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Abstract

In this paper we study the ramification problemin
the setting of temporal databases. Standard solutions
from the literature on reasoning about action are in-
adequate because they rely on the assumptions that
fluents persist and actions have effects on the subse-
guent situation only. We provide a solution based on
an extension of the situation calculus and the work
of McCain and Turner. More specifically, we study
the case where there are conflicting effects of actions
which executed concurrently, and we distinguish be-
tween hard and soft integrity constraints.

1 Introduction

Many domains about which we wish to reason are
dynamic in nature. Reasoning about action [8, 3] is
concerned with determining the nature of the world
(what holds in aworld state) after performing an ac-
tionin aknownworld state, and has found application
in areas such as cognitiverobotics[8]. In thiscontext,
the ramification problem[6] is concerned with the in-
direct effects of actionsin the presence of constraints.
Standard solutions to this problem [3, 2, 4, 5] rely on
the assumptions that fluents persist and that actions
have effects on the subsequent situation only.

In our work, we consider the ramification problem
in atemporal setting. In this context, actions are al-
lowed to have effects which may commenceat atime
other than the next time point, and the effects may
hold only for certain time. For example, a certain
misdemeanor may result in the suspension of an em-
ployee for a certain period of time, after which the
employeeis again active and may get asalary. So, in

a temporal setting the main assumptions of previous
solutions to the ramification problem are inadequate,
and we need new techniques. In [7], the problem has
been addressed for the casesin which actionsresult in
changes in the future (e.g., the promotion of an em-
ployee takes effect in two months).

In this paper, we consider the case where there
can exist inconsistencies between two or more con-
gtraints. Clearly, these constraints cannot be satis-
fied simultaneously. However, conflicts can be re-
solved if we consider different strengths of integrity
constraints.  Such a situation may arise in a legal
database where a specific law predominates a generic
one. Hereisan example:
public_worker(p,t) A experience(p, D, t)A

D < 25 = —manager(p,t)

public_worker(p, t) A bachelor(p) A experi—
ence(p,D,t) AN D > 20 — manager(p,t)

We propose the distinction of two types of con-
straints. (@) strict constraints that must always be sat-
isfied, and (b) defeasible (soft) constraints which can
be compared using a priority relation. Intuitively, a
defeasibe constraint must be satisfied if and only if it
does not contradict some strict constraint or a defea-
sible constraint of higher priority.

Our approachis based on the situation calculus [6]
and the work of McCain and Turner [5]. We ex-
tended the approach of [5] by introducing duration
to fluents, and by considering temporal aspects. As
we have explained in [7], in atemporal database we
need to describe the direct and indirect effects of an
action not only in theimmediately resulting next situ-
ation, but possibly for many future situations as well.



This means that we need a solution that seperates the
current effects (dynamic rules) from the futue effects
(static rules). Thisis neccessary beacause another ac-
tion may occur between them which cancels the fu-
ture effects. We adopt the McCain approach. When
an action take place a corresponding dynamic rules
will be evaluated in order to ensure the direct effects
of the action. At each time poit we execute a set of
static rules which encapsulate the indirect effects.

The paper is organised as follows. Section 2 de-
scribes the technical preliminaries, that are based on
previous work by the authors [7]. Section 3 presents
a motivating example for conflicting integrity con-
straints and our approach, while section 4 describes
an algorithm for controlling the application of static
and dynamic rules.

2 Technical Preliminaries

Our solution to the ramification problem is based
on the situation calculus [6]. However it is hecessary
to extend the situation calculus to capture the tempo-
ral phenomena, as done in the previouswork [7].

For each fluent f, anargument L isadded, where L
isalist of timeintervals[a, b],a < b. [a, b] represents
the time points {z|a < z < b}. Thefluent f istrue
in thetimeintervalsthat are contained in thelist L.

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

Actions are ordered as follows: a7 < as <

. < ap, When start(a,) < start(az) < ..... <
start(ay,).

Actions(instatnteous) a1, as, ....,a, are executed
concurrently if start(a;) = start(az) = ..... =
start(ay,).

The predicate occur(a,t) means that the action a
is executed at time moment .

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

The function FluentHold(S, t) returns the set of
all fluentsthat are true in the time moment ¢.

We define as non-tempora situation S in a time
point ¢ the situation S = FluentHold(S',t).

A transformation from a situation to another could

happen when the function FluentHold(S, t) returns

adifferenet set.
We define two types of constraints: (@) strict con-

straints that must always be satisfied, and (b) defeasi-
ble (soft) constraintsthat can be compared by a prior-
ity relation.

We define two types of rules. (@ dynamic
occur(a,t) — f([..]) which are executed when the
action a takes place; and (b) static rulesG ¢ ([a, b]) —
f([---]) which are executed at time point ¢ if the fluent
f isnot truein thetimeinterval [a, b].

The execution one dynamic or static rule has as
conseguence the transformation to a new situation.

We define as legal (consistent) asituationin which
al strict integrity constraints are satisfied, and each
defeasibe constraint is satisfied if and only if it does
not contradict some strict or defeasible constraint
with higher priority. Also, each function fluent has
only one value at each time point.

As we have aready said, the previous approaches
to solve the ramification problem are inadequate in
the case of temporal databases. We overcome these
difficulties with the time - actions - situations corre-
spondencethat appearsin figure 1.
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Figure 1. Time-Actions-Situations

There are three parallel axes: the situations axis,
the time axis and the actions axis. When an action
takes place or a static rule evaluated or cease to hold
a fluent, the database changes into a new situation.
The database change situation when we have trans-
form from one non-temporal situation to the next sit-
uation.

We base our work on the ideas of McCain and
Turner [5] who propose to use static rules to capture
the indirect effects of actions (based on integrity con-
straints in the particular domain), and dynamic rules
to represent the direct effects of actions. In our ap-
proach, for each action A there is a dynamic rule of
theform A — A F;(L}), whereeach F;(L}) is f;(L})
or —f; (L") for afluent f. These rules describe the di-
rect effects of an action. Hereis an example:
occur(misdemeanor(p),t) — illegal(p, [[t,t + 5]])



In addition, for each fluent f we define two rules,
G(L) — f(L)and B(L) — —f(L). G(L) isafluent
formulawhich, when is true (at list L), causes fluent
f to becometrue at the timeintervals contained in the
list L (respectively for B(L)). These rules encapsu-
late the indirect effects of an action. Here is an exam-
ple: illegal(p,[[2,7]]) — suspended(p,[[2,7]])

One cornestone of our previous work was the pro-
duction of the static rules from integrity constraints.
We do not repeat its description here, but refer the
reader to [7]. Themain property of theresulting static
rules is given the following theorem that has been

roved. i )
heorem 2.1 When a dtatic rule is executable at

least oneintegrity constraint is violated.
3 A Maotivating Example

Assume that if a public employee commits a mis-
demeanor, then for the next five months sheis consid-
ered illegal. When a public employeeisillegal, then
she must be suspended and cannot take promotion for
the entire time interval over which she is considered
illegal. Also, when a public employee is suspended,
she cannot receive a salary until the end of the sus-
pension period. Each public employee is graded for
her work. If she receives abad grade, then sheis con-
sidered a bad employee. If she receives agood grade,
then she is considered a good empl oyee and she may
take abonusif not suspended. Each public employee
receives an increase and a promotion every two and
five years, respectively, if not illegal.

We can identify five actions, misdemeanor,
good_grade, bad_grade, take_promotion and
take_increase and seven fluents good_employee,
illegal, take_salary, take_bonus, position,
suspended and salary. The fluent position(p,l, ;)
means that the public worker is at position [ for the
last t; months while salary(p, s,t1) means that the
public worker has been receiving sdlary s for the last
t; months. The direct effects of the six actions are
expressed by the following rules:

occur(misdemeanor(p),t) — illegal(p, [t,t+5])(1)
occur(bad_grade(p),t) —
~good_employee(p, [t, 00)) (2)
occur(good_grade(p),t) —
good_employee(p, [t, 00))
occur(take_increase(p),t) A salary(p,s,24) —
salary(p,s + 1,0) 4)
occur(take_promotion(p),t) A position(p,l,60) —

position(p,l + 1,0) (5)

where t is a temporal variable and the predicate
occur(misdemeanor(p),t) denotes that the action
misdemeanor(p) is executed at time ¢. The former
four rules are dynamic and executed every time that
the corresponding actions take place. The remaining
two are also dynamic but are executed periodically
because the corresponding actions take place period-
ically. Also we have and the following integrity con-
straints which give rise to indirect effects of the six
actions.

illegal(p, t1) — suspended(p, t1) (6)
suspended(p,t1) — —take_salary(p,ti) (7)

—suspended(p,t) A good_employee(p,t) —
take_bonus(p,t) (8)

—good_employee(p,t;) — —take_bonus(p,t1) (9)

—suspended(p,t1) — take_salary(p,t1) (10)

Therules(6-10) are static and executed every time.
This happens because there are effects of the actions
which hold for atime interval (e.g. the effect illegal
of the action misdemeanor which hold 5 time point
after the execution of the action). After the end of
the time interval s the effects pause to hold without an
action taking place. In the next section we describe
how we extended the solution of McCain and Turner
in order to addressthe problemin temporal databases.

We extend the example asfollows: 1)If she hasex-
perience more than 25 years then she can be a man-
ager. Otherwise she cannot be a manager. 2) If she
has a bachelor then she can be a manager if she has
experience of morethan 20 years. 3) If she hasamas-
ter then she can be amanager if she has experience of
more than 15 years. 4) If she has a PhD then she can
be a manager if she has experience of more than 10
years. 5)If she suspended then she cannot be a man-
ager in any case.

Now we havefive new fluentsmanager,bachelor,
master, phd and experience. The fluent
experience(p, D, t) means that the public worker p
have experience D at the time moment ¢. The above
constraints are equivalent with the follow

public_worker(p,t) A experience(p,D,t) A D
25 — manager(p, t) (1

N Ziv

public_worker(p,t) A experience(p, D,t) A D
25 — —manager(p,t) (12

—~

public_worker(p,t) A bachelor(p) A experience



p,D,t) A D > 20 — manager(p,t) (13)
publicworker(p,t) A master(p) A experience(
)

p,D,t) A D > 15 — manager(p,t) (14
public_worker(p, t) A\phd(p) Aexperience(p, D, t) A
D > 10 — manger(p,t) (15)
publicworker(p,t) A suspended(p,t) —
—manager(p,t) (16)

Assume that we have the public workers
Py, P>, P3, Py, Ps and thefO”O\Nlng khO\NeIdge

public_worker(Py,50), public.worker(Py, 50),
public_worker(Ps, 50), public_worker(Py,50),
public_worker(Ps, 50), bachelor(Ps), master(Ps),
phd(Py), phd(Ps), experience( Py, 24, 50),
experience(Py,21,50), experience(Ps, 16, 50),
experience(Py, 11,50), experience(Ps, 11, 50)

From the rule (12) there is no manager. From the
rule (13) P, isamanager. From therule (14) Ps isa
manager. From the rule (15) P, is a manager. From
therule (16) P5 is not a manager

As we observe in the first four cases there
is contradiction between rule (12) and the rules
(13),(14),(15) and in the latter case there is contra-
diction between (13),(14),(16). It is obvious that we
require an order between these rulesin order to avoid
the inconstistency in the conclusions.

The solution is to define some sets of rules which
havedifferent priority. Theideaisto seperate the con-
straints in different sets and to execute the algorithm
for production of static rules for any sets seperately.
Thus we construct different sets of static rules. Now
we must determine how we execute these different
sets of rules.

We propose two main categoriesof constraints: (a)
the stricts constraint which must always be satisfied
and (b) the defeasibe constrai nts which must be satis-
fied if its satisfaction does not violed any strict con-
straint or defeasibe constraint with higher priority.

In our example the set of strict constraints is the
rule (6-10) and (16). The sets of defeasibe constraints
areasfollows: with priority 1. therules(11) and (12).
with priority 2: therule (13). with priority 3: the rule
(24). with priority 4: therule (15).

The constraints (6-10) and (16) must always be
satisfied. The defeasibe constraints with priority ¢
must be satisfied if there is no contradiction between

them and the set of strict constraints and the sets of
defeasibe constraints with priority greater than i.In
the case concurrence the above exmaple must be ex-
amine under the following cases: A)When there is
contradiction between the direct effects of the actions
which executed concurrence. B) When there is con-
traction between the direct effects and the indirect ef-
fects of the actions which executed concurrence and
the indirect effects emerge by the evaluation strict
static rules. In that case we reject the execution bea
cuse the evaluation of the strict integrity constraint is
necessary(thus there is no consistent situation). C)
When there is contradiction between the direct ef-
fects and the indirect effects of the actions which ex-
ecuted concurrence and the indirect effects emerge
by the evaluation defeasible static rules. In that case
we do not evaluate the deafeasible rules which cre-
ate the contradiction. D) When there is contraction
between the indirect effects of the action which exe-
cuted concurrece and the contraction emerge fromin-
tegrity constraint with differenet priority. In that case
we do not evaluate the static rule with smaller prior-
ity. E) When there is contraction between the indirect
effects of the action which executed concurrece and
the contraction emerge from static rules with same
priority. In that case we reject the execution.

4 An Algorithm for Controlling the Ex-
ecution of Static and Dynamic Rules

Algorithm 1

1. Before the concurrent execution of the ac-
tions aq,...,a, check whether the set £ =
{fi([t,t']) : Ja; s.t occur(a;,t) — fi([t,t'])}
is satisfiable. If it is not, reject the concurrent
execution.

2. After the execution of concurrent actions, eval-
uate the dynamic rules which refer to those ac-
tions.

3. Evauatethe algorithm of the evaluation of static
rules (algorithm 2)

4. If the algorithm of the evaluation of static rules
returns inconsistency, then reject the execution,
else continue.

5. Until some other action executes, use the situ-
ations which have been produced by the algo-
rithm of the evaluation of static rules.

Algorithm 2: evaluation of static rules

1. Attimepointtif thereisastrict staticruleG y —

f(Ly) evaluated then



@ if =f(L2) € Eand Ly N Ly # {} then

return inconsistency.
(b) elseset Lo = Ly \ (L1 N L) and evaluate

therule Ky — = f(...).
2. Repeat step 1 until L, and L do not change or
until they take previous values. In the first case
add the thef (L), —~f(L2) in the set E. In the
latter case, return inconsistency.
Repeat the step 1 and 2 for al strict static rules.
4. If there are sets of static rules Ry,....Ry of
defeasible rules with the corresponding priority
then: Fori = N to 1do

(@ setE' =0

(b) Whilethereisastaticruler € R; whichis
executable

(c) evaluatethisruler : A(L) — f(L)

(d) if -f(Ly) € Eand LN Ly # {} then
deseable this rule for this execution of al-
gorithm and ignore its conclusion.

(e) eseif =f(Ly) € E' return inconsistency.
Elsechangetheset E' = E' U {f[L)}.

5. Repest the step 1,2,3 and 4 for all time moments
at which there are references.

w

Now we present how the algorithms 1 and 2 run
for the case B. Assume the following intial situation
at time point 2

So = {bachelor(P;), master(P,),
experience( P, 10, 2), ~suspended(Py, [0, 00]),
_'illegal(Pla [07 OO]), _'manageT(Pl, [0, OO])}

Assume that at time point 2 the actions
misdemeanor(Py),take_increase(P;) ae ex-
ecuted concurrencing. As we observe the two above
actions have as direct effects the following

occur(misdemeanor(Py),2) — illegal(Py,[2,7])

occur(take;ncrease(Py),2) A salary(Py,2,2) —
salary(Py, 3,2) A take_salary(Py,[2, c0]).

By the step 1 of the algorithm 1 we havethat £ =
{illegal(P,[2,7)), salary(P, 3,2), take_salary(Py,
[2,00])} The set E is satisfiable thus we go on the
step 2 of the algorithm 1. we execute the dynamic
rules and the new situation is

S1 = {bachelor(P,), master(P,), experience(P;, 10,

strict static ruleswill be evaluated
illegal(Py,[2,7]) — suspended(P,[2,7])
suspended(Py,[2,7]) = —take_salary(Py),[2,7])

Thusthe indirect effects of these actionsare E' =
{suspended(Py, 2, 0]), ~take_salary(Py,[2,7])}

From the step 1.a of the algorithm 2 we have that
take_salary(Py,[2,00]) € Eand [2,7] N [2,00] =
[2, 7] thusthe algorithm 2(step 1) return inconsistency
and the algorithm 1 regject the concurrence execution
(step 4 of agorithm 1). We have proved that:
Theorem 4.1 The algorithm 1 and 2 always termi-
nate and return a consistent situation.
5 Conclusion

In this paper we studied the ramification problem
in the setting of temporal databases. More specifi-
cally, we studied the case where the effects of actions
which executed concurrence may be conflicting, and
considered the distinction between strict and defea
sible (soft) integrity constraints of different strength.
Thiscaseis particularly complex, thus interesting.

In future work we intend to examine the problem
when the effects of the action refered in the past.
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