semantics for rules involving complex initiations by
defining the set of primitive rules which is equivalent to them. This
is a rather straightforward transformation, of which an example has
already been given for the suitcase rule in section 2. We base the
formal transformation on the notion of supporting sets: a supporting
set of a complex fluent formula F is a consistent set of fluent liter-
als which entails F'. Formally this is defined as follows (we use the
notation [ for negation, i.e. for a fluent f, f = =f and =f = f).

Definition 10 Given a set of fluent literals L and a complex flu-
ent formula I, we define when L is a supporting set of I’ (denoted
L sup F') inductively as follows:

o L supl ifle L

o Lsuply ANFy if L suply N L suply
o Lsuply vV Fyif Lsuply VvV L suply
o L sup—F if VL' sup F:3l e L': 1€ L

L is a consistent supporting set of F, denoted L sup, F, iff L sup F
and L does not contain a pair {f,—f} for any f.

This definition — and thus the semantics defined below — can
easily be extended to the predicate case, but such an extension is
outside the scope of this paper. Only consistent supporting sets are
of interest to us.

It can be shown that two formulae have the same supporting sets
if and only if they are equivalent under 3-valued FOL semantics.
This also implies that formulae which are equivalent under 2-valued
FOL semantics do not have the same supporting sets (often not even
the same consistent ones) if they are not 3-valued equivalent: e.g.
given two fluents p and ¢, p has three consistent supporting sets
{p},{p, ¢} and {p, —q}, whereas (pAq)V(pA—q) has only the consistent
supporting sets {p, ¢} and {p, ~q¢}.

A formula is true if and only if all literals of some (necessarily
consistent) supporting set of it are true. It follows that I is initiated
iff F'is not already true and for some consistent supporting set L
of F, all literals of some L; C L are initiated and all literals in
L, = L\ L; are true and not terminated. Based on this idea, we
define the grounding of a complex derived effect rule, i.e. the set
of primitive rules which is equivalent to it, as follows. We define
Caus(L) as {Caus(l) |l € L} and L = {I | [ € L} for any set of
literals L, and P = {—p | p € P} for any set of Caus atoms P.

Definition 11 (grounding of effect rules)
The grounding of a rule “a causes [ if ['” is the singleton

{caus(l) < act(a), holds(F)}
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The grounding of a rule “initiating F causes [ if 7 is the set'®

{caus(l) + caus(L;), holds(L,), caus(L,), holds(—~F), holds(F")
| Ly UL, sup, ' N L; # 0}.

The grounding of a set of effect rules 11, is the union of the groundings
of all rules in 11..

In the propositional case we consider here, it can easily be proven
that the above definition is equivalent to the one obtained by only
considering minimal supporting sets (those that are not supersets of
another supporting set), i.e. by imposing that L; U L, is a minimal
supporting set of F'. This follows from the fact that the extra rules
generated by nonminimal supporting sets lead to additional proof
trees for literals, which are strict supersets of already existing proof
trees for the same literal (generated by the corresponding minimal
supporting set). Since the truth value of a proof tree is determined
by its worst branch, the truth value of the smaller tree is never worse
than the one of the larger tree. Hence the supported value of each
literal in each iteration is the same, and the fixpoint is the same.

As an example, the formula —(up; <> up,) has two minimal sup-
porting sets {up;, ~up,} and {up,, -up;}. Hence, the grounding of

initiating —(up; <> up,) causes spilled if on_table
is
caus(spilled) < caus(upy), holds(—up,), ~caus(up,),
holds(up; <> up,), holds(on_table).
caus(spilled) < caus(up,), holds(—up;), ~caus(up;),
holds(up; <> up,), holds(on_table).
caus(spilled) < caus(—up;), holds(up,), ~caus(—up,),
holds(up; <> up,), holds(on_table).
caus(spilled) < caus(—up,), holds(up;), ~caus(—up;),
holds(up; <> up,), holds(on_table).
caus(spilled) < caus(up;), caus(—up,),
holds(up; <> up,), holds(on_table).

caus(spilled) < caus(—up;), caus(up,),
holds(up; <> up,), holds(on_table).

which describes all the cases in which the water will be spilled. Ob-
serve that the last two rules will always have false bodies if we impose
that a side can be lifted only if it is on the floor and dropped only if
it is in the air.

'8Rules in which L; = @ have a necessarily false body since holds(Ly), holds(=F)
is unsatisfiable if L, is a supporting set of F'; hence these rules are not taken into
account.
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5.4 State constraints and preconditions

The question which remains to be answered is what the role of state
constraints and explicit preconditions is in our proposal. These are
completely orthogonal to the successor state calculation. They are
interpreted as classical FOL formulae, in that any model of the theory
must satisfy all preconditions and constraints. So, actions can not
occur when their preconditions are not met. Likewise, if the successor
state of a certain state after a particular action — which is determined
by the effect rules alone — violates a state constraint, this successor
state can not exist at any time and hence any action leading to it is
impossible. In this way state constraints function as implicit action
preconditions.

Observe that — if given — specific scenario information like ac-
tion ocurrences and observed fluent values at particular times can be
handled in the same way: as a FOL theory which restricts the pos-
sible scenarios. In this paper we do not discuss scenario information
in depth as it is more dependent on the used topology of time and
orthogonal to the transition function and the ramification problem.

5.5 Results

We now give some results concerning the semantics. For proofs we
refer to [38].

Theorem 1 Given a state S, a set of actions A and a set of direct
and derived effect rules 11, the truth values of caus(l) for all | are
uniquely determined.

The theorem guarantees that successor states generated by a set
of deterministic effect rules are unique. In this respect our approach
differs from the one in [35]. Unless nondeterminism is explicitly in-
troduced, our theory leaves no room for ambiguity.

The following results give some alternative characterisations of
the above semantics in special cases. They shed some light on the
relation to existing approaches to the ramification problem.

Definition 12 (fluent dependency)

A fluent [ occurring in a rule initiating I’ causes f if F' or in a
rule initiating I’ causes —f if F’ depends on a fluent f' if f' occurs
in F, or if a fluent which depends on f' occurs in F.

Theorem 2 If the derived effect rules are acyclic, i.e. if no fluent
depends on itself, Ip o is always 2-valued. Moreover Ip o coincides
with the unique model of the Clark completion of the definition rules.

Theorem 3 If the body of each derived effect rule is a single literal,
Ip.o is always 2-valued, and coincides with the unique model of the
parallel circumscription of init and caus in the theory consisting of
the definition rules read as implications.
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The above results formally show that for several classes of defi-
nitions for which other semantics are known to assign the intended
meaning to all predicates, the generalised inductive definition seman-
tics coincides with these semantics. However the generalised induc-
tive definition semantics is more general, also dealing with cyclic def-
initions and with negations, even for nonstratified rule sets. Since
for example completion and circumscription have often been used in
some form or other in approaches to the ramification problem, our
proposal can be seen as a high-level unification and generalisation of
a number of existing approaches to this problem. Further on we will
study some specific approaches at a more detailed level.

6 Delays

The semantics described in section 5.2 deals in a specific way with
the problematic definitions where multiple interacting changes arise.
In particular, it is adequate under the assumption that direct and
indirect effects of an action, or a set of concurrent actions, occur
with no delay, that is, the delays in the effect propagation occurring
in the actual physical system are abstracted to zero.

Abstracting small delays is often convenient for several possible
reasons:

e because the resulting model is simpler;

e because there is no actual knowledge (on the delays in this case)
for providing an accurate model.

An abstraction is harmless when it does not affect the results we are
interested in. The problem is to find out when this is the case for the
zero-delays abstraction.

Consider the suitcase example and suppose we start with the state
where the first lock is closed (=locklopen) and the second one is open
(lock2open). As already discussed, to open the suitcase it is not only
required that the first lock is opened, but also that the second one
is not at the same time closed. Therefore if we concurrently switch
the two locks, i.e. open the first one and close the second one, the
intended conclusion is that the suitcase does not open. Intuitively,
this is because in our semantics the rule

caus(open) < init(locklopen)Aholds(lock2open) A—init(—lock2open)

can only be used after —init(—lock2open) has been established for
the given batch of effects, i.e. when it is certain that the second lock
will remain open. Since in the example init(—lock2open) ultimately
acquires a true value, the rule cannot be used and caus(open) remains
false.

The above conclusion in the suitcase example is the intended one if
there is no delay between various effects, or if the propagation to open
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is slower than the immediate effect on —lock2open. In a real suitcase,
the delays are of course non-zero. Which effects and propagations are
faster, depends on the actual construction of the lock system and the
precision of timing of the “simultaneous” actions. If the opening of
the suitcase itself is rather slow, chances are good that it will remain
closed if the actions are reasonably simultaneous.

The same reasoning can of course be applied to indirect effects:
a device could be constructed — for whatever obscure reason — to
simultaneously switch the two locks if a certain button is pushed, so
that the effects on the locks are ramifications of another action. In
this case, the effect on the suitcase depends on the relation between
the propagation delays in this device and in the lock system. In an
actual suitcase the result of pushing the button may always be that
the suitcase opens, or always that it remains closed, or even that it
behaves differently in different cases (if the delays are not constant).

A sufficient condition for the zero-delays abstraction to be safe
is that in a stratified definition, effects in a lower layer occur before
effects in higher layers. In fact, effects in a layer are computed by the
semantics given the complete set of changes occurring in lower layers;
such computation corresponds to the actual propagation of effects if
the changes in the lower layers are already completely determined. In
particular, observe that for a positive definition like the ones consid-
ered in section 4, the abstraction is always safe since there is a single
layer.

When the behaviour of the actual system is dependent on knowl-
edge that is not in the model, we can of course not expect any se-
mantics to compensate for this. Any incompleteness in the knowledge
should be dealt with in the representation. How this is to be done
depends on the reason for the incompleteness:

e if relevant but existing knowledge has been abstracted away, it
should be included in the model;

e if relevant knowledge is actually unavailable, the incompleteness
must be explicit in the model, making it possible to derive the
alternative possible evolutions of the system.

When the missing knowledge is knowledge about delays, the way
to include it or to make the incompleteness explicit depends on the
specific adopted time structure. An explicit representation of delays
is therefore not discussed in this paper. However, in [38] we illustrate
how to integrate delays with the contributions in this paper, assuming
a linear time structure.

To deal with missing information (not necessarily only about de-
lays) we can explicitly introduce actions with nondeterministic effects.
This is discussed in the next section.
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7 Nondeterminism

In this section we introduce a representation of nondeterministic ac-
tions and ramifications of a specific (limited) form, in which we can
represent that some cause may have a certain effect. This extension
helps in representing some forms of incomplete knowledge about the
direct and indirect effects of actions, and is in addition useful for
comparing our approach with Thielscher’s further on.

The syntax of nondeterministic direct effect rules is

a possibly causes [ if F
The meaning, for example, of
shoot possibly causes —alive if loaded

is that —altve is a possible but not certain effect of the action, in
other words here the hunter is less of an expert than in the usual
formalisation of this problem, or we do not assume to have complete
knowledge of the conditions under which the action is effective.

Similarly we extend derived effect rules: a nondeterministic de-
rived effect rule has the form

initiating I’ possibly causes [ if I

meaning that [ may become true when F' becomes true at a time
when F” holds.

The meaning of a set of rules which includes nondeterministic
ones, is defined by extending the definition of grounding as follows:
a nondeterministic rule has two groundings: the grounding of the
corresponding deterministic rule (corresponding to the actual occur-
rence of the possible effect), and the empty grounding (corresponding
to the effect’s absence). Formally:

Definition 13 (nondeterministic grounding )

A grounding of a nondeterministic direct effect rule
a possibly causes [ if F
is either the grounding of the direct effect rule
a causes [ if F

or the empty set.
A grounding of a nondeterministic derived effect rule

initiating I’ possibly causes [ if F’
is either the grounding of the derived effect rule
initiating ' causes [ if I’

or the empty set.
A grounding of an effect theory Il ={rp | 1 < k <} is any set
Ug=1 1 Gk with each Gy a grounding of ry.
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The semantics of a set Il. of possibly nondeterministic rules is
then defined applying the definitions in section 5.2 to any nondeter-
ministic grounding 117 of TI.. This leads to defining a set of possible
models, rather than a canonical interpretation, and then to defin-
ing a transition relation, rather than function. We do not give these
definitions explicitly.

Our rules for nondeterministic actions are similar to those in [14],
although the semantics is defined in a different way and we also allow
for nondeterministic ramifications. As we indicated, only a limited
form of nondeterminism can be represented using these rules. A full
treatment of nondeterminism, taking into account for example actions
with alternative effects can be obtained by extending the principle
used in the above semantics (defining a grounding for each possible
effect), but is outside the scope of this paper. For more details, an
extended motivation of the given formalisation and an integration of
the approach in a specific time structure, we again refer to [38].

8 Nondeterminism and delays with respect to
Thielscher’s approach

The approach in [35] is also based on causal rules (syntactically un-
coupled from state constraints; Thielscher also discusses a way of
deriving causal rules from state constraints given additional influ-
ence information). Our approach however significantly departs from
Thielscher’s as regards the view on modeling systems with nondeter-
ministic behaviour and delayed effects, which has considerable impli-
cations for the semantics and the theories that can be represented.

A first essential difference is that in Thielscher’s approach all
changes are optional: Thielscher’s causal rules of the form

a causes b
are exactly equivalent to our rules
a possibly causes b if true

as proven in [38]. The relation with rules a causes b if ¢ is slightly
more complex: as we shall see below, these rules are strictly stronger,
i.e. applicable in more cases, than our ¢ possibly causes b if ¢. How-
ever also the application of these rules is always optional.

Hence, any state obtained after applying any subset of applicable
causal rules, and satisfying the state constraints, is a valid successor
state according to Thielscher. As a result, effect propagations not
related to state constraints are not correctly dealt with. A simple ex-
ample is the digital network discussed before: assuming the presence
of a causal rule like

out causes count(n + 1) if count(n)
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in Thielscher’s approach, in the absence of a state constraint there is
nothing enforcing application of this rule.

The second difference lies in the interpretation of the 2f condi-
tion in Thielscher’s rules, as mentioned above. Thielscher proposes to
apply causal rules sequentially, i.e. the if condition can be checked
not only at the beginning of a batch of changes, but also after some
changes have already taken place. It is due to the sequential appli-
cation of rules that a causes b if ¢ is strictly stronger than our non-
deterministic rule: our corresponding rules can only be applied if the
condition ¢ holds in the starting state.

Thielscher’s approach suggests that small delays can and do occur
in change propagations, and can be relevant to them. On the other
hand, they are not represented explicitly and their actual duration is
abstracted away. This dual view is in some cases problematic.

One problematic case is the one where multiple interacting changes
occur in the same batch of effects (due to multiple actions or to mul-
tiple effects of one action): if in the actual system the end result
is dependent on the small delays involved in the effect propagations,
the approach in [35] suggests that the semantics should provide alter-
native results, corresponding to all different orders of application of
causal rules. Of course this is only correct if all orders correspond to
a possible order of events in the real system: otherwise the intended
set of possible results does not coincide with the set of possible results
according to the semantics. In particular, if in the suitcase example
an open lock and a closed lock are actually switched at the same time,
or in the glass example both sides of the table are lifted at the same
time, the sequential application of rules, in either order, does not
give rise to the intended result. It may be obvious that a sequential
semantics is not necessarily adequate for concurrent actions, but the
problem also exists in the modified examples where the changes to
openness of locks and heigth of the table sides occur as ramifications
of a single action.

A variant of the above problem is especially apparent in the set
of context-dependent rules

out causes count(n + 1) if count(n)

given before. Here the partial abstraction of the delays and the se-
quential rule application in Thielscher’s approach can give rise to an
arbitrary increase of n: when out is initiated, the counter can take on
any value, since as soon as a new value of count is reached, the next
rule in the sequence can fire, ad infinitum. In the real system (if built
correctly), the delays are such that only one increase will occur: the
change in out triggers a change in count, and there it ends. The prob-
lem seems to be that there is only one triggering effect out, but due
to the mixed view on delays it can be seen as occurring both before
and after the effects (the change of count) it gives rise. Intuitively,
it can take its own output as input, leading to all kinds of strange
results. If the delays were represented explicitly (and correctly), only
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a unit increase would be inferred. If the delays are abstracted away
entirely such that one set of simultaneous changes is imposed (as in
our approach), there is also only a unit increase.

The above discussion motivates our preference for an approach
where either delays are abstracted away entirely (which is safe for
positive definitions or for delays respecting the strata of the defini-
tion), or where the knowledge about the delays is included, using
explicit delayed effect rules or — in the absence of complete informa-
tion — explicit nondeterminism.

Similar considerations apply to the approach in [4] where implicit
as well as explicit nondeterminism is used for specifying the direct
effects of concurrent actions. In that case, given a set of concurrent
actions, if the union of the effects of single actions includes contra-
dictory effects, e.g. f and —f, then f and —f are interpreted as
alternative effects of the set of actions. It turns out in that in this
way modelling through explicit nondeterminism, with “alternatively
causes” rules, or with the corresponding “causes” rules, interpreted
with implicit nondeterminism, can give rise to the same interpreta-
tion. The authors of [4] comment that this is no problem, since the
result of reasoning should be independent of whether the designer
of the domain description is or is not aware of the uncertainty. We
prefer to regard the case of contradictory effects as a bad definition,
and encourage the representation of explicit nondeterminism together
with appropriate modelling of the interrelations among fluents and
their changes, possibly using causal rules with initiation of complex
formulae.

9 Related work

Above we have already compared our work with the approach in [35],
which is most similar to ours. For this reason we refer to [35] for
a comparison with approaches not based on causal laws (e.g. cat-
egorisation based approaches like [19], [20], [5]): with respect to
those approaches our proposal and Thielscher’s are very similar. The
most important differences between Thielscher’s approach and ours
are that Thielscher’s causal rules are strongly coupled with (derived
from and used in combination with) state constraints, and that it
abstracts away delays at a macroscopic level but retains them at a
microscopic level, whereas we argue to abstract them away entirely
or represent them explicitly. Due to the former difference the full
effect of syntactically uncoupling causal laws from state constraints
is partially lost in [35]. For example, no state constraint independent
effect propagations can be represented. However, the fact that influ-
ence information is represented independent of the state constraints
is an important asset which also makes Thielscher’s approach very
appropriate for analysing other proposals using causal laws.

The approach to ramifications in the £ language [17] can be in-
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terpreted as a more coarse-grained variant of Thielscher’s: it uses
formulae A whenever C, with A a fluent and C' a set of fluent literals
to be read as a conjunction. Such a formula corresponds to a combi-
nation of the state constraint A < A_ .o ¢ with influence information
stating that each fluent in C' influences the fluent A. As a result of
this tight coupling of influence information and state constraint, it
is not possible to represent some of the more fine-grained influences
that can be represented in Thielscher’s approach.

In [23] the need for causal laws is clearly motivated and causal
laws are presented as so-called S-conditionals, i.e. formulae ¢ =
with ¢ and ¢ propositional formulae, in an extension of S5 modal
logic. The reading of such a law is that ¢ determines the truth of :
it entails the state constraint —¢ V 1, plus in case 7 is a literal the
influence information that literals in ¢ influence . If % is not a literal,
the picture gets more complicated: then all literals in ¢ can influence
all literals in % and all literals in % can influence each other. In this
respect the proposal is more general than the £ approach. In any case,
it is clear that like in £ the causal laws entail the corresponding state
constraints, which is the most essential difference with our approach.

Another similar approach is the proposal in [21] based on the sit-
uation calculus. Lin introduces a new predicate caused(p, v, s) mean-
ing that proposition p is caused to have truth value v in state s. This
predicate is circumscribed to minimise change. Ramifications are
represented by formulae using the caused predicate, e.g. for the suit-
case example up(ly,s) A up(ly,s) — caused(open,true,s) represents
that if both latches are open, then the suitcase is caused to be open.
The above formula entails the state constraint up(ly, s) A up(ly, s) —
open(s), and incorporates moreover the influence information that /4
and [, may influence open. Note that the condition of the rule is
a complex formula, making it similar to our complex derived effect
rules. However, the causal rules differ from ours in that they also
entail the corresponding state constraint (and in the fact that the
minimisation policy does not allow for cyclic dependencies).

The approach in [15] contains expressions of the form [¢]d >> [s]y
where § and v are fluent formulae and ¢ and s temporal expressions
such that ¢ < s. This allows for dealing with both immediate (if
t = s) and delayed ramifications. The formula [t]6 >> [s]y is defined
to mean [([t]6 — [s]y) A(([t = 1]=0 A[t]6) — [s] X (7))], which basically
says that holds(d,t) — holds(v, s) and that if ¢ is initiated at ¢ then
v is allowed to change value at s. This is similar to a state constraint
plus the influence information that § may influence v, with of course
the important generalisation that ¢t and s need not be equal, so that
one does not only obtain state constraints but also constraints relat-
ing fluents at different time points. Hence, the rules represent not
only immediate but also delayed ramifications, which is a consider-
able addition to the state of the art. As in the previously discussed
approaches, however, we find that the formulae [t]6 >> [s]y always
entail the corresponding general constraint holds(é,t) — holds(y, s),
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and hence in the case of immediate ramifications (¢ = s) they also
entail the corresponding state constraint. Change propagation unre-
lated to a state or general constraint is also in this approach excluded.
Finally, also in this approach cyclic dependencies in causal laws are
not dealt with correctly, as indicated by the authors. As mentioned
before, in our embedding of the approach to ramifications in a linear
time structure in [38], we also deal with delayed effects of actions
and delayed ramifications, as well as with general constraints like the
aforementioned holds(d,t) — holds(vy,s). There is some similarity
with the [15] approach, as indicated in the report.

As already mentioned, in [26] Mcllraith presents an extension of
the explanatory closure approach in [31] to the ramification problem,
and in [25] provides an equivalent characterization in terms of prior-
itized circumscription. An acyclicity condition is imposed, defining
“solitary stratified theories”, which is actually a stronger condition
than the usual stratification one, so that positive recursion as in our
section 4 (e.g. the gear wheels example) is not allowed!?. This ap-
proach is additional evidence that different approaches in the liter-
ature, such as syntactical transformations (completion, explanatory
closure) and circumscription can be seen as instances of the same idea
under different syntactic restriction.

In [28], Pinto investigates interacting effects of concurrent actions
in the context of situation calculus, in the style of Reiter’s axiomatiza-
tion ([31]). He distinguishes between effect synergy, when concurrent
actions have effects which are not present when the individual ac-
tiosn are performed individually, and effect cancellation, when effects
of individual actions are deleted in the present of other concurrent ac-
tions. Pinto shows that a minimisation policy cannot properly model
the intended semantics of a ramification rule in the presence of si-
multaneous actions. This is illustrated in the “glass on the table”
example (although the author has preferred to use a soup bowl). He
proposes a solution in which he introduces an intermediate natural
spilling action ?°, which is caused to happen with a delay if the table
is lifted at one of its sides; it is this spilling action that causes spilled
to become true.

Pinto also suggests an alternative approach based on causal rules
which are intuitively and syntactically similar to our derived effect
rules. Pinto shows how such causal rules should be translated in his
framework using delayed actions. In our approach, these causal rules
can be represented directly in the formalism. It would be interesting
to further investigate the relation between both approaches in the
future.

In [3], Baral and Gelfond define the language A, to extend A with
action qualifications and concurrent actions. The semantics of A, is
defined through a transition function, which maps tuples consisting

¥From personal communication from the author of [26], the range of application
of the approach seems wider than solitary stratified theories.
20Using the formalisation of natural actions of [32].



37

of a state and a set of concurrent actions to a new state; our transition
function is of a similar sort. [3] expresses the effects in the soup bowl
example as follows:

lift; causes spilled
lift, causes spilled
{left;, lift,} causes —spilled if —spilled

For a set of concurrent actions including [z ft;, li ft,., the third rule
overrides the two effect rules of the individual actions i ft, and (¢ ft,.
The formalism of [3] is not designed to describe ramifications of ac-
tions.

At present, our language does not allow to directly express concur-
rent action effect rules of the type used in [3], although it is straight-
forward to integrate both formalisms. However, observe that in many
applications (e.g. in the suitcase and the soup bowl example), our ef-
fect theories correctly model concurrent actions. This is because our
theories aim to provide a precise account of the causal relationships
in the dynamic system and thus lead to a more modular and concise
representation. For example, the real cause of spilling is the fact that
the table and hence the soup bowl is not horizontal. This is modelled
directly by the derived effect rule

initiating up; < —up, causes spilled

In contrast, the A. description requires 3 rules for modelling the
effects of lifting actions on spilling. If there would be more types of
actions which lift the table at one of its sides, then the number of
concurrent action effect rules would increase dramatically, while the
effect of all combinations of concurrent lifting actions on spilled is
still correctly covered by the unique derived effect rule.

An interesting issue concerning ramifications was brought up in
[33]. There it is argued that approaches to the ramification problem
should be able to deal with so-called downstream indirect effects.
Sandewall gives the example of a lamp connected to two parallel
switches, such that closing either switch turns on the lamp. He argues
that one should be able to specify the main effect of an action (for
example of turning on the lamp) without specifying the operational
details of how this is accomplished (by closing either of the switches).
An approach to the ramification problem should then be able to use
this description and derive the direct effects of the action from the
indirect effect that the lamp is turned on. It is argued that this is
a problem for causality-based approaches like ours and most of the
above ones.

We agree with Sandewall’s argument that it is often interesting
to worry only about the main effect of an action and not about how
it is achieved, and as such the issue is indeed problematic in our
approach. Clearly we can not write the action law as a direct effect
rule, since it would then imply that the lamp is turned on while the
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switches are untouched; but in our proposal direct effect rules are
the only constructs representing action laws. Hence, we cannot deal
with the specification as given. Basically, our approach requires a
much stricter representation methodology. In other words, we must
determine precisely at what level of abstraction we are reasoning.
One option is to consider the switches as nothing but operational
details. In that case we can abstract them away altogether, and the
turning on of the lamp can be modelled as an action with the plain
direct effect that the lamp is on.

Alternatively, it may occur that the position of the switches is
relevant in the domain, but that in a particular application we are
only interested in the state of the lamp. This can happen when one
gives an agent the task to turn on the lamp, or when turning on the
lamp is a necessary step in a plan. In that case, our approach requires
that a strict distinction is made between representation and reason-
ing. The position of the switches is relevant, so we should model the
domain using the usual direct and derived effect rules about switches
and lamps. In the application at hand, we are not interested in the
switches: it is only relevant that after a particular action or plan the
lamp is on. Such a condition should be imposed explicitly (e.g. with
a simple FOL axiom). It is then the task of the agent to find the
primitive actions yielding the intended effect on the lamp (closing ei-
ther of the switches), which it can achieve for example by abductive
planning.?! This approach adequately tackles the problem provided
that the right level of abstraction is used in the representation. To
arrive at this right level of abstraction, it would of course be useful
to have appropriate tools available in the preceding analysis phase,
just like the use of influence information for deriving effect rules from
state constraints can be an important asset. The problem of cor-
rectly relating switches to lamps can be an issue in deriving the right
representation-level effect rules. But in general, we argue that it is too
complicated and not necessary for a representation language to deal
with deriving causes from their effects, as this is a typical (abductive
or — if the action law needs to be derived explicitly — inductive)
reasoning task, to be dealt with either beforehand to arrive at the
right representation, or after the representation is given to arrive at
the correct conclusions, or most likely both.

10 Conclusion

We have presented a constructive, language-independent approach to
the ramification problem. This approach contains several contribu-
tions:

2! An alternative but equivalent view is that the turning on of the lamp is a
macro-action which can consist of either of the primitive actions. Deriving a
primitive action which satisfies the conditions of the macro-action is also a typical
abductive task.
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e A complete uncoupling of ramifications from state constraints,
so that a more general class of indirect effects can be tackled.

e A semantics able to deal with a very broad class of effect theo-
ries, involving negative and cyclic dependencies between causes,
and generalising well-known principles like circumscription and
completion.

e The introduction of a class of high-level rules which allow to
write compact and modular effect theories.

In addition we have shown how to introduce a limited form of non-
determinism in the above approach.

The semantics of an effect theory 1l is defined by the function
Transyy_. As such, our approach is language-independent and can
be easily integrated in various formalisms.

e Our approach can be straightforwardly integrated in the lan-
guage A and would result in a language with simultaneous ac-
tions and with ramifications. Our effect theories extend the
simple e-rules of A. Our transition function Transyy extends
the transition function of A by allowing simultaneous actions
rather than a single action.

e In a branching time calculus such as situation calculus, our
effect theories could be integrated by imposing the following
semantical condition on each model I, for each situation s and
set of actions ay, .., a,:

{f |1 & holds(f,do(ay + .. + an,s)} =
Transyy, ({f|1 | holds(f, s)}, {a1, ..an})

Here, do(ay + .. 4+ a,, s) denotes the situation resulting from
simultaneous applications of ay, .., a, to situation s, as in [11].

e In a linear time calculus such as event calculus, the formalism
contains predicates initiates and terminates, representing the
fact that at some time point some fluent atom is either initiated
or terminated. Our formalism can be integrated by imposing
the following condition on a model I of an event calculus: for
each time point ¢ in I, it should hold that:

{caus(f) | I = initiates(t, f)}U
{caus(=f)| I E terminates(t, f)}
=UqL, 5,4

with S ={f| I E holds_at(f,t)}, A= {a]| Il = happens(a,t)}

e In [38] we have embedded the approach in a high-level language
ER, based on a linear time theory. In this language we inte-
grate the above approach to ramifications with a more general
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treatment of nondeterminism and with rules describing delayed
effects, as well as with a general language suited for represent-
ing uncertainty about action occurrences and for example the
initial state, and for representing observations at various time
points.

In our proposal, the treatment of state constraints and action
preconditions is independent of the successor state calculation. So,
actions or simultaneous occurrences of actions can not occur when
their preconditions are not met. Likewise, if a successor state S’ of a
certain state S after a particular set A of actions — would violate a
state constraint, then this state constraint acts as an implicit action
precondition forbidding the simultaneous occurrence A of actions in
state S.

The fact that Transyy, may be only partially defined may pose
problems. Recall that the problem is due to the generality of our for-
malism, in which one can write nonsensical rules such as
initiating f causes —f. Our view is that when TransHe(S, A) is
undefined (because there occurs a u or an inconsistent set of initi-
ations, the temporal theory should not allow do(A,S) to be a legal
state, e.g. the set of actions A should not be allowed to occur in the
state S. This imposes a correctness criterion on the temporal theory.
For example, in a theory containing the gear wheel rules, an action of
starting the gear wheels and stopping the gear wheels may not occur
simultaneously.

In case derived effect rules are related to state constraints, as
in most examples seen in the literature, ways to derive them auto-
matically from these state constraints can be developed similar to
the method using influence information proposed in [35]. In [38] we
show how to achieve this in the context of &R, and we compare this
approach with Thielscher’s.

The theory we have presented and its embedding in &R have
been mapped to OLP (open logic programming), an extension of
logic programming with “open” predicates, i.e. predicates without a
definition. An abductive resolution procedure supports reasoning —
as well deductive as abductive and combinations of them — on the
resulting theories, so that they can be used in practice.
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