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Abstract

Many problems addressed within the field of Cogni-
tive Robotics and related areas can only be solved by
complex plans including conditional and recursive ac-
tions as well as non—deterministic choice operators.
In this paper we present a planning language which
allows for the specification of complex plans. We de-
fine its semantics and give a provably complete and
correct completed equational logic program with an
unification complete equational theory. The approach
is independent of the representation of states; they
may be sets of propositional fluents as in the situa-
tion calculus or multisets of resources as in the fluent
calculus. Finally, we give an instantiation within the
fluent calculus.

Introduction

Imagine an autonomous agent performing a task in the
real world. Its performance is based on an internal
plan. From a low level point of view, the world is
its own representation and the actions of the afore-
mentioned plan are simple commands controlling the
effectors of the agent. At a higher level of abstrac-
tion, the world is internally represented by states and
(primitive) actions are transformations on the space
of states. In this paper we do not want to discuss
how actions on the higher level lead to commands on
the lower level or whether the abstract level is needed
or not, although these are very interesting and active
open research problems. We also do not want to deal
with another burning question of how the agent got
hold of its plan. The plan may be given to it by a
programmer, it may have (semi-)automatically gener-
ated the plan from the initial state, the goal state and
the descriptions of the primitive actions it is able to
perform or it may have learned it from examples. For
the purpose of this paper we just assume that a plan
at the abstract level is given.

But how should such a plan look like? In most stud-
ies performed so far, such a plan is simply a sequence of
so—called primitive actions, which transform one state

into another. For example, in the blocks world a sim-
ple plan may be used to stack all blocks into a tower.
In such a plan the sequence in which the blocks are
stacked is often fixed. E.g., if block a, b and ¢ are
on the table, then the plan “stack block b on top of
a and stack block ¢ on top of b” leads to the desired
tower. This plan, however, cannot be used if there is
a different number of blocks on the table. Moreover,
the plan is unnecessarily precise, because the sequence
of blocks is not important if we are just interested in
building a tower of all blocks. Intuitively, we would
like to add another layer of abstraction. We would
like to abstract from the sequence of blocks used and
from the number of available blocks. However, this
involves more complex actions, viz. non—deterministic
choice operators and recursive actions.

More formally, the question addressed in this pa-
per is whether the execution of a given plan p in
a given initial situation s yields a given goal g¢.
Thereby the fact that the execution of p in s leads to
the fulfillment of ¢ should be a logical consequence
of an appropriate axiomatization of situations, ac-
tions and causality (see (McCarthy 1963; McCarthy
& Hayes 1969)). This problem was extensively stud-
ied for simple plans consisting of sequences or par-
tial orderings of primitive actions (e.g. (Reiter 1991;
Grofie, Holldobler, & Schneeberger 1996)). How-
ever less attention was given to complex plans includ-
ing conditional and recursive actions as well as non—
deterministic choice operators (see Section “Relation
to Other Approaches”.).

This paper is organized as follows. First, we demon-
strate the need for complex plans by a simple exam-
ple, the omelette baking problem. Then, we present
the planning language used in this paper as well as its
semantics. Thereafter, we discuss and formally define
the notions of executability, correctness and termina-
tion of plans. A formalization of complex plans by a
completed equational logic program with an unification
complete equational theory is given. Up to this point



the whole approach is developed independently of a
concrete representation of states. We instantiate our
approach by specifying states as multisets of fluents.
This leads to a formalization of reasoning about com-
plex plans in the fluent calculus (Holldobler & Schnee-
berger 1990). Finally, we relate our solution to other
approaches known from the literature and discuss some
open problems and outline future research.

The Omelette Baking Problem

A cook has a finite supply of eggs, at least one of which
is good, and a saucer. He can break an egg into the
saucer, can smell at the saucer to determine whether
the egq is good and can empty the saucer into the sink.
His goal is to have a good egq in the saucer and nothing
else. This is simplified version of a problem presented
in (Levesque 1996).

For several reasons a simple plan cannot solve this
problem:

e The action of breaking the egg is non—deterministic
in that the cook does not know in advance whether
the egg is good, and consequently has to react on
the outcome of the action.

e The cook does not know in advance how may eggs
he has to break before the first good one is in the
saucer. In other words, he does not know in advance
how many break and throw away actions he has to
perform.

However, a complex plan can give an apparently
straightforward solution:

egg2saucer

where

(1)

egg2saucer <
break; if (badegg, emptysc;egg2saucer, €).

Intuitively, the action egg2saucer is a recursive proce-
dure, whose body consists of the simple action break,
representing the breaking of an egg, followed by a con-
ditional action. Within the condition badegg the egg
is tested to see if is bad and depending on the outcome
either the saucer is emptied (emptysc ) followed by a
recursive call to egg2saucer or the procedure termi-
nates with the empty plan €.

A Complex Planning Language

We now give a formal description of syntax and se-
mantics of a language for complex plans which allows
for conditional execution of plans, recursion and the
choice of objects as parameters for actions, while at
the same time minimizing complexity.

We intend to formalize reasoning about complex
plans in a model, where states are snapshots of the
universe at a given moment and actions are the only
means to change from one state to another (see (Mc-
Carthy 1963; McCarthy & Hayes 1969)). For the pur-
pose of this paper we abstract from a specific repre-
sentation of states. For example, states could be sets
of propositional fluents as in the situation calculus or
multisets of resources as in the fluent calculus.

Let S be the set of states, A be a set of parame-
terized action names denoting primitive actions, C a
set of parameterized condition names denoting Con-
ditions and H be a set of parameterized procedure
heads. Now we are ready to introduce the set P of
complezx plans, whose elements p are defined by the
following expression in BNF:

p=c|ap|if(c,p,p);p| h;p
where ; is the concatenation operator
€ is the empty plan,
a is a primitive action,
if is a conditional,
¢ is a condition and
h is the head of a procedure definition.

A complex plan may be augmented by procedures,
which are described by expressions of the form

h&p

where h is the head of a procedure definition,
¢ is a condition and
p is a complex plan.

Let D denote the set of procedure definitions an agent
uses for the description of his plan.

One should observe that the last action in each plan
is €. For notational convenience we often omit this
occurrence of . We also omit the condition ¢ in a
procedure definition if ¢ denotes a tautology.

The meaning of a primitive action a € A is given by
a set of triples of the form (s,a, s’} , where {s,s'} C S.
The set of such triples is denoted by £ . Intuitively,
(s,a, s’y denotes that action a transforms state s into
state s’ .

Similarly, the meaning of the conditions is given by
a set V of pairs (c,s), where s € S, ce€ C. (c5s)
denotes that condition ¢ holds in state s.

The stepwise execution of a plan p in a
state s is defined by the following transformation



~SXP S xP:

(s,a;p) ~ (s, p)
if (s,a,s') €&,
(s,if(c,p1,p2); ) ~ (s,app (p1,P))
if (c,s) € V,
(s,if (¢, p1,p2); ) ~ (5, app (p2,p))
if {c,s) €V,
(s,h;p) ~ (s, app (p'o, p))
ifdn o : WEP eDA

h =h'oc Aco is true in s,

where app appends complex plans and ¢ denotes a
substitution.

One should observe that the definition of ~» allows
several forms of non—determinism.

e & may contain triples of the form (s,a,s;) and
(s,a,ss), where s; # so. E.g., this allows the spec-
ification of a break action which requires an egg as
a condition and yields non—deterministically either
a good or a bad egg in the saucer.

e In the execution of a procedure the condition may be
used as a non—deterministic choice operator, which
chooses one object out of all objects satisfying this
condition.! For example, consider the procedure

ontable
P )

fillbox (x)
putin (y,z); if (full (x),e, fillbox (z)) ,

used to fill a box x with blocks y standing on a ta-
ble. While executing the plan fillbox(a) in a state
where the blocks by,...,b, are on the table, the
sequence in which the blocks are selected is not de-
termined, since the substitution o used in the defi-
nition of ~ may be any substitution which binds =
to a and y tosome block b;, i € {1,...,n},onthe
table, thus satisfying the choice operator ontable(y) .

Because of these non—determinisms the execution of
a complex plan can sometimes take one of several ex-
ecution paths. Formally, these paths are represented
by derivations wrt ~» . Derivations and their length
are defined as usual. A derivation ((s;,p;))fy Wrt ~
terminates if p, = ¢. It fails if p, # ¢ and there is
N0 (Spt1,Pn+1) such that (sp,pn) ~ (Sptt1,DPntt) -

Executability, Correctness and
Termination of Plans

Returning to the initial question posed in the intro-
duction we consider an initial state sg and a complex

plan po . Furthermore, let g be a predicate over states
which represents the conditions that should be satisfied
in a goal state. Several questions arise immediately:

e When is pg executable in sq?
e Does pg terminate if it is executed in sq ?
e Is py correct?

A short reflection reveals that the questions are ill-
posed without further considerations. What precisely
is meant by executability, termination and correct-
ness of plans? Since complex plans may contain non—
deterministic actions and choice operators, the pre-
cise definition of these notions depends on the risks
an agent is willing to take.

From the viewpoint of a sceptical agent who takes
no risks, all possible derivations ((s;,p;)), are to be
considered. A plan pg is ezxecutable in state sqo iff
no derivation ((s;,p;)), wrt ~ fails. It terminates
iff there is an upper bound for the length of possible
derivations. It is correct wrt the condition g iff for
all terminating derivations ((s;,p;))’, the condition
g holds in s, .

To express these properties we introduce a relation
*+ — % on SXPxNx(SU{L}) which describes

the complete execution of the program under a limited
number of steps. It expresses successful execution:

so 2 s, with s, € S holds iff there is a terminating
m

derivation ((s;,p;))i, of length n <m,

and it expresses failure as well:

5o =% L holds iff there exists a derivation ((s;,p;))"

Whiglb'l either fails or is of length n > m .

Using this relation, we establish the following propo-
sition:
Proposition 1. A complex plan py € P is executable
in a state so € S, terminates and is correct wrt. the
condition g iff

Im e N Vs, € (SU{L})

50— s, —  sg# LAg(s,)
m
(The proof is straightforward by case analysis.)

A Logical Formalization of Complex
Plans
Let 7 be a representation of states as terms and ™
be a mapping from S to 7T assigning to each state its

1. This is similar to the 7(z)o construct of GoLoG (Levesque
et al. 1994).



term representation.? Furthermore, assume that con-
ditions are represented as terms and let the predicate
holds (¢, s) denote the fact that the condition ¢ holds
in the state s and let goalstate(s) represent the goal
g of the planning problem. Let Ap be a set of first
order formulas such that the following holds:

AD':S‘{:S"Q— iff S1 = So
Ap [ causes(s],a,s]) iff (s1,a,s2) €E
Ap E holds(e,s™) iff (c,s) €V

Ap [ goalstate(s™) iff  g(s) holds.

In addition, Ap is assumed to be consistent and com-
plete, i.e.,

Ap £ causes(s7,a, s3)

iff Ap | —causes(s],a,sl)
Ap }E holds (¢, s™)

iff Ap | —holds(c,s™)
Ap £ goalstate(s™)

ifft Ap = —goalstate(s™).

Ap should contain an unification complete equational
theory? , thus

Ap W sT =sT it Ap | sT # 8T .

Furthermore, Ap should not contain any of the
predicate symbols app , proc , world , continuable ,
doplan , planfails , and natnum , which will be used
in the following to model the execution of plans.

Ap can be specified in detail as soon as we have
committed ourselves to the representation of states.
Since our planning language and its semantics is indif-
ferent to this commitment, we have just given condi-
tions for Ap . In the following section we instantiate
our approach within the fluent calculus by using multi-
sets of fluents to represent states; the mapping -7 and
the concrete Ap are given there. For the moment we
concentrate on the formalization of complex plans.

Plans are concatenated with the help of a ternary
predicate app as usual.

app (¢, p, p)
app (h;t,p, hit') < app (t,p,t').

(2)

The set D of procedure definitions is represented by
a ternary predicate proc :

proc(h,c,b). for h&beD (3)

The transformation ~» is represented by the predi-

cate world :

world (s1, h;t, sa,t) « causes(si,h, s2).

world (s, if (h,p,p');t,s,t")

+ holds (h, s), app (p, t,t').

world (s, if (h,p,p');t,s,t') < (4)
—holds (h, s),app (p', t,t').

world (s, h;t,s,t") «
proc (h, ¢, b), holds (c, s), app (b, t,t').

The predicate continuable describes the possibility
to continue the execution of a plan p in a state s.

continuable (s, p) < world (s, p,s’,p). (5)

Derivations are represented with the help of the
predicate doplan . 1 denotes that a plan has
failed, 0 is a constant denoting the number zero
and s is a unary function representing the succes-
sor function on natural numbers. The predicate
doplan (sg, py,s™(0), s7,) is true iff there exists either a
terminating derivation ((si,pi))?zo of length n <m,
or s, = 1 and there exists a failing derivation or a

derivation of a length greater n, i.e. iff s9 —= s, .
m

doplan (sg,&,n, s9).

doplan (sg,p,0, 1) < p # €.

doplan (sg, po, s(n), sp) +
po # €, world (so, po, $1,01), (6)
doplan (s1,p1,n, s,).

doplan (sg, po, s(n), L) <
po # €, ~continuable (so, po)-

A plan fails, iff it may lead to a state that is not a
goal state:

planfails (5o, po,n, 8n)

(7)

doplan (sg, po, n, s, ), "goalstate (sy,).

The natural numbers are represented by the pred-
icate natnum supported by the unification complete
equational theory contained in Ap: *

natnum (0).

(8)

natnum (s(n)) < natnum (n).

2. The term representation of a state may be either a term
describing the history of the present state, as in the situation
calculus, or a direct representation of the state, as in the fluent
calculus (see next section.)

3. In the case of the fluent calculus (see below), an E-
unification complete equational theory.

4. Induction axioms are not necessary for our purpose; more
comments on that are given in the discussion.



Now let

A = Ap U Comp({(2),(3),(4),(6),(7), (8)})

be our axiomatization of complex plans, where Comp
denotes the Clark completion (see e.g.(Lloyd 1987)).
The following proposition states that A is correct and
complete. Recall that g is a predicate over states de-
noting the condition to be satisfied in the final state.

Proposition 2. pg is executable in sy, terminates
and is correct wrt g iff there exists an n € IN such that
A |: \V/Sg [doplan (867 67 Sn(0)7 89) - Sg # LA g(Sg)] .

Sketch of proof. ® First, one can be prove by induc-
tion over the structure of plans that the predicate
app models the concatenation of plans. Second,
proc (h,c,b) is implied by A iff it represents ground
instantiations of procedures h < b in D. Based on
these lemmata one can prove by case analysis that
world represents the execution relation ~» :

\V/S1,32 € Sap17p2 eP
(Slapl) ~ (827p2) IH A |: World(s‘{aplasgap2)-

Induction over n shows that doplan represents the
execution relation % —» x:

*

Vso € S,po € P,sg € (SU{L})
so 2% s, iff A | doplan(sf,p, 5"(0), sg)-

Considering proposition 1 at this point leads to the
proof of our proposition. O

In order to reason about plans we use the predicate
planfails as in the following theorem:

Theorem 3. py is executable in sg , terminates and
is correct wrt goalstate iff

A | 3n natnum (n) A —planfails (s§, pj,n).
(The proof is straightforward by case analysis.)

A Fluent Calculus Formalization of the
Omelette Problem

The formalization presented in the previous section
is independent of the representation of states and ac-
tions. In order to completely solve the omelette baking
problem, we have to choose an appropriate represen-
tation. We opt for the fluent calculus (Holldobler &
Schneeberger 1990), a purely first order formalization,
in which the frame problem is solved without the need
to state any frame axioms or laws of inertia.

Within the fluent calculus, a state is a multiset of
fluents. Fluents are represented by first order terms

fi,--+, fn, which contain no occurrence of the symbols
o and 1. Hence, a state is a multiset of the form
{fi,---,fn} .5 Multisets of fluents are represented
with the help of a binary function symbol o which is
written infix and satisfies the equational theory ACI,

which consists of the equations

(associativity)
(commutativity)
(unit element)

zo(yoz)=(roy)oz
xoy:yox
rzol=u=x

together with the axioms of equality. In order to reason
about negated equalities, this theory is turned into a
so—called unification complete theory AC1*. ACI1*
is then built into the unification computation and
SLDENF-resolution can be used to determine whether
a query follows from a normal logic program (see
(Holldobler & Thielscher 1995)). There is a straight-
forward mapping -” from multisets of fluents to their
corresponding term representations. Let M be a mul-
tiset of terms, then

wrolt if M=0,
T foMT HM={ftUM,.

Actions are represented in the fluent calculus with
the help of a frame assumptions. Consequently, each
triple in & is represented by a ternary predicate
action , whose arguments encode the condition, the
name and the effect of the action. Condition and ef-
fect are multisets of those fluents, which are affected
by the action. For example, in the omelette baking
problem the actions are represented by

action (eg, break , sg).
action (ep, break , sp).

9)

(
action (sp, emptysc, €).
(

action (g, emptysc, €).

where e, and e, represent a good and a bad egg in
the supply, and s; and sp represent a good and a bad
egg in the saucer respectively.

The predicates causes and holds can now be rep-
resented by the clauses

causes(cor,a,eor) « action (c,a,e). (10)
and
holds (T, s).
(T,s) ()

holds (badegg , ey o s).

5. The full proof can be obtained along the lines presented in
in (Storr 1997).

6. The symbols used to denote sets and the usual operations
on sets are also used here to denote multisets and the operations
defined on multisets, but we stack a - on top of them.



respectively, where the constant T represents the
truth value “true”.

The procedure egg2saucer , as defined in (1), is rep-
resented by the following clause:

proc (egg2saucer, T, break;
if (badegg, emptysc;egg2saucer, €)). (12)

To represent the goal we use the auxiliary predicate
aclmatch (m, s) , which is true iff s contains m :

aclmatch (m,s) « s=mor. (13)

The actual goal is that there is a good egg in the
saucer, and no bad one:

goalstate (s) « (14)
aclmatch (s,, s), maclmatch (s, s).

Now let

I'=AC1"U COHIp({(Q), (3)) (4)7 (6)) (7)7 (8)) (9)7
(10), (11), (12), (13), (14)})

be our fluent calculus formalization of the omelette
baking problem. It is straightforward to verify that

Vs [doplan (ep o ep 0 eg 0 ey, egg2saucer, s'(0), s)
%
s# T AIs'[s =s508|A—3s"[s = sp05"]]

is a logical consequence of I', and thus

In natnum (n) A

—planfails (e}, o e}, o e, o ey, egg2saucer,n).

as well. (An upper bound for the number of steps in
the derivation can easily be given as the number of
available eggs times the number of steps required for
one execution of egg2saucer ).

There is a straightforward implementation of I' in
Prolog by computing with the clause form of the defini-
tions and using SLDENF-resolution. In fact, by check-
ing carefully the cases, where equational reasoning is
really needed, and giving a Prolog predicate for com-
puting ACl-unifiers, SLDNF-resolution can be used.
The Prolog program is given in the Appendix.

Relation to Other Approaches

There is a number of other approaches to the problem
of reasoning about complex plans. The work of Manna
and Waldinger (Manna & Waldinger 1987) is in a sense
quite uncompromising. They establish a very complex

plan theory whose main purpose is the ability to repre-
sent complex plans as terms, thus enabling generation
of plans from the constructive proof of a logical for-
mula stating the existence of a plan.” To be able to
prove termination, this approach uses first order logic
augmented by well-founded induction. Unfortunately,
their formalism seems to be much too complex to be
of practical use.

Stephan and Biundo (Stephan & Biundo 1993;
1995) use variants of a modal logic DL for the interac-
tive generation of recursive plans. They focus on the
generation of recursive plans by refinement of domain
specific plan schemata with the help of the interactive
theorem prover KIV.

A close relation exists to the situation calculus based
GoLOG language defined by Levesque et al. (Levesque
et al. 1994). The core idea of GOLOG is to give the
user a means of specifying high level programs, which
is translated into a second order logic formula. A proof
of this formula in conjunction with a specification of
the environment yields an action sequence, which can
be executed by the agent.

Our approach avoids the use of second order con-
structs for two reasons:

e The procedure definitions are translated into clauses
of the logical formulas instead of being terms as in
(Manna & Waldinger 1987). With this translation
one loses the possibility of quantification over pro-
cedure definitions and thus it is impossible to gener-
ate plans by proving a formula stating the existence
of a plan. On the other hand, this avoids of com-
plexity in comparison to (Manna & Waldinger 1987)
and avoids the use of second order formulas as in
(Levesque et al. 1994) for this purpose.

e For the sceptical agent, who wants to know in ad-
vance that the plan execution terminates after n
steps, it is sufficient to use the n-th approximation
of the transitive closure of the ~» relation describ-
ing the stepwise execution of the plan. With the use
of a unification complete equational theory this is
first order definable in contrast to the use of the full
transitive closure. Note however that it is not possi-
ble in our approach to prove that the plan does not
terminate if it contains a loop. This would require
proving that the plan fails for all limits n € IN of
the execution length and thus require induction.

In contrast to the above—mentioned formalisms, our

7. A further reason for the high complexity seems to be the use
of the situation calculus: a large part of the plan theory is used
to bind plan terms to specific situations during the execution of
a plan by introducing the extra situation argument.



approach can cope with the issues which arise out of
non-determinism.

Recently, White translated GOLOG into an extended
linear logic (White 1998). While the transformation
seems to be quite straightforward, the variant of linear
logic used by White is non-standard. On the other
hand, there is a close relation between the fluent cal-
culus and linear logic as formally shown in (Grofle,
Holldobler, & Schneeberger 1996). Since the fluent
calculus admits a standard and well understood se-
mantics it seems to be preferable to the corresponding
fragments of linear logic.

Open Problems and Future Research

We intend to use the planning language presented in
this paper to program autonomous robots. In order to
do so we have to solve a variety of open problems.
Actions like break or emptysc have to be trans-
lated into control commands for the effectors of the
robot. On the other hand, the effectors of such an
autonomous agent should not just receive commands
from a high level planning language. Many tasks such
as moving along a line should be performed within a
low level circuit connecting the robots sensors to its ef-
fectors. But where precisely is the borderline between
a so—called reflexive and a so—called deliberative be-
havior and how precisely do the two levels interact?
Here we expect that we can learn from discrete control
theory if we discover connections between this theory
and reasoning about situations, actions and causality.
In a real environment the execution of an action may
not lead to the expected effect. Constant monitoring
based on an agent’s sensors is required to determine
states in which the plan must be modified or where re-
planning is needed. What precisely should a robot do if
it observes an unexpected state change in the middle of
a plan execution? First solutions to this problem were
presented in (Giacomo, Reiter, & Soutchanski 1998).
The problem itself is not trivial and good solutions
depend very likely on specific domains since from a
theoretical point of view replanning is as complex as
planning in the worst case. Moreover, what should
the robot do if the unexpected change of the state in-
volves some sort of concept the robot is unaware of.
For example, the robot may be trained to behave in
the blocks world. While moving around a block, the
block slips out of the robot’s arm, hits the ground and
breaks into three parts. What should the robot do if
it has never learned anything about broken blocks?
An approach to this problem can be found in
(Kennedy 1998) which proposes an architecture for de-
tecting the ”unusualness” of an event on the basis of
distinctions between model-based anticipations and ac-

tual reality. Although this work only touches on the
problem of concept creation, it does provides a mech-
anism which enables a robot to detect that none of its
current concepts are sufficient and it therefore needs
to discover new ones.

Related to the problem of unexpected changes (“mir-
acles”) is the problem of conceivable but improbable
outcomes (“surprises”). The concept of a sceptical
agent used in this paper seems too strong in a real
world setting. If it was not known in the omelette
baking problem that there is at least a good egg, there
would be no plan which satisfies the cook as a scepti-
cal agent. He would have to consider in advance going
to a store to buy eggs, and because it is possible that
there are no eggs in the store he would have to con-
sider going to a farm ... ad infinitum. A cook as a
brave agent would just break the eggs, and if they are
no good, he would start planning again.

The complex plans considered in this paper are given
by the user. In future we would like to see an au-
tomated reasoning system generating or synthesizing
these plans either from examples or from a given spec-
ification. The synthesis of recursive plans is still a wide
open field to be addressed in the future.

The use of SLDENF poses some problems as well.
The SLDENF derivation tree may contain massive re-
dundancy in some cases. For instance if a box is to
be filled with blocks on the table the derivation tree
would contain branches for every sequence of blocks
put into the box. But the actual sequence of blocks is
unimportant for the box to be full after the execution
of the plan. The use of lemmata or reduction rules in
such a case might help.
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Appendix: A Prolog program

We give below a Prolog program for the simplified ver-
sion of the omelette baking problem. In the Prolog
program terms with o as well as plans are represented
by lists. The predicate acl_match(X,Y,Rest) solves
the ACl—equation X o Rest =Y.

Domain independent part

acl_match([], T, T).

acl_match([E|R], T, R1) :-
multi_minus(T,E,T1),
acl_match(R,T1,R1).

multi_minus([E|R],E,R) :— !'.
multi_minus([E1|R1],E, [E1|R2]) :-
multi_minus(R1, E, R2).

world(S1,[A|P],S2,P) :- causes(S1,A,S2).
world(S1, [if (H,PA,PB) |P],S1,PN) :-

holds(H,S1), append(PA,P,PN).
world(S1, [if (H,PA,PB) |P],S1,PN) :-

\+ holds(H,S1), append(PB,P,PN).
world(S1,[H|P],S1,PN) :-

proc(H,C,B), holds(C,S1),

append (B,P,PN) .

continuable(S1,P1) :- world(S1,P1,_S2,_P2).

doplan(SO, [1,_M,S0).
doplan(_S0,_P0,0,fail).
doplan(S0,PO,M,SN) :-
PO\=[1, M > 0, M1 is M-1,
world(S0,P0,S1,P1), doplan(S1,P1,M1,SN).
doplan(S0,PO0,M,fail) :-
PO\=[], M > 0, \+ continuable(S0,P0).

planfails(S0,PO,N) :- doplan(SO,PO,N,SN),
\+ goalstate(SN).

nat (0) .
nat(X1) :- nat(X), X1 is X+1.

Domain dependent part
action([eg],break, [sgl).
action([eb],break, [sb]).
action([sgl,emptysc, [1).
action([sb],emptysc, [1).

causes(S1,A,S2) :- action(C,A,E),
acl_match(C,S1,R), append(E,R,S2).

holds(true,S).
holds(badegg,S) :- acl_match([sb],S,_).

proc(egg2saucer, true,
[break,
if (badegg, [emptysc,egg2saucer], [1)
D.

goalstate(S) :- SN \= fail,
acl_match([sgl,S,_),
\+ acil_match([sb],S,_).

Query

To check that the plan egg2saucer solves the problem

for the case of three bad eggs and one good egg the

Prolog interpreter has to prove

:- nat(N), \+ planfails([eb,eb,eg,eb],
[egg2saucer],N).

This yields the answer N = 16, i.e. the plan succeeds

in at most 16 steps. The query

:— doplan([eb,eb,eg,eb], [egg2saucer],16,S).
yields the possibly reached final states within the limit
of 16 steps:

S = [sg, eb, eb, eb] ;

= [sg, eb, eb] ;

[sg, eb]l ;

[sgl ;

S
S
S



