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Abstract

In this paper we study the qualification problem in theories of
reasoning about actions and change and the link of this prob-
lem to properties of representation for expressing such theo-
ries. We examine the interaction of the qualification problem
with the frame and ramification problems and show how an
integrated solution to these problems can be developed where
the frame persistence and constraint satisfaction qualify im-
plicitly the action effect laws of the theory. We compare the
two approaches of implicit and explicit qualification of the ef-
fects laws and argue that from the point of view of knowledge
representation the former has better properties pertaining to
elaboration tolerance.

Introduction
The qualification problem in theories of Reasoning about
Action and Change (RAC) has a strong interaction with
the other two major problems of these theories, namely the
frame and ramification problem. The main aim of this work
is to study how the qualification problem can be addressed
in a uniform way alongside these two problems and to exam-
ine the links with the desired properties of Elaboration Tol-
erance (McCarthy 1999) of theories of action and change.

Following a similar line of approach of earlier works,
e.g. (McCarthy 1977; Ginsberg & Smith 1988; Lin & Re-
iter 1994; Shanahan 1997), and the more recent work of
(Thielscher 2001) we will study the qualification problem
by considering the action effect laws to be defeasible thus
incorporating in a framework of RAC two levels of non-
monotonic reasoning: one for the default persistence to ad-
dress the frame problem and one for the default effect laws
to address the qualification problem. The ramification prob-
lem is tackled via a notion of causality (Thielscher 1997;
Kakas & Miller 1997a) that introduces extra indirect and
now again defeasible effect laws.

In contrast with these earlier works we will attempt to ad-
dress the problem without the use of explicit qualification
of the default action laws (i.e. without the use of abnormal-
ity predicates), but rather let the rest of the theory implicitly
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qualify these laws. We will examine how implicit and ex-
plicit qualification representation formalisms are related and
compare their properties from the point of view of Elabo-
ration Tolerance and modularity of representation for RAC
formalisms.

This paper is organized as follows. In section 2 we review
the basic language � and extend this to allow defeasible ac-
tion effect laws. In section 3, we compare this extended lan-
guage, ��, with a variant of the language that has its effects
rules qualified explicitly with abnormality conditions. Sec-
tion 4 studies the relevance of these results from the point of
view of elaboration tolerance and section 5 concludes.

Language � Extension
Our study of the qualification problem will be carried out
within the framework of the language � (Kakas & Miller
1997b; 1997a). This is a high level action description lan-
guage based on the Event Calculus and proposed in the same
spirit as the family of action languages � (Gelfond & Lifs-
chitz 1993), � (Giuchiglia & Lifschitz 1998), etc. In its cur-
rent form the language assumes that an action occurrence
will always produce its effects provided that the precondi-
tions of its effect laws hold at the time of this occurrence.
In the extension of the language � that we are proposing
in this paper, which will be denoted by ��, we will con-
sider that the effect laws are default in nature. They produce
the effects of an action occurrence provided that there is no
stronger information to the contrary. If for example, in the
simplest case of contrary information, we observe immedi-
ately after an action occurrence that one of its effects does
not hold then this effect cannot be deduced to hold by the
default effect laws of this action.

The syntax of the language � is given as follows. Domain
descriptions or theories are finite collections of the follow-
ing types of statements (where � is an action constant, � is
a time-point1, � is a fluent constant, � is a fluent literal, i.e.
either a fluent constant � or its negation �� , and � is a set
of fluent literals):

� t-propositions of the form: � holds-at �

� h-propositions of the form: � happens-at �
1Time points belong in general to a partially ordered set �����.

For simplicity, in this paper we will restrict our attention only to the
time structure of the natural numbers.
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� c-propositions of the form: � initiates � when � or,
� terminates � when �

� r-propositions of the form: � whenever �

� p-propositions of the form: � needs �.

Informally, the intended meaning of each type of sentence
is the following. T-propositions record observations that par-
ticular fluents hold or do not hold at particular time-points.
H-propositions state that particular actions occur at particu-
lar time-points. C-propositions state general “action effect
laws” – the intended meaning of “� initiates � when �”
is that “� is a minimally sufficient set of conditions for an
occurrence of � to initiate � ”. R-propositions, also called
ramifications, serve a dual role in that they describe both
static constraints between fluents and ways in which fluents
may be indirectly affected by action occurrences. As a con-
straint an r-proposition must be satisfied as a classical im-
plication at any time point. The intended meaning of “�
whenever �” is that “at every time-point that � holds, �
holds, and hence every action occurrence that brings about
� also brings about�”. R-propositions thus encode a notion
of causality in the theory from the conditions � to �. The
theory can easily be extended to allow other propositional
formulae as additional constraints which have no causal in-
terpretation, but for simplicity we will not consider such
statements in this paper.

Finally, p-propositions state necessary conditions for an
action to occur. These are ontologically different from
the preconditions in the c-propositions describing the effect
laws. They are related to one aspect of the qualification
problem, sometimes called the strong qualification problem
(Thielscher 2001), where we wish to qualify the executabil-
ity of an action rather than its effects once this is executed.
Again for simplicity we will not consider further in this
paper these type of sentences and the related qualification
problem. In fact, this problem is amenable to the same type
of treatment as the qualification problem of the effect laws
that we are presenting in this paper.

We illustrate the syntax of the language with an example.

Example 0.1 (Car Domain: ��)
TurnOnKey initiates Running when �Battery�
TurnOffKey terminates Running
�Running whenever �Broken�
�Running whenever ��Petrol�
Battery holds-at �
TurnOnKey happens-at �

The formal semantics of the language � , that incorporates
a solution to the frame and ramification problems (but not
the qualification problem) is given by a model theoretic in-
terpretation of the theories written in this language. This
semantics captures the reasoning under the assumption that
the only action occurrences that have happened in the world
are the ones described by the h-propositions in the given do-
main description�. We will see later in section 4 when it is
appropriate to relax this assumption.

We first define the useful notion of an initiation (resp. ter-
mination) point for a fluent. This is any time point at which

an action occurrence initiates (resp. terminates) the truth of
a fluent. Let us consider first the case where a domain de-
scription� contains no r-propositions.

Definition 0.1 A map,� � ��� 	
 ���	
� ���
�, where
� is the set of fluent constants and � the set of time con-
stants, is an interpretation of �.
Given a time point � and a fluent constant � then � is an
initiation-point (termination-point resp.) for � in � rel-
ative to � iff there is an action constant � such that (i)
� contains both an h-proposition � happens-at � and
a c-proposition � initiates (terminates, resp.) �
when �, and (ii) � satisfies � at � (i.e for each � � �,
���� � � � ��	
, and for each � � such that �� � � �,
��� �� � � � ���
).
A start-point for � (resp. �� ) in � is an initiation-point
(resp. a termination-point) for � in � . We also denote by
PossiblyStarted(T,H) the set of all fluent literals that have
� as a start-point in � .

When the domain � contains r-propositions, this defini-
tion needs to be extended to allow for initiation or termi-
nation points that are generated recursively through such r-
propositions with the above definition as the base case. The
ramification statements thus give indirect start points and
hence generate indirect effect laws. The formal details of
this extended definition can be found in the appendix.

Definition 0.2 Let � be a domain description. Then an in-
terpretation � is a model of � in the language � iff, for
every fluent constant � and time-points �� � ��:

1. If there is no initiation (resp. termination) point �� for
� in � such that ��  �� � ��, then ���� ��� �
���
� ���� ��� � ���
 (resp. ���� ��� � ��	
 �
���� ��� � ��	
) i.e. fluents change their truth values
only via occurrences of initiating or terminating actions;

2. If �� is an initiation-point for � in � , and there is no
termination-point �� for � in� such that �� � �� � ��,
then ���� ��� � ��	
, i.e. initiating a fluent establishes
its truth value as ��	
;

3. If �� is a termination-point for � in � , and there is no
initiation-point �� for � in � such that �� � �� � ��,
then ���� ��� � ���
. i.e. terminating a fluent estab-
lishes its truth value as ���
;

4. � satisfies the following constraints:

� For all “� holds-at �” in�,���� � � � ��	
, and
for all “�� holds-at � �” in�,���� � �� � ���
.

� For all “� whenever �” in �, and time-points � , if
� satisfies � at � then� satisfies ��� at � .

The first condition2 for a model encapsulates a notion of
default persistence for fluents and addresses in this way the
frame problem. The second and third conditions impose that
whenever an action occurrence generates a start point then
the effects of this must hold immediately after, i.e. that the
action has successfully generated its effects. We note here

2We note that this is expressed here differently from the original
formulation of the language � in a more appropriate form for the
extension of the language with default effect laws.



that the ramification problem is handled somewhat orthog-
onal via the definition of indirect start-points as mentioned
above.

In the example above all models of the domain make
Battery true at all time points due to its persistence from
time �. From time � onwards Running necessarily holds in
all models as this is initiated by the TurnOnKey action at
time �. The other fluents of Petrol and Broken are neces-
sarily true and false respectively in all models, as otherwise,
they would imply that Running is false and this would con-
tradict the initiation of Running at �.

This strict generation of the effects whenever an action
has been executed points out the weakness of the language
� to handle the qualification problem. In fact, if we add
in the example domain �� either �Petrol holds-at � or
Broken holds-at � then the resulting domain will be in-
consistent. In the language � as defined above, in order to
avoid this weakness we can explicitly qualify further the c-
proposition for �	�����
� with the extra preconditions
of Petrol and �Broken along side of Battery. We will see
that this can solve the problem only partially and a better
approach would be to consider extending the semantics of
the language.

In order to address the qualification problem we need to
relax the second and third conditions of a model from being
strict (non-defeasible) requirements to hold (by default) only
if the other requirements of the first and fourth conditions of
a model are not violated. In other words, the properties of
frame persistence and of constraint satisfaction are regarded
stronger than the requirement that actions generate their ef-
fects and act as qualifiers in the semantic definition of the
now default action effect laws. The formal semantics of the
extended language �� is defined as follows. We start with
the notion of a pre-model.

Definition 0.3 Let � be a domain description. Then an in-
terpretation� is a pre-model of� in the (default) language
�� iff this satisfies the first and fourth conditions of the def-
inition 0.2 for a model in the (strict) language � .

The pre-models of any domain � can be partitioned into
classes under the following equivalence relation where two
pre-models have the same set of (possibly) started literals.

Definition 0.4 Given a domain description �, denote by
��
���� the set of time-points given by ��
���� � �� �
“� happens-at �” is in ��. Let �� and �� be two pre-
models of a domain description �. Then �� and �� are
class equivalent iff for each time point � � ��
����,
������������
���� ���������������
���� ���.

In the above example, we have the following pre-models
(omitting the fluent Petrol which is analogous to Broken):

��: �����Battery� � � � ��	
� ������Broken� ��� �
��	
� ������Running� ��� � ���
�

�� : �����Battery� � � � ��	
� ������Broken� ��� �
���
� ������Running� ��� � ���
�

�� : �����Battery� � � � ��	
� ������Broken� ��� �
���
� ������Running� ��� � ��	
�

�� : �����Battery� � � � ��	
� ������Broken� ��� �
���
� ��� ���� ��  � ���Running� ��� �
���
� ��� ���� � � �� ���Running� ��� � ��	
�

All the pre-models belong to the same class as they all
must have the time point � as start point (an initiation point)
for the literal Running. If we delete the t-proposition that
Battery holds at � from the domain then this will have in ad-
dition another class of pre-models whose ������������
�
set at time � is empty. This class contains three models
which are the same as the first three above except that the
value of the fluent Battery is false. Note also that if we add
in the domain �� the observation that �Running holds at
� then this will only have the first two, �� and �� as pre-
models. Similarly, if we add the observation that Broken
holds at any time point then the domain will only have ��
as a pre-model. Thus in both of these latter cases we would
conclude that the action �	�����
� at � has failed to pro-
duce its effect of Running through the effect law��	.

The semantics of the default language �� will be defined
via preference relations on the pre-models. These can be of
two types: (a) a local preference referring to a single time
point and (b) a global preference over the time structure. We
first need an auxiliary definition to capture the successful
production of the effects of an action occurrence within a
given pre-model.

Definition 0.5 Let � be a pre-model of � and � a time
point in ��
����. We denote by Started(T,P) the sub-
set of ������������
���� � � given by ����
���� � � �
�� � ������������
���� � � � �� � � � � ��� � �� � true,
�� � � ��� � 
 ���.

The local preference on pre-models of the same class
maximizes the number of effects successfully generated at
a given time point.

Definition 0.6 (Local Preference Relation) Given a do-
main description D, two pre-models ��, �� of� and a time-
point � � ��
����, we will say that �� is locally pre-
ferred over �� at T, denoted by �� �� ��, iff:

1. �� and �� belong to the same class,
2. ����
���� ��� � � ���
���� ��� �� �.

Hence we prefer pre-models where the start points pro-
duce their effects treating the effect laws as default laws
rather than strict laws. Again referring to the example above
both pre-models �� and �� are each locally preferred over
any one of the other pre-models at �. Amongst them �� and
�� are at the same level of preference.

Given this local preference we define the set of (default)
models of a domain and hence the semantics of �� as fol-
lows.

Definition 0.7 Let � be a domain description. Then a pre
model � is a (default) model of � iff � is a maximally
preferred pre-model over the whole time structure, i.e. for
any other pre-model�� if �� �� � then �� � ���� � �� � ��.



We call these non-chronological models. In some cases,
e.g in the context of an agent who reasons along as the ac-
tion occurrences happen, it is necessary to impose an addi-
tional global ordering on these models (a type of chrono-
logical minimization (Shoham 1988)) in order to avoid the
problem of anomalous models (Lifschitz 1987) where later
action occurrences can block earlier occurrences from pro-
ducing their effects.

Definition 0.8 (Global Preference Relation) Given a do-
main description D, two pre-models ��, �� of � and a set
�� � ��
���� of time-points, we will say that �� is glob-
ally preferred over �� with respect to ST (symb. �� ���

��) iff, for every time-point �� � �� s.t. �� ��� ��, there
exists a time-point �� � �� s.t. �� � �� and �� ��� ��.

The semantics of the language �� is then given as follows.

Definition 0.9 Given a domain description � and a pre-
model � of �, we will say that � is a chronological (de-
fault) model of� in �� iff, � is globally preferred over all
the pre-models of �, with respect to ��
����.

In our running example of �� the pre-models �� and ��
are both globally preferred in a trivial way as no pre-model
is locally preferred over either of these at any time point.
These are in fact the only models of the domain and hence
this domain entails (skeptically) that Running is true from
time 3 onwards.

To illustrate the final aspect of chronological preference
of the semantics for �� let us consider an extension of the
domain�� where we add the following two statements:

Break initiates Broken
Break happens-at �

The domain now has a pre-model�� where the first action
of Break succeeds to produce its effect making Broken true
from time 1 onwards and then necessarily Running is false
in this period. In effect, the second action of TurnOnKey
has been forced to fail to produce its effect of Running. On
the other hand the extended domain also has a pre-model
�� where Broken is false everywhere, i.e. where the Break
action has failed to produce its effect, and Running is true
from time 3 onwards due to the success of the TurnOnKey
action. Locally, �� is preferred over �� at time � and ��
is preferred over �� at time �. In fact, both of these are
non-chronological models of the extended domain. But only
�� is globally preferred over �� since its local preference
is at an earlier time point. Hence the extended domain has
only one chronological model (that of ��) and in terms of its
chronological model semantics the extended domain entails
skeptically Broken and � 	����! from time 1 onwards.

Note that if the Break action occurs at time � instead of
� then it is possible to have a pre-model where both ac-
tions succeed to produce their effect since the Break action
is simultaneously an initiation point for Broken and through
the first ramification statement of�� a termination point for
Running. In fact, the globally preferred (i.e. chronological)
models of this domain would have Running true from 3 till
4 and from time 5 onwards Running false.

We can show the following result3.

Theorem 0.1 (Existence Theorem) Let� be a domain de-
scription in the language ��. Then, if � has a pre-model it
also has a chronological default model.

Explicit Qualification of Action Laws
In this section we study how we would capture the semantics
of the language �� within a framework that employs explicit
qualification for its action effect laws. This will link our
work with earlier approaches that use explicit abnormality
conditions to qualify the effect laws and help us in our com-
parison of the elaboration tolerance properties in the next
section.

In this framework the effect laws will be strict laws, but
their preconditions will include extra conditions, called ex-
plicit qualifications, in terms of an abnormality predicate
whose negation will assume to hold by default. We there-
fore define a new language, denoted by ��, where the
syntax of the language � is extended with a new class,
��, of abnormality fluents, given by �� � ������� �
� an action constant and � a fluent literal�. Then c-
propositions in this language will typically be written as:
� initiates/terminates � when � � �������"�� ��. In
addition, abnormality fluents appear only as the head of
ramification statements of the form “������ whenever
���� ���� ���” in a domain.

The semantics of this language �� is given as follows.
We first consider all interpretations of a given domain that
are �-models as given by definition 0.2 of a model for the
language � , but where for the abnormality fluents only the
4th condition of this definition is required4. Then we select
amongst all these �-models those that minimize the set of
abnormality fluents that hold at the times of action occur-
rences in �, i.e. at times in ��
����. This minimization of
the abnormality fluents gives them their default nature. Fi-
nally, in order to address the anomalous model problem we
select the default models of a domain� in the language ��
as follows. A minimal model# of� is a default model for
� iff there is no other minimal model # � of � such that,
at the earliest time point � in ��
���� where the sets of
abnormality fluents,#�� in# and# �

�� in# � are different,
the set#�� is a pure subset of# �

��.
Clearly, this semantics for �� is by construction close

to the semantics of the language ��. An alternative way
to give a semantics for �� would be to use a default logic
approach where we add in the domain the set of default
rules, ���	�����
���

����
��� , and define the minimal models of such
a default domain as stable extensions as follows. An inter-
pretation # is a minimal model if an only if (i) this is a
model for the language � under definition 0.2 but where, as
above, the abnormality fluents are required to satisfy only
the 4th condition and (ii) a fluent ������ is true in # if

3Proofs for results in this paper are available in an extended
version of this.

4Note that this restriction on the abnormality fluents means that
we do not apply the laws of persistence and change on them explic-
itly.



and only if there exists an r-proposition “������ whenever
���� ���� ���” in the domain such that each � (� � 	� ���� ��
holds in# . Hence now we minimize the abnormality fluent
locally in a model and not over all models. We then apply the
same chronological minimization as above on these minimal
models to handle the anomalous model problem and give the
default models of the domain.

We will denote these two separate semantics for the lan-
guage �� by ��� and ��� respectively and we will see be-
low that the second is weaker in capturing the default se-
mantics of the language ��.

Let us now consider how we would translate a domain�
in �� to a domain �
� in ��. For this purpose we need to
define the following notions.

Definition 0.10 Given a domain description � and an ac-
tion constant �, denote by PossibleEffects(A,D) the set of
literals that can be started by action�, generated minimally
by the following rules:

1. “� initiates � when �” is in � � � �
�������
���
��������,

2. “� terminates � when �” is in � � �� �
�������
���
��������,

3. “� whenever ���� ��� ���� ���” is in � and
�$ ���� �� � �������
���
�������� � � �
�������
���
��������,

Informally, �������
���
�������� denotes the set of
literals that are causally related to the action� in the domain
�. We will also need the following notion of a classical
monotonic proof within a domain�.

Definition 0.11 (Classical Proof of Literal) Given a do-
main description � we denote by �� the set of r-
propositions contained in� and by ���� the classical (mono-
tonic) entailment interpreting each r-proposition in�� as a
classical implication. Then given a fluent literal �, a proof
(or abductive explanation) for �, denoted by �����, is a
minimal (w.r.t. set inclusion) set of literals not containing �
such that:

� �� � ����� ���� �

� �� � ����� is classically consistent

It is easy to see that a proof for � is a classical minimal
abductive explanation for �. In fact, it is sufficient here to
consider only the prime implicants for a literal � relative to
��. The requirement that proofs for � do not contain � can
be satisfied by considering only acyclic theories��.

Definition 0.12 (Translation of Domain from �� to ��)
Given a domain description� in ��, denote by�
� the do-
main in �� that results from� when, for every c-proposition
of the form “� initiates/terminates � when �” in�,

� we replace “� initiates/terminates � when �” by
the c-proposition “� initiates/terminates � when � �
�������"�� ��”,

� for every (minimal) proof, ������, for �� in ��

such that there does not exist % � ������ �
�% � �������
���
��������, add the r-proposition
“������ whenever ������”.

Informally, the translation states that for each minimal
proof, ��, in �� of the contrary result of an action effect
law we add the qualifying ramification on the correspond-
ing abnormality predicate only if the action itself can not
invalidate �� by the simultaneous generation of the nega-
tion of some fluent literal in ��. This restriction means
that typically we do not consider proofs for �, where � is
the effect of an action �, that are build from the contra-
positives of a ramification “�� whenever ������ ���� ���”
as such proofs will contain ��� (unless ��� is made true
from the rest of the minimal proof), while �� belongs to
�������
���
��������. In this sense, the proofs required
for the translation are “causal” proofs following the “causal-
ity” of the ramification statements. Note also that if the do-
main contains an empty proof for �� then the r-proposition
added would make the corresponding abnormality fluent
true always and hence the qualified action law will effec-
tively never be able to produce its effect �.

If we consider our running example from the previous
section, the translated theory for the non-narrative part of
�� is given by:

TurnOnKey initiates Running when
�Battery�����	�����
�� 	����!��

TurnOffKey terminates Running when
�����	������
��� 	����!��

�Running whenever �Broken�
�Running whenever ��Petrol�
���	�����
��  	����!� whenever �Broken�
���	�����
��  	����!� whenever ��Petrol�

We can now prove a correspondence theorem between ��
and �� for a syntactically restricted class of domains (where
concurrent action occurrences whose possible effects can
qualify each other are restricted) depending on the seman-
tics ��� or ��� we adopt for ��.

Definition 0.13 Given a domain description �, we will
say that � is concurrency independent iff, for every ac-
tion constant �, time-point � � ��
���� and (mini-
mal) proof ������ for ��, s.t. � occurs at � and � �
�������
���
�������� the following conditions hold:

� for every action & (including �) that occurs at � in �,
�� �� �������
���
����&��� (i.e. action & does not
disqualify action �),

� for every action & distinct from �, that occurs at �
in �, there does not exist % � ������ s.t. �% �
�������
���
����&��� (i.e. other concurrent actions
do not qualify action �)5.

In the above example of �� if we have at the same time
an action occurrence of �	�����
� and &�
$ then this
would violate the first condition as Break has (indirectly)
the possible effect of � 	����!. Similarly, if we have a si-
multaneous occurrence of �	�����
� and 
'��, where
 
'�� terminates&��$
� and hence �&��$
� belongs to
�������
���
���� 
'������, we would violate the sec-
ond condition as &��$
� belongs to a proof of � 	����!.

5Note that this is the generalization of the property used in the
2nd condition of the translation.



For the propositions below, the restriction of concurrency
independent domains would require both conditions as given
in the definition above when we adopt the ��� semantics for
the language ��, whereas for the ��� semantics it is suffi-
cient to restrict the domains only with the second condition
of the concurrency independent definition.

Proposition 0.2 (Soundness of translation) Let � be a
concurrency independent domain description in ��. If #
is a default model of its translation�
� in ��� or ��� then
# is also a model of� in ��.

Proposition 0.3 (Completeness of translation) Let� be a
concurrency independent domain description in ��. Then,
if # is a model of � in �� it is also a model of �
� in
���. Assume in addition that there are no t-propositions in
�. Then any model# of� in �� is also a model of�
� in
���.

Note that the second result for the ��� semantics contains
an extra syntactic restriction on the domains to be translated,
namely that these do not contain t-propositions. This is in
order to avoid the possibility of the t-propositions together
with the r-propositions to give an empty proof for the
negation of the effect � at �� of some action that occurs
at � and where there is no other action in ��� ��� that can
generate ��. (This syntactic restriction on the domains
can be relaxed as long as it excludes the possibility of such
proofs.) Otherwise, as the example below shows, the ���

semantics for translated domain cannot capture completely
the semantics of the original domain in ��.

TurnOnKey initiates Running when
�����	�����
��  	����!��

�Running whenever �Broken�
���	�����
��  	����!� whenever �Broken�

�&��$
� holds-at �
TurnOnKey happens-at �
� 	����! holds-at �

The theory of this example is inconsistent with respect to
the semantics of ���. There is no way to qualify the ef-
fect law for  	����!against the specific proof via the t-
proposition of � 	����!at time �. The effect law, as it
is strict and its abnormality precondition necessarily holds
at � since ���	�����
�� 	����!� cannot hold at � in
any model, it must produce its effect thus contradicting the
observation of � 	����!at �. It is important to note that
there is no way to qualify explicitly the effect law to avoid
this, as essentially we need to qualify with a condition in the
future after the occurrence of the action.

Let us also present an example where the semantics of
��� for the translated theory fails to capture that of ��.
Consider the following domain where we have a concurrent
action occurrence at time �. This violates the second
condition of concurrency independence, because the action
occurrence for  
'��terminates &��$
� at time �, which
in turn qualifies the effect law of �	�����
� to initiate
 	����!.

TurnOnKey initiates Running when
�����	�����
�� 	����!��

Repair terminates Broken when
���� 
'����&��$
���

�Running whenever �Broken�
���	�����
��  	����!� whenever �Broken�

Broken holds-at �
TurnOnKey happens-at �
Repair happens-at �

Note that there are no statements for �� 
'����&��$
��
as there are no proofs for &��$
� in ��. This translated
domain has in all its models ���	�����
��  	����!�
true at � and thus the TurnOnKey action always fails to pro-
duce its effect, despite the fact that the Repair action ter-
minates Broken at � and hence the effect of Running can
hold together with �&��$
� from time � onwards. The
original domain (where all appearances of abnormalities are
deleted) has under �� such a model. Note that as in the pre-
vious example, it is difficult to see how we could extend the
translation so that we can explicitly qualify further the effect
laws to capture this, because again the qualification required
refers to properties at times after the action occurrence.

Elaboration Tolerance
In this section we will attempt to interpret the results of the
previous sections from the point of view of elaboration tol-
erance. Elaboration tolerance as described in (McCarthy
1999) (see also (Lifschitz 2000)) is the property of a knowl-
edge representation formalism to modify in a convenient
way the statements of a theory expressed in this formalism
in order to take into account new phenomena or changed cir-
cumstances. As we modify the theory, the semantics of the
formalism should not need any modification in order to en-
sure that the new theories remain meaningful. In addition,
the syntactic changes required to the theory in order to ac-
commodate the new information should be easy to do, e.g.
shoule be modular.

Although it could be argued that this problem is intimately
related with the general problem of belief revision, in this
paper we will confine ourselves to theories of reasoning
about action and change and examine how different classes
of such KR frameworks behave as we add or subtract state-
ments from their theories. In effect, we will be examining to
what extent do these different classes incorporate an implicit
form of belief revision to gracefully accept such changes to
their theories.

We will consider three classes of RAC representation
frameworks corresponding to the three types of languages
� , �� and �� that we have studied in the previous sections.
In the first class the effect laws are strict (non-defeasible),
i.e. whenever the preconditions hold, the effects of the ac-
tion must also hold. An example of this is the language � .
In the second class the effect laws are also strict but now
some of their preconditions may be defined via default rules,
i.e. effect laws are explicitly qualified by default conditions.
In this paper we will consider only a subclass of this class
where the default preconditions are of a special nature in



terms of abnormality fluents which have no other role in the
theory other than to qualify the effect laws. Examples of this
class are ��� and ���. In the third class, the effects laws are
defeasible interpreted as non-monotonic default rules which
are implicitly qualified by the rest of the theory. An exam-
ple of this class is the language ��. Our analysis below will
refer to the examples of these classes given above which we
believe are representative of their respective class.

The analysis of the semantics for �� in section 2 moti-
vates the following definition to capture at different levels
the consistency of a RAC theory as this is elaborated.

Definition 0.14 (Consistency of Domains) Let � be a do-
main description in the syntax of any one of the languages
� , �� and ��. Then we say that� is:

Classically or Monotonically Consistent if there exists
an interpretation of � that satisfies the fourth condition
of definition 0.2.
Frame Consistent if � has a pre-model as defined in
definition 0.3 (and where the 1st condition is not required
for the abnormality fluents).
Consistent if � has a model.

A domain description � can become monotonically in-
consistent as we elaborate the domain by adding to it more
t-propositions or r-propositions. In such a case there exists
at least one time point where the set of t and r propositions
can not be satisfied as classical formulae. The domain will
lose its meaning under any one of the three classes of lan-
guages � , �� and ��. To avoid this we can introduce a
form of belief revision for classical theories along the lines
for example of the AGM framework. An alternative way
to alleviate this problem is to extend the representation for-
malism to consider the r and t propositions as default rules
and thus avoid the inconsistency with this additional level of
non-monotonic reasoning. Such an extension and the possi-
ble interaction between this form of default reasoning with
default persistence and default action effect laws needs fur-
ther study.

At the second level of frame consistency again the three
type of languages behave in the same way as they essentially
have the same pre-models. A domain can be frame inconsis-
tent when we have contrary information at two different time
points and there is no appropriate action occurrence (i.e. h-
proposition) in between to block the persistence of informa-
tion from one time-point to the other. Here we can allevi-
ate the problem of frame inconsistency by simply replacing
the assumption that, the only actions that have occurred are
those that are explicitly stated in the theory, by a more lib-
eral assumption of minimizing the action occurrences in the
definition of a pre-model. It is reasonable to assume that if
the theory � describes in a complete way the general do-
main, then for any scenario information there will always be
a way to assume the existence of unstated h-propositions to
remove a frame inconsistency.

Given that a theory is consistent at the first two levels,
its consistency at the third level depends on the represen-
tation language that one considers. For the language ��,
theorem 0.1 ensures that any domain� is consistent no mat-
ter how this is elaborated provided that it remains consistent

at the other levels. On the other hand in the original lan-
guage � with non-defeasible action effect laws, a domain
can easily become inconsistent when this is elaborated. For
example, if we add in our first example the t-proposition
� 	����! holds-at � this theory will lose its consis-
tency in � . This negative result for � simply confirms the
observation, recognized from the beginning of posing the
problem of elaboration tolerance, that for this property a for-
malism would need some form of non-monotonicity for its
effects laws.

Also, as we have seen in the previous section the language
��� will suffer in the same way in this type of examples and
similarly in examples of concurrent actions with contradic-
tory effects. The main reason for this is the need for quali-
fication with properties that hold after the action occurrence
and which therefore are difficult to be made explicit in the
preconditions of the action effect laws. One way to look
at this problem, as suggested by (Thielscher 2001), is that
the theory becomes inconsistent because there is no known
reason in the theory to attribute the failure of an effect law.
Hence a way to handle this weakness of the formalism is to
allow for exogenous reasons, not described in the theory ex-
plicitly, for the failure of an action occurrence to produce its
effects. This possibility of an exogenous reason for failure
is essentially present in the language ��� with its minimiza-
tion of abnormality over all models. Indeed, ��� does not
suffer from the above problems and although it differs from
the language �� we believe that an analogous result to that
of theorem 0.1 holds for ���.

The results of section 3 for translating between �� and
��� help us to compare between these two types of lan-
guages with regards to the “convenience” with which they
are able to accommodate changes in the theory as we elab-
orate them. In comparison with the language ��, in the
language ��� we need to explicitly refer to all minimal
proofs (abductive explanations or prime implicants) in ��

for each fluent literal � in the theory6. The high complexity
of abduction (Eiter & Gottlob 1995; Eiter & Makino 2002)
or prime implicants (even for Horn theories these are NP-
complete) suggests that in the worst case there will be a
non-polynomial expansion of the size of the theory from
�� to ���. Furthermore, the representational framework
of ��� is not modular. The addition of a new ramifica-
tion/constraint statement in �� could introduce new proofs
for other literals whose fluent name does not appear in this
newly added ramification. Hence the theory in ��� will need
to be changed accordingly to add new abnormality ramifica-
tions for all such literals with news proofs. Similarly, the
deletion of a ramification/constraint statement could invali-
date proofs for any literal irrespective if this is referred to in
this statement or not, thus again requiring a non-local change
to the theory represented in the framework of ���.

6Of course, some other translation between �� and ��� could
exist which is simpler but it is not clear that such a translation is
possible.



Conclusions and Future work

We have studied the qualification problem and its interaction
with the frame and ramification problems by considering the
effect laws of a RAC framework to be default statements.
The properties of frame persistence and domain constraint
satisfaction impose (implicitly) the qualification on these ef-
fect laws. In our particular framework of �� the role of the
ramification problem was reduced simply to the proper pro-
duction of additional effect laws via the “causality” state-
ments in the theory. Translating this framework to other
frameworks with explicit (default) qualifications in their ef-
fect laws has explicated the need to have a proper account
of causation with the possibility of exogenous causes for the
failure of actions as shown already in (Thielscher 2001).

We have also compared (in a semi-formal way) the prop-
erties pertaining to elaboration tolerance of different types of
RAC frameworks and have argued that frameworks with ex-
plicit qualifications may suffer from unnecessarily complex
representations and lack of modularity in their representa-
tion of theories.

Our approach may be criticized in (at least) two ways.
The family of languages that we have considered are propo-
sitional with limited expressive power. But although this
limitation is true for expressing static properties that refer
to one situation or time point at a time, our framework is
rich enough to express the dynamic properties required form
a RAC formalism in order to encompass properly all the
main problems associated with reasoning about actions and
change. We believe that the results of this paper are inde-
pendent of the particular framework of representation that
we have adopted.

Similarly, our approach uses a specialized semantics spe-
cific to the particular framework of the language � . This has
helped us, in the spirit of the original proposal (Gelfond &
Lifschitz 1993) for such high level action description lan-
guages, to study in detail the interaction between the funda-
mental problems of RAC and to compare in a semi-formal
way some of the representational properties of different type
of RAC frameworks.

We are currently studying how the framework of ��
can help us, using an argumentation based reformulation
for it analogous to that for the language � (Kakas, Miller,
& Toni 1999; 2001), to address the computational qual-
ification problem (see e.g. (Elkan 1995)). This prob-
lem refers to the need to avoid considering the majority
of qualifications, when we compute the reasoning, as these
are typically unfounded by the theory. In argumentation
such unfounded conclusions can only be supported by “as-
sumption arguments” and as in the argumentation based
computational model for � (Kakas, Miller, & Toni 2001;
Kakas & Michael 2002), we hope to apply similar meth-
ods to “normalize” away such weak arguments. Other fu-
ture work that we are considering is the extension of the lan-
guage �� to incorporate also reasoning about the failure of
the effect laws and to study how the qualification problem
and elaboration tolerance are affected when part of the ram-
ifications and domain constraints of a domain description
becomes a default theory.
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Appendix
Start-points for domains with Ramifications
Definition 0.15 (Initiation/termination point) Let � be an
interpretation of � , and � be a domain description. Let �
be the set �	�
 � �	�
 and let the operator � � � 	

� be defined as follows. For each, ���� �
� � � denote
������ �
�� by ����� �
��. Then for any � � � and � � �,
��� � � is in ��� (respectively in �
�) iff one of the following
two conditions holds.

1. There is an � � � such that (i) there is both an h-
proposition in� of the form “� happens-at �” and a
c-proposition in� of the form “� initiates � when
�” (respectively “� terminates� when�”) and (ii)
� satisfies � at � .

2. There is an r-proposition in� of the form “� whenever
�” (respectively “�� whenever �”) and a partition
���� ��� of � such that (i) �� is non-empty, for each
fluent constant � � � ��, �� �� � � � ��, and for each
fluent literal �� � � ��, �� �� � � � �
, and (ii) there is
some �� � �, � � ��, such that for all ��, �  ��  ��,
� satisfies �� at ��.

Let ���� � �
� � be the least fixed point of the (monotonic)
operator � starting from the empty tuple ��� ��. � is an
initiation-point (respectively termination-point) for � in �
relative to � iff ��� � � � ��� (respectively ��� � � � �
� ).


