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Abstract

In the last couple of years, several high-level languages have been proposed for
modeling actions and change, following the example of Gelfond and Lifschitz’s
A language. The goal of these languages is to analyse in a simplified context
the fundamental issues in reasoning about actions and the constructs required
for dealing with them. In this paper we present a narrative-based language
ER with a linear time structure, which is designed to deal with general fluent
dependencies, in particular ramifications, both of consecutive and simultaneous
actions. We argue that a combination of state constraints, effect propagation
rules (causal laws) and action precondition rules is necessary to correctly rep-
resent all such dependencies. In particular we introduce causal laws involving
complez fluent formulae and show such laws to be useful for a compact repre-
sentation of ramifications of both single and simultaneous actions. We motivate
and define a constructive semantics for causal laws based on the principle of
inductive definitions. In addition, we design £R to deal in a flexible way with
complete and incomplete knowledge on action occurrences, action ordering and
the initial state of the world. We present a mapping of £R to Open Logic Pro-
gramming using the Event Calculus, and prove its correctness. Two extensions
to &R introduce constructs for dealing with nondeterminism and delayed ram-
ifications; the mapping to Open Logic Programming is extended accordingly.
Finally we indicate how influence information as introduced by Thielscher can
be used for deriving causal laws from state constraints (semi-)automatically in
the ER setting. We discuss how our approach compares with and differs from
Thielscher’s.
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1 Introduction

Recently a number of high-level languages have been proposed for modeling
actions and change, as a tool for studying the principles underlying time and
causality in particular simplified settings. The first of these languages to emerge,
the A language of [10], models inertia and direct effects of actions in a branch-
ing time topology, with possible uncertainty on the initial state of the world.
Extensions of A tackle gradually more complex issues: for example AR ([16])
deals with indirect effects of actions (ramifications) and simple forms of non-
determinism. Another formalism, the £ language ([15]), uses an event-based
ontology modelled after a variant of the Event Calculus. £ allows for modeling
uncertainty on the initial state of the world and includes an initial idea on deal-
ing with some ramifications, which is currently being developed further. The
authors have also devised extensions of £ to represent scenarios with incomplete
knowledge on action ordering or action occurrences.

The language we design in this paper will be named £R. Though it is based,
like £, on a variant of the Event Calculus, it has little formal correspondence
with £. The main goal of the language is to correctly represent a very general set
of indirect effects (ramifications), both of consecutive and simultaneous actions.
Moreover the language is intended to deal in a flexible way with complete and/or
incomplete knowledge on action occurrences, action ordering or the initial state.
The language is also further extended to deal with nondeterminism and delayed
effects of actions.

We argue that to represent all ramifications and qualifications of actions,
it is necessary to include in the language state constraints as well as effect
propagation rules (derived effect rules') and explicit action preconditions: these
three types of formulae are at least in part independent, i.e. there are derived
effect rules that do not correspond to any state constraint and vice versa, and
there are action preconditions not related to a state constraint. We motivate this
and indicate differences between our approach and those in the recent literature.

We also argue that in many applications a clear and natural representation
of indirect effects of actions in general and of the effects of simultaneous ac-
tions in particular can be obtained by using complex derived effect rules, i.e.
effect rules stating that a change is triggered by the change in truth value of a
complez fluent formule. £R includes such complex derived effect rules. A com-
plete treatment of simple and complex derived effect rules requires relying on
a strong semantics. We base the semantics of ER on the principle of inductive
definitions. This principle yields at the same time the required expressiveness to
deal with the frame and ramification problems even in the presence of negative
and possibly cyclic dependencies between effects, while it has the advantage
that the intuitions underlying the formal semantics (i.e. inductive definitions)
are generally well-understood. Moreover we show that for restricted classes of
definitions (like loop-free definitions or definitions without negations) for which
simpler semantics have been proven adequate, the inductive definition semantics
coincides with these semantics.

We assume in the first five sections of this paper that actions are determinis-
tic, have no duration, and can be simultaneous, and that all changes are discrete.
In this setting we intend to deal correctly with all immediate ramifications, i.e.
all ramifications occurring at the time of the action(s) they are ramifications of.
Moreover we should deal correctly with action qualifications that are entailed
by the theory. We do not handle default qualifications, as in our view dealing
with defaults is an entirely different problem than the inertia and ramification

lsimilar to “causal laws” or “causal rules” in the literature; we will use these terms as

synonyms except where otherwise indicated



problems and not typical for temporal domains.? Once the basic language is

established, we further extend £R to deal with delayed ramifications and with
nondeterministic actions and ramifications.

A number of the issues tackled by £R have already been addressed in one
or more other approaches to representing actions. In &R we want to tackle
all of these issues in one coherent framework and at the same time address
some unsolved problems. Meanwhile we want to keep the formalism and its
intuitive (if not the formal) semantics simple. As we are dealing with a kind
of “common sense” reasoning and representation, in our view the best way to
meet these goals is to design the language with the general principle in mind to
stay as close as possible to the intuitions about “real” time, actions, change and
causality. This principle motivates, among others, the decisions of representing
a large part of the theory as simple first order logic (there is no reason for any
more complicated choice, and FOL is well-suited for representing incomplete
knowledge), representing effects of actions as an inductive, constructive defini-
tion (which is how we intuitively interpret them) and choosing a time topology
of actual events occurring on a single time line (as real time is most naturally
seen as just one infinite line)3.

We provide a mapping of £R to the Event Calculus in Open Logic Pro-
gramming under justification semantics ([5]), an extension of the well-founded
semantics to logic programs with undefined predicates and FOL axioms.

We extensively compare the £R-approach to the ramification problem with
the one in [31], which shows most similarities to it, and in somewhat less detail
with most other recent approaches. Finally, we study the idea introduced in
[31] of using influence information in a tool for (semi-)automatically deriving
causal laws from state constraints. We propose an alternative approach to this
problem in the setting of £R and we illustrate the differences with Thielscher’s
proposal.

In the next section, we present the syntax of £R and motivate the design of
the language in much detail. Section 3 discusses how £R tackles the ramification
problem and defines the semantics of £R. Section 4 contains a couple of detailed
examples and sheds some light on particular contributions. A mapping to OLP
Event Calculus is presented and proven correct in section 5. In section 6 we
extend the language to deal with nondeterministic actions and ramifications.
Subsequently a comparison with Thielscher’s approach is provided in section 7,
and a method for using influence information in section 8. Delayed effects of
actions are introduced in section 9. In the two final sections we discuss more
related work and conclude.

2 The Syntax of £R

Basically, an £R-theory consists of a set of effect rules determining direct and
indirect effects of actions (a theory of causation), combined with a general first
order theory describing the truth of fluents at certain times, the occurrence
and order of actions, and general state constraints and action preconditions.
Formally we define the following syntax :

Definition 2.1 (£R-signature)
An ER-signature ¥ is o tuple < Sorts, Functors,Vars > with

e Sorts = {7,.A,F,P}, represeniing the soris itime, aciion, fluent and
atom.

2However, ideas to deal with the default qualification problem can be found in [30].
3However, for a discussion on the choice between a linear and a branching time topology
we refer to [34], where we discuss this issue in much detail.



e Functors consists of

a set Tof constants of sort T, denoted t,t1,..., which includes all
real numbers;

— a set Aof constants of sort A, denoted a,aq,...;

a set Fof constants of sort F, denoted f, f1,...;

four typed predicate symbols*:
Happens: A x 7 — P;
<TxT-—>7P;

Initially : 7 — P;
Holds: F x 7 — P.

e Vars = Varsy U Varsy, disjoint infinite sets of variables of sort A resp.
T, denoted as A, Aq,... resp. T, T1,....

Definition 2.2 (terms, fluent formulae, general atoms) Terms are con-
stants or variables. Terms of sort 7 will be denoted by T, action terms by
a. A fluent literal | is either a fluent constant f or its negation —f. We de-
fine F as the set of fluent literals. A fluent formula F is any ezpression that
can be constructed using fluent constants and the operators -, A,V (—,—,
can also be used for convenience); in addition we assume that true and false
are special fluent formulae). For any F, o, 7 and 7/, the atoms Holds(F, 1),
Happens(c, 7), 7 < 7’ aend Initially(F) are allowed general atoms.

Definition 2.3 (£R-formulae) ER formulae based on X are:

e direct effect rules of the form
a causes [ if F’

representing that | becomes true whenever a is ezecuted at a ttme when F'

holds;

e derived effect rules of the form
initiating F causes [ if F’

representing that | becomes true whenever F changes to true at a time
when F' holds;5

e any sentence constructed in the usual way of Holds, Happens, Initially
and < atoms and the connectives and quantifiers 7, A, V, —,«—, <,V and

3.

Some classes of sentences are of particular importance:

e state constraints of the form

VT : Holds(F, T)

e action preconditions of the form

VT : Happens(a,T) — Holds(F, T)

“In addition, we assume an equality predicate for A and 7 and we assume t,f € P
5We will call a or F the body, I the head and F’ the condition of an effect rule.



Other sentences may state complete or incomplete information about the truth
of fluents at certain times, the occurrence and order of actions, or the initial
state.

Definition 2.4 (£R-theory) An ER-theory is a tuple < X, 11, II, > such that
Y is an ER-signature, Il is a set of direct or derived effect rules based on %,
II, is a set of sentences based on 3.

Now, let us explain and motivate the types of formulae proposed above.
Direct effect rules are necessary constructs in even the simplest theories of ac-
tion. They represent the simple immediate effects of all actions. Additional
constructs are required when more complex issues are to be dealt with. Action
preconditions for example are important when addressing the qualification prob-
lem, an issue to which we return later. They represent necessary and sufficient
conditions that must be satisfied for an action to be able to occur.

Most importantly, we require constructs for addressing the ramification prob-
lem. A straightforward example of a ramification (i.e. an indirect effect) is that
applying momentum to a gear wheel, which has the direct effect that the wheel
starts turning, can also have the indirect effect that other wheels connected to it
start turning. We need constructs allowing to correctly determine the complete
set of direct and indirect effects an action gives rise to.

In the literature, ramifications have generally been considered strongly re-
lated to state constraints. In fact, the ramification problem has sometimes been
defined as dealing with indirect effects due to state constraints. We prefer not
to restrict ourselves to this subset, as we will argue that other indirect effects
are just as important in practice. A state constraint is a fixed relation between
fluents that needs to hold at all times. For example, if two gear wheels are
connected, a state constraint is that at any time point they must be either
both turning or both stationary. This relates to indirect effects as follows: if
an action’s direct effects result in a violation of a state constraint (like making
one gear wheel turn in the above example), this may give rise to indirect ef-
fects restoring the validity of the constraint (e.g. the other gear wheel will start
turning as well).

Evidently, state constraints should not always give rise to ramifications. For
example, suppose a person can be a manager only if he/she has a PhD. Presum-
ably, we do not want a person to get a PhD as a side effect of being promoted.
Rather we intend promotion to be prohibited for a person who has no PhD.
In this case, the state constraint imposes an implicit precondition on the pro-
motion. So, state constraints play an important role both as preconditions of
actions and as causes of indirect effects. However, they are not sufficient for
dealing with either problem.

It has been argued convincingly in for example [22] that state constraints
are insufficient to convey all of the information required to determine valid
sets of effects: it is unclear in general if an action violating a state constraint
will give rise to indirect effects or if this action is simply impossible ([13]).
Also, as argued in [12], [19] and [24], there can be multiple sets of indirect
effects able to restore the validity of a state constraint, and the intended set
cannot be determined without additional information. There exists in other
words no automated, domain-independent method to derive the ramifications
and qualifications corresponding to an arbitrary set of state constraints. To cure
this problem, causel laws in some form or other have been proposed ([22, 15,
31, 14, 20]) to represent ramifications. Causal laws are explicit rules describing
that certain changes in fluents cause (or may cause) certain other changes: an
example would be a rule stating that making one gear wheel turn results in the



turning of the other wheel. Thus causal laws provide a direct characterisation
of the possible ramifications.

Interestingly, in all existing approaches incorporating them, causal laws are
still tightly coupled with state constraints: in all aforementioned approaches
they are used as a way of restoring integrity of some explicit or implicit state
constraint.® We argue that this is an unnecessary and undesirable limitation:
there is no reason why indirect effects should always correspond to a state
constraint, as state constraints are not the “cause” of ramifications. In our view
ramifications are simply manifestations of effect propagations. They represent
some physical or logical force causing particular effects when certain other effects
occur: for example when one gear wheel starts turning, it will give rise to
physical forces making other wheels turn.” In this view state constraints, like
in the above example that both wheels are turning or both are stationary, arise
often as a consequence of particular effect propagation patterns. This does not
in any way diminish the importance of state constraints, as they capture in a
very concise and natural way a lot of information about a particular domain.
However, it is wrong to assume the whole domain revolves around them: there
is a lot going on which is not reflected in state constraints, these are only one
high-level manifestation of the underlying mechanisms.

As an example, consider an alarm system that detects if somehow people
enter a building. We assume the building has many possible entrances (doors,
windows, and possibly unexpected ways of getting in). So, there are many
actlons able to bring someone in the building and these actions may not even
all be known.2 We formalise the system using the fluents in (stating that there
is someone inside), active (the alarm system is active) and ring (the alarm bell
is ringing). While the system is active, anyone entering the building triggers
the alarm: if in becomes true when active is already true, ring becomes true.
In &R this reads

initiating in causes ring if active

However, the corresponding state constraint V7' : Holds(in A active — ring, T)
is not valid, since activating the alarm system when someone is already in the
building is not supposed to cause the bell to ring. Moreover we can assume
that the proposed constraint may also be violated by shutting down the bell,
without deactivating the alarm system. So, there is no state constraint related
to this triggered effect, it is simply caused by a different change.

A maybe even more obvious example of a system incorporating indirect
effects unrelated to state constraints, is a simple electronic counter. Let us say
the events it counts are represented by a transition of a certain voltage from
low to high. This could be represented by rules like

initiating volt; causes count(n + 1) if count(n)
initiating volt; causes —count(n) if count(n)

Also this indirect effect is in no way related to a state constraint. What is going
on is just a propagation of effects, one effect triggering another one.

The above kinds of indirect effects cannot be correctly modelled by the ex-
isting approaches for dealing with ramifications. Therefore, we propose the
following approach. We use independent effect propagation rules for represent-
ing ramifications. These look like the causal laws used in the literature, but

8We discuss the above approaches in more detail in section 10.

"However, the propagation is not necessarily a physical one: for example someone who stops
being alive also starts being dead, which can be considered a “logical” effect propagation.

8Hence the use of an explicit rule relating the alarm bell to someone’s presence in the
building cannot be circumvented by adding new direct effect rules for each action (which
would be an undesirable approach in any decent knowledge representation system in any
case).



differ essentially from them in that their semantics is independent of any state
constraints in the theory (as opposed to the semantics of causal rules in [31]),
and in that they do not include an implicit state constraint themselves (as op-
posed to causal laws in [20], [22], [15], and [14]). Thanks to this uncoupling
of state constraints and derived effect rules, a wider range of indirect effects,
including those in the above examples, can be modelled.

Given the direct and derived effect rules in an £R-theory and a particular
action or set of actions executed in a certain state, the resulting state after this
action or set of actions is uniquely determined: actions produce some changes,
which may lead to more changes by propagation through the derived effect rules.
The role of state constraints is then reduced to filtering out models violating any
state constraint in any state, which results in implicit action preconditions: if a
state constraint would be violated by the combined direct and indirect effects of
an action executed in a particular state, any interpretation in which that action
occurs is not a model of the theory. Hence the action is impossible in that
state. ® Given a particular state constraint, whether or not a state violating
the constraint will arise as a result of a particular action occurrence depends
on the presence or absence in the theory of derived effect rules related to the
constraint (which may restore its validity). This “restorability” can in turn be
dependent on how the constraint was violated in the first place. For example,
we know a dead turkey cannot be walking:

VT : Holds(walking — alive, T')

On the one hand, when a walking turkey dies, we know it will also stop walking.
This is modelled by the derived effect rule :

initiating —alive causes —walking if true

On the other hand, one cannot resurrect a dead turkey by making it walk, so the
rule initiating walking causes alive if true is not intended. In the absence
of this rule, an action which makes walking true violates the state constraint if
alive is false. Hence such an action, for example start_walk, is then impossible:
the state constraint functions as an implicit precondition.?

Apart from state constraints, ER also includes explicit action preconditions
for dealing with qualifications. This is necessary because like indirect effects,
also action preconditions are not necessarily related to state constraints. For
example, in a chess game a move is only possible if the moved piece is initially
on the starting position of the move. This cannot be represented by a state
constraint, hence explicit preconditions are required. On the other hand, it is
also undesirable to omit state constraints altogether, as they provide a very
concise and natural way of representing information. To take the chess example
again, a state constraint is that the player who has just made a move may not
be in check. Compiling this constraint into a set of explicit move preconditions
is certainly not the way to go.

The above discussion motivates the presence of state constraints, precondi-
tions and derived effect rules in ER. Now we still need to motivate the form
of the derived effect rules, in particular why we need complex fluent formulae
in the body of these rules. The first reason is conciseness: as we will illustrate,

®[21] describes an automated technique which, for a given set of direct effect rules of actions,
derives from an arbitrary state constraint an equivalent explicit action precondition axiom.
However, this technique does not take indirect effects into account.

10731] describes an automatic way of deriving the intended causal rules related to a state
constraint, using additional tnfluence information. For derived effect rules corresponding to
state constraints, we can use a variant of this method in £R. We discuss this in section 8.



complex derived effect rules offer a very concise and natural way of representing
indirect effects of actions. Strongly related to this is the observation that such
rules, since they are triggered by combinations of effects, are perfectly suited
for dealing with simultaneous actions. The issue of simultaneous actions will
be discussed in section 4. Here we show the general applicability of complex
derived effect rules.

As an example we present the suitcase domain from [20]. A suitcase is
equipped with a spring mechanism which opens the suitcase when its two latches
are open at the same time. This can happen in several different ways: both
latches may be opened simultaneously, or one latch may already be open when
the second one is opened. In the latter case, we need to ensure that the open
latch is not just closed as the closed one is opened. Using a complex fluent
formula, this set of possibilities can be represented by one derived effect rule

initiating [; A l; causes open if true

where [y, I represent that latch 1 resp. 2 are open and open that the suitcase is
open. Without complex fluent formulae, at least three rules would be needed,
and they would need to be able to represent explicit absences of initiations.'!

With action preconditions, complex effect rules, and state constraints, we
are able to characterise the general laws ruling a temporal domain. Apart from
that, we need to represent scenario information in such a domain, like actual
action occurrences, an initial state, known fluent values at certain time points.
We choose to represent these as a standard first order theory, as a part of IL,:
first of all because this is the simplest approach, and second because first order
logic allows us to deal easily with incomplete scenario information. We illustrate
this in section 4.

3 The Semantics of ER

In this section we discuss and define the semantics of £R. As indicated, the
most important concern is solving the frame and ramification problems. This
is usually done by means of an inertia axiom stating that fluents persist unless
they are changed, in combination with a representation of the closed world
assumption, also described as a “minimisation of change”. This can be achieved
by using a circumscription policy or techniques extending Clark completion.

It is unclear to us if a variant of circumscriptive minimisation can yield a
general solution to the frame and ramification problems. The many increasingly
complex variants proposed to date suggest that such a general solution is not
evident, even though distinct variants yield solutions for particular restricted
classes of theories. The reason for these problems is in our view that the idea
that change has to be minimised in some way is only an approximation of the
“inertia” we observe in the real world. It does not entirely correspond to our
intuition.

Clark completion in turn formalises a simple and intuitive principle (“a
change occurs if and only if we say so”), but is only applicable to a very re-
stricted class of theories (i.e. theories without recursion in the effect rules).
On the other hand, more powerful extensions of Clark completion exist, and
are used in the definition of more advanced logic programming semantics like
stable, well-founded or justification semantics. We will apply such an extension
of Clark completion to £R’s effect rules.

11Lin also utilises complex causal laws in [20]. However, these laws differ from our derived
effect rules in that they incorporate a state constraint component.



Intuitively, the semantics we propose for a set of effect rules is to read them
as an inductive definition of a predicate causes. Provided there are no cycles
in the effect rules, this simply coincides with their completion. However, we
argue that cyclic dependencies naturally occur in effect rules, and that there is
a natural way to deal with them.

Consider two connected gear wheels. Any action which makes one gear turn,
makes the other one turn as well, and any action which stops one gear, stops
the other one. This can be represented by the following rules:

initiating turning_1 causes turning 2 if true
initiating —turning_1 causes —turning 2 if true
initiating turning 2 causes turning_1 if true
initiating —turning 2 causes —turning_1 if true

which introduce a cyclic dependency, though the example is certainly not far-
fetched or unnatural. Evidently, given such mutually dependent effects, no effect
should take place unless some exterior effect causes it (e.g. in the example a
motor is started). In other words we comply with Shoham ([29]) who insists
that causation is anti-reflexive, i.e. that causes for a fact should never include
the fact itself. However, we claim that this condition should not be enforced
by ruling out cycles in the causal rules on a syntactic level: the example shows
that such cycles naturally arise in quite normal problem domains. Rather, cyclic
dependencies should be given their intuitive meaning, which is that if and only
if one of the mutually dependent effects has an “external cause”, both of them
occur.

Negative dependencies (in the sense that the absence of a particular effect
is a precondition for another effect to occur) do at first sight not occur in effect
rules, but a closer look at the complex effect rules reveals that this is a false
impression. Take the suitcase domain presented earlier, which contains the rule

initiating [; A l; causes open if true.

The intended reading of this rule is that open is initiated if the conjunction
I; A l; becomes true. This can happen in three ways, intuitively

if l; is initiated and [l is initiated
if I; is initiated, I; holds and —l; is not initiated
if I is initiated, I; holds and —l; is not initiated

In the last two cases, the initiation of I3 A l; depends on the absence of a
primitive initiation, so there are negative dependencies. Below we will define
the semantics of complex effect rules by mapping them to an equivalent set
of primitive rules like those above and by interpreting these primitive rules as
an inductive definition. These rules contain negative dependencies, yet giving
them a natural semantics needs not be problematic: in the above example it is
clear that when [; is initiated while I3 holds, open is expected to be initiated
rather than I, terminated'?. In general, the intended semantics is clear if the
effects can be ordered in layers (stratified) such that each effect only depends
negatively on more primitive effects, i.e. effects in lower layers.'3

As we do not impose syntactic constraints ensuring stratifiability of a theory,
in some cases a set of rules can have an ambiguous reading or be completely
nonsensical. As an example of the first case, consider adding the rule

initiating [; A —open causes —l; if true

12We say a fluent f is terminated iff —f is initiated.
13In the example, open is in a higher layer than I; and Is.



to the above example. Now the initiations of open and —l; depend negatively
on each other. This leads to the following problem: assume —open, —l; and
I; hold at a certain time, i.e. the suitcase is closed but one latch is open.
Then the other latch is opened, i.e. l; is initiated. If now —open would persist
then according to the newly introduced rule —i; would be initiated. But if
I3 would persist, the original rule initiating I; A l; causes open if true would
force open to be initiated. Both possibilities are in accordance with the rules,
and no non-ambiguous conclusion is possible. In this case one can at best argue
that the effect is nondeterministic, but in our view nondeterminism, if intended,
should be modelled explicitly and not follow from tricky combinations of rules
which themselves do not hint at nondeterminism. We will introduce explicit
nondeterministic rules in £R in a later section.

The other case of a non-stratified definition, in which an effect negatively
depends on itself, i.e. it occurs provided it does not occur, is clearly nonsensical.
We handle both cases of non-stratified definitions by assigning an “undefined”
truth value to effects that depend negatively on effects in the same layer. This
truth valueis interpreted as indicating an error in the definition, in the sense that
the definition is not constructive. By dealing with non-constructive definitions in
the indicated way, we avoid introducing complex syntactic restrictions ensuring
stratification, and keep our approach general.

The above intuitions are formalised by the principle of inductive definition.
This principle is well-suited for representing effect propagations due to its con-
structiveness: the truth of atoms propagates through definition rules like effects
propagate due to physical or logical forces. Hence no atom can be true without
a cause and a cause for a true atom can never depend on the atom itself.

3.1 Principle of Inductive Definition

The semantics and expressiveness of inductive definitions are studied in a sub-
area of mathematical logic, the area of Iterated Inductive Definitions (IID)
([3, 23, 1]). We formalise this semantics in a different way and extend it to
non-stratified definitions.

We need the following concepts.

Definition 3.1 (Vp,<p) Given e set of ground atoms P, the set Vp of (3-
valued) valuations on P is the set of all functions P — {t,u,f}. OnVp, a partial
order <p 1s defined as the pointwise extension of the orderu <p t,u <g f; more
precisely, VI,I' e Vp : I <p I' iff Vie P : I(]) <p I(V).

It is easy to prove that Vp, <g is a chain complete poset with least element
1, the valuation which assigns u to each atom.

Definition 3.2 (inductive definition) Given a set of ground atoms P, we
define P = PU{~l|l € P}U{t, f}.1* Valuations can be naturally extended to P.
A definition rule in P is an object l «— B wherel € P and B C P. I is called
the head, B the body of the rule. A definition on P is any set D of rules in P.

Given P and a definition D on P, we need to characterise a valuation Ip
which defines the truth values of all atoms according to D. In IID this involves
stratifying the definition, but it has been argued in [5] that techniques inspired
by logic programming semantics formalise the same intuitions in a more general
and syntax independent way. We present this technique.

Definition 3.3 (proof tree) A proof iree T for an atom p € P is a tree of
elements of P such that

1

“u should never occur explicitly in a definition.

10



o the root of T is p

e for each mnon-leaf node n of T with immediate descendants B,
“n «— B” € D or B = {f} (Hence, each atom has at least one (false)
proof tree.)

o T is mazimal, i.e. atoms occur only in non-leaf nodes. Leaf nodes then
contain only t, f or negative literals.

o T is finite, i.e. contains no infinite branches

Given some valuation I € Vp of P, for each [ € P, we define its supported value
w.r.t. I, denoted SVz(l), as the truth value proven by its “best” proof tree.
Formally:

Definition 3.4 (supported value)

o SVi(l) =t if I has a proof tree with all leaves containing true facts w.r.t.
I;

o SVi(l) =1 if each proof tree of I has a false fact w.r.i. I in a leaf;

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

For a definite definition D, Ip is the valuation mapping each p € P to
SV, (p), i.e. each atom is mapped to its supported value (w.r.t. 1). For non-
definite definitions, I'p is obtained as a fixpoint of this operation:

Definition 3.5 (PZp) The positive induction operator PZp : Vp — Vp : I —
I' is defined such thatVp € P : I'(p) = SVi(p).

It can be proven that this operator is monotonic and hence always has a
least fixpoint PZp 1. This allows us to define Ip as:

Definition 3.6 Given < P,D >, Ip =PIpT.

3.2 Tackling the Ramification Problem

We now show how to handle derived effect rules using an inductive definition
based semantics. We present the approach in a language-independent way, such
that it can be embedded in most currently existing formalisms like Situation
Calculus, Event Calculus or A style languages. We embed the approach in £R
in the next subsection.

The problem we want to deal with is the following: given the state of the
world at a certain instant in time, a set of actions occurring at that time and a
set of direct and derived effect rules, calculate the state of the world resulting
after these actions. We denote a set of actions as A and a state as St. The set
of all states is written as St.

We reduce direct and derived effect rules to an inductive definition of Init
and Causes. These predicates intuitively denote strong and weak initiation,
respectively: Init(A4, St,!) means that ! does not hold in S¢ but holds in the
successor state resulting after the application of the set of (simultaneous) actions
A in St. Causes(4, St,!) means that ! holds in the successor state of St after
A, but possibly also already in St. The fluent literals ! that are true in the
successor state are the ones that are initiated and those that are true in St and
of which the negation [ is not initiated.
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The intended reading of an effect rule initiating F' causes [ if F’ is that
given F’', the change in truth value of F from false to true (strong initiation of
F) causes I to become true if it was not already true (i.e. weakly initiates {). To
formalise this for complex F we introduce the concept of a supporting set. This
concept is based on a disjunctive normal form of the formula. Since a definition
can have 3-valued interpretations, this normal form needs to be equivalence
preserving under 3-valued FOL semantics. The 2-valued disjunctive normal
form does not satisfy this property (since for example F A —=F is not 3-valued
equivalent to f), but it is easy to derive a 3-valued variant:

Definition 3.7 (3-valued disjunctive normal form) The 3-valued disjunc-
tive normal form 3dnf(F) of a fluent formula F is obtained by applying the
following rewriting rules to F or its constituents (if &, — or — occur in F we
assume they are rewritten in terms of -, A, V as usual) until no further rules
apply:'®

e replace -—F by F

e replace 7(FAG) by ~FV -G

e replace =(FV G) by -F A -G

o replaice FA(GV H) by (FAG)V(FAH)
e replace FAF by F

o replaice FV(FAG) by F

The following properties can be proven. The rewriting process always terminates
(since each step moves a = symbol inward, moves a A symbol inward without
moving a - outward, or eliminates =, A or V symbols without moving A or —
outward). The resulting normal form 3dnf(F) is unique'® , i.e. independent
of the order in which subformulae are processed (this is easily verified by case
analysis). 3dnf(F) is always a disjunction of conjunctions of literals (since
otherwise one of the four first rules applies). 3dnf(F) is equivalent to F' under
3-valued as well as 2-valued semantics (since all rewriting rules are equivalence
preserving under either semantics). Finally, under either semantics, if F and G
are equivalent then so are 3dnf(F) and 3dnf(G) (this follows immediately from
the previous property).

We define the concept of supporting set as follows:

Definition 3.8 (supporting set) Let F be o fluent formula and F' = (I} A
CAR VLV A AL ) its S-valued disjunctive normal form. A supporting
set L of F is any set {I, .., lf“}, V1<i<m.

A formulais true if and only if all literals of some supporting set of it are true.
It follows that F is initiated iff F is not already true and for some supporting
set L of F, all literals of some L; C L are initiated and all literals in L, = L\ I;
are true and not terminated. This leads to the formalisation below.

Definition 3.9 (notations)

In what follows Ha(a, A) is the truth value of “a € A”, Ho(l, St) is the truth
value of “l € St”, and Ho(F, St) for complez formulae is obtained from Ho(l, St)
for literals in the classical way. We define Init(A, St, L) as {Init(4, St,1) |l €
L} and Causes(4, St, L) as {Causes(4, St,1) | I € L}. Further, from now on
we use the notation f = —f, -f = f, L =41 |1 € L} for any set of literals L,
and P = {-p | p € P} for any set of Init or Causes atoms P.

15We assume commutativity and associativity are applied whenever needed.
¥ modulo commutativity and associativity
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Definition 3.10 (definition induced by effect rules)

The definition induced by a rule “a causes [ if F” is 17

{Causes(4, St,l) — Ha(a, A), Ho(F, St) | A C A, St € St}.
The definition induced by a rule “initiating F causes | if F'” is

{Causes(4, St,1) «—Init(A4, St, L;), Init(4, St, L,),
Ho(Ly, St), ~Ho(F, St), Ho(F", St)
| AC A, St e St and L; UL, is a supporting set of F}.

We define the definition induced by a set of effect rules I, as Dinyy = DU
{Init(4, St,1) — Causes(4, St,1),~Ho(l,5t) | A C A, 5t € St,le f’}, where
D, is the union of the definitions induced by all rules in II,.

Diniz 1s an inductive definition on the atom domain P/ =
{Init(4, St, 1), Causes(4, St,1) | A C A, St € St,l € f‘}, for which Ip
is the least fixpoint of PZp, ,,.

The rules Init( 4, St,1) — Causes(4, St, 1), ~Ho(l, St) are the only rules for
Init. Since the completion of the definition rules is entailed by the inductive
definition semantics ([4]), the rules imply

init

VA, St,l: [Init(4, St, 1) — Causes(4, St,1) A —~Ho(l, 5t)]

and thereby capture the intended relation between strong and weak initiation.

The mutual recursion in the definitions of Init and Causes indicates that
strong initiations may provide causes for literals to become true; only if these
literals were not already true, i.e. if they were actually changed, they can them-
selves give rise to further ramifications. We have used the predicates Causes
and Init to stress this important distinction between strong and weak initiation.
However, given the above relation between Causes and Init, we could get rid
of the Init predicate using the following theorem:

Theorem 3.1
Given that VA, St, 1 : [Init(A4, St,1) — Causes(4, St,1) A ~Ho(l, S5t)], the defi-
nition D1 =

{Causes(4, St, 1) «—Init(4, St, L), Init(A4, St, L,),
Ho(L, St), ~Ho(F, St), Ho(F', St)
| AC A, St e St and Ly U Ly is a supporting set of F}.

is equivalent to Dy =

{Causes(4, St,1) —Causes(4, St, L1), Ho(L1, St), Causes(A4, St, Ls),
Ho(L, St), ~Ho(F, St), Ho(F', St)
| AC A, St e St and Ly U Ly is a supporting set of F}.

Intuitively, this is true because if at least one rule body for a particular
literal is true in D; in a particular state, then at least one rule body is true for
the same literal in D; in the same state, and vice versa.

Proof:

We first prove the first part: assume a rule in D; with a particular L; and L,
and which has a true body in St. L; U L, is a supporting set of F. For the
literals in L1, it holds that Init(4, St,1), hence Causes(4, St,1) A ~Ho(l, 5t),
which entails Causes(4, St,!). For the literals in Ly it holds that Ho(l, St) A
—Init(A, St,1), hence (Ho(l, St) A ~Causes(4, St,1)) Vv (Ho(l, St) A Ho(l, St)),

17Recall that Ha(a, A) and Ho(F, St) are the truth values of “a € A” and “I € St”, not the

formulae themselves.
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which is equivalent to (Ho(l, St) A—Causes(4, St,1)). Combining these results,
we find that the rule in Dy with the same L; and L has a true body.

On the other hand, assume a rule in D, with particular L; and L and which
has a true body in a particular St. For the literals in L;, Causes(4, St,!)
holds. We can partition L; into a set of literals which are true in St (Li,)
and a set of literals which are false in St (le,).18 For the literals in Lq;,
Causes(4, St,1) A ~Ho(l, St) is true, which is equivalent to Init(4, St,1). For
the literals in L1,, Causes(A4, St,!)A Ho(l,t) is true, which immediately implies
—Causes(4, St,1) A Ho(l, St). For literals in Ly, Ho(l, St) A ~Causes(4, St, 1)
holds, which implies Ho(l, St) A —Init(4, St,1). Combining these results, we
find that a D;-rule constructed with Li; as the new L} and Ly U Ly, as the new
L, has a true body, with L} U L}, = Ly U L, the same supporting set. O

Despite this equivalence result, we prefer to use both the Init and Causes
predicates explicitly for reasons of clarity.

We now give some interesting results concerning the proposed semantics.

Theorem 3.2 Given a state St, a set of actions A and a set of direct and
dertved effect rules, the truth values of Init(A4, St, 1) for all I are uniquely de-
termined.

Proof:
This can be proven as follows: the definition induced by a specific set of ef-
fect rules is a definition in which (by its construction) the set of rules for
Init( A4, St,1) and Causes(A4, St,1) for each ! depends only on the truth val-
ues Ha(a, A) and Ho(F, St). Given St and A, these truth values are uniquely
determined. Hence, the set of rules for all atoms of the form Init(4, St,1) or
Causes(4, St, 1) is unique. Moreover, in the entire set of rules for a given St and
A, the supported values of Init(A4, S¢,1) and Causes(4, St,!) only depend di-
rectly or indirectly on the truth values of other atoms of the form Init(4, St, ')
and Causes(4, St,!') for the same St and A. Hence, the set of rules for each
particular St and A is a separate definition determining the values of all atoms
in {Init(4, St,1), Causes(4, St,1) | | € f’} independent of all other states or
actions. Ip, ,, for this definition is unique, which proves the theorem. O

The theorem guarantees that successor states generated by a set of determin-
istic effect rules are always unique. In this respect our approach differs from the
one in [31]. Unless nondeterminism is explicitly introduced, the theory leaves
no room for ambiguity.

The following results give some alternative characterisations of the above
semantics in several special cases. Moreover they shed some light on the relation
to existing approaches to the frame and ramification problems.

Definition 3.11 (fluent dependency)

We say o fluent f occurring in initiating F causes f if F' or in
initiating F 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 3.3 If the derived effect rules are acyclic, i.e. if no fluent depends
on itself, Ip, ., is always 2-valued. Moreover Ip coincides with the unique
model of the Clark completion of the definition rules.

init

Proof:
The rules in the definition induced by a rule initiating F' causes ! if F’ con-
tain only literals Init(4, St,’) or —Init(A4, St,1’) for I which are fluent literals

18,4 is not empty: if it were, all literals in the supporting set Ly U Ly would already be
true, which is in contradiction with the condition in the rule body that F' should not hold.
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occurring in F or negations of such fluent literals. The dependency relation is
therefore the same for fluents in the effect rules as for literals containing them
in the grounding. Hence, if the effect rules are acyclic, then so are the definition
rules in the grounding. As we mentioned before, the positive induction operator
has the same fixpoints as the well-founded operator, so an inductive definition is
formally equivalent with a logic program under well-founded semantics. Under
this reading, acyclic definitions correspond to acyclic logic programs, for which
the well-founded semantics has been proven to be 2-valued and to coincide with
the completion semantics. The theorem follows immediately. O

Theorem 3.4 If the body of each derwved effect rule is a single literal, Ip,_,,
is always Z-valued, and coincides with the unique model of the parallel® cir-
cumscription of Init and Causes in the theory consisting of the definition rules
read as implications.

Proof:

If the derived effect rules have only single literals as bodies, the rules in D;p;;
contain no negative literals. Hence, they are equivalent to a definite logic pro-
gram, for which the well-founded semantics has been proven to coincide with the
perfect model semantics of [25] in [35]. The perfect model semantics is 2-valued,
which proves the first result. Note moreover that Ip is unique, so there is
one unique perfect model.

Further, in [25] it is proven that for definite programs the perfect models
coincide with the minimal models of the program read as a set of implications.
On the other hand, in [17] it has been shown that an interpretation is a model
of Circum(A; P; Z) (where A is the given theory, P the set of predicates to be
circumscribed and Z a set of predicates allowed to vary) iff it is minimal in the
class of models of A with respect to SP;Z. M, SP;Z M, iff M, and M, differ
only in the predicates in P U Z and the extension of each predicate of P in
M, is a subset of its extension in M. In our case, A is the set of rules read
as implications, Z is empty and P contains both Init and Causes, the only
predicates occurring in the definition. Then M; <FiZ M, iff the set of true
atoms in M; is a subset of that in M;. Hence, the minimal models with respect
to <P3Z are the minimal models of the program read as a set of implications. It
follows that for simple effect rules, the model Ip,, ;, coincides with the unique
perfect model, which in turn coincides with the model of the circumscription.
This proves the theorem. O

init

The above results show that for several classes of definitions for which other
semantics are known to assign the intended meaning to all predicates, the induc-
tive definition semantics coincides with these semantics. However the inductive
definition semantics is more general, also dealing with definitions that cannot
be dealt with by the more common semantics.

3.3 Formal semantics of R

We are now ready to define the semantics of £R, embedding the semantics of
effect rules given above in the specific £R setting.

Definition 3.12 (temporal interpretation) Given II =< X,II,,II, > an
ER-theory, a temporal interpretation of Il is a structure I =< P, Fun,H >
with:

19Parallel circumscription is circumscription on multiple predicates at the same time, with-
out priorities.
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P :{tl <ty | t1,12 € T}U
{Initially(l) | I € F}U
{Happens(a,t) |a € A,t € T}U
{Holds(l,t) | I € F,t € T}U
{Init(t,1) | ¢t € T,l € F}U
{Causes(t,]) |t € T,l € F}
Fun: T — R, ¢ mapping of time constants to reals such that each real
number is mapped to itself (recall that R C T)
H:P — {t,f}, a valuation.

‘H defines relations interpreting Happens, Holds, <, Initially, Init, Causes;
we denote them Ha, Ho, <, Initially, Init, Causes respectively.?® The predi-
cates Init and Causes, which do not occur in II,, denote strong and weak
initiation, respectively: Init(¢,!) means that ! does not hold at ¢ but starts to
hold immediately after t. Causes(t,!) means that ! holds immediately after ¢,
but can also hold at ¢. These predicates are determined by II,.

A temporal interpretation needs to satisfy the following conditions

o < is the classical total order on R.

o Well-founded event topology: the set E = {t|3a : Ha(a,t)} has a least
element, denoted esigri and Vt <t : [t,¥'] NE is a finite set.?!

Ve, Vf : =Causes(t, f) V ~Causes(t, — f)

Vi : Initially(f) < —~Initially(—f)

These formulae denote initiation consistency and initial state consistency.
Consistency (V¢,Vf : Ho(f,t) « —Ho(—f,t)) follows from these two for-
mulae and the inertia axiom given a well-founded event topology.

o Consistency:

o Definition of initial state: Vit < €s14rt : Ho(l,t) — Initially(l);

o Inertia: Viy,ta,VI:
t1 < ta A(—Ttz 1 t1 < t3 <ty A Causes(tz, )
— Ho(l,t2) <« Causes(t1,1) vV Ho(l, t1)

A temporal interpretation I is a model of an £R-theory < %,1L,, II, > iff
it is a model of both II, and II,. To define whether I satisfies I, we extend
the truth function H to all closed formulae F in the classical way. For complex
Holds and Initially atoms, the interpretation of Holds(F, 7) is defined as the
interpretation of the formula F’ obtained from F by substituting each fluent
atom f by Holds(f, Fun(7)). The interpretation of Initially(F) is defined
likewise. An interpretation I satisfies II, iff all formulae in II, are true in I.

Next we focus on the semantics of the effect theory II,. This semantics is
based on the inductive definition semantics for effect rules given above. At a
particular time ¢, if the state St is the set of literals true at ¢, the truth value
Ho(F, St) corresponds to the truth value Ho(F,t). Likewise, if A is the set
of actions occurring at ¢, Ha(a, A) corresponds to Ha(a,t). Init(4, St,1) and
Causes(4, St, 1) then correspond to Init(t,!) and Causes(t, ).

20Tmplicitly, P contains also all well-typed equality atoms and t,f. H defines their natural
interpretation; in particular = is interpreted as the identity. Moreover for all ¢, Ho(true,t) =
Initially(true) = t and Ho(false,t) = Initially(false) = 1.

21This condition plays the same role as the induction axiom in for example [21]. The first
part of the condition ensures that there is no sequence of events extending infinitely into the
past. The second part is our non-intermingling principle ([9]) : it disallows an infinite number
of actions (and hence, changes in truth value of a fluent) in a finite period of time. Together
the two parts guarantee that each time point is only preceded by a finite number of actions.
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Definition 3.13 (grounding)
The grounding of a direct effect rule “a causes [ if F'” is

{Causes(t,!) — Ha(a,t),Ho(F,t) |t € T}.

22

The grounding of a derived effect rule “initiating F causes | if F'” is

{Causes(t,!) «Init(¢, L;), Init(¢, L, ),
Ho(Lp,t), " Ho(F,t), Ho(F',t)
|t €T and L; U L, is a supporting set of F'}.

The grounding TDiniy of a set of effect rules II. 4is DyuU

{Init(¢,1) — Causes(t,1),—"Ho(l,t) | t € T,l € f’}, where Dy is the union
of the groundings of all rules in 1I,.

Diniz 1s an inductive definition on the atom domain P/ =
{Init(¢,1), Causes(t,l) | t € T,l € F}, for which Ip,, , is defined as the least
fixpoint of PZp

t
init*®

Taking everything together now, we obtain the following definition of a model
of an £R-theory.

Definition 3.14 (£R-model)
Given an ER-theory llgp = < 11,11, >, a temporal interpretation I is a
model of llgqy, denoted I |=1lgp, iff I =11, and I |=11., where
TEIL if VF € IL, : H(F) = t.
IET, ifVte T,leF:
Init(t, 1) < Ip, ., (Init(t,1)) end Causes(t,l) — Ip, ., (Causes(t,l)).

Note that when Ip, ., contains any truth value u, the condition I | II. is
unsatisfiable since Znit is a 2-valued relation. Recall that definitions with a
3-valued model are ambiguous (non-constructive) and are considered erroneous
in our approach.

3.4 Properties of ER

The following results carry over from the inductive definition semantics given
before:

The rules Init(t,!) «— Causes(¢,1), “Ho(l,t) are the only rules for Init.
Since the completion of the definition rules is entailed by the inductive definition
semantics, the rules imply

Vi, 1 : [Init(t, ) — Causes(t, 1) A =Ho(l,t)]
We then find an immediate corollary of theorem 3.1:

Corollary 3.1 Given that Vt,l : [Init(t,l) «— Causes(t,1) A =Ho(l,t)], the
definition Dy =

{Causes(t, 1) «Init(t, L1 ), Init(t, L),

Ho(La,t), “Ho(F,t), Ho(F', )
|t €T and L1 U Ly is a supporting set of F}.

is equivalent to Dy =

{Causes(t,l) +—Causes(t, L1), Ho(L1,t), Causes(t, L),
Ho(La,t), “Ho(F,t), Ho(F', )
|t €T and L1 U Ly is a supporting set of F}.

22Q0bserve that Ha(a,t) and Ho(F,t) are the truth values of “Happens(a,t)” and
“Holds(F, t)".
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Proof:
The proof follows the same reasoning as that of theorem 3.1, with truth values
determined by ¢ instead of by St and A. O

Another result, adapted from theorem 3.2, is the following.

Theorem 3.5 Given a set of direct and derived effect rules, ¢ particular set of
values for all fluents at a particuler time t, and the set of actions occurring at
t, the truth value of Init(t,l) is uniquely determined for all l.

Proof:
The grounding of a specific set of effect rules is a definition in which (by its
construction) the rules for Init(¢,!) and Causes(t,!) only depend on the truth
values Ha(A,t) and Ho(F,t). Given all fluents and actions at time ¢, these
truth values are uniquely determined, hence the set of rules for all atoms of the
form Init(¢,1) or Causes(t,!) is unique. Moreover in this set of rules, Init(z,)
and Causes(t,!) only depend directly or indirectly on other atoms of the form
Init(¢,!’) and Causes(¢,!’). Hence these rules form a complete definition on
the atom domain {Init(¢,1), Causes(t,) | I € P}. Ip,, ., for this definition is
unique, which proves the theorem. O

The following statement is an immediate corollary:

Corollary 3.2 Given a completely determined initial state, a complete list of
action occurrences and a pariicular set of effect rules, the truth value of all
fluents at all time points is uniquely determined.

Proof:

The proof follows from the above theorem by induction on the well-founded
event topology, since the truth value of each fluent at the time of each event
is uniquely determined by the truth values and initiations at the time of the
preceding event. O

Finally, the results for acyclic rules and rules with only simple literals in
the body also carry over immediately from the corresponding theorems above,
with identical proofs. This illustrates how our semantics relates to existing
approaches tackling the frame and ramification problems.

4 Examples of Various £R-contributions

In this section, we formalise and discuss in more detail a few examples chosen
to illustrate the claimed expressive power of R, in particular by illuminating
some contributions we have not yet discussed in detail.

4.1 Simultaneous Actions

First of all, we have claimed that representing effects of simultaneous actions
in &R can be done in a very natural and concise way. A nice example is found
in [11]: a glass on a table spills its contents as soon as the table is in a non-
horizontal position. This can be straightforwardly represented using complex
derived effect rules, as

initiating —(up; < up,) causes wet if on_table

where up;, up, represent that the left resp. right side of the table are lifted from
the floor and wet that the table is wet. Recall that the grounding of this rule

18



contains

Causes(t, wet) <« Init(t,up;), Holds(—up,,t), ~Init(t, up,),

Holds(up; <« up,,t), Holds(on_table, t).
Causes(t, wet) «— Init(t, up,), Holds(—up;, t), ~Init(¢, up;),

Holds(up; <« up,,t), Holds(on_table, t).
Causes(t, wet) <« Init(t, -up,), Holds(up, t), ~Init(t, ~up;),

Holds(up; <« up,,t), Holds(on_table, t).
Causes(t, wet) <« Init(t,-up;), Holds(up,,t), ~Init(¢, -up,),

Holds(up; <« up,,t), Holds(on_table, t).
Causes(t, wet) «— Init(¢,up;), Init(t, ~up,),

Holds(up; <« up,,t), Holds(on_table, t).
Causes(t, wet) «— Init(t, up,), Init(¢, —up;),

Holds(up; <« up,,t), Holds(on_table, t).

for each ¢, where the last two rules can never have a true body since Init denotes
strong initiation. Consider then two actions luft I and luft_r:

lift 1l causes up; if true
lift_r causes up, if true

Assuming the table is initially on the floor, executing either one of the actions
will cause the water to spill, but if they are executed at the same time there
is no spilling. It can be checked easily by evaluating the bodies of all effect
rules that the given inductive definition leads to this intended conclusion in
all cases. In addition, the representation by a complex derived effect rule is
very concise and close to the natural language formulation of the effect. It
also has the advantage that it avoids the explicit use of absences of initiations
in the language: these only occur at the level of primitive rules, in certain
sensible combinations. Finally, the derived effect rule is entirely independent
of the actions which can influence the fluents involved. This modularity is of
course required, in particular if there can be multiple actions lifting a side of the
table. On the basis of these observations, which can be extended to applications
with simultaneous actions in general, we argue that complex derived effect rules
provide a correct and concise natural way to represent effects of simultaneous
actlons.

4.2 Incomplete narrative information

Another issue in £R which is orthogonal to the ramification issue we have dis-
cussed in much detail up to now, is the flexible representation of both complete
and incomplete knowledge on the occurrence and order of actions and on the
initial situation. To deal with this issue a simple first order logic theory is most
appropriate: in general a FOL theory represents incomplete knowledge on all
predicates. Hence, in an £R-theory knowledge on all parts of the theory except
on the effects of actions (which are represented by an inductive definition) is
usually incomplete. However it is possible to explicitly state that knowledge
about any part of the scenario is complete by using explicit Clark completion
style axioms.?® This approach offers maximal flexibility : it allows one to spec-
ify complete knowledge about very precise parts of the scenario (for example,
about all occurrences of a certain action type, or about all action occurrences
in a particular time interval), while leaving other parts partially specified.

23Extensions of £R, in particular for dealing with delayed ramifications, will incorporate
stronger principles than explicit completion; in particular an inductive definition semantics
will be applied to the then arising theory of actions. We elaborate on this in section 9.
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As an example consider the well-known stolen car problem, formalised as

follows:
park causes parked if true

steal causes —parked if true
VT : Happens(steal, T) — Holds(parked, T)
Happens(park,t1) At1 < t; A “Holds(parked, t3)

This specification represents incomplete information on action occurrences, and
entails 3T : t; < T < t; A Happens(steal, T). We can assert complete knowl-
edge on actions, i.e. that park is the only action, by adding

VA, T : Happens(4,T) & A =park AT =t

In that case the specification is inconsistent.

Intuitively, one expects the above statements to be true. However, let us
work out this example to clarify the details of the formal semantics. First of all,
the grounding of the effect rules is

{Causes(t, parked) — Ha(park,t) |t € T}U

{Causes(t, "parked) — Ha(steal,t) [t € T}U

{Init(¢, parked) «— Causes(t, parked), “Ho(parked,t) |t € T}U
{Init(¢, ~parked) — Causes(t, ~parked), Ho(parked,t) |t € T},

i.e. at each time point the definition of Causes consists of just two rules.
The rules depend only on the truth values Ha(park,t) and Ha(steal,t), which
uniquely determine the values of Causes(t, parked) and Causes(t, ~parked).
We find that Happens(park, t1) is true, hence so is Causes(t1, parked): parked
is weakly initiated. It then follows from the inertia axiom that

(-3T : t; X T <t A(Causes(T, —parked)) — Ho(parked, t;).
Since it is given that =Ho(parked,t;), we find that
AT : ¢ty < T <ty A Causes(T, —parked).

Then, Causes(T, ~parked) « Ip, ., (Causes(T, —parked)) by the second con-
dition in definition 3.14, so it follows that

AT :t1 X T <ty AIp,, ., (Causes(T, —parked)).

Since Ip,, ., (Causes(t, —parked)) is true if and only if Ha(steal,t) is true, it
follows that
T : ¢; < T < t; A Happens(steal, T)

which is what we intended to prove. Given this result, it is also obvious that
adding VA, T : Happens(4,T) «— A = park AT = t; to the theory leads to
inconsistency.

5 Mapping £R to Open Logic Programming

In the previous years we have devoted a lot of research to the use of Event Calcu-
lus in Open Logic Programming as a general formalism for temporal reasoning
(see e.g. [6], [32], [33], [7], [34]). This formalism provides the generality needed
to represent a very wide range of theories of action. A problem is however that
a user needs to take some non-trivial restrictions into account for the theory
to remain correct, i.e. to entail the intended conclusions. The idea behind &R
was to provide a framework incorporating these necessary restrictions without
giving up the expressive power of OLP Event Calculus for temporal reasoning.
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In this section we close the circle by mapping &R theories to OLP Event
Calculus. An important consequence for ER as a language is that it is mapped to
a more general formalism for which sound reasoning procedures exist, allowing
for a practical use of the language.

The mapping is not very complicated, as ER and OLP Event Calculus are
based on the same principles (inductive definitions, first order logic, and narra-
tives). Of course we start by briefly presenting open logic programming.

5.1 Open Logic Programming
An open logic program T =< PY,C > consists of

1. P : A set of Horn clauses augmented with negation in the body, i.e.
formulae of the form A «— B; & ...B, & - Bn4+1 & ...~ Bpiy where 4
and all B; are atoms.

2. O : A set of undefined (abducible, open) predicates.
3. C : A set of general first order logic formulae.

The set of clauses with a certain predicate p in the head is the definition of
p. An undefined predicate is a predicate without a definition: its meaning is not
determined by the program. FOL formulae can be used to express information
on undefined predicates.

As semantics for open logic programs we adopt the justification semantics
([4]), formally an extension of well-founded semantics which allows for undefined
predicates.

This semantics assigns, given any combination of values for the undefined
predicates, unique truth values to the defined predicates by interpreting their
clauses as an inductive definition. The resulting interpretations which moreover
satisfy all of the FOL axioms, are the models of the theory. The justification
semantics can be defined in several equivalent ways. We choose the following
formalisation:

Definition 5.1 A proof iree Tr for a ground atom p according to a particular
open logic program < P,0,C > is a tree of ground literals such that

e the root of Tr is p

e for each non-leaf node n of Tr with a set of immediate descendants B, n is
a defined atom and either n «— /\beB b is a ground instance of a program

clause of P, or B = {false}.

o Tr is mazimal, i.e. atoms of defined predicates do not occur in leaf nodes.
In other words each leaf node contains true, false, an open atom or a
negative literal.

o Tr is finite, t.e. contains no infinite branches

Given some 3-valued interpretation I which is 2-valued in the open predi-
cates, for each atom p in the language, we define its supported value w.r.t. I,
denoted SV;(p), as the truth value proven by its best proof tree, i.e.

e SVi(p) =t if p has a proof tree with all leaves containing true facts w.r.t.
I;

e SVi(p) = fif each proof tree of p has a false fact w.r.t. I in a leaf;

e SVi(p) = u otherwise; i.e. if each proof tree of p contains a non-true leaf,
and some proof tree contains only non-false leaves.
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Note that open atoms have only one proof tree consisting of themselves alone,
hence I(p) = SV;(p) for each atom of an open predicate.

The models of an open logic program < P,0,C > are now obtained as
follows: take any interpretation Io which assigns t or f to any open atom. Ip 1
is the interpretation which assigns u to all defined atoms and the same value as
Ip to all open atoms. Then construct Ip p as follows.

Definition 5.2 The operator PZLop : J — J : I — I' is defined such that
Vp: I'(p) = SVi(p).

This operator always has a least fixpoint PZo p T with respect to the speci-
ficity order on interpretations. Hence, we can define Ip p as:

Definition 5.3 Given < P,0,C >, Io.p =PIoprT.

The least fixpoint of this operator can be proven to coincide with the least
fixpoint of the well-founded operator of [35]. Details can be found in [5].

The models of an open logic program < P,O,C > are now all those inter-
pretations Io p obtained from an interpretation Ip  as above, and for which in
addition Ip p = C and Ip p = FEQ(T), i.e. the models of the logic program
in which in addition all FOL axioms and the Free Equality axioms are true.

The correspondence with the inductive definition semantics we have defined
for £R is obvious. They both formalise the inductive definition principle and
do this in the same way. This of course greatly facilitates mapping £R-theories
to OLP.

5.2 Mapping predicates

First of all, we establish a relation between the predicates in the two formalisms.
In the open logic program, we use the predicates happens, holds, <, initially
and causes. The relation to the ER predicates is the following, given a an action
constant, t,# time constants, [ a fluent literal and F a fluent formula?*

happens(a,t) «— Ha(a,t)

holds(F,t) < ™Mo(F,t)
t<t o t=<t
wnitially(F) < Initially(F)
causes(t,l) — Causes(t,!)

In the open logic program, the predicates causes, holds, and the nitially pred-
icate for complex fluent formulae are defined predicates, while the other predi-
cates are open. We deal with the complex holds and initially atoms right away,
so that in the sequel we only need to handle holds and initially atoms contain-
ing fluent atoms. Defining the complex atoms can easily be done inductively,
by the following clauses:

holds(Fi A F3,T) «— holds(F1,T), holds(F2, T).
holds(Fy Vv F3,T) «— holds(F1,T).

holds(Fy1 Vv F3,T) «— holds(F;,T).
holds(—Fy,T) — —holds(F1,T).

holds(true, T').

initially(F1 A Fo) «— indtially(Fy), initially(F2).
initially(Fy V F2) «— indtially(Fy).

initially(F1 V F2) «— indtially(Fy).
initially(—F1) — —wnitially(F1).
initially(true).

24Note that the Init predicate has no Event Calculus counterpart, but is redundant since

Init(t,l) < Causes(t,l) A 'Ho(i, t)
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For simple holds atoms a definition is given below, while initially for fluent
atoms is an open predicate. Observe that we need to add explicit clauses for the
fluent formula ¢rue. This corresponds to the condition on £R-interpretations
that Ho(true,t) and Znitially(true) must be true.

5.3 Dealing with the domain independent conditions

Next, let us have a look at the general conditions on &R interpretations and
how these relate to OLP Event Calculus. Concerning the time structure, we can
impose like in &R that time is isomorphic to the real numbers. In OLP Event
Calculus, we usually impose the weaker condition that time points are linearly
ordered, by the FOL axioms

VL, (M <T AT, <T)—-T1 =T,
VI, 10, Ts: (Tt < T AT <T3) =Ty < T3
VTl,TziTl STz\/Tz STl

Evidently the real numbers satisfy this condition. We can assume time to be
isomorphic to them.

The well-founded event topology can be imposed as follows. We define the
predicate nezt as

next(Ty, Ts) — happens(A1,Th), happens(Az, T2), T < Ty,
—int_events(Ty, Ty).
int_events(Ty,T2) <« happens(As, Ts3),Th < Ts5,T5 < Ts.

and its transitive closure be fore as

before(T1,T2) «— mnezt(T,T2).
before(T1,T2) <« mnext(Ty,Ts),before(Ts,T2).

The axiom
[(Ty < T3) A happens(A1, T1) A happens(Az, Ty)] < before(T1, T,)

then imposes that there are only a finite number of events between each two
events. In addition, the axiom

ElEsta,rt : VA: T: [happens(A, T) - _'(T < Estart)]

ensures that there is a first event. Hence there is an order-preserving isomor-
phism between events and a subset of the natural numbers. This is the desired
topology on events. In addition, we need to embed this topology in the time
structure such that in case of an infinite number of events, there are no time
points after the entire infinite sequence. This is imposed by the axiom

VT : ([34, E : (happens(A, E) AN E < T A —int_events(E, T))]
V[—existsA, E : (happens(A, E) AN E < T)])

Given that time is isomorphic to the real numbers, the well-founded event topol-
ogy condition defined earlier is imposed by the above theory.
The initiation consistency condition is represented by the Event Calculus
FOL axiom
VT, F : ~causes(T, F) V —causes(T, ~F)

which is equivalent to VT, F : =Causes(T, F) V ~Causes(T, ~F). Then we still
need to formalise the definition of the initial state and the inertia axiom. This
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is achieved by providing the following definition for holds:

holds(F,T) — T < estart, initially(F).

holds(F,T) — causes(T', F), T' < T,—clipped(T', F, T).
clipped(T',F,T) «— causes(T",-F), T <T",T"<T.

T <T — T <T,T +#T.

The first clause for holds defines the initial state, the other clause is the Event
Calculus frame axiom, which will further on be proven equivalent to the inertia
axiom in &R given the other assumptions. Note that the event esipr: is the
first actual event. The initial state is the state before egy404 (recall that time is
considered unbounded in the past).

5.4 Mapping II, to FOL axioms

The II, part of an £R theory contains general FOL formulae constructed from
Holds, Happens, < and Initially atoms using connectives and quantifiers.
We can map these formulae to FOL axioms straightforwardly by replacing
holds(F, ) for Holds(F, ), happens(c, T) for Happens(a, 7), 71 < 7 for itself
and snitially(F) for Initially(F). Given the mapping of predicates above it is
easy to check that this mapping preserves the semantics.

5.5 Mapping Il to program clauses

As a guideline for mapping the effect rules to OLP, we can look at the definition
of grounding in the semantics of £R: as we had to do in the grounding, we need
to deal with complex initiations, and this can be done in the same way:

A direct effect rule a causes ! if F is mapped to the clause

causes(T,1) «— happens(a,T), holds(F,T).
A derived effect rule initiating F causes [ if F'is mapped to the set of clauses

{causes(T,l) « N, causes(T,1),
A, (Rolds(l, T), ~causes(T, I'))
—holds(F,T), holds(F',T).
|  LjiU Ly is asupporting set of F'}

Both results of the mapping correspond to the respective groundings of the rules,
but compacted to a finite number of clauses by using universal quantification
over time points instead of different clauses for each t. A minor difference is
that the predicates happens and holds occur explicitly in the clauses instead of
their truth values. A more noteworthy difference is that in the body of the OLP
clauses, we use the causes predicate which denotes weak initiation, whereas in
ER Init, i.e. strong initiation, is used in the inductive definition rules. However
we have proven the equivalence of the two corresponding ways of defining Causes
in ER before.

Note that there is no predicate denoting strong initiation in the OLP theory.
Therefore the £R-rules defining Init in terms of Causes have no equivalent
OLP clauses. They have been compiled into the clauses for causes.
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5.6 A detailed example and some remarks

Taking everything together, we now show the mapping of the stolen car problem
presented earlier:

park causes parked if true
steal causes —parked if true
VT : Happens(steal, T) — Holds(parked, T)
Happens(park,t1) At1 < t; A “Holds(parked, t3)

First of all, we have the general formulae, i.e. the Event Calculus frame axiom

holds(F,T) — T < estart, initially(F).

holds(F,T) — causes(T', F), T' < T,—clipped(T', F, T).
clipped(T',F,T) «— causes(T",-F), T <T",T"<T.

T <T — T <T,T +#T.

and the constraints on time

VL, (M <T AT, <T)—-T1 =T,
VI, T, T3 : (T < AT, <T3) - T <Ts
VI, T: :Th <o vV, <Th

The effect rules are mapped to clauses

causes(T, parked)  «— happens(park,T).
causes(T, —parked) <« happens(steal,T).

The other formulae are simply mapped to FOL formulae

VT : (happens(steal, T) — holds(parked, T))
happens(park,t1) At1 < ta2 A —holds(parked, t2)

The predicates <, initially and happens are undefined, and we ignore complex
holds and initially atoms as they do not occur in this example. The formula
which was to be entailed is mapped to 3T : t; < T < 3 A happens(steal, T').
Of course it is easy to check that this formula is entailed, following the same
reasoning as in the &R formalisation.

In &R we also added an explicit completion on action occurrences to this
formalisation, which led to inconsistency. We can do the same in the OLP
formalisation, but note that another and simpler option is to make happens a
defined predicate, defined by the fact happens(park,t1). In general, if there is
complete knowledge on happens or wnitially in any scenario, we can choose to
make these predicates defined instead of adding explicit completions. This is
only important for conciseness of representation and for reasoning performance:
semantically there is no difference.

5.7 Equivalence proof

To prove equivalence of the two theories, we proceed as follows. First, observe
that as indicated above, the initiation consistency, linear order and well-founded
event topology conditions are properly axiomatised. Now, take any interpreta-
tion of the undefined predicates (initially for fluent atoms, happens and <),
and the same interpretation for Znitially for fluent atoms, Ha and <. From
these we can compute the truth values of all other atomic formulae using on
the one hand the program clauses in OLP, and on the other hand the inductive
definitions and the inertia axiom in ER. We will prove that this yields the same
results in both formalisms, which leaves us with the same models of II, of each
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theory. Finally, the FOL axioms and the corresponding theory II, and general
axioms of ER will be checked in all of those II.-models, retaining only those
interpretations that satisfy all of the axioms. Given the trivial correspondence
between II, formulae and general £R axioms with FOL axioms in OLP, it is
obvious that the same interpretations are retained in both formalisms by this
step.

So what we still need to prove is that given initially for fluent atoms,
happens and <, and their exact counterparts in &R, we find the same truth
value for all other atoms in both formalisms. For complex initially and Tnitially
atoms this is trivial since we use the same inductive definition in terms of simple
atoms in both formalisms. This leaves us with simple and complex holds atoms
and causes atoms.

The clauses of holds and causes are mutually recursive. holds(f,t) depends
on the truth values of causes(f,t') and causes(—f,t') for ¢ < ¢. holds(F,t)
depends on atoms holds(f,t). causes(l,t) may depend on holds(F,t) (and
causes(l',t)) for any F and I'. Given a well-founded event topology, we can
prove equivalence of holds(f,t) with Ho(f,t), of holds(F,t) with Ho(F,t) and
of causes(t,l) with Causes(t,l) by induction on events: first we prove that
holds(F,t) coincides with Ho(F,t) for all time points before the first event, then
for each event e we prove consecutively that causes(e,l) «— Causes(e,!), that
for all time points ¢ between e and the next event (including it), holds(f,t) «
Ho(f,1t), and that for all these time points holds(F,t) < Ho(F,t). By induction
on the well-founded event topology it then follows that holds(F,t) — Ho(F,t)
for all time points and that causes(t,l) — Causes(t,!) for all events (at non-
event time points it is easy to see that causes(t,l) as well as Causes(¢,1) are
false from their definitions: no proof tree exists without happens atoms in one
or more leaves).

We now proceed with the inductive proof.

1. Induction base:

For all F and for all ¢t < esiqr:, in ER it holds that Initially(F) <
Ho(F,t). Likewise in OLP we know from the definition of holds that if f
is a fluent atom and t < e;iqrt, then holds(f,t) — initially(f) since the
second clause can never have a true body and the first clause simplifies
to holds(f,t) — initially(f). Hence, for all fluent atoms f, we know that
holds(f,t) «— Ho(f,t) for t < esiart. The definition of complex holds
atoms in terms of simple ones is the same in OLP and &R, so the result
generalises to holds(F,t) — Ho(F,t) for all fluent formulae F and all
i S €start.

2. Assume holds(F,t) — Ho(F,t) for all F and a particular ¢t. The definition
of causes(t, ) for a certain ¢ depends only on happens(a,t) and holds(F,t)
and on itself (causes(t,!')), just like the definition of Causes(¢,1) in ER
depends only on truth values Ha(a,t) and Ho(F,t). Moreover, the def-
initions are the same, as we have shown above. Hence we find that
causes(t,l) « Ip, ., (Causes(i,!)).

3. Assume causes(t,l) «— Causes(t,l) for a particular event . We need to
prove that for all ¢/ after ¢ and before or equal to the next event ¢”,
holds(f,t") < Ho(f,t'). Take an arbitrary f and ¢’. The inertia axiom in
ER yields for f the formula

t <t A-dtg: (t <tz <t' ACauses(ts,f))
— Ho(f,t') « Causes(t, f) V Ho(f,t)

26



which can be simplified to
—Causes(t,~f) — (Ho(f,t') < Causes(t, f) V Ho(f,1))

and then to

[Ho(f,t") A =Causes(t, —f)]
— [(Causes(t, f) V Ho(f,t)) A =Causes(t, ~f)]

It follows that

Ho(f,t') «
([Causes(t, f) A —Causes(t,—f)] V [Ho(f,t) A ~Causes(t, — f)])

Similarly, we find for —=f that

Ho(—f,t') —
([Causes(t, ~f) A =Causes(t, f)] V [Ho(—f,t) A =Causes(t, f)])

hence because Ho(—f,t) « —Ho(f,t), that

—Ho(f,t') —
([Causes(t, ~f) A =Causes(t, f)] V [-Ho(f,t) A =Causes(t, f)])

Contraposition of this formula yields
Ho(f,t') — ([-Causes(t, ~f) V Causes(t, f)] A [Ho(f,t) V Causes(t, f)])
which can be simplified to
Ho(f,t') — ([-Causes(t, = f) A Ho(f,t)] V Causes(t, f))

Together with the formula obtained in the previous paragraph, which can
be simplified to

Ho(f,t') «— ([-Causes(t,~f) A Ho(f,t)] V Causes(t, f))
we obtain the equivalence
Ho(f,t') < (Causes(t, f) V [Ho(f,t) A =Causes(t, —f)])
which is equivalent to (given the assumption of the inductive step)
Ho(f,t') < ([causes(t, f) V [holds(f,t) A (—causes(t, —f)]
On the other hand, the definition of holds entails

holds(f,t') « Ft* : [causes(t*, f) At* <E'A

—3t" : (causes(t’, —f) At <tV A <))
since completion semantics is strictly weaker than justification semantics.
A possible t* in that formula can either be before ¢ or equal to ¢, taking

into account the fact that £ < ¢/, that there is no event between ¢ and ¢’
and that time is a linear order. In the first case, the condition

causes(t*, fY At* < t'A
=3t : (causes(t”, ~f) At* <t At < t)

can be written as

causes(t*, fYAt* <t/ At <tA
—3t" : (causes(t”, = f) At* <t At <) A causes(t, - f)
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which is equivalent to kolds(f,t) A —causes(t, —f); in the second case that
same condition simply reads causes(t, f). We obtain

holds(f,t') < [holds(f,t) A —causes(t,—f)] V causes(t, f)
and this formula combined with the result for Ho yields

holds(f,t) « Ho(f,t)

4. The definition of complex holds atoms in terms of simple ones is the same
in OLP and &R, so if holds(f,t) — Ho(f,t) for all fluent atoms f and
the above defined time points ¢, then holds(F,t) — Ho(F,t) for all fluent
formulae F' and all those t.

This completes the proof by induction, and thereby the entire equivalence
proof of the OLP Event Calculus theory with the £R theory.

6 Dealing with Nondeterminism in £R

We now turn our attention to the representation of nondeterministic effects of
actions. We assume in this discussion that the outcome of a nondeterministic
action is one of a number of possible effects (possibly the empty effect), that
the set of possible effects can be dependent on the state of the world, and that
the actual effect can be different for different instances of the action.

As an example, consider a variant of the Yale Shooting Problem in which
firing a loaded gun may nondeterministically hit a turkey in the head (killing
it) or in the wing (breaking that wing). A representation of this effect could be
a rule

shoot causes —alive V broken_wing if loaded

which is a generalisation of a direct effect rule with a disjunction in the head.
In general, we choose the following syntax for nondeterministic effect rules:

a causes D if F

where a is an action, F a fluent formula, and D a disjunction of fluent literals.?%
For reasons that will be explained below we will use the symbol | instead of V
to denote disjunction in D.

The semantics of such a nondeterministic effect rule is that when the action
a is executed while F holds, one of the disjuncts in D is (weakly) initiated. Let
us try to define this more precisely for the above example: we can say that
when a loaded gun is fired, broken_wing or —alive should be initiated. But
should this “or” be inclusive or exclusive? We will show that neither option is
satisfactory.

Clearly an inclusive or is unintended: the bullet should hit the turkey only
in one place, not both. This seems to leave the exclusive or as only plausible
reading. However, the following examples show that this reading is also unin-
tended. First, consider the ramification that a turkey dies when its wing gets
broken while it is flying?® , as represented by the derived effect rule

initiating broken_wing causes —alive if flying

The intuitive result of shooting a flying turkey is that it always dies, either by
the shot in the head or as a result of its broken wing. However, reading “or”

25Below we further generalise the formulae allowed as D.
26 We ignore for now other evident relations between flying, alive and broken_wing as they
are not relevant in this discussion.
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in the nondeterministic effect rule as exclusive, we would reach the unintended
conclusion that its wing can never get broken since it already dies.

A similar problem arises in the presence of simultaneous actions: assume
that apart from the original hunter, there is now also an expert hunter who
always kills the turkey when shooting. Then assume both hunters shoot at the
same time. We expect the nondeterministic shot to either break the turkey’s
wing or to kill it, while the expert shot definitely kills the turkey. Yet reading
“or” as exclusive leads to the conclusion that, since alive is already terminated
by the expert shot, the nondeterministic shot cannot break the turkey’s wing
at the same time.

How should we read nondeterministic rules then? In the above examples,
the intuitive reading is that the shoot action has exactly one effect, either killing
the turkey or breaking its wing. However, other sources (either ramifications
or effects of other simultaneous actions) may cause the second effect as well, so
that it is not guaranteed that there is only one effect, even if only one may be
caused by the given direct effect rule. In general, recall that we view effect rules
as describing the propagation of effects due to some physical or logical force.
The idea underlying nondeterministic actions is that this force may act in one
of several possible ways. This boils down to saying that a rule

a causes f1 | fo if F

is equivalent to
a causes f; if F @ a causes fy if F

or in other words a nondeterministic effect rule has at all times exactly the same
effect as one rule obtained from it by retaining only one of its disjuncts. The thus
obtained rules will be called the disjunctive components of the nondeterministic
effect rules. Generalising this, we say an interpretation satisfies a definition
D at a particular time point iff it satisfies any definition obtained from D by
replacing each nondeterministic effect rule by one of its disjunctive components.
As an example, consider the rules formalising the effect of shooting a flying

turkey:

shoot causes —alive | broken_wing if loaded

initiating broken_wing causes —alive if flying

This nondeterministic definition is satisfied if at each time point at least one of
the deterministic definitions

shoot causes —alive if loaded
initiating broken_wing causes —alive if flying

or
shoot causes broken_wing if loaded

initiating broken_wing causes —alive if flying

is satisfied. In the first case, we get the effect that the turkey is killed by the
shot, in the second case that its wing gets broken and it dies as a result.2”

Before formalising the above intuitive semantics, we want to extend the
syntax of nondeterministic effect rules. In particular, we want to allow for a
nondeterministic choice of sets of effects, rather than of single effects. This is
achieved by defining nondeterministic effect rules as formulae

a causes D if F

271t is essential that at different time points, different deterministic definitions can be satis-
fied: the nondeterministic action can have a different outcome each time. It can also occur by
coincidence that both definitions are satisfied at a particular moment (if their effects happen
to be the same). This is for example trivially the case when the gun is not loaded.

29



where @ is an action, F a fluent formula, and D a disjunction of conjunctions of
fluent literals. Note that “true” can be used to denote the empty effect, since
true is always weakly initiated.

One may wonder why we do not allow D to be any propositional fluent
formula F’, since any F' can be written in disjunctive normal form. The reason
is that equivalent FOL formulae may lead to non-equivalent effect rules: for
example p is equivalent to (pAgq) V (pA—g), but there is an important difference
between the rules a causes p if true and a causes (p A gq) | (p A —q) if true:
according to the first rule a initiates p and leaves g alone, while according to
the second rule @ initiates p and can nondeterministically initiate or terminate
g. This is the reason why | should not be read as classical disjunction, and why
we should not rely on reducing general propositional formulae to some normal
form.

We are now ready to define the semantics of nondeterministic effect rules.
To this end we extend the notion of grounding as follows : a grounding of a
nondeterministic effect rule is obtained from the groundings of its disjunctive
components by collecting, for each time point ¢, from the grounding of one
arbitrary disjunctive component, all the rules containing ¢. Formally:

Definition 6.1 (nondeterministic grounding (direct))
The restriction G* of a set of primitive definition rules G to a time point t is
the set of all rules of G in which t occurs.

The grounding of ¢ conjunctive direct effect rule

a causes /\ LifF

i=1...n

is the set J,_; .,
a causes [; if F.
A grounding of ¢ nondeterministic direct effect rule

G, where each G; is the grounding of the direct effect rule

a causes Cq | ... |Cp, if F

is any set UteT G;’u where 1 < j; < m for eacht € T,
Gj, is the grounding of the conjunctive effect rule a causes Cj, if F, and G;'¢
is the restriction of Gj, to t.
A grounding of I, = {ry | 1 < k < I} is any definition Dinyy = DyU
{Init(t,l) — Causes(t, ), ~Ho(l,t) | t € T,l € P},
where Dy is any set | J,_, ; Gr with each Gy a grounding of ry.
I E 1, iff for any grounding Dini of I, Vt € T,l € F:
Init(t,l) « Ip,,,,(Init(t,1)) end Causes(t,l) — Ip, ., (Causes(t,l)).
The groundings of the above example definition are sets containing for each
time point ¢t € T, either
Causes(t, ~alive) «— Ha(shoot,t), Ho(loaded,t).
Causes(t, —alive) <« Init(t, broken_wing), Ho( flying,t).
or

Causes(t, broken_wing) «— Ha(shoot,t), Ho(loaded, t).
Causes(t, ~alive) — Init(¢, broken_wing), Ho( flying, t).

The syntax of derived effect rules can be extended in the same way as that
of direct effect rules, which leads to rules

initiating F causes D if F’

representing nondeterministic ramifications. The semantics of such rules is de-
fined by extending the definition of grounding in the same way as for direct
effect rules. Formally:
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Definition 6.2 (nondeterministic grounding (derived))
The grounding of @ conjunctive derived effect rule

initiating F' causes /\ Iy, if F/

i=1l...n

is the set \J,_, ,, Gi, where each G; is the grounding of the derived effect rule
initiating F causes [y, if F'.
A grounding of a nondeterministic derived effect rule

initiating F causes Cy | ... | Cp, if F’

is any set UteT G;’u where ¥Vt : 1 < j; < m, Gj, is the grounding of the
conjunctive derived effect rule initiating F causes Cj, if F/, and G;'¢ s the
restriction of G;, to t.

As an example, consider again the effect of shooting a flying turkey in the
wing. Maybe it is unpredictable if the turkey will die as a result or not: it may
for example depend on how high the turkey is flying. This can be represented
by replacing the derived effect rule in the above example by

initiating broken_wing causes —alive | true if flying

where the disjunct true indicates the absence of any additional effect. The
groundings of the resulting definition are now sets containing for each time
point ¢ € T, one of the four definitions

‘Ha(shoot,t), Ho(loaded, t).
Init(t, broken_wing), Ho( flying, t).

Causes(t, ~alive) —
Causes(t, ~alive) —
Causes(t, broken_wing) «— Ha(shoot,t), Ho(loaded, t).

Causes(t, ~alive) — Init(¢, broken_wing), Ho( flying, t).

‘Ha(shoot,t), Ho(loaded, t).
Init(t, broken_wing), Ho( flying, t).

Causes(t, ~alive) —
Causes(t, true) —
‘Ha(shoot,t), Ho(loaded, t).

Init(t, broken_wing), Ho( flying, t).

Causes(t, broken_wing)
Causes(t, true) —
in which the rules for Causes(t, true) evidently have no effect.

The above definitions show that a syntax and semantics for nondeterministic
ramifications can be obtained as a straightforward extension of our existing
constructs. At first sight it may not be clear if nondeterministic ramifications
are of great practical importance, but it should be noted that they occur at least
implicitly in some approaches to the ramification problem, as we will discuss
below.

6.1 Mapping nondeterministic effect rules to OLP

Dealing with nondeterministic effect rules can essentially be done in the same
way as dealing with deterministic rules, basing the mapping on the groundings
of the rules. A complication is that OLP does not contain disjunctive rules. We
could of course extend the syntax of OLP with disjunctive rules, in which case
the mapping would be straightforward. But this extension of the OLP syntax
is not necessary: an OLP theory with the same models as the nondeterministic
ER theory can be cleanly constructed by introducing a number of auxiliary
“degree of freedom” predicates. The technique has been discussed briefly in [34]
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in the context of nondeterministic actions in Event and Situation Calculus. We
here show how it applies to general effect rules, thereby also showing the precise
semantics of theories containing such predicates (i.e. exactly the above defined
semantics for nondeterministic effect rules).

As defined before, a nondeterministic rule has multiple groundings corre-
sponding to its multiple possible outcomes. An interpretation is a model of a
set of effect rules if at each time point it satisfies any set of definition rules
containing exactly one grounding of each effect rule. The idea now is the fol-
lowing: for each effect rule, all of its groundings are converted to OLP like in
section 5, but an additional literal is inserted in the body of each clause such
that for any interpretation of the additional literals only one clause body is not
trivially false. Moreover this one clause body then needs to be equivalent to the
corresponding original clause (without the added literal). Which of the clause
bodies is not trivially false, depends on the truth values of the additional liter-
als. These literals should of course take on exactly those combinations of values
needed to “select” all clauses once.

As an example, assume a simple nondeterministic action with two possible
outcomes, described by a causes f; | fa if true. Its two disjunctive components
would yield mappings

causes(T, f1) <« happens(a,T).
causes(T, f2) <« happens(a,T).

We add literals to the rules such that only one rule body can be true in one
interpretation:

causes(T, f1) <« happens(a,T), choice(c,,1,T).
causes(T, f2) <« happens(a,T), choice(c,,2,T).

with FOL axions

VT : choice(c,,1,T) V choice(c,2,T).
VT,I,J : (choice(er, I, T) A choice(e,, J,T)) — I =J.

Depending on the values of the choice atoms, the definition at a particular time
t is equivalent to either

causes(t, f1) «— happens(a,t).

or
causes(t, f2) «— happens(a,t).

Note that choice has three parameters: the first is to distinguish between rules
(for each nondeterministic rule separate choices are required), the second to
distinguish between choices for one rule, and the third is a time parameter (as
the effect of a nondeterministic action may vary at different time points). Also of
importance is that choice is an open predicate for which no definition and only
the above FOL axioms exist. Thus choice atoms can take on all possible values
such that for each ¢, and 7T, exactly one atom choice(c,, I, T) is true. For each
(Ith) disjunct in a nondeterministic rule r, one separate atom choice(c,, I, T) is
used. If a disjunct is itself a conjunction, clauses with equal bodies are generated
for each conjunct.
We can formalise the above method as follows: a rule r =

a causes /\ bijl...| /\ Iy j if F

ji=l..n, i=l..nmg,
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is mapped to the set of clauses
Uiz1 =1 {causes(T,l; ;) «— happens(a,T), holds(F,T),
choice(cy, 3, T).}
and the FOL axioms
VT : choice(c,,1,T)V ...V choice(c,,m, T).
VT,I,J : (choice(er, I, T) A choice(e,, J,T)) — I =J.
with ¢, a constant not occurring elsewhere in the theory. A rule ' =
initiating F’' causes /\ bijl...| /\ Iy j if F
ji=l..n, i=l..nmg,
is mapped to the set of clauses
Uizt R {causes(T,l; ;) — /\leL causes(T, 1),
Aver,(holds(l', T), ~causes(T, "),
—holds(F',T), holds(F, T),
choice(cpi, %, T).
| Ly U Ly is supporting set of F'}
and the FOL axioms
VT : choice(cpi, 1,T)V ...V choice(cri, m, T).
VT,I,J : (choice(cp, I, T) A chozce(cr LT —=1I=J

with ¢, a constant not occurring elsewhere in the theory.

The interaction between the different forms of complexity makes for a harder
to read notation, so let us give another example.

Consider the rule

initiating f1 V f> causes (g1 A g2) | h | true if true

This rule is mapped to the clauses

causes(T, g1) — causes(T, f1), ~holds(f1 V f2), choice(c,1,T).
causes(T, g1) — causes(T, fz), ~holds(f1 V f2), choice(c, 1, T).
causes(T, g2) — causes(T, f1), ~holds(f1 V f2), choice(c,1,T).
causes(T, g2) — causes(T, fz), ~holds(f1 V f2), choice(c, 1, T).
causes(T, h) — causes(T, f1), ~holds(f1 V f2), choice(c,2,T).
causes(T, h) — causes(T, fz), ~holds(f1 V f2), choice(c,2,T).
causes(T true) <« causes(T, f1), ~holds(f1 V fa), choice(c, 3, T).
causes(T,true) «— causes(T, f2), ~holds(f1 V f2), choice(c, 3, T).

and the FOL axioms

VT : chotice(e,1,T) V choice(c, 2, T) V choice(c, 3, T).
VT,I,J : (choice(c, I, T) A choice(c,J, T)) = I = J.

where the last two clauses can in fact be omitted (which is not done in the
formalisation for simplicity reasons). The number of generated clauses is equal
to the number of literals in the head times the number of supporting sets of the
body of the derived effect rule.

We now prove that the extended mapping is correct, which is a slightly more
complicated task than in the deterministic case. First, observe that with each
ER-interpretation I corresponds a class of OLP-interpretations which assigns
the same value as I to all instances of predicates occurring in the £R-theory,
and an arbitrary value to each instance of the choice predicate. The correctness
criterion we need to prove is then the following: an £R-interpretation is a
model of the £R-theory if and only if at least one of its corresponding OLP-
interpretations is a model of the OLP theory. More precisely this reads:
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Theorem 6.1 An £R-interpretation is a model of Il, and ¢ model of at least
one of the groundings of Il if and only if at least one of its corresponding
OLP-interpretations is a model of the OLP theory.

We first prove an important lemma.

Definition 6.3 Given an ER-interpretation I and an interpretation Jg of the
choice predicate which satisfies the FOL axioms for that predicate. Jr g is the
OLP-interpretation which corresponds to I (i.e. assigns the value corresponding
to I to each atom corresponding to an ER-atom) and which coincides with Jg
on the choice predicate.

Lemma 6.1 To each grounding G of II, corresponds an interpretation Jg of
the choice predicate such that an ER-interpretation I is o model of II, and G
if and only if J; ¢ is a model of the OLP theory.

Proof:

To prove the lemma, we determine an interpretation of the choice predicate
which allows us to use the proof of the deterministic case given in section 5.
For a particular J;, g, it is easy to see that all steps of the proof apply without
modification, except for one of the inductive steps, i.e. the proof that at any
time t, causes(t,l) & Causes(t,l) follows from holds(F,t) < Ho(F,t). For this
to be valid it is required that G is equivalent to the definition of causes. Hence,
if we can find an interpretation Jg which makes the OLP-definition of causes
equivalent to the given grounding G of II,, it follows that I is a model of GUII,
if and only if J7 ¢ is a model of the OLP theory.

Determining an appropriate interpretation of chotce is not difficult: it follows
from the definition of groundings and the construction of the mapping that,
for each nondeterministic rule » and each time point ¢, the set of clauses in
the mapping of r is equivalent to the kth grounding of = (i.e. the grounding
corresponding to r’s kth disjunctive component), if choice(c,, k,t) is true and
all other chotce(c,, j,t) are false. Indeed, as indicated before, given these values
for choice(c,,1,t), all clauses corresponding to other groundings than the kth
one have a trivially false body at ¢ whereas the clauses corresponding to the kth
grounding are the clauses in the grounding of the kth disjunctive component
with an additional true atom in the body.

So, given a grounding G corresponding at each time point ¢ and for each rule
7 to the k, ;th disjunct of 7, if we choose J¢ such that choice(c,,4,t) is false if
1 # k1 and true if ¢ = k, ;, then I is a model of G U1l if and only if J; ¢ is a
model of the OLP theory. Moreover this choice satisfies the given FOL axioms
on chotce. This proves the lemma. O

Proof:

(of the theorem) The theorem follows immediately from the lemma if each in-
terpretation J of the choice predicate corresponds to a grounding G. This is
indeed the case: in each J exactly one atom, say choice(c,, iy 3,1), is true for
each r and t, due to the FOL axioms. By the construction of Jg, J then cor-
responds to the grounding G obtained by taking the i, ;th disjunct of each r at
each t. O

The above reasoning proves the correctness of the proposed mapping. We
can then turn our attention to the relation between nondeterministic rules in
ER and the causal rules introduced in [31].

7 &R Compared with the Approach of Thielscher

In this section we make a detailed comparison of £R derived effect rules with
Thielscher’s approach to the ramification problem ([31]). The reason for this is
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twofold: first of all Thielscher’s approach is one of the most recent ones, has
been compared by Thielscher with a good deal of other recent approaches, and
looks reasonably similar to ours. Therefore we think it is worth analysing the
correspondence in detail. A second reason is that Thielscher has introduced
the use of influence information for deriving certain causal rules from state
constraints, which has struck us as a very interesting idea. Further on we will
propose a different approach in £R and show how it relates to Thielscher’s.

In what follows we will distinguish between causal rules (the constructs used
by Thielscher) and derived effect rules (their counterpart in £R). We will show
a close correspondence between Thielscher’s causal rules and nondeterministic
derived effect rules.

In [31], causal rules have the form

e causes [ if F

where e and ! are fluent literals and F a fluent formula. Intuitively, the semantics
of such a rule is that strong initiation of e may cause weak initiation of [ if F
holds.?® More precisely:

Definition 7.1 (concepts related to causal rules)
Given o state S and o set of effects E (i.e. a set of fluent literals known to be
strongly initiated), the rule

e causes [ if F

is applicable in (S, E) iffe CE and S|E F Ae AL

Applying this rule results in a new state (S\ {€})U {e} and a new set of effects
EuU{e}.30

The successor states after the execution of an action A in a state S are obtained
by applying sequences of applicable causal rules to the pair (S*, E), where E is
the set of direct effects of A and S* = (S\ E)U E, i.e. the state obtained after
applying the direct effects E to S. S’ is a successor state of S after action A iff
a pair (S5, E') is obtained from (S*, E) after any sequence of rule applications
and S’ satisfies all of the state constraints. In the sequel, we call the above E’
the justifying set of effects of S'.

It is important to note that any sequence of applicable rules which leads to a
state satisfying the state constraints, is valid. In particular, such a sequence does
not need to contain all applicable rules, hence the intuitive reading that rules
“may” cause effects. As a result, nondeterministic ramifications are obtained,
as will be apparent in the comparison below.

There is a partial correspondence between Thielscher’s causal rules and non-
deterministic derived effect rules in ER. Let us first look only at causal rules of
the form

a causes b

with @ and b fluent literals. Such a rule states that a strong initiation of a
justifies the initiation of b, i.e. it may result in the initiation of b, but does not
necessarily do so (since a rule is never forced to be applied). This corresponds
at first sight to our nondeterministic derived effect rule

initiating a causes b | true if true.

28We say “may cause” rather than “causes” since rules never need to be applied in
Thielscher’s approach.

29The condition S |= -l guarantees that all computed effects are strong initiations.

30Observe that E may contain a subset of the form {e, —e}.
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The rules are indeed equivalent under the condition of initiation consistency (a
fluent cannot at the same time be initiated and terminated).3! To make this
more precise, we introduce the following notation.

Definition 7.2 (initiation consistency) A set of effects E is initiation con-
sistent #ff it does not contain a subset of the form {f,—f}.

Definition 7.3 (applicability/justification for causal rules)

A fluent literal a is strongly initiated in (S, E) iff a € E and F is initiation con-
sistent. Then, it follows from the above definition that a causal rule ¢ causes b
is applicable in (S, E) iff a is strongly initiated in (S, E). We say the rule then
Justifies initiation of b, and moreover justifies strong initiation of b iff b & S.

Definition 7.4 (applicability/justification/(candidate) successor state
in £R)

A derived effect rule initiating a causes b if true or a nondeterministic de-
rived effect rule initiating a causes b | true if true is applicable at t iff a is
strongly initiated at t. The rule then justifies initiation of b, and justifies strong
initiation of b iff b does not hold at t. Applying this rule to a set E of strongly
initiated literals at ¢ yields the set EU {b}.

A set of fluent literals S’ is a candidate successor state of S after A according
to a set of effect rules Il iff there is a grounding Dins of I, for which it follows
from Ha(A,t) AVI € S : Ho(l,t) that '\ S = {l | Ip,,, (Init(t,!")) = t and
S'NnS={lcS|Ip,,,(Init(t,I")) = f. Intuitively a candidate successor state
is a set of literals that can be true immediately after the action according to the
effect rules.

A candidate successor state S’ is a successor state iff it satisfies all the state
constraints.

Note that the above definitions of applicability deviate from Thielscher’s in
that we don’t impose S |= a A —b. However, from the construction of (S, E)
pairs, it follows that £ C S if F is initiation consistent. Hence S | a is trivially
satisfied if @ € E. As for b, we say a rule is applicable even if b already holds.
However, the rule then only justifies weak, rather than strong initiation of &.

We then have the following results:

Lemma 7.1 Given a state S at time t and an initiation consistent set E of
strongly initiated literals at t, the causal rule

a causes b

justifies strong initiation of a literalb ¢ (EUE) in ((S\ E)UE, E) if and only
if the derived effect rule

initiating a causes b if true
justifies the same strong initiation at t.

Proof:
Either rule is applicable if and only if a is strongly initiated. In that case, the
causal rule justifies strong initiation of biff b & ((S\ E)U E). Since b ¢ (EUE),
this is equivalent to the condition b ¢ S. On the other hand, the derived effect
rule justifies strong initiation of b at ¢ iff b does not hold at ¢. Since S is the

state at ¢, this is also equivalent to b ¢ S. O

31This condition is not imposed by Thielscher since in his approach change propagations
are assumed to happen consecutively and to take a very small amount of time. Therefore
there is no problem with initiations and terminations of fluents in the same batch of effects.
However, we prefer not to adopt such a treatment of very small delays and for now we consider
all propagations to be simultaneous and instantaneous, in which case initiation consistency is
an essential condition. We return to the issue of delays in much detail in section 9.
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Lemma 7.2 Given a state S at time t and an initiation consistent set E of
strongly initiated literals at t, applying the causal rule

a causes b

yields an initiation consistent set of strong initiations E' if and only if applying
the derived effect rule

initiating a causes b if true

to E att yields the same initiation consistent set E’.

Proof:
There are three cases. If b € E then E = E'. If b€ E then E’ is not initiation
consistent. If b ¢ (E U E), either both rules justify strong initiation of b, in
which case E' = E U {b}, or neither justifies b, in which case F' = E. O

Lemma 7.3 Given a state S and set of effects E, and a causal rule mapping
(5,E) to (S',E"). If E' is initiation consistent, any ceusal rule applicable in
(5, E) is also applicable in (S',E’). Likewise, any nondeterministic derived
effect rule applicable att given E is also applicable att given E' if E' is initiation
consistent.

Proof:
The lemma follows immediately from the observation that E C E’. O

Lemma 7.4 Given o state S at time t, an action A with direct effects E occur-
ring at t, a set of causal rules {C1,...,Cn} and a corresponding set of derived
effect rules {D1,...,D,}.

1. If (S', E') 1s obtained by applying a sequence of rules (Cs,,...,Cs,,) to
((S\E)UE,E) and 5’ satisfies the state constrainis, then

(o) If E' is initiation consistent, then S’ is the successor state of S ac-
cording to the set of derived effect rules {Ds,,...,Ds_}.

(b) If E' is not initiation consistent, S has no successor state after A
according to {Ds,,...,Ds_}.

2. If S' is the successor state of S after A according to a subset of the de-
rived effect rules {D1,...,D,}, it is a successor state according to the
corresponding subset of causal rules and its justifying set of effects E’' 1is
initiation consistent.

Proof:

1. From the previous lemmas it follows that applying the sequence of rules
(Csyy---,Cs,.) to (So, Eo) = ((S\ E)U E, E) yields a sequence of pairs
((So, Eo),---,(Sm, Em)) such that D, is applicable to (S;_1, F;_1) and
yields (S;, E;). Since each derived effect rule remains applicable in all
(S;, E;) with ¢ < j if it is applicable in (S;, E;), it follows that all derived
effect rules are applicable in (Sy,, En), i.e. their conditions are satisfied.
Since all derived effect rules are applied in the construction and the set

of effects grows monotonically, the heads of all rules are also satisfied in
(Sm s Em).

Now, assume S’ is the candidate successor state of S according to the
derived effect rules. Note that these rules form a definite definition, and
there exists exactly one such $’. This S’ is a successor state of S iff the
initiation consistency condition in £R is satisfied and S’ satisfies the state
constraints.

37



(a) Assume E,, is initiation consistent. We then show that ' = S,,.
Since only the heads of applicable rules are added to E and the
number of rule applications is finite, each initiation of a literal in
FE,, has a true finite proof tree, hence all literals in E,, are true in
S’. The initiation of any literal not in E,, U S only has a false proof
tree, since if it had been the head of any applicable rule, it would
have been added to E. Therefore all literals not in E,, U S, i.e. all
literals in S\ E,,, are false in S’. Since S is a state, one of each pair
(f,—f) is true in S. Hence the true literals in S’ are exactly those in
(S\m) U E,,, which is equal to S,, since F,, is initiation consistent.
By the construction S,, = S’ satisfies all the state constraints, so S’
is a successor state of S.

(b) Assume E,, is not initiation consistent. Then S’ is not a successor
state of S as the initiations leading to it violate the initiation con-
sistency condition in £R. Since S’ is the unique candidate successor
state for S, S has no successor state.

2. Assume S’ is the successor state of S after A according to the direct effect
rules for A and the derived effect rules {D;,,...,D;, }. Starting from
(S0, Eo) = ((S\E)UE, E), we can build a sequence ((So, Eo) - - - (Sm, Em))
by randomly applying one applicable rule from the set {C;,,...,C;, } in
each step, until no more rules apply. Assume we order the C;, and D,
such that C;, is the rule applied in step i. FE,, may now be initiation
consistent or not.

Assume then F,, is initiation consistent. S,, is the successor state ac-
cording to {D;,,..., D, }. The rules C;, ,,,...,C}, are not applicable in
(Sm, Erm), so neither are Dy, ., ..., Dy,. Consider then adding these rules
to the definition {D;,,..., Dy, }. Since the rules D;,,,,..., D;, are not
applicable given E,,, their bodies are not in E,,, so the additional proof
trees they give rise to can not contain true leaves. Hence, only finitely
failed or infinite proof trees are added to the set of proof trees. Since such
proof trees yield false as a truth value, the value of the best proof tree of
each literal is unchanged. So S, is also the successor state of S after A
according to {D:,,...,D;_},ie. S, = 5.

On the other hand, if F,, is initiation inconsistent, the candidate successor
state S’ = S,, violates the initiation consistency condition. The addition
of {Ds,..,,..., Dy} to the definition results only in additional proof trees
for some effects, so any effect with a true proof tree also has this true
proof tree according to the extended definition. Hence, the set of effects
certainly contains F,, and therefore is initiation inconsistent. So according
to {D,,...,D:,} there is no successor state to S.

O

Theorem 7.1 Given a state S at time t, an action A with direct effects E
occurring at t, a set of causal rules {C4,...,Cp} where C; = a; causes b; and
a corresponding set of nondeterminisiic derived effect rules {ND,,...,ND,}
where ND; — initiating a; causes b; | true if true. S’ is a successor state for
S after A according to {ND1,...,ND,} iff S’ is a successor state of S after A
according to {C1,...,Cn} and the justifying set of effects E' of S’ is initiation
consistent.

Proof:
S’ is a candidate successor state of S according to {C4,...,C,} if it is obtained
after applying any sequence of applicable causal rules. This is equivalent to the
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condition that S’ is obtained after application of a maximal sequence of causal
rules of any subset of {C1,...,Cr} (since each sequence is a maximal sequence
in any subset of {C4,...,C,} containing all the applied rules and none of the
applicable unapplied rules, and since vice versa any maximal sequence in a
subset is also a sequence in that subset and hence a sequence in the entire set).
An S’ satisfying the above condition is a successor state for S iff it satisfies all
of the state constraints.

In £R the candidate successor states of S according to {ND;,..., ND,} are
those obtained by any grounding of this definition. Consider such a ground-
ing: by definition, for a rule initiating a; causes b; | true if true, for each
particular time point ¢ the grounding of this rule is equivalent to the grounding
of D; = initiating a; causes b; if true or to the grounding of the trivially
satisfied rule T; = initiating a; causes true if true. Hence, S” is a successor
state of S according to {NDy, ..., ND,} if and only if it is a candidate successor
state of S according to any definition {D;,,..., D;,} U{T},,...,T;} such that
({#1...%}, {1 ...41}) is a partition of {1...n}. Since the rules T only result
in proof trees for true, omitting them from the definition does not influence the
candidate successor state. Hence S” is a candidate successor state of S accord-
ing to {ND;,...,ND,} iff it is the candidate successor state according to any
subset {D;,,...,D;, } of {D1,...,D,}. It is a successor state of S iff in addition
it satisfies the state constraints and the set of effects leading to it is initiation
consistent.

From the previous lemma it follows that the conditions on S’ and S” are
equivalent if E’ is initiation consistent, which proves the theorem. O

The above comparison shows that Thielscher’s causal rules a causes b have
the same semantics as £R rules initiating a causes b | true if true under the
condition of initiation consistency.

The situation is more complicated for causal rules of the form
a causes b if F

which, roughly speaking, say that strong initiation of a causes strong initiation
of b provided that F holds. Such rules do not correspond to our rules

initiating a causes b | true if F.

We will show that in £R there is no equivalent for this complex type of causal
rule. Closest to it is the combination of the two derived effect rules

initiating a causes b | true if F
initiating a A F causes b | true if —a

The first rule states that & may be initiated if a is strongly initiated, provided
that F holds in the starting state S for this set of effects. The second rule states
the same relation between changes in a and b, but now under the condition that
F holds in the resulting state S’ rather than the starting state (initiating a A F
given that a was false, is equivalent to strongly initiating ¢ while making sure
that F becomes or stays true). Yet these two rules do not cover all the cases in
which Thielscher’s causal rule is applicable.

This is due to the fact that in Thielscher’s approach, rules are applied con-
secutively, giving rise to a set of intermediate states. A rule a causes b if F
can be applied at a certain point in such a sequence if F holds in the appropri-
ate intermediate state. Thielscher shows some examples in which a fluent holds
in one of the intermediate states, but neither in the starting nor the resulting
state. In such a case, none of our derived effect rules would be applicable, but
Thielscher’s causal rule would. If F is a fluent, this difference is eliminated by
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the initiation consistency condition, which prevents fluents from being initiated
and terminated in the same batch of effects. However, as F can be a gen-
eral formula, to obtain equivalence the initiation consistency condition would
have to be extended in a way which is no longer reasonable: if no formula can
be initiated and terminated in one batch of effects, we cannot allow even two
consecutive effects. Indeed, assume we initiate a and b consecutively, then for
example a A —b and —a A b are initiated and terminated in the same batch of
effects, which is in no way problematic or counterintuitive.

For causal rules of this more complex form, we have no exact equivalent
in £R. The best approximation is given by two rules, as indicated above.
One consequence is that any approach to using influence information in £R
will certainly deviate from Thielscher’s. In the next section we present such a
method and compare it to Thielscher’s approach.

8 Influence Information

As we have extensively argued, in our approach ramifications are seen as man-
ifestations of effect propagations. In other words, we assume that an expert
modeling a dynamic domain models the effects existing in that domain and de-
scribes how these effects propagate. In £R these propagations are represented
by derived effect rules. However, in the literature state constraints have always
been used in a high level description of dynamic domains: these state constraints
are easily observable, and as they can arise as a result of particular combinations
of effect propagations, they are often strongly related to these propagations.

For this reason, Thielscher ([31]) proposes a method for automatically deriv-
ing causal rules representing ramifications from state constraints, using influence
information. The idea is that if two fluents f and g occur in the same state
constraint, and f influences g, then a change in f which results in a violation
of the constraint may cause an appropriate change in g which restores the va-
lidity of the constraint. The appropriate causal rules describing these change
propagations are then derived.

Thielscher’s causal rules thus have the explicit task of restoring the validity
of state constraints when they are violated. Hence they are not descriptions of
known effect propagations like derived effect rules in £R: causal rules only need
to be applied if there are violated state constraints and if they can solve that
problem. This is reflected in the fact that they map to nondeterministic derived
effect rules in £R: they describe potential effect propagations that may occur
if they are required.

Despite the different point of view on ramifications, the idea of automatically
deriving ramification rules from state constraints and influence information also
deserves consideration in £R. For example, a formal characterisation of the re-
lation between state constraints, influence information and derived effect rules
can be useful to help an expert derive the precise effect propagation rules start-
ing from a high-level description consisting only of state constraints and vague
influence information.

Of course such an approach has limitations. First of all, as we have shown in
section 2, not all effect propagations are related to state constraints. Hence it is
not possible in general to generate all effect propagation rules using state con-
straints and influence information. Second, even in the case of state constraint
related ramifications the addition of influence information may still leave the
ramifications underspecified, as we will show. Finally, determining whether a
set of rules is the intended set for given constraints and influence information is
not trivial: the problem at hand shows some similarities to the tasks of machine
learning and intentional database updating.
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Despite these limitations, the above argument still stands. Therefore we
provide in this section a method for generating a set of derived effect rules
corresponding to given state constraints and influence information. In addition,
the rule sets we generate give an indication of when the effect propagations
are underspecified, thus warning the user that the generated rules are based on
insufficient information and may require further attention. In this respect the
method should be seen as a tool helping the user and not as a fully independent
answer to the ramification problem. Moreover the examples should show that
such an independent answer is not feasible, despite approximations by both
Thielscher and ourselves.

8.1 Generating effect propagation rules

Our goal is to generate derived effect rules from a given set of state constraints
and a given influence relation Infl which is a binary relation on fluents: (f,g) €
Infl if f can influence g. These derived effect rules should guarantee that
whenever f is modified such that a particular state constraint containing f and
g would be violated, an appropriate modification of g can occur which restores
or helps to restore the validity of the constraint. On the other hand, indirect
effects should also only be allowed if they satisfy the above condition.

We assume that the set of state constraints is written in conjunctive normal
form, i.e. a conjunction of constraints where each constraint is a disjunction of
fluent literals. We use the convention that in a constraint Iy V...V [, each [;
is either f; or = f; for a particular fluent f;.

Since the state constraints and influence information may not provide suf-
ficient information to determine the intended effect rules, it is not possible in
general to give necessary and sufficient conditions for a set of effect rules to be
correct. However, based on the intuitions about influence information sketched
above, we propose the following correctness criterion, which is a necessary con-
dition on the sets of effects that can be generated by the effect rules.

Definition 8.1 (weak correctness criterion)
A correct set of effects E with respect to given state consiraints and influence
information and a given starting state S, must satisfy the following conditions:

e For any state constraint C, (S\ E)UE = C
e FEach effect in E s either

— @ direct effect, or

— an indirect effect Iy such that for E' = E\ {l4} there ezisis some
C=V,_, bk and some l; (1 <4,k <mn)such that (fj, fr) € Infl,

I; € E', and for some E" C E' withl; € B, S\E"UE" [ C
In other words, resulting states must satisfy all state constraints, and each
effect generated by the effect rules must be justified by some state constraint
which would be violated due to other occurring effects and by the appropriate

influence information. A stronger variant of the correctness criterion is obtained
by imposing in addition that E' = E"':

Definition 8.2 (strong correctness criterion)

e For any state constraint C, S\EUE =C

e FEach effect in E s either
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— @ direct effect, or

— an indirect effect Iy such that for E' = E\ {l4} there ezisis some
C=V,_, bk and some l; (1 <4,k <mn)such that (fj, fr) € Infl,

I, €E, and S\E'UE' - C

This variant requires that each effect only takes place if the state constraint
it intends to restore would be violated by the combination of all other effects.
This adds a strong minimality condition to the weak correctness criterion: if
there are two ways to restore the validity of a state constraint, only one of them
should be adopted, never both. It can be argued that the strong version of the
correctness criterion is to be preferred, and in fact the rules generated by our
approach satisfy the strong criterion. However we will show below that due to
possible underspecification a violation of the strong criterion (which for example
occurs in Thielscher’s approach) is sometimes acceptable.

Our approach is modular, in that the derived effect rules are generated for
each state constraint independently. First we study the case in which effect
propagations follow unambiguously from a state constraint C' and the influence
information. It is easy to see that this is always the case when in C only one
of the fluents, say f, can be influenced: then the only possible indirect effect is
a modification of f. Hence, if such a modification is allowed by the influence
information (i.e. if one of the fluents influencing f is changed) and if it would
restore the constraint’s validity, then f should always be changed: otherwise
the state constraint would remain violated.

This propagation can be enforced as follows: for each state constraint I; Vv
...Vl (with each [; either f; or = f; for a particular fluent f;), which contains at
most one I such that fi can be influenced by any other fluent in the language,
generate the derived effect rule

initiating /\ 1, causes [ if \/ l;
t=1...m,t#£k fiel

where I is the set of fluents in the constraint that can influence f.

In this rule, the body /\t:l...m,t;tk I, is the negation of the state constraint
with I left out: the formula denotes that a necessary condition for I to be
caused is that in the resulting state, the state constraint is violated unless [
is true. The condition of the rule, VfieI l;, denotes that at least one of the I;
which can influence I is true in the starting state, and hence is changed, so
that its effect can propagate.

This case covers a very large class of applications, including the suitcase,
table and flying turkey examples presented in earlier sections and nearly all
examples studied in the literature. For example in the suitcase domain the in-
fluence information is that /; and I; may influence open, so certainly in any state
constraint at most one fluent (open) can be influenced. The state constraint in
disjunctive form in this example is —l; V —l3 V open, which leads to the derived
effect rule

initiating [; A l; causes open if —l; V —l;

Note that this rule is syntactically different from the one we used when modeling
the example earlier. Indeed, the above rule can be simplified to

initiating [; A l; causes open if true

since I; A ly can be initiated only if its negation is true. This simplification
can be generalised: if the one fluent in a constraint which can be influenced is
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influenced by all other fluents in the constraint, we can generate the derived
effect rule
initiating /\ 1, causes I if true
t=1...m,t#k

which is equivalent with the one generated using the general method.

Next we consider the case of constraints in which multiple fluents can be
influenced. In general there is no unique set of indirect effects which can re-
store the constraint’s validity in this case: the problem is underspecified and/or
involves nondeterminism.

This is very clear in the following example: consider the state constraint
a — (bVe¢), in disjunctive form —a V b V ¢, with the influence information
{(a,b),(a,c)}. Assuming that we start with a state in which all three fluents are
false, and then initiate a, the constraint’s validity can be restored by initiating
either b or ¢, or both. Since there is no reason to prefer either b or ¢, the rules we
generate must be nondeterministic. However it is not clear if only the minimal
changes (initiating only b or only ¢) are to be considered, or also the change in
both b and ¢. Adhering to the strong version of the correctness criterion given
above, only the minimal solutions would be acceptable: if b is initiated there
is no justification for ¢ and vice versa. The weaker version of the correctness
criterion allows for a change in both b and ¢, since both are justified by the
change in a. Here we can argue there is a problem of underspecification.

To make the discussion more concrete, assume a, b and ¢ are courses taught
at a university. The constraint represents that b and c are prerequisites for a, and
the influence information that if a student wants to follow course a but has not
followed b or ¢, his/her subscription for a can be allowed by subscribing him /her
in addition to course b or ¢. The given information does not specify which of
b or ¢ is to be preferred. Real students would probably not be happy with two
additional subscriptions and prefer the minimal adaptations, but there may be
exceptions to this rule. Also, usually one would talk to the student to determine
which additional course (s)he prefers, and not assign one nondeterministically.
In other words, more information is clearly required to determine the best course
of action.

Given the above considerations, in our view the preferable general solution
is to propose only minimal sets of changes but to clearly indicate that there is
a problem of underspecification.

This is achieved by the following formalisation: if multiple fluents, say
fi...fs, in one state constraint I; V...V I, can be influenced by other flu-
ents in the theory, the nondeterministic derived effect rules

initiating /\ 1, causes [ | true if \/ l;
t=1...m,t#£k fi€ly

are generated for 1 < k < s, where I is the set of fluents in the constraint
that can influence fi. In other words, for each Iz we obtain a rule like the one
we obtained in the previous case, except for the fact that the effect of the rule
is now optional: the rule is nondeterministic. Of course since state constraints
need to be satisfied at all times, it is required that if the state constraint is
violated by a set of direct effects at least one of the rules is applied. In the
above example, the obtained effect rules are

initiating a A b causes c | true if —a
initiating a A ¢ causes b | true if —a

At any particular time point, the semantics of the rules is given by one of four
possible groundings, corresponding to the groundings of the following pairs of
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deterministic rules.

initiating a A —b causes true if —a
initiating a A ¢ causes true if —a

initiating a A b causes c if ¢
initiating a A ¢ causes true if —a

initiating a A —b causes true if —a
initiating a A ¢ causes b if —a

initiating a A b causes c if ¢
initiating a A ¢ causes b if —a

In the case where a is initiated while b and c are false, the first pair of rules
does not lead to a state satisfying the state constraint, and can be disregarded.
The second and third pairs of rules yield minimal changes restoring the validity
of the constraint, initiating either b or ¢. The fourth pair of rules yields a truth
value “u” for the initiations of both b and ¢, so this is not a correct constructive
definition.

Recall that a set of initiations satisfies a nondeterministic definition if it
is a model of one of the definition’s groundings. Hence we find two sets of
initiations consistent with both the definition and the state constraint: one in
which b is initiated and one in which ¢ is. These are precisely the minimal
changes able to restore the state constraint’s validity. However, as we indicated
we cannot be entirely certain if only the minimal changes should be considered:
whether or not this is the case may be domain dependent, and the answer can
in general not be given by state constraints and influence information alone.
So we are not certain if the generated set of rules is the intended one, due
to underspecification. Luckily, our proposal naturally incorporates a warning
when such a problem of underspecification occurs: this warning is the presence
of a bad definition in one of the groundings. Though this bad definition has
no impact on the semantics (it is an additional grounding which yields no valid
set of initiations), its presence warns the user that the problem may require
further analysis. In this case the user may look into the details of the domain
at hand, check which effect propagations are intended and decide to modify the
generated rules if needed. By default the minimal change policy is maintained.

In the above example we had one fluent influencing two other fluents in
the same constraint. The case in which two different fluents influence a third
resp. fourth fluent in the same constraint, as in —a VvV bV —¢ V d with influence
information {(a,b), (¢,d)}, is entirely similar: if ¢ and ¢ are initiated when
b and d are false, the constraint may be restored by initiating either b or d.
We again obtain two nondeterministic effect rules of which one grounding does
nothing and yields a state violating the constraint, two groundings yield the
minimal changes, and one grounding is a bad definition indicating a problematic
specification.

A third possibility is that two fluents in a constraint C' can be influenced,
but only one of them by another fluent in C' and the second one by a fluent
outside C. For example, assume the constraints

—aVbV-c
-dVec

with influence information {(a,b),(d,c)}. For the first constraint, due to the
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influence of @ on b, we obtain a rule
initiating a A ¢ causes b | true if —a

As should be expected, the influence of d on ¢ does not lead to effect rules for
the first constraint. It does however generate an — in this case deterministic,
as only ¢ can be influenced — rule for the second constraint:

initiating d causes c if —d

Assuming a state in which all fluents are false and a and d are initiated, the
second rule will cause ¢ to be initiated and as a result, since now a A ¢ is ini-
tiated, the first rule may or may not initiate b depending on which of the two
groundings is considered. However, the case in which b is not initiated leads
to a state violating the first constraint, so only the other grounding yields a
model. Hence there is no nondeterminism in this case, even though the nonde-
terministic derived effect rule suggests there is.3? Also, there is no grounding
which yields a bad definition. Indeed there is no problem of underspecification
in this example: the effect rules determine a unique set of effects which restores
all state constraints.

We are now ready to prove that the proposed method generates rules that
satisfy the correctness criterion given at the beginning of this section:

Theorem 8.1 Any set of effects E obtained by applying to e particular valid
ER-state S a given set of direct effect rules and a set of derived effect rules
generated from state constraints and influence information by the above method,
and which yields a valid ER-state S’, satisfies the strong correctness criterion,
i.e.

1. For any state constraint C, S\EUE = C
2. Fach effect in E is either

(a) a direct effect, or

(b) an indirect effect Iy such that for E' = E \ {l} there exists some
C=V,_1. b and some l; (1 <j,k <n)such that (fj, fr) € Infl,
LEeE and S\EUE' |£C

Proof:

1. Since 8’ = S\ E U E is a valid £R-state, it entails all state constraints.

2. Any occurring effect Iy must occur in the head of a rule with a true body.
This can either be a direct effect rule, or a derived effect rule obtained
from the state constraints and influence information by our method. In
the former case condition 2(a) is satisfied. In the latter case, the derived
effect rule is of the form

initiating /\ 1, causes Dy, if \/ l;
t=1...m,t#k fi€ly

where Dy, is either I or Il | true. This rule is necessarily obtained from
the state constraint C = [;V...VIl, and the influence information that all
fluents in Iy can influence fi. For this rule to be applicable it is required

320ne may wonder why we do not generate deterministic rules in this case. We show the
difference in the next section when comparing deterministic and nondeterministic rules.
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that some I; that can influence f; is true in S, and that A,_; . £k I
is false in §’. Since (S'\ @ UE" = (S8"\ ) Ul, the second of these
conditions implies that S\ E’UE’ |£ C. Also, the two conditions together
imply that I; € E’. Hence, condition 2(b) is satisfied.

O

8.2 A more uniform notation

The above method for dealing with influence information generates determin-
istic or nondeterministic effect rules depending on the number of fluents which
can be influenced in each particular constraint. In this way we obtain clear de-
terministic rules when possible, and nondeterministic rules if there are multiple
options. Moreover we obtain only one rule for each constraint and each fluent
which can be influenced in it, thus keeping the number of rules relatively low.

Formally we can devise a simpler, equivalent characterisation of the gen-
erated effect rules, in which not only each constraint but also each item of
influence information is dealt with independently, and moreover each (state
constraint,influence item) pair is handled in exactly the same way. We achieve
this by applying two simplifications.

Our first simplification consists of handling each (state constraint,influence
item) pair independently: for each state constraint I; V...V I, and for each
influence information item (f;, fx), we generate the derived effect rule

initiating /\ 1, causes I if [;
t=1...m,t#k

if I is the only fluent in the constraint which can be influenced, and

initiating /\ I; causes I, | true if [;
t=1...m,t#k

otherwise.
The set of rules obtained in this way is equivalent to the one obtained by
our above method:

Theorem 8.2 For a particular state constraint Iy V... VI, and a set of fluents

I ={fi | (fi, fx) € Infl}, the derived effect rule

initiating /\ 1, causes I, if \/ l;
t=1...m,t#£k fi€ly

is equivalent to the set of derived effect rules

{initiating /\ I, causes Il if ; | f; € I, }.
t=1...m,t#k

Likewise, the nondeterministic derived effect rule

initiating /\ 1, causes [ | true if \/ l;
t=1...m,t#£k fi€ly

is equivalent to the set of derived effect rules

{initiating /\ I, causes I}, | true if I; | f; € I}
t=1...m,t#k
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The proof is as follows. First consider the deterministic case: the grounding
of a derived effect rule

initiating F causes [ if F’
is
{Causes(t,!) «Init(t, S;), Init(t, S,),

Ho(Sp,t), “Ho(F,t), Ho(F',t)
|t € T and S; U S, is a supporting set of F}.

Since the derived effect rules mentioned in the theorem differ only in their
condition, each yields a set of clauses of the form

Causes(t,ly) «— Bi,Ho(F',t).

Causes(t,ly) «— By, Ho(F',t).

with F’ the condition of the particular rule. Hence, the theorem follows if we
can prove that each clause

Causes(t,ly) — Bj;,Ho( \/ l;,t).
fi€le
is equivalent to the set of clauses
{Causes(t,lz) «— B;,Ho(l;,t). | fi € I}
Now, the first clause is equivalent to
Causes(t, ;) «— B;.
if Ho(vfielk l;,t) is true, and to
Causes(t,ly) «— false.
otherwise. On the other hand, the set of “primitive” clauses is equivalent to
Causes(t, ;) «— B;.
if one of the Mo(l;,t), and hence vfielk Ho(l;,t), is true, and to
Causes(t,ly) «— false.

otherwise. The equivalence then follows from the fact that Ho(vfielk L,t) =
vfielk ’Ho(li, t).

The proof for nondeterministic rules is obtained by applying the above rea-
soning to each grounding independently. O

A second simplification eliminates the distinction between constraints in
which only one fluent is influenced and the other constraints. We can always
use the following unique rule for deriving effect rules, regardless of the number
of influenced fluents: for each state constraint I; V...V, and for each influence
information item (f;, fr), we generate the nondeterministic derived effect rule

initiating /\ 1, causes [ | true if ;.
t=1...m,t#k

In other words, we can always generate nondeterministic rules. The resulting
definition is equivalent with the one using deterministic rules for constraints in
which only one fluent is influenced.
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Theorem 8.3 Given a state constraint li ...l in which only I cen be influ-
enced. The derived effect rule

D = initiating /\ 1, causes I, if [;.
t=1...m,t#k

is equivalent to, i.e. leads to the same successor states as, the nondeterministic
derived effect rule

ND = initiating /\ 1, causes [ | true if ;.
t=1...m,t#k

Proof:

ND has two groundings: one which corresponds to the grounding of D and one
which only contains a rule for true (which corresponds to an omission of D from
the rule set). Hence, it suffices to prove that this second grounding does not
yield successor states not generated by the first grounding. Turning this around,
it is sufficient to prove that any successor state of the rule set without D is also
a successor state of the rule set with D.

Now, assume S’ is a successor state of the rule set without D. If in the
starting state S the fluent [; is false, then bodies of rules derived from D are
always false, so D has no effect. Otherwise, first observe that D’s addition
cannot introduce new proof trees for any of the I;, due to the fact that none of
the I; can be influenced. In other words, D cannot introduce cycles (in particular
over negation), so the truth value of /\t:l...m,t;tk I; remains invariable with or

without D. We then have the following cases. If A,_; ... I, is false in S,

then D is not applicable so its addition has no effect. Otherwise, /\t:l...m,t;tk I
is true (undefined truth values are not possible in a state). In that case, if Iy
is true in §’, D has no additional effect, and if I is false in S’, then S’ is no
successor state since the state constraint is violated. Hence, we find that the
addition of D does not eliminate any successor states of the rule set without D,
which due to the above reasoning ensures that D and ND are equivalent. O

One might expect that also for rules generated from constraints in which
only one fluent can be influenced from within the constraint (but in which other
fluents can be influenced from without the constraint, as in the last example of
section 8.1), we would obtain a similar equivalence result between deterministic
and nondeterministic rules. However, the following example shows that there is
no equivalence in that case: take two constraints

aVevd bvevd

and influence information {(a, ¢), (b, d)}. In both constraints, one fluent can be
influenced from within and one from without the constraint. The rules generated
from these data would be

initiating —a A —d causes c | true if a
initiating —b A —c causes d | true if b

which for a starting state {a, b, —¢, ~d} and direct effects —a, —b would generate
two valid successor states {—a, b, ¢, 7d} and {—a, b, —c, d} obtained with mini-
mal changes, and in addition a bad grounding indicating that there is insufficient
information. On the other hand, the corresponding deterministic rules

initiating —a A —d causes c if a
initiating —b A —c causes d if b

would only yield a bad definition and no successor states at all.
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We have now obtained a uniform and modular characterisation of the de-
rived effect rules corresponding to state constraints and influence information,
which by the above theorems is equivalent to our original proposal. This original
proposal can be seen as a more intuitive approach, in which sets of constraints
obtained by the uniform method are contracted into single constraints, and in
which apparent but non-existing nondeterminism has been eliminated. One ad-
vantage of the uniform method is that it will help us establish a correspondence
with the approach in [31].

8.3 Comparing our method with Thielscher’s

We study the relation between our approach and the one in [31]. Formally, the
causal rules in Thielscher’s approach are computed as follows: assume D A...A
D,, is the conjunctive normal form of the conjunction of all state constraints,
and each D; = I; v ...V, with all [; fluent literals f; or =f;. Then for each
D; and for each (fj, fx) in the influence relation with I; and Il in D;, the causal
rule
E causes [ 1if /\ A
t=1..ms, 125, £k

is generated.
For the same constraint and influence information, we generate the rule

initiating /\ 1, causes [ | true if I;
t=1...m;,t#k

Recall from the previous section that this derived effect rule, together with

initiating g causes [ | true if /\ A
t=1...m;,tAk,t#7

is the closest approximation in &R of the above causal rule. In other words,
there is an immediately clear correspondence between the generated rules in
both approaches, with our derived effect rules being strictly and considerably
weaker than Thielscher’s causal rules.

Consider a state constraint a vV bV \/, l; with (a,b) in the influence relation.
This gives rise to the causal rule

—a causes b if /\E
and to the derived effect rule

initiating —a A /\E causes b | true if a

K3

The derived effect rule is applicable if ma A A, I; becomes true and a is strongly
terminated. In that case b should be initiated for the constraint to remain
satisfied. The corresponding causal rule is applicable in a sequence of causal
rules if @ is strongly terminated and A I; is true in some appropriate intermediate
state. So the causal rule is applicable in a number of cases where the derived
effect rule is not. In these cases however, the application of the rule is not
required in order to restore the validity of the constraint it is derived from: the
state constraint is only violated if all of its literals are false in the generated
successor state, so if /A l; holds in some intermediate (or the initial) state but
not in the generated successor state, there is no need for b to be initiated. In
other words, Thielscher’s rules do not satisfy the strong correctness criterion:
they sometimes generate unnecessary, non-minimal ramifications.
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As an example, assume we have state constraints aV—d, bV —d and ¢VbV —a.
The influence relation is {(d, a), (d, b), (@, c)}. We then get the causal rules

d causes a
d causes b
a causes c if —b

Assume then we have a state {—a, =b, =¢, 7d} and an action with direct effect d.
Using the first two rules we find the successor state {a, b, —ic, d}, which satisfies
all of the state constraints. Also, using the first, third and second rule in that
order we obtain a state {a,b,c,d}, which also satisfies the state constraints.
Using the derived effect rules obtained from the state constraints,

initiating d causes a | true if —d
initiating d causes b | true if —d
initiating a A b causes c | true if —a

we only find the resulting state {a, b, —ic, d}: the first two rules must be applied
to restore the first two constraints, and then the condition of the third rule is
not satisfied.

So in this case the causal rules give rise to an additional successor state which
is reached by a non-minimal set of changes (the change in c is unnecessary). This
is to be expected in general given the fact that the causal rules are applicable
under weaker conditions than derived effect rules. More precisely we can prove
that the set of valid successor states according to the £R theory is a subset of
the set according to Thielscher’s corresponding theory:

Theorem 8.4 A successor state S’ of a state S and action A with direct effects
E according to the nondeterministic derived effect rules obtained from given
influence information and state constraints using the above method, is also a
successor state of S after A according to the set of causal rules derived using
the same influence information and state constraints by Thielscher’s method.

Proof:

It is sufficient to prove that in a particular successor state (which we will con-
struct) 5" of S according to the causal rules, each literal true in §’ is also true.
Since no causal rule is ever forced to be applied, assume we will not apply any
rules leading to the initiation of the negation of any literal in S’. So any literal
already true in S or an intermediate state and still true in S’ can be assumed
to be true in S”. Likewise, we can assume any initiation atom false in the tran-
sition between S and S’ to be false in the effects leading to S”. It remains to
be proven that strongly initiated literals in S’ can be made true in E” and S”.
This can be proven by induction on the depth of the best proof tree of each
such strong initiation:

1. Assume the initiation, say of literal [, has a proof tree of depth 1. Then
there is a direct effect rule A causes [ if F in the theory with F true in
S, and so an equivalent effect description is in Thielscher’s formalisation:
[ is simply a direct effect of 4, so it is true in Sp = (S\ E) U E and all
subsequent states.

2. Assume all initiations with a true proof tree of depth k& have been derived
by causal rules, leading to (Sp,, En, ), and [ has a proof tree of depth k+1.
Then there is a rule

initiating I' A /\ l; causes [ | true if I

K3
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in II, such that each I; is either true in S or has a proof tree of depth at
most k, and I’ also has a proof tree of depth at most k. There is also a
corresponding causal rule

I causes [ if /\li

By the induction hypothesis, I’ and each I; which was not already true
in S is true in S,,, and by the assumptions made above also the other
l; are still true in S,,. Hence the causal rule is applicable and ! can be
derived. Moreover by the above assumptions this will not cause any other
applicable rule to become inapplicable. Assuming then I;...l; are all of
the literals with a best proof tree of depth k—+1, their corresponding causal
rules can be applied in any sequence starting from (S,,, Er, ), leading to
(S, E,,,.)- This proves the inductive step.

k419
The theorem follows from this inductive argument. O

Related to this, we should mention that in some cases the derived effect
rules generated by our method only lead to states in which some of the state
constraints are still violated, whereas Thielscher’s rules yield sets of indirect
effects leading to a valid state. In other words, in some cases our rules lead
to an action qualification where Thielscher’s lead to ramifications. This occurs
intuitively speaking when a particular constraint is restored in a non-minimal
way, which has the side effect of restoring another violated constraint. An
example is the following: assume the constraints

-bVa -bVe dVe
—aVe —aV-dVe

and the influence information

{(b,a), (b;€), (a,d), (d, c)}
From these data, we can derive the causal rules

1. b causes a

2. b causes e

3. a causes —d if —e
4. —d causes ¢

and on the other hand the nondeterministic derived effect rules

initiating b causes a | true if b
initiating b causes e | true if —b
initiating a A —e causes —d | true if —a
initiating —d causes c | true if d

B W N =

Assume then a state S in which —a,—b,—c,d and —e are true, and an action A
which initiates b. Using the causal rules, we can obtain a candidate successor
state by applying rules 1 and 2 in any order (none of the intermediate states
satisfies the state constraints), which leads to the state {a, b, ¢, d, e}. No other
rules are applicable in that state, but it still violates the state constraint —aVc.
A second candidate successor state can be obtained by consecutively applying
rules 1 and 3, followed by 2 and 4 in any order. Again, no intermediate state
satisfles the constraints, but the final state {a, b, ¢, ~d, e} does, and therefore is
a successor state.

Using the derived effect rules to compute a successor state, we need to apply
the first two rules to satisfy the state constraints =5V a and —b V e, and the

51



other rules are not applicable as a result. Hence, we obtain Thielscher’s first
candidate successor state {a, b, ¢, d, e}, which violates —aV ¢ so is rejected. No
other candidate successor state satisfies both -6V a and —bV e, so we obtain no
valid successor state: the action is impossible under the given circumstances.

In summary, we find that the method we have developed only generates effect
rules that restore the constraints they are derived from with a minimal set of
changes, whereas Thielscher’s method also allows for non-minimal changes. It
is interesting to note that in the setting proposed by Thielscher, i.e. if causal
rules are derived from state constraints with the explicit task of restoring the
validity of these constraints, minimal change solutions (adhering to the strong
correctness criterion) are to be preferred. This remains the case even when
this approach sometimes prohibits a particular action rather than generating
a set of ramifications which “by accident” restores some constraint’s validity:
after all, we have to keep in mind that our goal is not generating ramifications
restoring the state constraints at all costs. Rather we want to derive exactly
those ramifications that are justified by the domain knowledge. Unjustified
ramifications are to be avoided, as inertia is still the most fundamental law
governing temporal domains.

On the other hand, if the rules are seen as effect propagation rules only
roughly related to state constraints, the non-minimal solutions obtained using
Thielscher’s method need not be rejected. In general we should simply not
assume that the state constraints and influence information provide sufficient
information to determine the precise intended effect rules, so neither should
we impose a strong preference for minimal changes with respect to these state
constraints. In our approach this issue is dealt with by an indication of possible
underspecification (i.e. the presence of a bad grounding in the semantics of the
effect rules), in addition to the generation of rules prescribing minimal changes.

One way to deal with the problem of underspecification could be making
influence information more fine-grained. For example, one can imagine saying
that @ can influence b or ¢, but not both, or only in certain circumstances.
However, if influence information needs to get this detailed, there is little or no
reason for not immediately writing the intended effect rules instead.

Due to the fact that Thielscher was the first and up to now only researcher
to use influence information, we have extensively compared our approach to his,
even though our viewpoints on ramifications show some fundamental differences.
In the next section, we address one of the most fundamental of these differences:
the different views on delays in change propagations.

9 Delayed Causation

Effect propagations, especially in physical systems, usually incorporate very
small delays. For all practical purposes these delays can usually be abstracted
away and the effects assumed to be simultaneous and instantanteous. This
abstraction yields a significant simplification and is adopted in most temporal
reasoning approaches, including the one presented here.

Evidently, this abstraction is no longer valid if the presence of delays has
macroscopic effects. In this case they must be represented explicitly. The ap-
proach of Thielscher we have discussed above is a kind of mixed approach in this
respect: on the one hand, delays are abstracted away in the sense that the suc-
cessor states of each state are obtained by applying a complete batch of effects to
this starting state, and nothing can interrupt this batch of effects. On the other
hand, the delays are assumed to really exist and to have possible macroscopic
effects. In particular contradictory effects, like initiating and terminating a par-
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ticular fluent in the same batch of effects, are allowed in Thielscher’s approach,
and between these two changes the momentary value of the fluent may have
effects that remain visible, like in Thielscher’s light detector example which we
will discuss later.

We prefer a different approach for two reasons: first of all, the assumption
that ramifications incorporate a small delay is not always valid. This assumption
implies for example that all state constraints which are restored by ramifications,
are violated for very small periods of time. While for some state constraints this
is acceptable, in other cases it leads to counterintuitive results. As an example,
assume we have fluents on and off representing the states of a switch. Assume
on «— —off is a state constraint, then we expect that rules stating that any
effect is caused by the switch being on and off at the same time, would never
have any effect. However if we assume that the state constraints are violated
for small periods of time, these counterintuitive effects can occur any time the
switch is toggled.

A second problem is in our view that if there are actual delays that are
so pronounced as to have macroscopic effects, the assumption that they can
nevertheless be abstracted away is not necessarily valid. For example, it is not
clear why no other actions would be allowed to occur during these delays.

For these reasons, we adopt the following approach: usually we assume ram-
ifications to be instantaneous, either because they really are, or because the
delays involved are entirely irrelevant. Of course then we assume real instan-
taneity, and disallow contradictory effects or effects generated by hypothetical
intermediate states. This has been our approach up to now.

On the other hand, if delays are relevant and have macroscopic effects, we
model them explicitly in a theory of delayed causation. There are plenty of
options for such a theory, which we study in this section.

The basic idea is that an action or event @ at a certain time ¢ may cause
another action or event b at a later time ¢ 4+ d. Possibly this depends on some
conditions F' at the time of a. This could be represented as

a dcauses b after d if F.

Another option is to let a particular combination of fluents be the trigger of a
later event, as in

initiating F’ dcauses b after d if F.

with F’ a fluent formula. Similarly, the delayed effect may not be an event but
a fluent change:
a ecauses [ after d if F.

or
initiating F’ ecauses | after d if F.

with I a fluent literal (which in turn might be extended to a disjunction of
conjunctions to represent nondeterminism).

Another issue is that a delayed effect may be cancelled if some conditions
are changed before it actually occurs. To represent this, we would need to
distinguish conditions that need to hold at the time of initial “causation” of
the delayed effect and conditions that need to persist until it takes place. For
example:

a if F dcauses b if F’ persists after d.

In all the above cases, it is some action or the initiation of some fluent formula
which causes the delayed effect. Related to this but slightly different is the
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issue of natural events, discussed for example in [26], where events may be
(immediately) triggered as soon as some fluent formula holds (rather than as
soon as it is initiated). Clearly in the language £R presented here, this would
not make sense as formulae hold only immediately after their initiation, all
changes are discrete and in the real numbers there is no time point immediately
after another one. The importance of natural events is of course strongly linked
to continuous change. As continuous change is outside the scope of this paper,
we do not discuss natural events further here, though a treatment of them would
be very similar to that of delayed effects.

Whatever the exact form of delayed effect rules, it seems natural to us to
read them as a definition of the predicate Happens, or as part of the inductive
definition of Causes. In the former case, it might also be wise to distinguish
between “primitive” events (actions performed by some agent) and “delayed
effect” events, if only for the reason that the former may be arbitrary while the
latter are uniquely determined by what preceded them.

It is not easy to keep the syntax of delayed effect theories simple while
having the needed expressive power. The rules are quite complex, requiring
many parameters representing different conditions. One thing we can do in the
interest of simplicity is restricting the syntax to only one type of rule. To achieve
this we need to decide whether the rule body will be an event or an initiation
and whether its head will be an event or an initiation. Since in £R up to now
initiations follow from actions at the same time point, the most flexible approach
is to have initiations be the cause of later events: the other three cases can then
be dealt with by combining immediate event — initiation propagations with
delayed initiation — event propagations. Hence we propose rules of the form

initiating F if F’ ecauses e if F" persists after d

with the intended reading that if at any time point £, F' is strongly initiated
while F’ holds, and if F” remains true throughout |¢,¢ + d], then event e occurs
at time ¢ + d.

As far as the formal semantics is concerned, the idea is to read these rules
as part of a (definite) inductive definition on the predicate Happens. These
rules describe the “caused” events, and an additional set of rules which we will
introduce further on defines the occurrence in terms of Happens of primitive
events.

Note that in the definition of Happens no cycles can occur: a delayed event
occurrence is uniquely determined by what happened before and what holds
at the time of occurrence ¢, which can be evaluated without referring to any
occurrences at t or later time points.

We now define the proposed extension, which we will call ERD, more pre-
cisely. First of all, we introduce a new sort P.A of primitive actions, which is
a subset of A, and a set PA C A of constants of sort P.A. We replace the
predicate Happens: A x 7 — P by P_Happens: PA x 7 — P.

Definition 9.1 (£RD-signature)
An ERD-signature 3 is ¢ tuple < Sorts, Functors, Vars > with

e Sorts = {7, A,PA, F, P}, representing the soris time, action, primitive
action, fluent and atom.

e Functors consists of

— ¢ set T of constants of sort T, denoted t,tq,..., which includes all
real numbers;

— a set A of constants of sort A, denoted a,ay,...; PA is a subset of
A of constants of sort PA
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— ¢ set F of constants of sort F, denoted f, f1,...;

— four typed predicate symbols <: T x7T — P; P_Happens : PAxT —
P; Initially : # — P; Holds: F x 7 — P.

e Vars = Varsy U Varsy, disjoint infinite sets of variables of sort A resp.
T, denoted as A, Aq,... resp. T, T1,....

Definition 9.2 (£RD-formulae)
Given %3, the formulae of ERD are:

e direct effect rules of the form

a causes D if F

e derived effect rules of the form

initiating F causes D if F’

¢ delayed effect rules of the form

initiating F if F' dcauses a if F” persists after d

e any sentence (i.e. formule without free variables) constructed in the usual
way of Holds, P_Happens, <, Initially atoms and the connectives and
quantifiers =, A\, V, —, «—, <, V, 3.

where d is a positive real number (0 < d), a an action, D a disjunction of
conjunctions of fluent literals, and F, F', F" general fluent formulae.

Definition 9.3 (£RD-theory)

An ERD-theory is a tuple < 3,11, 114, II, > such that X is an ERD-signature,
II. is a set of direct or derived effect rules based on %, Iy is a set of delayed
effect rules based on X, I, is a set of sentences based on 3.

The semantics of ERD can be defined as follows.

Definition 9.4 (£RD-interpretation)

Given an ERD-signature X, a temporal (ERD- )interpretation of T is a structur
I =
<P, Fun,H > with:

P :{tl < t2|t1,t2 € T}U
{Initially(1)|l € F}u
{Happens(a,t)la € A,t € T}U
{P _Happens(pa,t)|pa € PA,t € T}U
{Holds(1,t)|l € F,t € T}U
{Init(t, )|t € T,! € F}u
{Causes(t,1)|[t € T,l € F}
Fun: T — R, a mapping of time constants to reals

such that each real number is mapped to itself
H:P — {t,f}, a truth assignment function.

‘H defines relations interpreting Happens, P_Happens, Holds, Initially, <
, Init and Causes; we denote them Ha, PHa, Ho, Initially, <, Znit and Causes
respectively. An £RD-interpretation needs to satisfy the same general condi-
tions as an £R-interpretation (see section 3.3). An ERD-interpretation I is
a model of an ERD-theory < X,1I,, 114, I, > iff it is a model of II,, II; and
II,. Whether I is a model of II, and II. or not is defined like in £R, extended
with nondeterministic rules as in the previous section. The only thing left to be
defined is when I is a model of II;. This is done as follows:
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Definition 9.5 (grounding of II;)
The grounding of a¢ delayed effect rule

initiating F if F’ dcauses e if F” persists after d

s the set:

{Happens(e,t) — Ho(F', Fun(t) — d), Init(Fun(t) — d, F),
Persists(F", Fun(t) — d, Fun(t)) |t € T}.

where Ho(F,t) is defined as before, Init(t, F) is the truth value of

—~Ho(F,t) A V (Znit(t, L;) A Init(t, Ly) A Ho(Lp, t))
L;UL,=supp. set of F

and Persists(F,t',t) is the truth value of
VT' : (¢ < TYA(T' < t) - Ho(F,T")
The grounding Dgeciay of g is the union of the groundings of all rules of I1,.

Finally, we combine delayed effect events with primitive actions in one defi-
nition, as follows:

Definition 9.6 (effect definition)
The effect definition Deoyens of g s
Detay U {Happens(pa,t) — P_Happens(pa,t) |t € T,pa € PA}.

Devent 1s a (definite) inductive definition on the atom domain
A’ = {Happens(a,t)|t € T,a € A}, for which Ip,,,,, is defined as PZp,,.,, 1.
We can then complete the definition of model of an £RD-theory:

Definition 9.7 (£RD-model)
Given an ER-theory lgpn = <X, I, g, II, >, a temporal interpretation I is a
model of llgqy, denoted I |=1lgp, iff I =11, I =114 and I |=11,, where
TEIL if VF € 1L, : H(F) = t.
ITEN,; iff vt e T,a€ A:Hala,t) < Ip
IET, ifVteT,lcF:

Init(t, 1) < Ip, ., (Init(t,1)) end Causes(t,l) — Ip, ., (Causes(t,l)).

Happens(a, t)).

evens(

As an example, we present the relay problem of [31], which is in that paper
represented without explicit delays as an example of Thielscher’s view on and
approach to indirect effects. As we indicated before, in our approach this exam-
ple should be modelled with explicit delays. The example is an electric circuit
with a light, several switches and a relay, as shown in Figure 9.1.

One switch s; is serially connected to a pair of parallel wires. On one of these
wires we find a switch s; and a light, on the other we find a switch s3 and a relay
which operates s;. The state constraints are (s1 A s2) < light and (51 A s3) <
relay, with influence information {(s1, light), (s2, light), (s1, relay), (s3, relay)}.
We obtain the following derived effect rules:

initiating s; A s causes light | true if true
initiating —s; V sy causes —light if true
initiating s; A s3 causes relay | true if true
initiating —s; V —s3 causes —relay | true if true

In addition, we need to model the effect of the relay. The relay operates s3, and
we assume there is some delay involved between the activation of the relay and
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S1 S2

Figure 1: Schema of the relay example

its effect. So we write (omitting the “if true” conditions and assuming the state
of the relay needs to persist until the effect occurs):

initiating relay dcauses —s; if relay persists after d
initiating —relay dcauses s; if —relay persists after d

Then, in case s; and sz are closed (i.e. true) but s; is open (false), the closing
of s; will have the effect of turning on the light and activating the relay. Then,
after a time period of length d and unless other actions occur which influence
the relevant fluents, the relay will cause s to open and the light to dim again.

Thielscher has extended this example to incorporate a detector, assumed to
turn (and then remain) on as soon as light shines on it. We can model the
behaviour of this detector by the rule

initiating light dcauses detect if light persists after d’

assuming that there is a threshold duration d’ for light to be detected. Thielscher
uses this example to illustrate nondeterminism arising from the causal rules.
Indeed, whether or not the detector will detect light in the above situation,
depends on which of d or d’' is greater, which is left implicit in Thielscher’s
approach. If we assume d and d’ to be unknown positive time constants, we
also obtain nondeterminism. On the other hand, if d and d' are known (which
we assume), the outcome of closing s; is uniquely determined.

9.1 Mapping delayed effect rules to OLP

Finally, we need to map delayed effect rules to OLP. This can be done as fol-
lows. First of all, as the introduction of delayed effect rules required a modi-
fication to the syntax of £R (introducing a new predicate P_Happens which
replaces Happens in II,), we need to modify the mapping accordingly. This
is done by treating P_Happens exactly as we treated Happens before, i.e.
by mapping each atom P_Happens(o, ) in II, formulae to phappens(a,7)
in the corresponding FOL axiom and declaring phappens an open predicate.
happens now no longer occurs in FOL axioms (since Happens does not oc-
cur in II,). It is a defined predicate of which the definition follows below. To
distinguish between primitive and non-primitive actions, we simply introduce a
predicate primitive/1 defined by enumeration. Moreover we add a FOL axiom
phappens(A,T) — primitive(4) to the theory.

Then, recall that the effect definition D,y en: of a set of delayed effect rules IT
is Dgetay U {Happens(pa,t) — P_Happens(pa,t) | t € T,pa € PA}. Hence,
the mapping of II; to OLP is a definition of happens which consists of some
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clauses for each delayed effect rule, plus one general clause. This general clause
is simply
happens(A,T) — phappens(A,T).

The other clauses are obtained as follows: a rule

initiating F if F’ dcauses a if F” persists after d

is mapped to

{happens(a,T) « T =T +d, Ny, causes(T',1),
Nicr, (holds(l, T'), ~causes(T", D),
—holds(F,T"), holds(F',T"), persists(T', F",T).
|  LiUL; is a supporting set of F'}

where persists is defined as

persists(T', F,T) «— holds(F,T"), ~clipped(T', F, T).
persists(T', F,T) «— causes(T', F),clipped(T', F,T).

and clipped as defined before.

The correctness proof of this mapping can largely be based on the proof of
the case without delays in section 5. As before, it is clear that II, and the FOL
axioms in OLP are equivalent. Following the same reasoning as in section 5,
we find that it suffices to prove that, given initially for fluent atoms, phappens
and <, and their exact counterparts in £R, we find the same truth value for all
other atoms in both formalisms. For complex initially and Znitially atoms this
is trivial since we use the same inductive definition in terms of simple atoms in
both formalisms. This leaves us with simple and complex holds atoms, causes
atoms and happens atoms.

We can again use induction on events. First of all, note that if the set of
primitive events satisfies the well-founded topology requirement, then so does
the set of all time points that possibly give rise to an event, provided that all
delays are finite positive constants and that there is a finite number of delayed
effect rules. This set of possible events contains all ¢’ of the form ¢ + ), k;d;,
where ¢ 1s a primitive event, the d; are the delay constants occurring in delayed
effect rules and the k; are natural numbers. No event can occur at any other
time.

That this set has a well-founded topology follows from the following obser-
vations. First, there is a first element, which is the first primitive event as there
are no negative delays. Second, the number of possible events in a finite time
interval is finite, which we prove by induction on time intervals of length din,
with d,.;n the minimal delay constant in the theory, as follows. There is only
one event in [esigrt, €start + dmin|, and if there is a finite number of events in
[estart, t[ then there is only a finite number of events in [t, ¢ + dpmin[. The latter
statement follows from the fact that each non-primitive event in [¢, ¢ + dmin]
must be caused by an event in [es1gr,t[, which is a finite set in which each
event can only cause a finite number of new events. In addition, [¢, ¢ + dmin]
may contain primitive events, but since these form a well-founded topology their
number is also finite. Hence, the set of all time points that are possible events
is well-founded.

Using this well-founded topology we prove the equivalence of holds(f,t) with
Ho(f,t), holds(F,t) with Ho(F,t), happens(a,t) with Ha(a,t), and causes(t, )
with Causes(t,!) by induction on possible events. The equivalence of holds(F,t)
with Ho(F,t) for time points before the first event is proven as in section 5.
We then prove consecutively for each possible event e that happens(a,e) —
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Ha(a, €), that causes(e,l) < Causes(e,l) and that for all time points ¢ between
e and the next possible event holds(f,t) — Ho(f,t) and holds(F,t) «— Ho(F,t).
If we can prove the first step for a particular event, the proof of the other
three steps is exactly the same as in section 5, so we only need to prove that
happens(a, e) — Ha(a,e) if all predicates in OLP and £R coincide for all ¢ < e.
This result is obtained as follows. It follows from the inertia axiom and the
initiation consistency condition that

[Ho(F,T)V Causes(T, F)] A 3T : [Causes(T",—=F) A T<T' A T' <€

is equivalent to

VI': (T < T A T' <€) — Ho(F,T')]

Since all predicates in OLP and £R coincide for all time points before e,
the former formula is equivalent to persists(T, F,e), while the truth value of
the latter is Persists(T, F,e). Hence, the truth value of persists(T, F,e) is
Persists(T, F,e) for all F and all T < e. In addition, the entire definitions of
happens and Happens only refer to time points before e, so it follows that they
are equivalent. The correctness of the mapping is thereby proven.

10 Related work

We have already compared our work in detail with the approach in [31], which
is most similar to ours. For this reason we can refer to [31] for a comparison
with approaches not based on causal laws (e.g. categorisation based approaches
like [18], [19], [2]): with respect to those approaches £R and Thielscher’s pro-
posal have the same advantages. 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 Thielscher abstracts away all delays at a macroscopic level but re-
tains them at a microscopic level, whereas we either abstract delays away en-
tirely or represent them explicitly. Due to the former difference the full effect
of syntactically uncoupling causal laws from state constraints (which is only
achieved in Thielscher’s approach and ours) is partially lost. For example, no
state constraint independent effect propagations can be represented. Neverthe-
less, the fact that influence information is represented independent of the state
constraints makes Thielscher’s approach very appropriate for analysing other
proposals using causal laws, which we will do.

The approach to ramifications in the £ language ([15]) can be interpreted 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 combination of the state constraint 4 «— A ;¢
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 i1s not possible to represent some of the more fine-grained influences that
can be represented in Thielscher’s approach. However, it should be noted that
dealing with ramifications was not a major goal of £. In other respects, the &
language is closer to £R than Thielscher’s approach, in particular in its use of
an event-based time structure modelled after the Event Calculus. Apart from
less stress on ramifications, an interesting point of difference with £R is also
that £ is mapped to standard logic programming rather than OLP, using an
autoepistemic view on LP rather than the definitional view we prefer. One
consequence of this is that the mapping of £R (to OLP) is sound and complete,
whereas the mapping of £ (to LP) is sound but not complete.
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Returning to the issue of ramifications, we should also consider the approach
in [22], where the need for causal laws is clearly motivated and where 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 v: it entails the state constraint —¢ Vv ¥,
plus in case v is a literal the influence information that literals in ¢ influence
1. If ¢ is not a literal, the picture gets more complicated: then all literals in ¢
can influence all literals in ¢ and all literals in 9 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 [20] based on the situation calcu-
lus. Lin introduces a new predicate caused(p, v, s) meaning that proposition p is
caused to have truth value v in state s. This predicate is circumscribed to min-
imise change. Ramifications are represented by formulae using the caused pred-
icate, e.g. for the suitcase example up(ly1, s) A up(lz, 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(li, s) A up(l2, s) — open(s),
and incorporates moreover the influence information that /; and l; may influ-
ence open. Note that the condition of the rule is a complex formula, making
it similar to a complex derived effect rule in £R. However, the causal rules
differ from the ones in £R in that they also entail the corresponding state con-
straint and in the fact that the minimisation policy does not allow for cyclic
dependencies.

The approach in [14] is based on the Features and Fluents framework ([27]),
and in that sense differs considerably from ours as far as basic concepts are
concerned. However, there are some interesting correspondences at a higher
level. As an example, the circumscription policy consisting of a combination
of minimising and filtering corresponds to our use of inductive definitions for
effect rules (minimising changes) and first order logic for observations, action
preconditions and state constraints (used to filter interpretations). An impor-
tant difference with our approach is (apart from the formal details of syntax
and semantics) the fact that actions are considered to have duration. Another
difference is that time is considered to be isomorphic to the natural numbers.
In a sense this corresponds to our condition of well-founded event topology, i.e.
events in ER could be mapped to the natural numbers in an order-preserving
way, but we consider it more natural to see time itself as a full real line. For
dealing with ramifications, [14] contains expressions (and formulae incorporat-
ing these) of the form [t]6 >> [s]y where é and 7y are fluent formulae and ¢
and s temporal expressions such that ¢ < s. This allows for dealing with both
immediate (if ¢ = s) and delayed ramifications. The formula [t]§ >> [s]y is
defined to mean [([t]6 — [s]y) A (([t — 1]-6 A [¢]6) — [s]X (7))], which basically
says that Holds(é,t) — Holds(y, s) and that if § is strongly 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 gen-
eralisation that ¢ and s need not be equal, so that one does not only obtain state
constraints but also constraints relating fluents at different time points. Hence,
the rules represent not only immediate but also delayed ramifications. This is a
considerable advantage of [14]’s approach with respect to nearly all other recent
proposals.®® As in the previously discussed approaches, however, we find that
the formulae [t]6 >> [s]y always entail the corresponding general constraint
Holds(6,¢t) — Holds(y, s), and hence in the case of immediate ramifications

33But note that both the more general constraints between fluents at different time points
and explicit delayed ramification rules can be represented in £R.
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(t = s) they also entail the corresponding state constraint. Change propagation
unrelated to a state or general constraint is also in this approach excluded, un-
like in £R. Finally, a disadvantage of the approach in [14] with respect to ER is
that cyclic dependencies in causal laws are not dealt with correctly, as indicated
by the authors.

In [28] 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.

As stated, the issue is indeed problematic. Clearly we can not write the ac-
tion law as a direct effect rule, since it would then imply that the lamp is turned
on while the switches are untouched. And in &R, direct effect rules are the only
constructs representing action laws. However, we argue that the indirect effect
should not be explicitly specified by some action law. 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, but this issue deserves closer attention.
Given Sandewall’s problem specification, we see two possibilities: on the one
hand, the switches may be considered nothing but operational details. In that
case they can be abstracted 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. On
the other hand, it may occur that the position of the switches is relevant in the
domain, but that in a particular application one is 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. But in that
case, one can simply model the domain using the usual direct and derived effect
rules, and impose in the application at hand that the lamp should be on after
a particular action or after a particular plan (imposing this can be done with a
simple FOL axiom). Then the agent can find the primitive actions yielding the
intended effect on the lamp (closing either of the switches) simply by abductive
planning.®* This approach adequately tackles the given problem, and we find
there is no need to modify the domain representation. In general, we argue that
there is no need for the representation to deal with deriving causes from their
effects, nor is it even desirable that it should do so: this is a typical (abductive
or — if the action law needs to be derived explicitly — inductive) reasoning
task and not a representation issue.

11 Conclusion

We have presented an narrative-based language able to deal — in a setting of
instantaneous actions and discrete change — with all immediate ramifications
and known action qualifications, and with delayed ramifications, possibly in
the presence of nondeterministic and simultaneous actions and of incomplete
knowledge on action occurrences, action ordering or the initial state of the
world. The language allows for change propagations not related to state (or

34 An alternative but equivalent view is that the turning on of the lamp is a macro-action
(as defined in [8]) 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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more general) constraints between fluents, and for recursion and cycles in the
rules describing change propagation. We have discussed and motivated the types
of constructs used in the language to reach all of those goals, and presented a
semantics based on first order logic and the principle of inductive definitions.
This semantics was chosen due to its closeness to the intuitions underlying in
particular effect propagations.

We have mapped the language to OLP Event Calculus and proven the cor-
rectness of this mapping. The language provides constructs offering the ex-
pressive power of the OLP Event Calculus for representing temporal domains,
while restricting the latter formalism in such a way that a correct representation
methodology is imposed, avoiding unintended and counterintuitive models.

The presented language has been compared with recent proposals for deal-
ing with ramifications. It is intended to deal with the various problems tackled
by previous proposals in one coherent language, and to deal in addition with
some unaddressed problems, like cycles in derived effect rules and change prop-
agation unrelated to constraints. The extensions for nondeterministic actions
and delayed ramifications deal with some other less basic issues in novel ways.
Finally we have illustrated how influence information can be used to help derive
some of the constructs in our language (a subset of the derived effect rules)
directly from state constraints, adapting and improving the method introduced

by Thielscher.
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