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Abstract

In this paper we study the ramification problem in the setting of temporal databases. Standard solutions from the lit-
erature on reasoning about action are inadequate because they rely on the assumption that fluents persist, and because
actions have effects on the next situation only. In this paper we provide a solution to the ramification problem based
on an extension of the situation calculus and the work of McCain and Turner. More specifically, we study the case where
the effects of an action refer to the past, a particularly complex problem.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The ramification and qualification problems [9] are hard problems that arise in robotics, software engineer-
ing, in databases, and generally speaking all systems exhibiting a dynamic behavior. In this paper we consider
the case of temporal databases.

Let us illustrate the problems. Suppose we are interested in maintaining a database that describes a simple
circuit, which has two switches and one lamp (Fig. 1A).

The circuit’s behavior is described by the following integrity constraints. First, when the two switches are
up, the lamp must be lit. Second, if one switch is down then the lamp must not be lit. The integrity constraints
are expressed as the following formulas, employing predicates up and /ight:

up(sy) ANup(sy) = light
—up(sy) D —light
—up(sy) D —light
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Fig. 1. The circuit.

Action toggle_switch changes the situation of a switch as follows:

toggle_switch(s) D up(s)  if —up(s)
toggle_switch(s) D —up(s) if up(s)

The above propositions describe the direct effects of the action roggle_switch. A situation is called consistent
when it satisfies all integrity constraints. Assume that the circuit is in situation S = {up(s,), ~up(s,), ~light}.
The situation S is consistent, because it satisfies all integrity constraints. Now assume that we execute the
action toggle_switch(s,). This action has a sdirect effect to change the state of switch s, from —up(sy) to
up(s>). Now the situation of the circuit is S1 = {up(s;), up(s,), ~light}. This situation is inconsistent, because
it violates the first integrity constraint. The reasonable conclusion is that the lamp must be lit. So the final
situation is S> = {up(sy), up(s,),light}. The change of the condition of the lamp is the indirect effect of the
action toggle switch(s,). Notice that indirect effects exist because of the presence of integrity constraints.
The ramification problem refers to the concise description of the indirect effects of an action in the presence
of constraints.

Several ways for addressing the ramification problem have been suggested in the literature. The majority of
them are based on the situation calculus [9]. The situation calculus is a second-order language that represents
the changes which occur in a domain, as results of actions. One possible evolution of the world is a sequence of
actions and is represented by a first-order term. The situation at which no action has occurred yet, is called the
initial situation (Sp). There is a binary function do(a, S) which yields the new situation resulting from the exe-
cution of action « in the situation S. Predicates, called fluents, may change truth value from one situation to
another. Similarly, one can represent functions whose values are dependent on the situations on which they are
evaluated (functional fluents).

The simplest of the technique suggested in the literature is the minimal-change approach [21]. Thiss suggests
that, when an action occurs in a situation S, we need to find a consistent situation S’ which has fewer changes
from the situation S (S’ is closer to S than to any other situation).

Another solution is the categorization of fluents [5-7]. Fluents are categorized as primary and secondary. A
primary fluent may change only as a direct effect of an action, while a secondary fluent may change only as an
indirect effect of an action. After an action takes place, we choose the situation with the fewest changes in pri-
mary fluents. The categorization of fluents solves the ramification problem only if all fluents can be catego-
rized. If some fluents are primary for some actions and secondary for some others this solution is not
satisfactory.

As we can observe from the above examples, the change of fluent f’s truth value potentially affects the truth
value of some fluents, while it does not affect that of the others. We define a binary relation / between fluents
as follows: if (f,f') € I, then a change in fluent f’s value may affect the value of f'. In the above example,
(up(sy), light) € I, whereas (up(sy), up(s,)) € I. A fluent could change or remain unchanged after an action. This
depends on the context in which an action takes place.

Causal relationships [8,19,20] capture this dependence between an action and an indirect effect. A causal
relationship has the form
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€ causes p if @

where € is an action, p is the indirect effect and @ is the context. The context is a fluent formula. Each causal
relation must be evaluated, after the execution of the action e, if and only if the context is true. The binary
relation 7 defines the dependence that exist between context @ and fluent p.

In the above example, there are four causal relationships

up(sl) causes light if up(s2)
up(s2) causes light if up(sl)
—up(sl) causes —light if T
—up(s2) causes —light if T

In our work we adopt the idea of causal relationship and use it in the context of temporal databases. Let us
illustrate the problem by means of an example. Assume that if a public employee commits a misdemeanor,
then for the next 5 months s/he is considered illegal, except if s/he receives a pardon. When a public employee
is illegal, then s/he must be suspended and cannot be promoted for the entire time interval over which s/he is
considered illegal. Also, when a public employee is suspended, s/he cannot receive a salary until the end of the
suspension period. Each public employee is graded for his/her work. If s/he receives a bad grade, then s/he is
assumed to be a bad employee. If s/he receives a good grade, then s/he is assumed as a good employee and s/he
may take a bonus if not suspended. Each public employee receives an increase and a promotion every 2 and 5
years, respectively, if not illegal.

We can identify six actions, misdemeanor, take_pardon, good_grade, bad_grade, take_promotion and
take_increase, and seven fluents, good_employee, illegal, take salary, take_bonus, position(p,l), suspended
and salary(p,s). The fluent position(p,l,t;) means that the public worker is at position / for the last ; months
while salary(p, s, t;) means that the public worker has been receiving salary s for the last #{ months. The direct
effects of the six actions are expressed in propositional form by the following rules:'

occur(misdemeanor(p),t) D illegal(p,t;) ANt € [t,15] (1)
occur(take_pardon(p),t) D —illegal(p,t;) Nt € [t,00) (2)
occur(bad_grade(p),t) D —good_employee(p,t;) N t| € [t,00) (3)
occur(good_grade(p),t) D good_employee(p,t) Nt € [t,00) 4)
occur(take_increase(p),t) A salary(p,s,24) D salary(p,s + 1,0) (5)
occur (take_promotion(p), t) A position(p, 1, 60) D position(p,l + 1,0) (6)

where ¢ is a temporal variable and the predicate occur(misdemeanor(p),t) denotes that the action misde-
meanor(p) is executed at time ¢. The preconditions of the actions take_increase(p) and take_promotion(p) are

Poss(take_increase(p),t) = salary(p,s,24) A —illegal(p,t) A good_employee(p,t)
Poss(take_promotion(p),t) = position(p, ,60) A —illegal(p,t) N good_employee(p,t)

Also we have the following integrity constraints which give rise to indirect effects of the six actions.

illegal(p,t\) D suspended(p,t,) (7)
suspended(p, t;) D —take_salary(p, ;) (8)
—suspended (p, t) A good_employee(p, t) D take_bonus(p, t) 9)
—good_employee(p, t,) D —take_bonus(p, t,) (10)
—suspended (p, t,) D take_salary(p, t) (11)

! Quantifiers are omitted in the expression of these propositions. They are considered to be implicitly universally quantified over their
temporal and non-temporal arguments.
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The solutions which have been proposed for the ramification problem in conventional databases
[13,1,5,7,15,19-21] cannot solve the ramification problem in temporal databases because they determine the
direct and indirect effects only for the next situation. Also they assume that fluents persist, that is, no change
in their truth value occurs without an action taking place.

In a temporal database we need to describe the direct and indirect effects of an action not only in the imme-
diately resulting next situation but also possibly for many future situations as well. In the above example, the
action misdemeanor(p) has the indirect effect that the public worker is in suspension for the next 5 months. In
these 5 months, the action good_grade, could occur, but even if this happens, the employee cannot take up a
promotion. This means that the world changes situations while the direct and indirect effects of some action
still hold. Also, in this time span, other actions may occur leading to many different situations. Furthermore, 5
months after the execution of the action misdemeanor the situation changes without an action taking place
(because the public worker is no longer considered illegal). This means that the transition from one situation
to the next could happen without an action taking place. Hence, fluents cannot be assumed to persist until an
action changes their truth value.

In our previous work [13,14] we have addressed the ramification problem in a temporal database when
change refers to the future (an outline of the approach is present in Section 3.1). Here we study the problem
where change may refer to the past. This case is more complex and poses various problems. We extend the
remainder of our previous technique to solve the ramification problem in this case. This paper is structured
as follows: in Section 2 we give some definitions, in Section 3 we review the previous work. In Section 4 we
address the ramification problem in the case that an action could change our belief about the past. In Section
5.1 we present a solution for the case that an action can change the truth value of all fluents in the past. In
Section 5.2 we present a solution for the case that an action can change the truth value only of some fluents
in the past. In Section 5.3 we present a solution for the case that an action can change the truth value of all
fluents in the past but its effects start to hold from the current time point. Finally in Section 6 we present a
brief summary and future work.

2. Definitions

In this section we extend the situation calculus [9] in order to solve the ramification problem in case an
action could change some beliefs about the past.

e Each fluent f'is represented as f{ L), which means that fluent f'is true in the time intervals that are contained
in list L. Each element of list L is a time interval [a,b], a <b. —f(L') means that fluent fis false in the time
intervals that are contained in list L’. It must hold that L N L’ = (). List L (or L') is the last element of the
fluent. This mean that each n-place fluent becomes an n + 1-place fluent, the n + 1st argument being the list
L. The other elements do not change.

e We define functions start(a) and end(a), where a is an action. The former function returns the time moment
at which action a starts while the latter returns the time moment at which it finishes.

e Actions are ordered as follows: For instantaneous actions® a, <a» < --- < a,, when start(a,) < start(ay) <
-+« <start(a,). Also, for instantaneous actions, start(a) = end(a) holds. In this case, two actions a,a, will
be executed concurrently when start(a;) = start(a,) holds.

e We define the predicate occur(a, t,t;) which means that action « is executed at time moment ¢ but the effects
of it is referred to time moment ¢;. In the case that #; <7 the action changes the belief about the past.

e We define function start(S) and end(S), where S is a situation. The former function returns the time moment
at which situation § starts while the latter returns the time moment at which it finishes.

e We deﬁnezthe function FluentHold(S,t) which returns the set of all fluents which are true in the time
moment 7.

2 In this paper we consider only instantaneous actions.
3 Notice that the above representation allows one situation to contain information that some fluents will be true in the future,
e.g., FluentHold({f([5,9]),£([10,20])},6) = {f1}.
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e We define the functional fluent f,(a) as current_moment — start(a), that is, the duration of execution of
action «a until the present moment.

e We extend predicate poss(a,S) as follows:
poss({ay,as,. ..,a,},S) = Ai:h__,,nposs(a,-, S). This means that the actions {a;,a,,...,a,} can execute con-
currently if and only if the preconditions of each action are true.

e We define as a legal (consistent) situation, a situation in which all integrity constraints are satisfied.

3. Previous work
3.1. Our previous work

In our previous work [13,14] we have dealt with the case that actions may only change the future. As we
have already said, the previous approach to solve the ramification problem is inadequate in the case of tem-
poral databases. They fall short of adequately addressing the problem in a temporal context because they only
determine the direct and indirect effects of actions for the subsequent situation. Also they are based on the
persistence of fluent assumption (i.e., no fluent may change the truth value without an action taking place).

The above weaknesses can be alleviated by constructing a correspondence between situations and actions
with time. Some proposal for that has been done in [8,17,18,12,11,14]. We suggest the correspondence that
appears in Fig. 2. There are three parallel axes: the situations axis, the time axis and the actions axis. When
an action takes place, the database changes into a new situation.

We extended a previous proposal by McChain and Turner [8]. McChain and Turner suggest that for each
action A there is a dynamic rule

occur(4) D /\F
which denotes the direct effects of action. Also for each fluent f'there are two static rules, one for it and one for
its negation

GDOf

B> ~f,

where G and B are fluent formulas. The static rules show the indirect effects.
We extend the above proposal as follows: An action 4 is represented as A(7) which means that action A is
executed at time ¢. For each action 4 we define one axiom of the form

4> N\Fi(L),

where F;(L}) is f;(L}) or —f;(L;). The above rules describe the direct effects of an action. For each fluent f we
define two rules

G(1,7) 2 f([1,1])

B(1,1) > ~f([1,1])

sO sl s2 s3 ot fo
situation axis
-—@ L L
t0 tl @2 3 4 t5 time axis
-—o—0—0—© L
al a2 a3 action axis
L L L g

Fig. 2. The correspondence among time—actions—situations.
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where G(¢,1') is a formula which, when true (at time point 7), causes fluent f to become true at the time interval
[t,¢'] (respectively for B(t,1')). The above symbolism is equivalent with G(¢,L’) D fiL) B(t,L') D —f (L"), where
L' =[t,t']. These rules encapsulate the indirect effects of an action. The former rules are dynamic because they
are evaluated after the execution of an action, while the latter are static because they are evaluated at every
time point at which the corresponding fluent is false.

Consider the public employee example from the introduction. In that example the dynamic rules are rules
(1)—(6), while the static rules are

R = {illegal(p,L) D suspended(p,L), suspended(p,L) D —take_salary(p,L),
—suspended(p, L) N good_employee(p, Ly) D take_bonus(p, Ly N L),
—good_employee(p, L) D —take_bonus(p, L), ~suspend(p,L) D take_salary(p,L)}

The static rules encapsulate the indirect effects of an action, which are caused by the existence of integrity
constraints. The indirect effects of an action ensure that after the execution of an action the integrity con-
straints are satisfiable in the new situation. Thus the static rules must be derived in such a way that when
an integrity constraint is not satisfied in a situation produced by application of dynamic rules at least one static
rule is executable. After execution of static rules, the corresponding integrity constraints will be satisfied. The
basic idea we propose is to translate each integrity constraint into CNF form

CiA---NC,, where C;=f; V-V foi,

and to ensure that whenever a C,; is false, static rules can be executed and make C; true. To ensure this there
must be at least one static rule of the form

—\[\/fp s.t. pe{li,...,mi} and p#ki|VFL D fy

where FL is a fluent formula and ki € {1, ... ,mi}. After the execution fluent f;; will be true, thus the C; will be
true. If the above happens for each C; of each integrity constraint then the integrity constraint will be satis-
fiable after the execution of the static rules.

One cornerstone of our work is the production of the static rules from integrity constraints, according to
the above ideas. We make use of a binary relation 7 which is produced from the integrity constraints and
encodes the dependences between fluents (see Section 4 for details). The algorithm for producing static rules
is the following:

1. Transform each integrity constraint into its CNF form. Now each integrity constraint has the form
Ci ANCy A Cs--- A C,, where each C; is a disjunct on fluents.
2. Set R = {False D f, False D —f:for each fluent f}
3. For each i from 1 to n do: assume C;=f; V --- V f,,
For each j from 1 to m do
For each k from 1 to m, and k # j, do
if (f;.fi) € I then

R =RU (—f; causes f if \N—f)),l# j.k.

4. For each fluent f the rules* in R have the following form:

NS causes f if @, NS causes —f; if @'
We change the static rules from G D f;,K D —f;

to (Gv (/\f,-mp)> > fi, (Kv (/\f//\(p/)) o fi

5. At time moment ¢, for the static rule G(z,¢;) D f do

4 Notice that for each fluent there could be more than one causal relationship. This happens in the case that for fluent f;, there is more
than one integrity constraint. At this step we integrate all this causal relationship into one. For example if fi A f causes f5 if f; and
5 N\ fo causes f5 if f7 then the static rule False D f5 is transformed first into f1 A f> A f4 D f3 and finally into (fs A fo A f7) V (fi Afa A fa) D f5.
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(a)let G=G,V---V G,
(b) For each j from 1 to n do

o let Gi=A-DA-- ASull-])
(i) for each fluent fi(L) take the first element [#',#"] of the list L.
(i) if ¢/ > ¢ then G is false and terminated.
(iii) else t;,=1¢" —1t.
o let tin = min(ty,...,1,)
e replace G; with G(¢,1 + tmin)

Notice that the first four steps are static and executed once at the start. The fifth step is executed each time
point at which the static rule must be evaluated. This happens because the formula G, (¢,L') can be true for
different values of ¢ and L'.

Consider the example of the public worker. The above alogrithm works as follows:
The transformation of integrity constrtaints into the CNF form yields:
—illegal(p,t,) V suspended(p, t,)
—suspended (p,t,) V take_salary(p, t,)
suspended (p, t,) V —good_employee(p, t,) \V take_bonus(p, t3)
good_employee(p, t,) V —take_bonus(p, t,)
suspended(p, t,) V take_salary(p, t,)
This is step 1 of the algorithm. In step 3 we have
R = {illegal(p,t\) causes suspended(p,t,) if T,
suspended(p, t) causes —take_salary(p,t,) if T,
good_employee(p, t|) causes take_bonus(p,t,) if —suspended(p,t,),
—suspended(p, t,) causes take_bonus(p,t;) if good_employee(p,t,),
—good_employee(p, t|) causes —take_bonus(p,t;) if T,
—suspended(p,t,) causes take_salary(p,t;) if T}

In step 3 we estimate the causal relationships based on the binary relationship /. In step 4 we have
R = {illegal(p,t\) D suspended(p,t,),
suspended(p,t;) D —take_salary(p,t),
—suspended(p, t1) N good_employee(p, t,) D take_bonus(p, t,),
—good_employee(p, t,) D —take_bonus(p, t,),
—suspended(p,t,) D take_salary(p,t,)}

In step 4 we construct for each fluent the fluent formula which makes the fluent true. Notice that perhaps
there are many causal relationships which affect the same fluents. We integrate these causal relationships in
this step. In step 5 we get

R = {illegal(p,L) D suspended(p,L),
suspended(p,L) D —take_salary(p,L),
—suspended(p, L) N good_employee(p, L,) D take_bonus(p,L; UL),
—good_employee(p, L) D —take_bonus(p, L),
—suspended(p,L) D take_salary(p,L)}
As we observe the production of static rules is based on the binary relation /. Our idea is that when C; is

false there must be at least one static rule which is executable. For this to happen there must be at least one
pair (f;,f,) € I such that C; = f; V f,, V C..
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In [13,14] we have presented an algorithm for the evaluation of static and dynamic rules for the sequential
execution of actions when the effects of the actions refer only to the future.

When a static rule G(¢, L) D f{L) evaluates the element, [¢,7'] is added to list L and is removed from the L',
where —f(L').

Consider the above example with of public worker. We have the following dynamic rules:

occur(misdemeanor(p),t) D illegal(p, [t, t + 5])
occur(take_pardon(p),t) D —illegal(p, [t, >0])
(bad _grade(p),t) D —good_employee(p, [t, o))
occur(good_grade(p),t) D good_employee(p, [t, >c])
Assume that the initial situation is
So = {—take_bonus(p, [[0, oo]])take_salary(p, [[0, oc]]),
—suspended (p, [[0, ool]), ~good_employee(p, [[0, o0l]), —illegal(p, [[0, oc]]) }

Assume that the following actions occur at the following time points, assuming that the time starts at 0 and
time granularity is that of months. Assume the execution of the action

occur(misdemeanor(p),2)
The new situation is
S| = {~take_bonus(p, [|0, ocl]), take_salary(p, [[0, >]]),
—suspended (p, [|0, 00]]), ~good_employee(p, [[0, 0]]),
illegal(p,[[2,7]]), —illegal(p, [[7,00]])}
The following integrity constraint is not satisfied in S}:
illegal(p,t)) D suspended(p,t1)
But the static rule
illegal(p,[[2,7]]) D suspended(p,[[2,7]])
is executable. After the execution of the above static rule the new situation is
S| = {~take_bonus(p, [|0, x|]), take_salary(p, [[0, >0]]),
suspended (p, [[2,7]]), ~suspended (p, [[7, ocl]), ~good_employee(p, [[0, a]]),
illegal(p,[[2,7]]), illegal (p,[[7,00]])}
As we observe in that situation the following integrity constraint is not satisfied.
suspended(p, t;) D —take_salary(p,t)
But the static rule
suspended(p, [[2,7]]) D —take_salary(p, [[2,7]])
is executable in S|. After the execution the final situation is

S| = {—take_bonus(p, [[0,<]]), —take_salary(p,[[2,7]]), take_salary(p,[[7,c]]),
suspended (p, [[2,7]]), ~suspended (p, [[7, >0]]), ~good_employee(p, [[0, c0]]),

illegal(p,[[2,7]]), nillegal(p,[[7,]])}

We adopt the algorithm for the production of static rules and we address the ramification problem in the case
that the effect of the actions could change beliefs about the past.

5 List L' is the list, which contains the time intervals, in which fluent —f is true.
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By the production of the static rules we have that
Theorem 3.1. When a static rule is executable at least one integrity constraint is unsatisfiable.
Proof. Assume that a static rule
Gi(--)Df
is executable in a situation S. Then the fluent formula G, must be true. We have that
G =GV Gy

where
G_ifE (—\/\f]»(tj,j: 1,...,m))

Each G"f is derived from the integrity constraint C; A --- A C,, such that thereisa C;=fV fi V---V f,,. Thus
when the G}. is true it must have all fluents f}, j = 1,...,m to be false. In order to be executable the above static
rule must be f'to be false. In that case C;=fV f; V - - - V f,, is false, thus the integrity constraint C; A --- A C,,is
unsatisfiable. [

In order to have a consistent situation, the set of integrity constraints must be satisfied for some conditions.
We study the case that the set of integrity constraints is satisfiable. For example, if there are two integrity con-
straints of the form

JiDdf
S22/
fiDfi
/1D f2
22 f3
=3 DA
then there is no situation in which the above two constraints are satisfiable because the set
{AL12), (. 15): (fss2h)s (fia22), (o, =), (5, A1)}

is not satisfiable.® By the above six constraints we formulate six static rules which will be evaluated one after
the other for infinitely. This happens because there is no consistent situation and thus always at least one static
rule will be executable.

Theorem 3.2. Consider a set of static rules G. Then if for a fluent f| there is a sequence of
Gp(--) D fal-++) where G, = fi Vv G,
Gp(--) D f3(---) where G, = foV G}iz

G, () D ful--+) where G, = 1,1 VG,
G.(--)D=fi(--+) where G, = f, V Glﬁfl

G () D fua () where Gy, = /i VG|

an+m(' : ) ) ﬁl+m( : ) where an+m = fn+m—l \ G}Hm
Gu(--) D Ai(--+) where Gy = fon V G},

then the set of rules is unsatisfiable.

¢ We have that =i V /o = fi D o, 2LV A=/ D fi, o
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Proof. Assume that f| is true. If we iteratively apply the modus ponen we have
SivGy D/
A

g
fz\/GléDﬁ

f
VG, DS

Ja
fn \/G,ﬁfl ) _'fl
=/

We conclude that —f; holds. Assume that —f] is true. If we apply iteratively the modus ponen we have

1V G}nJrl Dt
_‘fl

Jnt1
o1 V G};Hz D fut2

Jrt2
fn+2 \ G‘IfnJr3 o fn+3

Jn+3
fuiom
Swim NV Gy D fi
Si
We conclude that f; holds. Thus we always have that f; A =f1. This is not satisfied. O

For the rest of the paper we assume that the set of the integrity constraints is satisfiable (this means that
there is no sequence as described in Theorem 3.2). This will be ensuring no static rule is executable in the initial
situation at time point 0 (by that Theorem 3.1).

We can discover if a set of the integrity constraints is satisfiable if we transform each of them in to a CNF
form. Then if we have n integrity constraints we have

CuN---ANCy,

Cln AREN Cnn

Each Cy, is a disjoint. Then if the set C = {Cyy,...,C},, ..., Cyp,- - ., Cy,} 1s satisfiable, then the set of integ-
rity constraints is satisfiable. We can use the algorithm of the tree reconstruction in order to see if the set C is
satisfiable.

Also in order to be consistent in the set of the static rule R, for each pair (f,—f) it holds that
Gr AN By= FALSE, when G; D f,B; D —f. In the other case we have the infinite execution of the rule
Gy D f,B; D —~f (one after the other) if GrA B,= TRUE. This is the second precondition which we assume
for the rest of this paper.
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Theorem 3.3. If in a set of static rules R there is a pair (f,—f) such that Gy \NBy#FALSE, when
Gr D f,By D —f then there is a case that the static rules Gy O f,By D —f may be executed infinitely.

3.2. Other previous works

The other most prevalent previous works are those by Reiter [18], Reiter and Pinto [16,17], Kakas [2,3] and
the work on the event calculus. Reiter has suggested an extension of the situation calculus in order to encap-
sulate time and axioms which ensure that in each legal situation all natural actions have been executed. A nat-
ural action is an action which executes in a predetermined time moment except if some other action has
changed the time of execution. Reiter has extended the fundamental axioms of the situation calculus in order
to determine which fluent is true at each time moment. The problem addressed is the frame’ rather than the
ramification problem. However the work of Reiter sets the basis for encapsulating time in the situation cal-
culus. In this paper, we propose a further extension of the situation calculus based on Reiter’s proposal. Kakas
[2,3] proposed the language E which contains a set ¢ of fluents, a set of actions, and a partially ordered set of
time points. £ employs the following axiom schemas for the description of the world (assume L and F are flu-
ents, T is a time point, 4 is an action and C is a set of fluents).

L holds at T

A happens at T

A initiates F when C
A terminates F when C
L whenever C

A needs C

As we may observe, the third and fourth axioms are dynamic because they evaluate when an action exe-
cutes, while the last two are static because they evaluate at each time moment. In E, one cannot declare effects
that persist over a time span as in the aforementioned example where, if someone did a misdemeanor then s/he
is illegal for the subsequent 5 months. In order to achieve this, it is necessary for an action to occur after 5
months. This means that the users must explicitly determine all the indirect and direct effects. Also this
assumption creates many new problems. For example, assume the following execution:

occur(misdemeanor(p), 3)
occur(take_pardon(p), 5)

occur(misdemeanor(p), 7).

The first action has no persistence effects that the fluent il/legal holds for 5 months. Thus we must determine
that an action end-illegal will be executed at time point 8. At time point 5 the action take_pardon(p) takes place
and cancels the effect of the first action. Thus we must cancel the execution of action end-illegal because if it is
executed at will cancel the effect of the third action and this is wrong. The effect of third action must be can-
celled at time point 12. An obvious solution could be to determine preconditions for these “cancelling”
actions. In the above example the preconditions could be the fluent illegal to hold. This is wrong because
in the above example the fluent illegal is true at time point 8 but the action end-illegal must not be executed.
Thus the determination of the preconditions is very complex. Also the number of actions are increased very
much because we must define one action of each no persistent effect of each action.

Also, E cannot represent delayed effects, as e.g., if someone does a misdemaenour then s/he becomes illegal
2 months later and remains illegal for the next 5 months. We consider these assumptions rather strong and
examine the problem in a strictly more general setting. The language E works satisfactorily only when the
world which is described is based on the persistence of fluents (like the circuit).

7 The problem of determining which predicates and functions are not affected when an action is executed is the frame problem [9].
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The event calculus has been proposed in [10,4]. In the event calculus the time is discrete. We define the fol-
lowing predicates and relations:

Initiates(a, [, t)
Terminates(a, f,t)
Initially,(f)
Initially, (f)

t <t
Happens(a,t)
Happens(t|,a,t)
HoldsAt(f, t)
Clipped(t:, f,12)
declipped (t, f, t2)
Releases(a, f,t).

The first predicate means that the fluent f'starts to hold after action a at time ¢, the second means that the
fluent f ceases to hold after action a at time ¢, the third means that the fluent f holds from time 0, the fourth
means that the fluent f does not hold from time 0, the fifth relation means that time point ¢, is before time
point #,, the sixth predicate means that the action a occurs at time point z, the seventh means that the action
a starts at time point 7; and ends at time point #,, the eighth means that fluent f holds at time point ¢, the nineth
means that fluent f ceases to hold between times #; and ¢,, the tenth means that fluent f'starts to hold between
times 7, and #,. The last predicate means that fluent fis not subject to inertia after action a at time point .

The event calculus is very similar to the language E. The most important difference is that the event calculus
could encapsulate effects which do not start or terminate in the discrete time point (the predicates Clip-

ped(t1./. 1), declipped(ty.f, 1), Happens(ty,a,15)).
4. Fluent dependencies

This section describes algorithms for discovering dependencies between fluents. As we have already
explained the aim of the binary relation [ is to encapsulate the dependencies between fluents and to ensure
that when an integrity constraint is not satisfied, then there is at least one static rule which is executable
and after the execution the integrity constraint will be satisfied.

Assume that we have two kinds of integrity constraints

(a) Gy DKy

where G, and K, are fluent propositions. The difference between the two kinds is that, for the second kind,
when -G, holds then —K also holds, whereas this is not necessarily the case for the first. For the first kind
of constraints, for each /'€ Gyand /' € K, we add the pair (f,/') in 1. Notice that (f", f) & I (because K, 4 G/).
For the second kind of constraints we make the following hypothesis: The change of the truth value of a fluent
belonging to Gyis expected to affect the truth values of some fluents belonging to K, while it is not expected to
affect the truth values of other fluents which belong to G. We make the same hypothesis for the fluents of K.

Algorithm 1 for constructing 1

1. For the first kind of constraints, for each f'€ Grand f' € K, we add the pair (f,/') in .

2. For the second kind of constraints, for each pair of fluents £, ', such that /'€ Grand /' € K, we add (f,f') and
(f.f) to L

Consider the circuit in Fig. 3. The integrity constraints specifying the behavior of this system are expressed
as the following formulae:
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Tlup(sl) up(s2)
o *—0 —

- relay l @j light

“lup(s3)
l

Fig. 3. Theilsher’s circuit.

(a) light = up(sl) Aup(s2)
(b) relay = —up(sl) A up(s3)
(c) relay D —up(s2).

By applying this procedure the set I is constructed as follows: for constraint (a) we conclude that
(up(s1), light), (up(s2), light), (light, (up(s1))), (light,(up(s2))) must be added in I. From rule (b) we obtain
(up(sl),relay),(up(s3), relay), (relay, (up(sl))), (relay,(up(s3))) to be in I and from rule (c) we obtain (relay,
up(s2)) € I.

By the second step of Algorithm 1 we have that (up(sl), light) € I, while (up(s1), up(s,)) & I. Assume that
the circuit is in the situation that is depicted in Fig. 3. The action toggle switch(s,) has an indirect effect to
light the lamp and not to toggle the switch s,. We observe that it is not reasonable to include the fluent pairs
(light, (up(s1))), (light, (up(s2))), (relay,(up(sl))), (relay,(up(s3))) in I. The truth values of fluents light and relay
cannot change as the direct effect of an action, so they cannot affect the truth values of other fluents.

Algorithm 2 for constructing 1

1. For each f€ G5, f' € Ky, where GrD K is a specified constraint, add the pair (f,f') € 1.

2. For each f€ Gy, f' € Ky, where Gr= Ky is a specified constraint do:
If f can change its truth value as the direct effect of an action, then add (f,f’) in I. If f can change its truth
value as a direct effect of an action then add (f',f) in L

In our example, the above change is right if and only if each of the fluents /ight and relay appear as a single
rule of the form G,= K. For example, consider the circuit in Fig. 4. The integrity constraints specifying the
behavior of this system are expressed as the following formulae:

(a) light = up(sl) A up(s2)
(b) light = up(s4) A up(s5)
(c) relay = —up(s1) A up(s3)
(d) relay D —up(s2).
Applying the procedure described above yields
(up(sl), light), (up(s2), light), (up(s4), light), (up(s5), light)
(up(sl),relay), (up(s3),relay), (relay,up(s2)) € I

Assume that the circuit is in the situation depicted in Fig. 4. Then, after the execution of action toggle
switch(sy), because (up(sd),light) € I, the fluent light changes from —light to light. Because (light,up(sl)),
(light,up(s2)) & I, the fluents up(sl),up(s2) do not change. This means that the circuit will be in situation
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Tup(sl) up(s2)
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— up(s4),
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Fig. 4. A more complex circuit.

—up(sl), up(s2),up(s4), up(sS), ~up(s3), —relay, light, which violates the rule (a). Assume now that the integrity
constraints specifying the behavior of this system are expressed as the following formulae:

(a) light = (up(s1) Aup(s2)) V (up(s4) A up(s5))
(b) relay = —up(sl) A up(s3)
(c) relay D —up(s2).

In the above specification of constraints, the fluent /ight is only in one constraint of type G,= K, and the
modified algorithm behaves correctly. As we observe the circuit of the Fig. 4, consists two smaller circuits. The
first consists of the switches sy, 5, and the lamp, while the second switches s4, 55 and the lamp. The reason is that
the lamp light is on when one of the two circuits is closed. This is ensured by the second set of integrity con-
straints. The first set of integrity constraints ensure that when one circuit is closed then the second must also be
closed. This is not reasonable.

Theorem 4.1. Let A D B be a constraint and Cy N\ --- N\ C, its CNF form. Both algorithms produce I in such a
way that for each C; there is at least one pair (f1,f>) € I and C; = fi V f> V C..

Proof. The 4 D B is equivalent with =4 V B. Assume that I' = —4.
Assume that the DNF form of I and B are

71 VeV Vn
ﬁl VeV ﬁm
respectively.

Assume that

71 :fl,l A "'/\.fm.]

Vn:fl-,,,/\"'/\fm,n
Blzﬁﬂ] /\.../\fnﬁ

B = Sry N NS,
The integrity constraint 4 D B is equivalent to
71 \/\/ynvﬂl \/\/ﬁm
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This is equivalent to the following:

CiAN---NC,, where
(1) w=mny *---xn, xng *---%ng

(2) Ci:.fil vv.fln \/ﬁn+l\/...\/ﬁn+1n7 where
f;j € Vl)

Jis €V

./;,H] € Bl

-ﬁ)H»m 6 ﬁm'

For the above two algorithms (from the step 1) we have the pairs

(Ui fir)s o Sis S} €1

(s fii ) Ui frn) €1
Thus for each C; there is at least one pair (f,f) € I, where f,f" are disjunct of C;. [

Theorem 4.2. Let A = B be a constraint and Cy A\ --- N\ C, its CNF form. Algorithm 1 generates I in such a
way that for each C; there is at least one pair (f1,f2) € I and C; = fi V f, V C.. For the first algorithm for each
constraint A= B if C; A--- N\ C, is the CNF form then for each C; there is at least one pair (f1,/>) € I

Proof. The integrity constraint 4 = B is equivalent with (4 D B) A (B D A4). Assume that

CiN---NCy
Cin---NC,

are the CNF forms of 4 D B and B D A, respectively. Then from the previous theorem we have that for each
C; there is at least one pair (f,f') € I and f,f" € C; and for each C; there is at least (f},f>) € [ and f1, /> € C,.
The integrity constraint 4 = B is equivalent to

CiN--NC,ANCAN---NC.,.

In order to transform the CNF form from the above proposition we must examine if there are some pair
(C;, C)) at which C; “subsume” Cj, in which case we must delete the C;. Thus the CNF form 4 = B contains
a subset of Cy,...,C,. Thus we have proven the theorem. [

Theorem 4.2 does not hold for Algorithm 1 because it eliminates some pairs which Algorithm 1 produces.
The problem in these C; which all the fluents contain and belong to one side of the rule cannot change as direct
effects of an action and some of the fluents of the C; belong to another integrity constraint too. For example
assume the following two integrity constraints:

=B
f=B

Fluent f cannot change as a direct effect of an action. Then for all fluents f; which are in B or in B’ and could
change their truth value as a direct effect of an action, there is a pair (f;,f) € I, while (f, f;) ¢ I. If an action
makes B true, then f must become true, too. After that B’ must be true. But fluent f cannot affect the truth
value of no fluent in B’, since (f, f;) € I, so the IC f= B’ is violated.
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An example for such a situation is the following:
(a) light = up(sl) A up(s2)
(b) light = up(s4) A up(s5)
(c) relay = —up(sl) A up(s3)
(d) relay D —up(s2)
We identified above the following situation which is problematic for Algorithm 2.
A=Band C D B are ICs and 4 # C

where 4, B, C are fluent formulas and B contains fluents which may change their truth value only as an indi-
rect effect of an action. The following results show a weaker condition under which Algorithm 1 is guaranteed
to lead to an I which presents consistency.

Theorem 4.3. For each integrity constraint A = B and if for each fluent A, and B, which belong to A and B,
respectively and could change their truth value only as indirect effects then Algorithm 2 does not produce an
inconsistency when there are no C and D, such that C D> By and D D Ay, C # A and D # B.

Proof. Assume that integrity constraint 4 = B and 4 and B are the fluent formulas which contain the fluents
which belong to A and B, respectively and could change its truth value only as indirect effects. Assume that
there is no integrity constraint C O By or D D A; such that C # 4 and D # B.

Assume that the initial situation satisfied the integrity constraint. Then assume that an update in the database
occurs. There are two cases. First this update does not influence any of the fluents which belong to 4 and B. Then
the integrity constraint is satisfiable in the new situation. The second case is this update changes the truth value
of some fluents which belong to 4 or B. This change refers to fluents which belong in 4\ 4, or B\ B because the
fluents which belong to 4, and B; could change their true value only as indirect effects of an action and no other
integrity constraints could affect them (because there is no C O By or D D A, such that C # 4 and D # B).

Thus the fluents which change their truth value could affect the other part of the integrity constraint. [

In cases where the condition of Theorem 4.3 is not satisfied, we use Algorithm 1 for generating /. Otherwise
we use Algorithm 2.

5. Changing the belief about the past
5.1. Motivation

Recall the example from Section 1. We now extend the example in order to present the problem in case that
an action could change the belief about the past. We change the function fluents position, salary as follows:
position(p, 1, t,t1), salary(p,l,t,t;) where the first means that the public worker p at time point ¢ is in position
1 for ¢, time points, while the last means that the public worker p at time point ¢ takes salary / for ¢,time points.
Assume that the action take_pardon could change the belief about the past.

take_pardon(p, t,t;) D —illegal(p, [t;, >0])

means that the action take_pardon occurs at time point ¢ and its effects start to hold for time point #; (perhaps
ty <t). We present the problem with some examples.

Example 1. Consider the following execution:
occur(misdemeanor(p),20,20),  occur(take_pardon(p),24,21)
The time starts at 0 and has the granularity of months. Consider the initial situation
So = {~take_bonus(p, [0, o)), take_salary(p, [0, c0]),

—suspended(p, [0, 00]), good_employee(p, [0, ocl), —illegal(p, [0, o0]),
position(p, 1,0, 38), salary(p,3,0,2)}
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At time point 20 the action misdemeanor executes and the new situation is
S| = {~take_bonus(p, [0, ocl), ~take_salary(p,[20,25]),
take_salary(p, ([0, 20], [25, oc]]), suspended(p,[20,25]),
—wsuspended (p, [0, 20], [25, <]]), good_employee(p,[0,c]), illegal(p,[20,25]),
—illegal(p, [[0,20], [25, 0]]), position(p, 1,20, 58),salary(p,3,20,22)}

Time point 22 is the time when a public worker could take an increase and promotion. This cannot happen
because s/he is illegal. At time point 24 the situation is

S| = {~take_bonus(p, [0, 00|), ~take_salary(p, [20,25]),
take_salary(p, ([0, 20], [25, 0]]), suspended(p,[20,25]),
—wsuspended (p, [[0, 20], [25, 0]]), good_employee(p, [0, o0]), illegal(p,[20,25]),
—illegal(p, [[0,20],[25, 00]]), position(p,1,24,62),salary(p,3,24,26)}

At this time point the public worker takes pardon which means that for time 21 the public worker ceases to
be assumed illegal. This has as an indirect effect that promotion and increase should have been granted at time
point 22. We must change the value of fluents for the past time points. The fluent illegal changes its value at
time point 21. Now the following propositions hold at time point 22:

position(p, 1,22,60) A —illegal(p,[21, x0])
salary(p, 3,22,24) A —illegal(p, [21, oc]).

So the public worker must take promotion and increase at time point 22. Thus the next increase in salary
must happen 24 time points after time point 22 (resp. 60 months for promotion).

Example 2. Execution of an action may have as indirect effects to disqualify® an action which has already
been executed.
Assume that the action misdemeanor could refer to the past.

occur(misdemeanor(p), 26, 20)
The time starts at 0 and has the granularity of months. Consider the initial situation

So = {—take_bonus(p, [0, o0]), take_salary(p, [0, o0]),
—suspended (p, [0,00]), good_employee(p,[0,0]), —illegal(p,[0,c]),
position(p, 1,0,36), salary(p,3,0,0)}

At time point 24 the actions grant_promotion and grant_increase execute. Now the new situation is

S| = {~take_bonus(p, [0, o0)), take_salary(p, [0, o0]),
—suspended (p, [0, 00]), good _employee(p, [0, oo]), millegal(p, [0, x0]),
position(p,2,0,0), salary(p,4,0,0)}

At time point 26 the action misdemeanor executes and has as an effect that the public worker be illegal at
time point 20. This means that the situation must change at time point 20 in the following:

S = {—take_bonus(p, [0, |), —take_salary(p,[20,25]),
take_salary(p, [[0,20], [25, o0]]), suspended (p, [20, 25]),
—suspended (p, [[0,20], 25, 0c]]), good _employee(p, [0, <)), illegal(p,[20,25)),
—illegal(p,[[0,20],[25, o0]]), position(p, 1,20,56),salary(p,3,20,20)}

8 This means that if we change the past, perhaps the preconditions of some action which has been executed in the past, become false and
thus this action must not have been executed.
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Now the action grant_promotion and grant_increase cannot execute at time point 24. They will be executed
at time 25 when the suspension ceases. Now the next promotion and increase must happen at 60 and 24 time
points after time point 25.

Example 3. Another problem is the case that an action which could change the belief about the past leads to
an infinite loop. Assume the following execution:

occur(misdemeanor(p),26,20),  occur(take_pardon(p),27,22)
The time starts at 0 and has the granularity of months. Consider the initial situation

So = {—take_bonus(p, [0, c)), take_salary(p,[0,c]),
—suspended(p, [0, 00]), good_employee(p,[0,0]), —illegal(p, |0, 0]),
position(p, 1,0,36), salary(p,3,0,0)}

At time point 24 the actions grant_promotion and grant_increase execute. Now the new situation is

S| = {—take_bonus(p, 0, ), take_salary(p, [0, x]),
—suspend (p, [0, 00]), ~good_employee(p, [0, 00]), —illegal(p, [0, o0]),
position(p,2,0,0),salary(p,4,0,0)}

At time point 26 occurs the action misdemeanor which tells us that the public worker did something illegal at
time point 20. This means that the situation must change at time point 20 to the following:

S| = {~take_bonus(p, [0, 00]), ~take_salary(p, 20, 25]), take_salary(p, [0, 20], 25, oc]]),
suspended (p, [20,25]), ~suspended (p, [[0, 20], [25, o0]]),
—good_employee(p, [0, 00)), illegal(p, [20,25]), ~illegal (p, [[0, 20], [25, <]]),
position(p, 1,20, 56), salary(p, 3,20,20) }

Now the actions grant_promotion and grant_increase cannot execute at time point 24. They will be executed
at time 25. Now the new promotion and increase must happen 60 and 24 time points after time point 25.

But at time point 27 the action take_pardon executes which tells us that the public worker ceases to be illegal
at time point 22. Now the new situation is

Sy = {~take_bonus(p, [0, <)), ~take_salary(p, [20,25]),
take_salary(p, [[0, 20], [25, o0]]), suspended (p, [20, 25]),
—wsuspended (p, [[0, 20], [25, 0]]), good_employee(p, [0, o0]), illegal(p,[20,22]),
—illegal(p, [[0,20],[22, 00]]), position(p, 1,20,56),salary(p,3,20,20)}

Thus at time point 24 we must execute the actions grant_promotion and take_salary. This means that we
must repeat the execution for time point 22. But at time 26 we will again execute again the action misdemeanor.
As we observe the second execution of the action misdemeanor does not change the truth value of any fluent at
time point 20 (because the fluent illegal is true at time point 20 as we observe in situation Sj. Situation S
ceases to hold at time point 22). If we evaluate the dynamic rule occur(misdemeanor(p),26,20) D ille-
gal(p,[20,25]), the actions grant_promotion and grant_increase cannot be executed at time point 24. At time
point 27 after the execution of the action take pardon (occur(take_pardon(p),27,22) D —illegal(p, [22,25]))
the actions grant_promotion and grant_increase will be executed at time point 24, and so on. Thus we have
an infinite loop.

We must repeat the execution from one time point in the past if and only if an action changes the truth
value of some fluents (e.g., from illegal(p,[20,22]) to —illegal(p,[20,0]) as happened in the execution of
the action take_pardon) and not in the case that only the time intervals at which some fluents are true (e.g.,
from illegal(p,[20,22)) to illegal(p,[20,25]) as happened in the second execution of the action misdemeanor).
The above problem arises because the execution of the actions occur(misdemeanor(p), t3,ty) and occur(take_
pardon(p),ts,ty) satisfied the condition 7} <, <3 <t4. This means that the execution of one action
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“intersect” the execution the other action, as shown in Fig. 5. The solution to this problem is to reject the
former action whose execution of time is smaller than that of the second action which is executed more
recently. In other words, we break the infinite loop by preferring the most recent information.

Example 4. Consider the following execution:
occur(misdemeanor(p),26,23), occur(take_pardon(p),27,22)
Assume the same initial situation

So = {—take_bonus(p, [0, o0)), take_salary(p, [0, c0]),
—suspended (p, [0, 00]), good _employee(p, [0, oc]), millegal(p, [0, x0]),
position(p, 1,0,36), salary(p,3,0,0)}

We now have that the actions grant_increase and grant_promotion execute at time point 24. Now the new
situation is S| (the same as in the previous example). After the execution of the action misdemeanor we repeat
the execution for time point 23. Notice that at time point 23 situation S, holds (not the S; which starts to hold
from 24); thus the effects of the misdemeanor change situation S,. The new situation at time point 23 is

Sy = {~take_bonus(p, [0, o0)), ~take_salary(p, [23,28]),
take_salary(p, ([0, 23], [28, c]]), suspended(p,[23,28]),
—suspended (p, [[0, 23], 28, o<]]), —good_employee(p, [0, 0)), illegal(p,[23,28]),
—illegal(p, [[0,23],[28, 0]]), position(p,1,23,59),salary(p,3,23,23)}.

At time point 24 we do not execute the two actions. After the execution of the action take_pardon at time
point 27 we repeat the execution for time point 22 (notice that the effect of the action take_pardon changes
situation S, because situation S5 starts to hold from time point 23). Now the situation at time point 22 is

Sy = {—take_bonus(p, [0, <)), take_salary(p,[0, <)),
—suspended (p, [0,00]), good_employee(p, [0, 0]),
—illegal(p, [0, 00)), position(p,1,22,58), salary(p,3,22,22)}

and we execute the two actions at time point 24. At time 26 the action misdemeanor is executed again and
we again have situation S at time 23. Now the two actions do not execute. At time point 27 the action
take_pardon executes again and thus we have an infinite loop.

The reasonable way of breaking this loop is to not execute the action misdemeanor for the second time
because the action take_pardon which has the opposite effect is more recent. As we observe the problem occurs
because the actions occur(misdemeanor(p),ts,t;) and occur(take_pardon(p),ts,ty) have opposite effects and
t) < t; < t3 < t4. The last condition means that the action take pardon “contains” the action misdemeanor, as
shown in Fig. 5B. Notice that again we break the infinite loop by preferring the action which executes more
recently.

{ ﬁ : } Time Axis { ; } ;
20 2 26 T27 22 23 2 2 ?

occur(take_pardon(p),27,22)

occur(take_pardon(p),27,22) occur(misdemeanor(p),26,23)

occur(misdemeanor(p),26,20)
(A) (B)

Fig. 5. The scenarios of execution.



416 N. Papadakis et al. | Data & Knowledge Engineering 59 (2006) 397-434

In this paper we propose an algorithm for avoiding the infinite loop by rejecting the execution of some
actions. As we observed from the above examples the correspondences of Fig. 2 cannot represent the
correspondence between situations, actions and time in the case that the effects of the actions refer to the past.
This happens because after the execution of an action which changes the past (at time ) we repeat the
execution from time point (¢). For example consider in the execution of Example 3

occur(misdemeanor(p),26,20), occur(take_pardon(p),27,22)

As we observe the following holds before the execution of the action misdemeanor:
start(So) =0 end(Sy) =24
start(S)) =24 end(S}) = 26
After the execution of the action misdemeanor
start(Sy) =0 end(Sy) = 20
start(S}) =20 end(S]) = 25
start(S)) =25 end(S,) =27

At time point 21 we have two different situations Sy and SY. This also happens at time points 22-26. The cor-
respondences of Fig. 2 ensure that at a time point there is only one situation because the situation axis is linear.

In Example 3 before the execution of the actions misdemeanor the action grant_increase and grant pro-
motion execute at time point 24, while at time 25 no action takes place. After the execution of the action
misdemeanor the action grant_increase and grant_promotionare executed at time point 25, while at time 24 no
action takes place. The correspondence of Fig. 2 cannot represent that because it can represent only one
history of execution while in Example 3 we have two. The problem is the linear action axis.

We propose to use branching axes for situations and actions, while the time axis remains linear (see Fig. 6).
When an action changes the past we start two new linear axes, one for the situations and one for the actions.

At each time point we believe that one linear line of the situation axis is the real evolution of the world. We
call this linear line the actual line.

When an action changes the past there are three main assumptions that we could adopt:

1. An action may change all the fluents in the past.
2. An action may change only some fluents in the past.
3. The past may change but the effects of these changes start to hold from the current moment.

[ d

r SITUATION AXIS

oo oo oo oo oo [IMEAXIS

° ° ACTION AXIS

Fig. 6. The correspondence between time-actions-situations.



N. Papadakis et al. | Data & Knowledge Engineering 59 (2006) 397-434 417

In the rest of the paper we study the implications of these three assumptions. First we must extend the
situation calculus to seem our proposes.

5.2. Further extensions to the situation calculus

In this section we extend the situation calculus in order to solve the ramification problem in case that an
action could change the belief about the past.

e We define the as actual line, a sequence of situations which is believed to be the evolution of the world up to
the current time point.
e We define the fluent actual(S,t) which shows that situation S is on the actual line. The fluent actual is
defined as follows:
— actual(Sy, ty) holds always. Sy is the initial situation and ¢ is the initial time moment.
— If actual(S, ) holds and at time point 7 the situation changes without an action taking place’ then, if the
new situation is S’, then actual(S’,t) is true.
— When occur(a, t, t,) is true and ¢; > = ¢ then, if actual(S, t,) holds and S’ = do(S, a), then actual(S’,t,) is
true.
— When occur(a, t, 1) is true and ¢; <t then

* for each situation S s.t. end(S) = t' < 1, if before the execution of action a the predicate actual(S, ") is
true for ¢’ € [start(S), end(S)] then after the execution actual(S, ") still holds.

* for each situation S s.t. start(S) =t} < t;, if end(S) = ¢, >=t, and before the execution of action a the
predicate actual(S,t") is true for ¢’ € [start(S),end(S)] then after the execution the following holds:
start(S) = t; and end(S) = t; — 1 and actual(S,t") for all ¢ € [start(S),t; — 1].

* for each situation S s.t. start(S) = ¢, > #; and before the execution of action a the predicate actual(S, ")
is true for ¢” € [start(S), end(S)] then after the execution the predicate actual(S, ") is false for each time
point 7’. In that case for each time point 7’ > ¢, the predicate actual must be estimated again.'”

e We categorize the fluents into two sets the Fp and Fs. The first set contains the fluent which cannot change
their true value in the past, and the second contains the fluents which could change their true value in the past.

e We define the predicate ACCEPTANCE(S, t) which shows if situation .S in time point ¢ < now is acceptance.
If S’ is the situation for which actual(S’,t) is true before the execution of an action which changes the past
then S is acceptable if its different from S’ does not contain change in the fluents which belong in the Fp.
The predicate ACCEPTANCE defined as follows:

— If an action occur(a, t», t1) has been executed at time point 7, and change the past at time point #; then

for each time point ¢ s.t. t; <t <=now ACCEPTANCE(S,?) is true if and only if actual(S’,t) is true

before the ﬂ(ecution of action a and S is consistent and T = FluentHold(S, t)\FluentHold(S',t) and

N Fp - @

Now we informally explain the predicates A CCEPTANCE and actual. Consider Fig. 7 and assume that the
actual line is the top line of the situation axis. Assume that the current time point is 10 and an action ¢; which
changes the belief about the past at time point 5 takes place. As we observe we start to construct a new actual
line which is the bottom line of the situation axis. In order for the execution of action «a; to be acceptable the
fluents in Fp must not change their truth values. This mean that at time points 5 and 6 situation S, (in the new
actual line) and situation S; (in the previous actual line) must contain the same truth values for all fluents
which belong in the Fp. Also at time points 7 and 8 situation S, (in the new actual line) and situation S
(in the previous actual line) must contain the same truth values for all fluents which belong in the Fp. At time
point 9 situation Sy (in the new actual line) and the situation S; (in the previous actual line) must contain the

® Because some fluent ceases to hold.
10 With the execution of the algorithm which we propose in the following sections.
1 This means that there is no change in the fluents of set Fp.
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Fig. 8. The branching axes.

same truth values for all fluents which belong in the Fp. In any opposite case the action must be rejected and
the actual line remains the top line. The predicate Acceptance(S,,6) is true if and only if the following holds:

[FluentHold(S,) \ FluentHold(S>,)|NF, =10

Consider Fig. 8. Assume that the current time point is 10 and the actual line is the top line (contains sit-
uations Sy, Spo, S1, S3). As we observe the following hold:

start(Sy) =0 end(S)) =4
start(So0) =4  end(Spy) =6
start(S1) =6 end(S3) =17
start(S;) =7 end(S;) = 10
Assume the execution occur(a;, 10,5). As we observe action a; changes the belief about the past (az time

point 5). Thus we must construct the new actual line. The construction of the new actual line concludes the
three steps (as seen in the formal definition).

Step 1. For situation S, the following holds:
start(Sy) =0 < end(Sy) =4 <5

This means that situation S, is in the new actual line.'?
Step 2. For situation Sy the following holds:

start(Sop) =4 <5 < end(Spy) = 6

12 The changes happen after the end of situation S,. Thus the past does not change in the time interval in which situation S, holds.
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This means that in the time interval that situation Sy, holds happens the change of the past. The end of sit-
uation Sy, change end(Syg) = 5. Situation Sy is in the new actual line in the time interval [4,5]. At time point 5
it must be producing a new situation such that it contains the effects of action a;.

Step 3.For situations S; and S5 the following hold:

start(S;) =6 > 5
start(S3) =7 >5

The new actual line does not contain situations S;, S3 because their start is after the change of the past and
thus we must formulate a new situation which contains the effects of action a;. These new situations are S, Sy
such that start(S,) = 5.

5.3. Fluent dependencies

This section describes an algorithm that discovers dependencies between fluents in the case that an action
changes the belief about the past. We must distinguish between the future and the past because some fluents
cannot change the truth value in the past. More specifically it is possible a fluent can affect a fluent in the
future but it cannot affect in the past. In the case of that change in the future the algorithm is the same as
we present in Section 4.

In the past only the fluents belonging to F can change their truth value. In order to achieve that we change
the algorithm as follows:

1. For each f'c Gy, /' € K5, where G,D K is a specified constraint then
(a) if fluent f” ¢ F, then add the pair (f,f") € L.

2. For each fe G,f" € K;, where Gr= K/ is a specified constraint do
(a) If f can change its truth value as the direct effect of an action and f* ¢ F,, then add (f,f) in I.
(b) If /" can change its truth value as a direct effect of an action and f ¢ F, then add (/,f) in 1.

5.4. Production of static rules

As we have already seen the binary relation 7 is defined twice, first is the case that the effects refer to the
future, and second is the case that the effects refer to the past. The set of the static rules will be derived from
the set of integrity constraints and from the binary relation /. This means that the set of static rules is not the
same in the above two cases. Thus we construct two binary relations Igyure and Ip,s and two set of static rules
RFuture and RPast-

An action may change the future and the past too, but this happens in different executions (e.g.,
occur(take_pardon(p,24,21)) and occur(take_pardon(p,24,25)). If an action changes the past at time point
t' <now then in the time interval [¢’,now) we evaluate the set of static rules Rp,s. At each time ¢ > now we
evaluate the set of static rules Reyture-

Notice that in this paper we do not consider the combination of the concurrent execution of actions, some
of the change refers to the past and some to the future. Such a combination poses difficult problem which will
be addressed in a future work.

5.5. Case 1: Change in the past may affect all the fluents

In this case
Fp=10
Fs¢=F
Acceptance(S,t) = TRUE
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where F is the set of fluents. All fluents may change their true value in the past, the predicate Acceptance is
always true.'® Also there is one set of static rules which is evaluated regardless of whether the effects of an
action change the future or the past. Thus the set of static rules is the same as we have presented in the pre-
vious section. We propose the following algorithm which returns a consistent situation at each time point (the
ramification problem).

Algorithm 1 for constructing a consistent situation

1. At each time point at which some action which changes the truth value of some fluents at time point ¢’ in the
past is executed, do: evaluate the dynamic rule which refers to this action, evaluate the static rules (until no
change occurs) and set £ = {S},#'}, where S is the new situation at the smallest time point ¢ to which the
effects of the action are referred.

2. Repeat the execution for the smaller time point ¢’ above. Every time an action is executed, add it to set E.
At every time ¢’ that change situation into a new situation S, do:
o If the tuple (S,,7") is already in E then call the rejection algorithm and go on without the action which it

rejected.

¢ Else go on until no change occurs

3. At each time point at which no action is executed which change the past do: evaluate the dynamic rule (if
some action executed). Evaluate the static rules until no change occurs.

Notice that set E contains the situations which are produced as effects of the change of the past. This helps
us to understand when there is an infinite loop, which happens when we formulate the same situation at the
same time point. In that case three are two same pairs (S,7) in set E. Set E; contains the action which takes
place after the execution of the action which changes the past. Thus when there is an infinite loop we must
reject one action which is in set E). This is achieved by the following algorithm:

The algorithm for the rejecting actions

1. If in the set of actions E) there are two actions a,a, such that a; D f;([t1,]]) and a> D —fi([t»,1,]) and
occur(ay, t3,t1) and occur(as, ty, 1) and t, < t; < t3 < t4 then reject the ay.

2. Else reject the action which was executed more recently in the current time moment.

Example 1 (continued from Section 5.1). We have the execution

occur(misdemeanor(p),20,20), occur(take_pardon(p),24,21)

The time starts at 0 and has the granularity of months. Consider the initial situation:

So = {~take_bonus(p, [0, 00)), take_salary(p, [0, c0]),
—suspended(p, [0, 0]), good_employee(p, [0, oc]), —illegal(p, [0, c]),
position(p, 1,0, 38), salary(p,3,0,2)}
At time point 20 the action misdemeanor executes and the new situation becomes

S| = {~take_bonus(p, [0, <)), ~take_salary(p, [20,25]),
take_salary(p, [[0, 20], [25, c]]), suspended(p,[20,25]),
—suspended (p, [[0, 20], 25, 0]]), —good_employee(p, [0, 0]), illegal(p,[20,25]),
—illegal(p, [[0,20], [25, 0]]), position(p, 1,20,58),salary(p,3,20,22)}

Time point 22 is the time that a public worker could take increase and promotion. This cannot happen
because s/he is illegal. At time point 24 the situation is

13 Notice that the predicate Acceptance ensures that the fluents which belong to the set of F» do not change their truth value in the past.
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S| = {~take_bonus(p, [0, 00]), —take_salary(p,[20,25]), take_salary(p,[[0,20],[25,cc]]),
suspended (p, [20, 25]), —suspended (p, [[0, 20], [25, o0]]),
—good_employee(p, [0, 0]), illegal(p,[20,25]), —illegal(p, [[0,20],[25, o0]]),
position(p, 1,24,62), salary(p, 3,24,26)}
Suppose that at time point 24 the public worker takes pardon which means that for time 21 the public

worker stops to be assumed illegal(occur(take_pardon(p),24,21)). Now we repeat the execution for time point
21. The new situation at time point 21 is

S = {~take_bonus(p, [0, 0]), —take_salary(p,[20,25]), take_salary(p, [[0,20], 25, oc]]),
suspended(p, 20, 25]), —suspended(p, [[0, 20], [25, <]]),
—good_employee(p, [0, x0]), illegal(p,[20,21]), —illegal(p, [[0,20], [21, c0]]),
position(p, 1,21,59), salary(p,3,21,23)}
At time point 22 the following static rule will be evaluated
position(p, 1,22,60) A —suspended(p, [21, 00]) D position(p, 2,22, 0)
salary(p, 3,22,24) A —suspended(p, [21,00]) D salary(p,4,22,0).

Now the new situation is

S| = {~take_bonus(p, [0, ]), —take_salary(p,[20,25]),
take_salary(p, ([0, 20], [25, c]]), suspended(p,[20,25]),
—wsuspended (p, [[0, 20], 25, ]]), —good_employee(p, [0, 00]), illegal(p,[20,21]),
—illegal(p, [[0,20],[21, 0]]), position(p,2,22,0),salary(p,4,22,0)}
At time point 24 the action take_pardon(occur(take_pardon(p),24,21)) executes again but it does not change

the past because the public worker is not illegal at time point 21. This means that the algorithm does not repeat
the execution from time point 21 but it goes on at time point 25.

Example 3 (continued from Section 5.1).
occur(misdemeanor(p),26,20),  occur(take_pardon(p),27,22)
The time starts at 0 and time has the granularity of months. Consider the initial situation

So = {—take_bonus(p, [0, <)), take_salary(p, [0, c]),
—suspended (p, [0, 00]), good _employee(p, [0, oc]), —illegal(p, [0, c]),
position(p, 1,0,36), salary(p,3,0,0)}
At time point 24 the actions grant_promotion and grant_increase will be evaluated. Now the new situation is
S'. At time point 26 occurs the action misdemeanor which tells us that the public worker has done something

illegal at time point 20. This means that the situation must change at time point 20 in situation S7. Now we add
(57,20) in to set E and the action misdemeanor in to set Ej.

E ={(58],20)}E, = {misdemeanor}

But at time point 27 is executed the action take_pardon which tells us that the public worker stopped being
illegal at time point 22. Now the new situation is S.

Sy = {—take_bonus(p, [0, <)), —take_salary(p,[20,25]),
take_salary(p, [[0, 20], [25, c]]), suspended(p,[20,25]),
—suspended (p, [|0,20], [25, 0c]]), good_employee(p,[0, <)), illegal(p,[20,22]),
—illegal(p, [[0,20], [22, 00]]), position(p, 1,20, 56),salary(p,3,20,20)}

We add the pair (S5,22) in to set E and the action take pardon in to set E;.
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E ={(57,20),(S,,22)} E; = {misdemeanor, take_pardon}

We repeat the execution from time point 22 and at time point 24 the actions grant_promotion and take_sal-
ary must be executed. But at time point 26 we must again execute the action misdemeanor. We know that
occur(misdemeanor(p),26,20) D illegal(p,[20,25]). But at time point 20 situation S} holds and in that situation
the fluent illegal is true at time point 20, because illegal(p, [20,25]) € S}. This means that the action misde-
meanor does not change the belief about the past and thus the algorithm does not evaluate the above dynamic
rule.

Example 4 (continued from Section 5.1).
occur(misdemeanor(p),26,23), occur(take_pardon(p),27,22)
Consider the same initial situation as in the previous example.

So = {—take_bonus(p, [0, <)), take_salary(p,[0, <)),
—suspended(p, [0, 00]), good _employee(p, [0, oc]), —illegal(p, [0, <)),
position(p, 1,0, 36), salary(p,3,0,0)}
We now have that the actions grant_increase and grant_promotion are executed at time point 24. The new
situation is .
S = {—take_bonus(p, [0, x)), take_salary(p, |0, c]),
—suspended(p, [0, 00]), —good_employee(p, [0, x0]),
—illegal(p, [0, 00]), position(p,2,22,0),salary(p,4,22,0)}
After the execution of the action misdemeanor we repeat the execution for time point 23. The new situation
at time point 23 is S)
S, = {~take_bonus(p, [0, 0]), —take_salary(p,[23,28]),
take_salary(p, [[0,23], 28, o0]]), suspended(p,[23,28]),
—suspended (p, [[0, 23], [28, ¢]]), —good_employee(p, [0, 00]), illegal(p,[23,28]),
—illegal(p, [[0,23],[28, 0]]), position(p,1,23,59),salary(p,3,23,23)}
We add (S5,23) into E and the misdemeanor into E,.
E = {(S53,23)} E, = {misdemeanor}
At time point 24 we do not execute the two natural actions. After the execution of the action take_pardon at
time point 27 we repeat the execution for time point 22. Now the situation at time point 22 is S,.
Sy = {—take_bonus(p, [0, <)), —take_salary(p,[20,25]),
take_salary(p, [[0, 20], [25, c]]), suspended(p,[20,25]),
—suspended(p, [|0,20], [25, 0c]]), good_employee(p,[0,0]), illegal(p,[20,22]),
—illegal(p, [[0,20], [22, o0]]), position(p,1,20,56), salary(p,3,20,20)}
We now add the (take_pardon,22) into E and the take_pardon into Ej.
E ={(55,23),(5,,22)} E| = {misdemeanor, take_pardon}

We repeat the execution from time point 22 and at time point 24 must execute the actions grant_promotion
and take_salary. But at time point 26 we again execute the action misdemeanor. Now the new situation at time
point 23 is the S;. But (S3,23) € E. Thus we must call the rejection algorithm. This algorithm found that
E| = {misdemeanor, take_pardon} and

occur(misdemeanor(p),26,23)) D illegal(p,[23,28])
occur(take_pardon(p),27,22) D —illegal(p, [22, 0])
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Fig. 9. The effects in the past.

We observe that 22 <23 <26 <27, which means that the algorithm rejects the action misdemeanor(p). This
means that we do not execute the action misdemeanor(p) for a second time, so the infinite loop is broken.
We now present two formal results for the above algorithm.

Theorem 5.1. The above algorithm always returns a consistent situation in the case that some action could
change all the beliefs about the past.

Proof. Let ¢ be the earliest time at which a change occurs. We must ensure that there is a sequence of consis-
tent situations from ¢ until the current time point.

Assume that an action « takes place in time point #; and changes the belief about the past in time point 7 < ¢;.
In that case we can assume without loss of generality that we take the sequence of situations from ¢, (the start of
time) until 7, and action a will be executed at time point ¢ and its effects start to hold from this time point.'* Now
it is suffices to prove that all situations from time point 7 until the current point are consistent (Fig. 9).

As we observe the algorithm at each step (steps 1-3) evaluates the static rules until no change occurs. The
three steps (together) cover all time points. So it is enough to prove that if an integrity constraint is not
satisfied at a time point then there is a static rule which is executable and after its execution the integrity
constraint will be satisfied.

Suppose that at time point ¢ (¢ <t < t;) the algorithm returns a situation S. Assume that integrity
constraint Law; is not satisfied in situation S, and let its CNF be C; A --- A C,.. Then one of the C,,...,C, is
false. Assume that C; =f; V --- V f,, is false. Then all fluents f;, j = 1,...,m are false. Assume that f; and f, are
two of these for which (fg.f,) € I (by Theorems 4.1 and 4.2 there is at least one such pair). Then for the
algorithm of the production of static rules (steps 3 and 4) we have that for f, it must be the case that:
G, (t,L) =G (. )V (= NSty j=1,....,m,j#p). If all fluents f;, j=1,...,m are false then (- A1
Jj=1,...,m,j#p) is true. Thus Gy (¢) is true. This means that the static rule G, (¢,L) D f,(L) must be
evaluated and thus, f, is true. A contradiction. [

We must prove that the algorithm avoids the infinite loops.
Theorem 5.2. The above algorithm terminates always.
Proof. In order to prove that the algorithm does not go into infinite loops we must prove that:

1. First the execution of static rules returns a consistent situation in a finite number of steps.
2. Second the repeat of the execution of actions (from a time point in the past until now) terminates. [

14 This means that the predicate occur(a, t;, t) is “equivalent” to the predicate occur(a, t, f). For example consider Fig. 9 and assume that
the current time point is 10 and the actual line is the top. We execute the action occur(ay, 10,5). Then the new actual line contains situations
So, Soo until time point 5. This means that in the time before 5 the old and new actual line are the same. At time point 5 the effects of
actions a; start to hold. Between time points 5 and 10 we must estimate the new actual line (S5, S;). This is equivalent to the execution
occur(ay,5,5) in situation Syo, because the actual line will be the same.
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Proof 1. Assume that at time unit ¢ the algorithm does not terminate. Then, there must be an infinite loop.
Assume that S” is the initial situation at time ¢. Then, there is a non-terminating sequence S°, 8!, ..., s% ...1°

In this proof, the term ‘“‘situation” means the truth value of the fluents. Thus the transition from one
situation to the next happens only when a fluent changes its truth value.'® Notice that because a static rule is
evaluated only when the corresponding fluent is false, it is not possible that a static rule G(¢,¢') D f(t') is
evaluated when fluent f'is true in point 7. The static rule will be evaluated when f becomes false. Thus the
transition from one situation to the next occurs only when fluent f/ changes from f to —f.

If Fis the number of fluents then there are 27 different situations Thus in the above sequence, there are two
identical situations because of the infinite loop. Without a loss of generality we assume Sﬁ = S’;, [<k.

Thus in the sequence S',...,S* there is at least one fluent f which changes from f to —f and eventually
becomes f again.

Assume that f’ is one such fluent, and consider the static rules associated with it.

G(t,7) D f'(L)
B(t,1") > =f"(L")
L'nL" #0

First suppose that / holds. Then we must evaluate the rule B(z,¢’) D —f" and afterwards the G(¢,¢') D f.
Then one of the following holds:

e At time ¢ the proposition G A B must be true. But the conditions G and B are mutually exclusive. A
contradiction.

e There is a sequence of static rules as Theorem 3.2 describes. In that case the integrity constraints are unsat-
isfiable. A contraction (the initial situation satisfies all integrity constraints). [

Proof 2. Assume that the algorithm executes an infinite sequence of actions. Let this happen after the execu-
tion of action « at time point ¢#; which changes the past at time point ¢. This mean that there is a sequence of
consistent situations (8%, ¢), (S}, ¢'),..., (¥, #),.... Step 1 of the algorithm adds the pair (S?,7) to the E and the
action a to Ej. Each time ¢’ that the situation changes to the new situation S’, step 2a add the pair (S',#') to E.
Also, when an action take places, step 2 adds it to E;. Thus all the above sequence of pairs is in E.

All the actions executed in the time interval [z, 7,] suppose that the earliest reference in the past is #°. Then
©*<1¢',...,/"<t. An infinite loop can only happen if some action is executed in the same situation infinite
times, since the number of action is finite. This means that there is (S, ) = (S, ). In that case the second
time that the tuple (S,,7') is produced the algorithm will reject the execution because the same tuple exist twice
in set E. In that case the algorithm rejects the execution of an action (from the set Ej) and repeats the
execution without the specific action. This process is repeated until no infinite loop occurs. [J

5.6. Case 2: Only some fluent could change in the past

This case is more complex because we must distinguish between fluents that may change in the past, and
fluents that change in the future only. For example, we might specify

Fp = {position, take_bonus}
Fs = {illegal, suspended, good_employee, take salary, salary}

We must product two different sets of fluent dependencies, one for each category of fluents. In our example,
the first is

15 The transition from one situation to the next happens after the evolution of one or more static rules.
1® This mean that each S} = FluentHold(S,,, t), for a temporal situation S,,.
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Trgure = {(illegal, suspended), (suspended , —take_salary),
(—suspended, —take_bonus), (good_employee, —take_bonus),
(—good_employee, take_salary), (—suspended, take_salary)}

The second is referred in the past

Ipase = {(illegal, suspended), (suspended,—take_salary),
(—good_employee, take_salary), (—suspended,take_salary)}

Now the algorithm of product static rules return two sets, one for the future effects and one for the past
effects.!”

Rruure = {illegal(p,L) D suspended(p, L), suspended(p, L) D —take_salary(p,L),
—suspended(p, Ly) A good_employee(p, L) D take_bonus(p,L; N Ly)),
—good_employee(p, L) D —take_bonus(p, L), —~suspended(p, L) D take_salary(p,L)}

and

Rpase = {illegal(p, L) D suspended(p, L), suspended (p, L) D —take_salary(p,L),
r—suspended(p, L) D take_salary(p,L)}

[Past g IFuture
RPasl g RFuture

always hold because all fluents can change their truth value in the future. Thus all fluents “participate” in the
producing sets Iryure and Rpyre (set of static rules). Only some fluents can change their truth value to the
past. Only these fluents can “participate” in the producing sets Ip,s and Rp,g. Thus for each pair (f,f') € Ipas
we have that (f,f') € Iruwre While for each pair (f1,/5) € Iruwre SUch that f7 or f> cannot change its truth value to
the past we have that (f1, f>) & Ipas. Steps 3 and 4 of the algorithm for producing the static rules and the num-
ber of static rules depend on the set of fluent dependencies /. For each pair in [ there is a corresponding static
rule. Thus the set Rpyuure 18 superset of Rpgg.

We must extend the algorithm which is present in the previous section in order to solve the ramification
problem in this case. The algorithm returns a sequence of consistent new situations.

Algorithm 2 for constructing a consistent situation
1. At each time point at which some action is executed and changes the truth value of some fluents in the past
do:

(a) Execute the dynamic rule which refers to this action, execute the static rules which belongs to set Rp,s:,
set E= {(S1,?")}, where S is the new situation at the smallest time point ¢ to which the effects of the
action refer. Then:

(1) If Acceptance(S,,t') holds then go on,
(ii) Else reject the execution of the action.

(b) Repeat the execution from the earliest time point to which the effects of the action refer. Every time that
an action ¢ must be executed.

o if it has direct effect to change a fluent which belong in the set Fp then reject the action
e ¢clse add the action to set Ej.

Every time ¢’ that change situation into a new situation S, do

(1) If Acceptance(S,,t") holds then add (S»,?") to E else call the algorithm of rejection of an action.

'7 The algorithm for deriving static rules is the algorithm which we present in Section 4. This algorithm depends on set 1. Given different
inputs (€.g., Ipast, [ruture)> it Will return different sets of static rules.
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(i1) Else if the pair (S, ") there is already in E then call the algorithm for rejecting actions and go on
without the action which is rejected.
(iii) Else go on until no change occurs
2. At each time point at which some action which does not change the past executes do: execute the dynamic
rule which refers to this action, execute the static rules which belongs to set Rgyu,e Until no change occurs.
3. At each time point ¢ > now execute the static rules of Rgyu, until no change occur.

The algorithm for the rejecting actions was presented in the previous section.

Example 3 (continued from Section 5.1).
occur(misdemeanor(p),26,20), occur(take_pardon(p),27,22)
The time starts at 0 and has the granularity of months. Assume the initial situation
So = {—take_bonus(p, [0, <)), take_salary(p,[0, <)),
—suspended(p, [0, 0]), good_employee(p, [0, oc]), —illegal(p, [0, <)),
position(p, 1,0, 36), salary(p,3,0,0)}
At time point 24 the natural actions grant_promotion and grant_increase are executed. Now the new situ-
ation is
S| = {~take_bonus(p, [0, x)), take_salary(p,[0,c]),
—suspended(p, [0, 0]), ~good_employee(p, [0, o)), —illegal(p,[0,0]),
position(p,2,0,0),salary(p,4,0,0)}

At time point 26 occurs the action misdemeanor which tells us that the public worker did something illegal at
time point 20. So the situation must change at time point 20 as follows:

S| = {~take_bonus(p, [0,00]), —take_salary(p,|20,25]), take_salary(p,][[0,20],[25, >]]),
suspended (p, [20,25]), ~suspended (p, [0, 20], [25, oc]]),
—good_employee(p, [0, 0]), illegal(p,[20,25]), —illegal(p, [[0,20],[25, o0]]),
position(p, 1,20, 56), salary(p, 3,20,20)}

Now the actions grant_promotion and grant_increase cannot be executed at time point 24. They will be exe-
cuted at time point 25 which referred to in the past. But if the action grant_promotion executed at time point 25
despite at 24 the fluent position € Fp changes value in the past (the change happens at time point 24 at which
before the execution of the action misdemeanor the public worker has taken promotion and thus was one posi-
tion greater while after the execution does not take promotion and remains in same position). In order to
avoid this we must reject the execution of action misdemeanor. This must be because the action misdemeanor
disqualifies the action grant_promotion which change the truth value of a fluent which belong in the set Fp.

The above algorithm does that because after the execution of action misdemeanor at time 24 situation is the
S'. Before the execution of action misdemeanor at time 24 the situation is S| and S \ S| = {position} C Fp.

This mean that the predicate ACCEPTANCE(SY,24) = FALSE. Thus the algorithm reject the execution of
action occur(misdemeanor(p),26,20).

Example 2 (continued from Section 5.1). Consider now the following execution:

occur(take_pardon(p), 26, 20)

The time start at 0 has the granularity of months. Assume the initial situation

So = {~take_bonus(p, [0, c]), —take_salary(p,|0,21]),take_salary(p,[21, oc])
suspended(p, [0, 21]), —suspended (p, [21, oc]), —good_employee(p, [0, 0)]),illegal(p,[0,26]),
—illegal(p, [26, <)), position(p, 1,0, 36), salary(p,3,0,0)}
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At time point 21 the static rules which correspond to the fluents suspended, —take_salary will be evaluated
and the new situation is
Sy = {~take_bonus(p, [0, ]), —take_salary(p,|21,26]), take_salary(p, 26, c]),
suspended(p, [21,26)), —suspended (p, [26, >0]), —good_employee(p, [0, 0]), illegal(p, [0,26]),
—illegal(p, [26, <)), position(p, 1,0, 36), salary(p,3,0,0)}

At time point 24 the actions grant_promotion and grant_increase cannot be executed. At time point 26 the
action take_pardon is executed and changes the past at time point 20 (at situation Sy). The new situation at
time point 22 is

S| = {~take_bonus(p, [0, 0]), take_salary(p,[21,0]),
—suspended (p, [21, 00]), good_employee(p, [0, c0]), —illegal(p,[20, 0]),
position(p, 1,22, 58), salary(p, 3,22,22)}

Now at time point 24 the preconditions of actions grant_promotion and grant_increase hold, but the action
grant_promotion cannot be executed because it changes the truth value of the fluent position which cannot
change is value in the past. Thus only the action grant_increase will be executed. Now the new situation at
time point 24 is

S| = {—take_bonus(p, [0, 0)), take_salary(p, [21, x]),
—suspended (p, [21, 00]), —good_employee(p, [0, 0]), —illegal(p,[20, 0]),
position(p, 1,24, 60), salary(p,4,24,0)}
Assume the same execution, but the initial situation
So = {—take_bonus(p, [0, 00]), —take_salary(p,[0,21]), take_salary(p, [21, x0]),
suspended(p, [0, 21]), —suspended(p, [21, o0]), good_employee(p, [0, <)), illegal(p,|0,26]),
—illegal(p, 26, xd]), position(p, 1,0, 36), salary(p,3,0,0)}
The difference is that now the fluent good _employee holds. At time point 21 the static rules which corre-
sponded to the fluents suspended, —take_salary will be evaluated and the new situation is
Sy = {~take_bonus(p, [0, c)), —take_salary(p,|21,26]), take_salary(p, 26, c]),
suspended(p, [21,26)), —suspended (p, 26, x0]), good_employee(p,[0,0]), illegal(p,[0,26]),
—illegal(p, [26, x]), position(p, 1,0, 36), salary(p,3,0,0)}
At time point 24 the actions grant_promotion and grant_increase cannot execute. At time point 26 the action
take_pardon executes and changes the past at time point 20. The new situation at time point 22 is
S| = {~take_bonus(p, [0, 0]), take_salary(p,[21, o)),
—suspended (p, [21, o0]), good _employee(p, [0, oc]), —illegal(p, |20, 0]),
position(p, 1,22, 58), salary(p,3,22,22)}
After the execution of the static rules Rp, the situation becomes:
S| = {—take_bonus(p, [0, x]), take_salary(p,[22,]),
—suspended(p, [22,0]), good_employee(p,[0,0]), —illegal(p,[22,]),
position(p, 1,22, 58), salary(p,3,22,22)}
This situation is not consistent because the following integrity constraint
—suspended(..) A\ good_employee D take_bonus(- - -)

is violated. Thus we must reject the execution of the action take_pardon. Notice that in the set Rpyure there is
the static rule —suspended(L;) N good_employee(L,) D take_bonus(Ly N L,) which is executable in the situation
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S!'. By Theorem 3.1 we have that when a static rule is executable in a situation then this situation is inconsis-
tent. We use that in order to describe a way to find these inconsistent situations. The following algorithm dis-
covers inconsistent situations.

Algorithm for checking consistency of a situation

1. After the completion of the execution of static rules in set Rp,s do
(a) In the produced situation try to evaluate the rules which belong to the set Rryiure\Rpast-
(b) If at least one rule evaluates then the situation is inconsistent.
(c) Else it is consistent.

This algorithm is executed every time that the previous algorithm returns a situation. If it returns an incon-
sistent situation the predicate Acceptance become false.

Theorem 5.3. The above algorithm discovers all inconsistent situations.

Proof. Assume that a situation S is inconsistent but the algorithm returns “consistent”. Then there must be an
integrity constraint Law; which does not hold in S. Assume that Law; = C; A --- A C,. Then at least one of the
Ci,...,C, must be false. Assume that C;is false and C;=f; V --- V f,,. Thus f; is false for each /=1, ...,m. By
Theorems 4.1 and 4.2 we have at least one pair (f.f,) € and C; = fi V f, V C;. There are two cases. First
Jp € Fs. Then by steps 3 and 4 of the algorithm of production of static rules we have that: G, (1,..) =
GV (=Nt j=1,....mj#p)) and G (t,..) D f, € Rpase. If all fluents f;, j=1,...,m are false then
(=Afij=1,...,m,j# p) is true. Thus G, (¢) is true. This means that the static rule Gy, (t,..) D f,(..) must
be evaluated (before the calling of the consistency checking algorithm) and thus, f, is true. Thus C; is true
and Law; is satisfied. So the situation return Algorithm 2 which is not inconsistent. A contradiction.

Second case is f, € F,. Then the rule (G (t) D f,) & Rpast. Then by steps 3 and 4 of the algorithm of
production of static rules we have that: G, (1) =G V(= Af(t,j=1,...,m,j#p)). If all fluents f,
Jj=1,...,mare false then (= A f;,j =1,...,m, j # p) is true. Thus Gy, (t,..) is true (at time point ¢). So that the
rule is executable in situation S but Algorithm 1 did not evaluate as it does not belong to set Rp,g. This rule
belongs t0 Rruture- Thus (Gy, (¢,..) D fp(t,..)) € (RFuture \ Rpast). The algorithm discovered the above static rule
is executable in S and returns inconsistency. A contradiction.

Now we must prove that the algorithm which was present in the previous section together with the above
algorithm always terminate in a finite number of steps and return a consistent situation.

Theorem 5.4. The algorithms always return a consistent situation

Proof. The above algorithm discovered all the inconsistent situations. The algorithm in the previous section
before returning a situation calls the algorithm for discovery inconsistent situations. This means that it cannot
return a inconsistent situation. If a situation is inconsistent then it call the algorithm of rejection actions. [J
Theorem 5.5. Algorithm 2 always returns a consistent situation

Proof. The above algorithm discovered all the inconsistent situations which Algorithm 1 returns. Algorithm 2
before accepting a situation calls the consistency checking algorithm which discovered all inconsistent situa-

tions. This means that it cannot accept an inconsistent situation. [

Theorem 5.6. The algorithms terminate in a finite number of steps.

The proof is similar with Theorem 5.2.

1% We have assume that the algorithm return consistent.
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5.7. Case 3: The effects of changes of the past start to hold from the current time point

First we explain this case using an abstract example.

Consider in Fig. 10. Assume that the top line is the evolution of the world and at time point 11 the action a,
takes place due to the changes the past at time 3. The evolution of the world before the execution of the action
ar is

start(So) =0 end(Sp) =3
start(S;) =3 end(S)) =5
start(Sy) =5 end(Sy) =17
start(S3) =17

We now evaluate the dynamic rule which corresponds to the action a, (at point 3). Then we evaluate the
static rules until the current time point 11. Notice that we do not re-execute the action ¢, at time point 5. The
new situation at time point 11 is S4. Now we have that end(S3) = 11 and start(S4) = 11. The situations S5 and
S¢ after the end of ““virtual” execution do not exist. The evolution of the world after the evolution is

start(Sy) =0 end(Sp) =3
start(S)) =3 end(S)) =5
start(Sy) =5 end(Sy) =17
start(S;) =7 end(S;) =11
start(S4) = 11

As we observe the effects of the action «, start to hold from the current time point (time point 11), while it
does not change the evolution of the world in the past (the situations S5 and S after the end of “virtual” exe-
cution does not exist).

In this case no fluent changes its truth value in the past. As we already explained we create a “‘virtual”
sequence of situations from a time point in the past until the current time point but we adopt only the last
as the current situation. We assume the past situations as they were before the execution of the action which
gives us information about the past. Notice that in order to create the “virtual” sequence of situations we exe-
cute all the static rules. This happen because we adopt only the last situation and thus no fluent changes its
truth value in the past. The important in this case is to produce a consistent situation which starts to hold from
the current time point and encapsulates the effects which are created if we change the past.

In this case it is not necessary to assume that the situation and action axis are branching. The linear cor-
respondence of Fig. 2 is sufficient. This happens because first we do not change the situation in the past but in
the current time point, and second we do not re-execute actions in the past.

Consider the last execution of the previous chapter. In that execution the action occur(take_par-
don(p),26,22) has been rejected because it has as consequence an inconsistent situation. Now we do not reject
this action because we may execute all static rules and produce a consistent situation for time point 26.

SO S1 S2 S3 S4

® ® SITUATION AXIS
S5 Py ﬁ virtual execution
0.3 & s & 8 3 o & TIME AXIS
al a2
° P ACTIONS AXIS

Fig. 10. The scenarios of execution.
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Example 2 (continued from Section 5.1).
occur(take_pardon(p), 26,20)
The initial situation.

So = {~take_bonus(p, [0, )), —take_salary(p,[0,21)), take_salary(p,[21,oc]),
suspended (p, [0,21)), —suspended (p, [21,00]), good_employee(p,[0,x]), illegal(p,[0,26]),
—illegal(p, [26, c]), position(p, 1,0, 36), salary(p,3,0,0)}
At time point 21 the static rules which corresponded to the fluents suspended, —take_salary will be evaluated
and the new situation is
Sy = {—take_bonus(p, [0, c|), —take_salary(p,[21,26]), take_salary(p,[26,c]),
suspended(p, [21,26)), —suspended (p, [26, >0]), good_employee(p, [0, <)), illegal(p,[0,26]),
—illegal(p, [26, <)), position(p, 1,0, 36), salary(p,3,0,0)}
At time point 24 the actions grant_promotion and grant_increase cannot execute. At time point 26 the action
take_pardon executes and changes the past at time point 20. The new situation at time point 22 is
S| = {~take_bonus(p, [0, ], take_salary(p, 21, ]),
—suspended(p, [21,00]), good_employee(p, [0, 0]), —illegal(p,[22,]),
position(p, 1,22, 58),salary(p,3,22,22)}

We now can execute all the static rules and the final situation will be

S| = {take_bonus(p, [22, x|), take_salary(p, [21, o0]),
—suspended (p, [21, 00]), good _employee(p, [0, o0]), —illegal(p, [20, o)),
position(p, 1,22,58), salary(p, 3,22,22)}

The difference from the above two cases is that there we had start(S;) = 22, while now we want to find a
situation S| s.t. if no action is executed from time point 22 until now (26), then S| is the situation in 26. Thus at
time point 26 the new situation is

S, = {take_bonus(p, [22, 0]), take_salary(p,[21,0]),
—suspended(p, [21, o0]), good_employee(p, [0, 00]), —illegal(p, [20, 0]),
position(p, 1,26, 62), salary(p, 3,26,26)}
As we observe at time point 26 the actions grant_promotion and grant_increase must be executed. Thus the
new situation is
Sy = {take_bonus(p, [22, xd|), take_salary(p, [22, o0]),
—suspended (p, [22, 00]), good_employee(p, [0, o0]), —illegal(p, [22, ¢]),
position(p,2,26,0), salary(p,4,26,0)}

We want an algorithm which produces the current consistent situation. The following algorithm addresses
the ramification problem in the last case.

Algorithm 3 for producing a consistent situation
1. If an action (occur(a, t, t;)) which changes the past (#; <) is executed then
(a) Execute the dynamic rule at situation S s.t. Actual(S, ;).
(b) Execute the static rules in the new situations until no change occurs.
(c) At each time point until the current time point execute the static rules.
(d) Return the last situation S’
(e) Set Actual(S',1).
2. Else execute the dynamic rule and afterwards the static rules until no change occurs.
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In this case there is no case of infinite loops because we do not re-execute the actions.

Theorem 5.7. The above algorithm returns a consistent situation in the case that the action change the belief
about the past but the effect start to hold from the current time point.

Proof. Assume that the algorithm returns an inconsistent situation.

So there is an integrity constraint which is not satisfied. Assume that integrity constraint Law; is not
satisfied in one situation. Assume that the CNF of this law is C; A - -+ A C,,. Then it must be the case that one
of the Cy,..., C, is false. Assume that C;=f; V ---V f,, is false. Then all fluents f;, j=1,...,m are false. Then
by Theorems 4.1 and 4.2 there are fluents f; and f, such that (f;.f,) € I and C; = f; V f, V C;. Then by steps 3
and 4 of the algorithm of production of the static rule we have that: G, (¢,...) = G'V (= A fi(t;,j = 1,...,
m,j# p)). If all fluents f;, j=1,...,m are false then (= A f;,j = 1,...,m,j # p) is true. Thus Gy (¢,..) is true.
This means that the static rule Gy (1,..) D f,(---) must be evaluated and thus, f, is true. This will happen
because at each step of the above algorithm we evaluate the static rules until no change occurs. Thus at each
time point we evaluate the static rules until no change occur. A contradiction. [

6. Conclusion and future work
6.1. Summary

In this paper we examine two infamous problems, ramification in the setting of temporal databases.

The ramification problem in temporal databases has many different views depending on the assumptions
one makes. Almost all solutions which have been proposed for the ramification problem are based on the per-
sistence of fluents. This mean that nothing changes except if an action takes places. This assumption simplifies
the solution of the ramification problem, but it is restrictive, because in a temporal reasoning setting the per-
sistence of fluents is unreasonable. This happens because when time consideration are imported, one action
could have as effect that the fluent fhold for ¢ time points after the execution of an action. The solutions based
on the persistence of fluents cannot encapsulate effects like the above. To achieve this we must specify the time
point of an action execution as well as the duration of its effects.

In order to address the ramification problem in temporal databases we propose an extension of the situation
calculus in order to encapsulate the time. We propose a new representation of fluents in order to be able to encap-
sulate the non-persistent effects of actions. More specifically, each fluent f'is represented as f{L), which means
that the fluent f'is true in the time intervals in the list L. Each element of the list L is a time interval [a, b], a <b.

In a temporal context, we need to describe the direct and indirect effects of an action not only in the
immediately resulting next situation but also possibly for many future or past situations as well. This means
that the world being modeled may change from one situation to another while the direct and/or indirect effects
of an action still hold. Also, in this time span other actions may occur leading to many different situations.

We address the ramification problem in a temporal database when the action changes the beliefs about the
past. The linear correspondences of Fig. 2 cannot represent the correspondence between situations, actions and
time in the case that the effects of the actions refer to past. This happens because after the execution of an action
which changes the past we repeat the execution from the time point (in the past), to which referred the effects of
the action. Thus we need a branching axis for the situation and an action axis. The time axis remains linear. We
propose the correspondence shown in Fig. 6. When an action changes the past we start two new linear axes, one
for the situations and one for the actions. As we observe each time there is a linear line in the branching axis of
situations which is the “actual” line. This line contains the situations which are the history of time point ¢.
Because we repeat the execution of actions after an action changes the belief about the past there is the problem
of infinite loops. We distinguish three cases and provided a solution for each one of them:

e When an action could change the value of all the fluents in the past. In that case the only problem is which
there are infinite loops.

e When an action could change the value in only some fluents in the past. In that case there are different sets
of fluents. The first set Fp contains the fluents which cannot change their truth value in the past, and the



432 N. Papadakis et al. | Data & Knowledge Engineering 59 (2006) 397-434

second set Fg contains the fluents which can change their truth value in the past.
In addition to the above problem we must ensure that the fluents which belong to Fp do not change their
value in the past. We extended the algorithm which was appropriate for the first case.

e When an action could change the value of all the fluents in the past but the effects affect only the current
situation. In this case it is not necessary to assume that the situation and action axes are branching. The
linear correspondence of Fig. 2 is enough. This happens because we do not change the situation in the past
but in the current time point and because we do not re-execute actions in the past.

6.2. Future work

As a future work we intend to address the ramification problem in the case that two or more actions are
executed concurrently and their effects may refer both in the past and in the future. Assume the following
execution:

occur(grant _bonus(p), 10,7)
occur(bad_grade(p), 10,11)

This means that the following must hold:
take_bonus(p, [|7,00]]) A bad_employee(p, [[11, 0]])

This is consistent but
bad_employee(p, [[11,0]]) D —take_bonus(p,[[11,c]])

Finally the following:
take_bonus(p, [[7, oc]]) A —~take_bonus(p, [[11, o0]])

must hold. Now there are two choices. First to reject the execution of the two actions and second to accept

take_bonus(p, [[7, 11]]) A —take_bonus(p, [[11, o0]])

In that case there is the problem in which situation to execute the dynamic rules, and how to construct the
actual line between the smallest time point in the past (which some actions referred) and the time point in the
future. In our example we first executed the action which referred in the past and after the action which
referred in the future, etc.

Also as a future work we want to examine the ramification problem in the case when the effects of one
action is non-deterministic. For example suppose there is a new action grant_accolate which has as direct
effects to take bonus or take a pardon but not both of them. Consider the following execution:

occur(misdemeanor(p), 8)
occur(grant_accolate(p), 10)

occur(grant_promotion(p), 11)

As we observe if the action grant_accolate which takes place at time point 10 has as direct effect to take
pardon the public worker p then the action grant_promotion could be executed at time point 11. Else if it
has as direct effect to take bonus the public worker p, then the action grant_promotion cannot be executed
at time point 11.
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