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Abstract. Currently, most knowledge representation using logic programming
with answer set semantics (AnsProlog) is ‘flat’. In this paper we elaborate on our
thoughts about a modular structure for knowledge representation and declarative
problem solving formalism using AnsProlog. We present language constructs that
allow defining of modules and calling of such modules from programs. This al-
lows one to write large knowledge bases or declarative problem solving programs
by reusing existing modules instead of writing everything from scratch. We report
on an implementation that allows such constructs. Our ultimate aim is to facilitate
the creation and use of a repository of modules that can be used by knowledge en-
gineers without having to re-implement basic knowledge representation concepts
from scratch.

1 Introduction

Currently, most knowledge representation languages are ‘flat’. In other words, for
the most part they are non-modular. (It is often mentioned that CYC’s language
[Guha 1990] allows the use of modules. But this is not well published outside
CYC.) Our focus in this paper is the knowledge representation language AnsProlog
[Gelfond & Lifschitz 1988,Baral 2003] (logic programming with answer set seman-
tics), where most programs are a collection of AnsProlog rules. Although sets of
AnsProlog rules in these programs are often grouped together with comments that de-
scribe the purpose of those rules, the existing syntax does not allow one to construct
libraries of modules that can be used in different programs. Such libraries are common-
place in many of the programming languages such as C++ and Java and recently in
domains such as natural language [Milgal. 1990]. The presence of such libraries
makes it easier to write large programs without always starting from scratch, by refer-
ring and using already written pieces of code (modules, methods, subroutines etc.).

There are many other advantages of using libraries of modules. For example, having
higher level modules available enforces code standardization. A module repository also
has the benefit of being proven over the years and hence deemed reliable. In addition,
modules may be built using multiple languages which lends to an overall application
architecture where strengths of a language are fully exploited without having to find a
work-around.

There are several ways to introduce modularity into answer set programming. Some of
the ways to do that include:



(1) Macros: Modules are defined as macros or templates. A macro-call would be re-
placed by a collection of AnsProlog rules as specified by a semantics of the macro call.
Such an approach with focus on aggregates is used in [Cal@haki2004].

(2) Procedure/method calls: A module is an AnsProlog program with well defined in-
put and output predicates. Other programs can include calls to such a module with a
specification of the input and a specification of the output. Such an approach is used in
[Tari, Baral, & Anwar 2005].

(3) Procedure/method calls with a specified engine: Here a module is also an AnsProlog
program with not only well-defined input and output predicates, but also with an associ-
ated inference engine. For example, the associated engine could be a top-down engine
such as Prolog or Constraint logic programming, or an answer set enumerator such
as Smodels or DLV. Such an approach with respect to constraint logic programming
can be built on the recent work [Baselice, Bonatti, & Gelfond 2005] where answer set
programming is combined with constraint logic programming.

In this paper, we will focus on the first way to represent knowledge in a modular way.
In our approach there is an initial macro-expansion phase during which macro calls are
appropriately replaced by AnsProlog code. The result of the macro-expansion phase is
an AnsProlog program which can then be used by an appropriate interpreter. In this
paper we will use the Smodels [Nieraed: Simons 1997] interpreter for illustration
purposes. The organization of the rest of the paper is as follows. We will first present a
simple example of our approach, then we will present the syntax and semantics for our
language constructs and then introduce a detailed illustration with respect to planning
and reasoning about actions. Finally, we will conclude and discuss related work.

2 A simple example: transitive closure

Let us consider the simple example of transitive closure. We will illustrate how a simple
transitive closure module can be defined once and can then be used in many different
ways. A transitive closure module of a binary predicatis computed by the binary
predicate;, and is given as follows.

Module_name: Transitive_closure.
Parameters(Input: p(X,Y); Output: q(X,Y);). Types: Z = type X.
Body: q(X)Y) :- p(X.Y).

q(x1Y) - p(X,Z), q(ZvY)

Now, if in a program we want to say thatc ! is the transitive closure gfar 2 then we
can have the following macro call in that program:

CallMacro TransitiveclosureReplace p by par, g by ang X by U, Y by V;).

Our semantics of the macro call will be defined in such a way that during the macro-
expansion phase the above call will be replaced by the following rules, together with
type information about the variablg.

Y anc(a, b) means thab is an ancestor af.
2 par(a, b) meang is a parent ofs.



anc(U,V) :- par(U,V).
anc(U,V) :- par(U,z2), anc(Z,V).

Now suppose in another program we would like to define descendaniswvafiere
descendant(a,b) means that is a descendant df, then one can include one of the
following macro calls:

CallMacro TransitiveclosureReplace p by par, q by descendanty by a; Unchanged
X)).

CallMacro TransitiveclosureReplace p by par, q by descendantSpecialize Y = g;
Unchanged X;).

Our semantics of the macro call will be defined in such a way that during the macro-
expansion phase the above calls will be replaced by the following rules and type infor-
mation about?.

descendant(X,a) :
descendant(X,a) :

par(X,a).
par(X,Z), descendant(Z,a).

descendant(X,Y) :
descendant(X,Y) :

par(X)Y), Y = a.
par(X,Z), descendant(Z,Y), Y = a.

A similar example is given in [McCarthy 1993]. There McCarthy gave a context in
which above(x,y) is the transitive closure of on(x,y) and wrote lifting rules to connect
this theory to a blocks world theory with on(x,y,s) and above(x,y,s).

3 Syntax and Semantics of modules and macro calls

We now present the syntax and semantics of modules and macro calls. We start with the
alphabet. Our alphabet has module names, predicate names, variable names, function
names and the following set of keyworddodule_name, ‘ Parameters, ‘ #domair,

‘Input’,  Output’, ‘ Types, ‘type’, ‘ Body, ‘ Callmacro’, ‘ specialize§ ‘ generalize§
‘variant_of’, ‘ Specializé, ‘ Generalizé€, ‘ Unchanged, ‘ Replace, ‘ by’, ‘ Add’, ‘to’,
‘Removeé and ‘from’. We use the terminology of atoms, literals, naf-literals etc. from
[Baral 2003]. Recall that naf-literal is either an atom or an atom preceded by the symbol
‘not’. Besides that, ifp is a predicate of arity;, andV, ...,V are terms, then we

refer top(V1, ..., Vi) as a predicate schema. Furthermore, we define a variable domain
statement to be of the forgtdomain p(V'), which says that the variablé is of type

p. For example#tdomain fluent(F) means that the variablg is of the typefluent.

3.1 Syntax
We start with the syntax of a call-macro statement and then define a module.
Definition 1. A call-macro statement is of the following form:

Callmacro Mname( Replace p, by p},...,px by pi, vi by v1,...,v; by v]; Add:
u1 t0 g1, ..., u, 10 ¢.; Remove w; from ¢f,...,ws from ¢,; Specialize Sy, ..., Sp;
Generalize G, ...,Gy,; Unchanged x4, ..., x;)



where Mname is a module namepq, ..., pk, pi,---, Pk G1,---,¢r aNdgi,....q.
are predicate namesj, ..., v, vi,...,v; are termsuy,...,u, are sets of terms;
wi,...,ws are sets of variables;; to z, are variables or predicateS;s andG;s are
naf-literals;{S1,...,Sn} N{G1,...,Gn} = 0. Any of k, 1, r, s,m,n ort could be 0.
Also, the order in which we specify the keywords does not matter. |

Definition 2. A module is of the form:

Module Name:Mname sg Mname'.

Parametergt, ...P; Input: I, ..., Iy; Output:Oq, ..., Oy;).
Types:Dy,...D;, Ly = type V1, ... L, = type V,.

Body:ry .. Trm-

C1 Cp.

where, M name, and Mname’ are module namesy is either the keyword ‘special-
izes’, the keyword ‘generalizes’ or the keyword ‘variaft; P;s, I;s andO;s are pred-
icate schemas;;s are AnsProlog rules (we also allow for Smodels constructs such as
‘#const’ etc.);c;s are call-macro statements;, . .., L, andV;, ..., V, are variables;
andDy, ..., D, are variable domain statemenigname’ is optional and in its absence

we do not have theg part.

But if Mname’ is there andsg is equal to ‘specialize’ or 'generalize’, then = 0,

n = 1and onlysg appears ir;. In other words, ifs¢g is equal to specialize, then there is
exactly one call to the modulk/name’ using specialize and not generalize (similarly

for generalize), and there are no other rules or macro calls. The idea of specifying
specialize, generalize and variant between modules is to show the connection between
the modules and if one is familiar with a module then it becomes easier for him/her to
grasp the meaning of a specialization, generalization or variant of that module.

Additionally, we specify the parameters of the module, e.g. predicates and variables
that are passed in and out from the module. We may define those in general, or further
specify them to be input or output predicates or variables. The input and output labeling
is optional, but are useful to express more information about the module. As shown in
the upcoming examples, specifying inputs and outputs helps with understanding and
usage of the particular module. In cases whieee 0 (I = 0) we may omit thelnput
(Output) keyword. However, if input or output is present, we require the following
conditions to hold:

() If pis an input predicate, then there must be a rylevhose body hag, or there
must be a call-macro statementwith p in it.

(i) If p is an output predicate, then there must be a ryMhose head hags or there
must be a call-macro statementwith p in it.
a

The above conditions ensure that the input and output predicates play their intended
role in a module. Intuitively, a module takes in facts of a set of input predicates and
reasons with them to produce a set of facts about output predicates. This is similar to
the interpretation of logic programs as Ip-functions in [Gelfond & Gabaldon 1997]. The
first condition above requires that each of the specified inputs is actually used within



the module, while the second one ensures that the module really computes each of the
specified outputs.

Let us now take a closer look at the variables in a module and their domains. First, we
say a variable ifocal, if it does not appear in any parameter statement of the module.
Otherwise, we say the variable gdobal. Our syntax allows for defining the domain

of a variable either using#domain’ statement, or by type constraints of the form

V = type V' meaning that the type of variablé is the same as the type &f. We
require that domains be only defined for local variables, as global variables get their
domain from the macro calls. For example in the transitive closure module, defined in
previous section, we do not want to specify the typesoéndY’, as X andY can

be person, number, etc. The local variables must have a well-defined type, which is
formally defined as follows:

A local variableV has a well-defined type if one of the following holds:

1. The definition of the modul@/name contains a statemegtdomain p(V).

2. The definition of the modul@/name contains a statemeft = type V' whereV”’
is a global variable.

3. The definition of the modul@/name contains a statemeft = type V' whereV”’
has a well-defined type.

In addition, we require the following condition to hold for any macro call:

(i) If X is a predicate or variable in any parameter schema/afame, then any
macro call to the moduld/name must contain either a replace, remove, generalize
or unchanged statement involving. Furthermore, a macro call to a module can not
refer to any local variable of that module. Finally, although we do not require it, it is
advisable to make sure that any variable that is introduced (bytinetation of the

Add statements) by a macro call to a module is either different from existing variable
in that module or if same, has a reason behind it. (In our implementation we will flag
such variables.)

3.2 Macro expansion semantics

To characterize the expansion of modules we need to consider not just a single module
but a collection of modules, as a module may include call-macro statements that call
other modules. Given a set of modulgsve define the dependency graphy of the

set as follows: There is an edge frabf, to M- if the body of M; has a call-macro
statement that calld/s. In the following we only consider the sets of modules whose
dependency graph does not have cycles.

Now given a set of modules its macro expansion semantics is a mapfiogn module
names to AnsProlog programs. We define this mapping inductively as follows:

1. If M is a module with no macro calls thewiM ) = {r1,...,rm}.
2. If cis a call-macro statement in moduléname of the form

Callmacro Mname( Replace p; by pi,...,pr by p), v1 by v},... v by v;
Add: u; t0 ¢q,...,u, t0 ¢,; Remove w; from ¢f,..., ws from ¢.; Specialize
S1,...,Sm; Generalize G4, ...,G,; Unchanged z1,...,x;;)

such that\(M) is defined, ther\(c) is defined as follows:



(a) Eachrulerin A\(M) is replaced by a rule’ constructed from by applying all
of the following(if applicable) changes to

i. (Replace) Lew; € r,i = 1,..., k. Thenp; is replaced by it's respective
predicatey; in r’. Similarly, any of the terms; to v; in any predicate € r
is replaced by it's respective tert to v;.

ii. (Add) Let p(ty,...,t;) be a predicate of with it's respective terms. If
foranyj, p = ¢; andu; = {t},...,t},}, thenp(t, ..., t;) is replaced by
p(tl, vy iy tll, ey t;;) inr’.

Example 1.Let p be the atony(Z,Y") of a ruler. Let the call contain the
following: Replace g by occurs Add: {A,neq(B} to g; Following the
above casegy(Z,Y) will be replaced byoccurs(Z,Y, A,neg(B)) in r'.
O

iii. (Remove) Letw be any variable in tern; from the setw; for somej.
Let ¢; be any predicate of the forrzy}(tl, oy tiytq) In T (Notice thatt;
may be equal taw). Theng; is replaced byy; (1, ..., ti—1,tip1...ta) in 7’
assuming — 1 > 1 andt + ¢ < a Otherwise the respectivg_; ort;. is
not present irp.

iv. (Unchanged) For any predicate or varialbleno change or substitution is
performed.

v. If there existsi, j such thap; = p; andp; # pj, orv; = v; andv; # vj
then we say that the set of substitutions is conflicting. If that is the case,
we say that the semantics of the agl\(c) is undefined.

(b) (Specialize, Generalize), ..., S, is added to and-4, . . ., G, if present, are
removed from the body of each of the rules of the module.

(c) (Local variables types) For each local varialilef Mname, it's type is as-
signed as follows. The type df is assigned according to tBgdomain p(L)
statement (if present if/ name) or type constrainL, = type V for some vari-
ableV with already defined type (i.e. a global or well-defined local variable).
Notice that our syntax requires each local variable to be well-defined. Then, in
the first case, the type df is p, while in the latter case type df is the same as
type of V, whereV is a global variable or a well-defined local variable.

(d) If S1,...,.S,, include evaluable predicates or equality predicates then appropri-
ate simplification is done.

3. For a moduleM, such that\(c;), ..., A(c,,) are already defined(M) is defined
as follows:

AM) ={r1,....rm U 1) U...UA(cn)

Definition 3. Let .S be a set of modules. Two modulgs and M’ are said to be rule-set
equivalent (inS)3 if A\(M) andA(M’) have the same set of rules modulo changes in the
ordering of naf-literals in the body of a rule. 0.

% When the context is clear we do not mentismexplicitly.



4 Examples of simple specialization and generalization

In this section we illustrate some simple examples of specialization and generalization.
We start with a simple module of inertial reasoning which saysii true in the index
T then it must be true in the indéX'.

Module_Name: Inertia.
Parameters(Input: holds(F,T); Output: holds(F,T’);).
Body: holds(F,T) :- holds(F,T).

Consider the following call-macro statement.

CallMacro InertiaReplace F by G, T' by res(A, T) Unchanged holds, T;).
When the above call-macro statement is expanded we obtain the following:

holds(G,res(A,T)) :- holds(G,T).
Consider a different call-macro statement.

CallMacro InertiaReplace F by G, T’ by (T+1); Unchanged holds, T;).
When the above call-macro statement is expanded we obtain the following:

holds(G,T+1) :- holds(G,T).

Now let us define some modules that specialize the module ‘Inertia’.

(i) Inertial

Module_Name: Inertial specializes Inertia.

Parameters(Input: holds(F,T); Output: holds(F,T’);).

Body: Callmacro Inertia(Unchanged: holds, F, T, T’
Specialize: not “holds(F,T’), not ab(F,T,T’);).

Proposition 1. The module Inertial is rule-set equivalent to Inertial’ below. O.

Module_Name: Inertial’.
Parameters(Input: holds(F,T), ab(F,T,T’);Output: holds(F,T’);).
Body: holds(F,T’) :- holds(F,T), not “holds(F,T’),

not ab(F,T,T).

(i) Inertia2

Module_Name: Inertia2 variant_of Inertia.
Parameters(Input: holds(F,T); Output: holds(F,T’);).
Body: Callmacro Inertia(Unchanged: holds, F, T, T’;
Specialize: not “holds(F,T");).
Callmacro Inertia(Replace: holds by “holds;
Unchanged: F, T, T’; Specialize: not holds(F,T’);).

Note that in the above module we say ‘variaft instead of ‘specialize’. That is be-
cause the body of the above module has two macro calls and when using ‘specialize’
we only allow for one macro call.



Proposition 2. The module Inertia2 is rule-set equivalent to Inertia2’ below. O.

Module_Name: Inertia2’.

Parameters(Input: holds(F,T); Output: holds(F,T’);).

Body: holds(F,T") :- holds(F,T), not “holds(F,T’).
“holds(F,T’) :- "holds(F,T), not holds(F,T).

(i) Inertia3
Module_Name: Inertia3 specializes Inertia.
Parameters(Input: holds(F,T); Output: holds(F,T’);).

Body: Callmacro Inertia(Unchanged: holds, F, T, T’
Specialize: not ab(F,T,T’);).

Proposition 3. The module Inertia3 is rule-set equivalent to Inertia3’ below. 0.

Module_Name: Inertia3'.
Parameters(Input: holds(F,T), ab(F,T,T’);Output: holds(F,T’);).
Body: holds(F,T") :- holds(F,T), not ab(F,T,T).

(iv) Inertiad

Module_Name: Inertiad generalizes Inertia3.

Parameters(Input: holds(F,T); Output: holds(F,T’);).

Body: Callmacro Inertia3(Unchanged: holds, F, T, T’;
Generalize: not ab(F,T,T’);).

Proposition 4. The module Inertia4 is rule-set equivalent to the module Inertiad.

The above modules show how one can define new modules using previously defined
modules by generalizing or specializing them. This is similar to class-subclass defini-
tions used in object oriented programming languages. A specialization is analogous to a
subclass while a generalization is analogous to a superclass. Now let us consider several
call-macro statements involving the above modules.

(a) The statement “CallMacro InertiadRéplace F by G, T by X, T' by X+1,
Unchanged holds;)”, when expandelj gives us the following rules:

holds(G,X+1) :- holds(G,X), not ~“holds(G,X+1).
“holds(G,X+1) :- "holds(G,X), not holds(G,X+1).

(b) Similarly, the statement “CallMacro InertidRéplace F by G, T by X, T' by
res(A,X) Unchanged holds;)” when expanded will result in the following rules:

holds(G,res(A,X)) :- holds(G,X), not “holds(G,res(A,X)).
“holds(G,res(A,X)) :- “holds(G,X), not holds(G,res(A,X)).

The above illustrates how the same module Inertia2 can be used by different knowledge
basesThe first call-macro statement is appropriate to reason about inertia in a narra-
tive while the second is appropriate to reason about inertia with respect to hypothetical
situations.

4 All such statements in the rest of this paper can be thought of as formal results. But since their
proofs are straight forward we refrain from adding a whole bunch of propositions.



5 Modules for planning and reasoning about actions

In this section we present several modules that we will later use in planning and rea-
soning about actions. In the process, we will show how certain modules can be used
through appropriate macro calls in different ways.

5.1 Forall
We start with a module called ‘Forall’ defined as follows:

Module_Name: Forall.
Parameters(Input: in(X,S), p(X,T); Output: all(S,T);).
Body: "all(S,T) :- in(X,S), not p(X,T).
"all(S,T) :- in(neg(X),S), not "p(X,T).
all(S,T) :- not ~all(S,T).

Intuitively, the above module defines when all elements ¢positive or negative flu-
ents) satisfy the propertyat time point7". Now let us consider call-macro statements
that call the above module.

e The statement “CallMacro ForaRéplace X by F, p by holds all by holdsset
Unchanged S, T, in;)” when expanded will result in the following rules:

“holds_set(S,T) :- in(F,S), not holds(F,T).
“holds_set(S,T) :- in(neg(F),S), not “holds(F,T).
holds_set(S,T) :- not “holds_set(S,T).

e The statement “CallMacro ForaReplace X by F, in by finally, p by holdsRemove
{S} from all, {S} from in, {S} from p; Unchanged all, T;)” when expanded will result
in the following rule:

"all(T) :- finally(F), not holds(F,T).
"all(T) :- finally(neg(F)), not “holds(F,T).
all(T) :- not ~all(T).

The above rules define when all goal fluents (given by the predicate ‘finally’) are true
at atime poinfl’. Although the module specification of ‘Forall’ has an extra variahle
when the above macro call is expand8ds removed.

5.2 Dynamic causal laws

Now let us consider a module that reasons about the effect of an action. The effect of
an action is encoded usimguses(a, f, s), wherea is an action f is a fluent literal and

s is a set of fluent literals. Intuitivelyauses(a, f, s) means that will make f true in

the ‘next’ situation if all literals ins hold in the situation where is executed ou is to

be executed.

Module_name: Dynamicl.
Parameters(Input: causes(A,F,S), holds_set(S,T);
Output: holds(F,T’);).
Body: holds(F,T’) :- causes(A,F,S), holds_set(S,T).
“holds(F,T’) :- causes(A,neg(F),S), holds_set(S,T).



Now let us consider call-macro statements that call the above module.

e The statement “CallMacro Dynamid®¢place F by G, T by X, T' by X+1,;
Specialize occurs(A,X) Unchanged A, S, holds, causes, holdt;)” when expanded

will result in the following rules:

holds(G,X+1) :- occurs(A,X), causes(A,G,S), holds_set(S,X).
“holds(G,X+1) :- occurs(A,X), causes(A,neg(G),S),
holds_set(S,X).

e The statement “CallMacro Dynamid®éplace F by G, T by X, T' by res(A,X)
Unchanged A, S, holds, causes, holdst;)” when expanded will result in the follow-

ing rules:

holds(G,res(A,X)) :- causes(A,G,S), holds_set(S,X).
“holds(G,res(A,X)) :- causes(A,neg(G),S),holds_set(S,X).

e The statement “CallMacro Dynami®¢place F by G, T by X, T' by X+D;
Specialize occurs(A,X) duration(A,D) Unchanged A, S, holds, causes, holdst;)”

when expanded will result in the following rules:

holds(G,X+D) :- causes(A,G,S), holds_set(S,X),
occurs(A,X), duration(A,D).

“holds(G,X+D) :- causes(A,neg(G),S), holds_set(S,X),
occurs(A,X), duration(A,D).

The above illustrates how the module Dynamicl can be used in three different ways:
when reasoning about narratives where each action has a unit duration, when reasoning
about hypothetical execution of actions, and when reasoning about narratives where
each action has a duration that is given.

5.3 Enumeration

Module_Name: Enumeratel.
Parameters(Input: r(X), s(Y);Output: q(X,Y);). Types:Z=type X.
Body: "q(X,Y) :- q(Z)Y), X!=Z, s(Y).

aix,Y) - r(X), s(Y), not "g(X,Y).

The statement “CallMacro EnumeratBBplace r by action sby time, g by occurs X
by A, Y by T;)” when expanded will result in the following rules:

“occurs(A,T) :- occurs(Z,T), Al=Z, time(T).
occurs(A,T) :- action(A), time(T), not “occurs(A,T).

5.4 Initialize
Module_Name: |Initialize.
Parameters(Input: initially(F); Output: holds(F,0);).
Body: holds(F,0) :- initially(F).
“holds(F,0) :- initially(neg(F)).



6 Planning

In this section we show how we can specify a planning program (and also a planning
module) using call-macro statements to modules defined in the previous section.

6.1 An AnsProlog planning program in Smodels syntax

We start with a program that does planning. In the following program we have two
actionsa andb, and two fluents® andp. The actiora makesf true if p is true when it

is executed, while the actidnmakesp false if f is true when it is executed. Initially

is true andf is false and the goal is to malfetrue andp false.

initially(neg(f)). initially(p). causes(a,f,s).

in(p,s). set(s). causes(b, neg(p), ss).
in(f,ss). set(ss). action(a).

action(b). fluent(p). fluent(f).

finally(f). finally(neg(p)). #const length = 1.

time(0..length). #domain fluent(F).#domain set(S).
#domain action(A). #domain time(T). #show holds(X,Y).
#show occurs(X,Y).

holds(F,0) - initially(F).

“holds(F,0) - initially(neg(F)).

holds(F, T+1)  :- holds(F,T), not “holds(F,T+1).

“holds(F, T+1) :- "holds(F,T), not holds(F,T+1).

holds(F,T+1) :- occurs(A,T), causes(A,F,S), holds_set(S,T).
“holds(F,T+1) .- occurs(A,T),causes(A,neg(F),S),holds_set(S,T).

“holds_set(S,T) :- in(F,S), not holds(F,T).
“holds_set(S,T) :- in(neg(F),S), not “holds(F,T).
holds_set(S,T) :- not "holds_set(S,T).

o_occurs(A,T) - oceurs(Z,T), Al=Z, time(T).
occurs(A,T) - action(A), time(T), not o_occurs(A,T).
~allgoal - finally(F), not holds(F,length+1).
"allgoal :- finally(neg(F)), not “holds(F,length+1).
allgoal - not "allgoal.

- not allgoal.

6.2 A planning module that calls several macros

We now define a planning module that has many call-macro statements calling macros
defined in the previous section.

Module_name: Simple_Planning.

Parameters(Input: initially(F), causes(A,F,S), finally(F),
in(F,S), action(A), length, holds(F, T), holds_set(S, T),
time(T); Output: occurs(A,T), allgoal;).

Body: Callmacro Initialize(Unchanged: initially, holds, F;).

Callmacro Inertia2(Replace: T' by T+1,
Unchanged: holds, F, T;).

Callmacro Dynamicl(Replace: T' by T+1;
Specialize: occurs(A,X);



Unchanged: causes, holds_set, holds, A, F, S, T)).
Callmacro Forall(Replace: X by F, p by holds, all by holds_set;
Unchanged: in, S, T).
Callmacro Enumeratel(Replace: X by A, Y by T, r by action,
s by time, q by occurs;).
Callmacro Forall(Replace: X by F, in by finally, p by holds,
all by allgoal; Remove: {S, T} from all,
{S} from in, {T} from p; Add: {length+1} to p;).
- not allgoal.

6.3 A planning program that calls the planning module

A planning program that calls the planning module in Section 6.2 and which when
expanded results in the planning program in will consist of the declaration (first 9 lines)
of the module in Section 6.1 and the following call:

Callmacro Simple_Planning(Unchanged: F, S, initially, causes,
finally, in, action, length, holds, holds_set, time, occurs,
allgoal;).

7 Ensembles and associated modules

So far in this paper we have focused on macros and macro expansions. To take the

reuse and independent development of modules in an object-oriented manner further

we propose that modules be grouped together under a “heading”. This is analogous to

object-oriented languages such as Java where methods that operate on the objects of
a class are grouped under that class. In other words the “headings” in Java are class

names under which methods are grouped.

Before we elaborate on what we propose as “headings” for our purpose here, we
first consider some examples from Java. A typical class in Java (from Chapter 3
of [Horstman 2005]) isBank Account. Associated with this class are the methods
deposit, withdraw andget Balance. A subclass oBank Account (from Chapter 13

of [Horstman 2005]) is the clasSavingsAccount. In Java, in theSavingsAccount

class definition one only specifies new methods as it automatically inherits all meth-
ods from the BankAccount class. An example of a new method for the class
SavingsAccount is addInterest.

The questions we would now like to address are: How are modules, as defined in this pa-
per, organized? If they are grouped, how are they grouped and under what “headings”?
If they are grouped, how do inheritance and polymorphism manifest themselves?

We propose that the modules be grouped under “headings”. That allows one to locate
a module more easily, compare modules that are similar, notice duplicate modules, etc.
In regards to what “headings” we should use for grouping the modules, we notice that a
module has predicates specified in its parameters and each positions of these predicates
have an associate class. Thus we define a notion ehaembleas a pair consisting

of a set of classeS§ and a set of relation schemasand propose to use ensembles as
“headings” under which modules are grouped.



An example of an ensemble is a sé& = {action, fluent,time} and

R = {initially(fluent-literals), causes(action, fluent-literals, set of fluent
literals), finally( fluent-literals) }. Associated with each ensemble are a set of mod-
ules about those classes and relation schemas.

Similar to the notion of classes and sub-classes in Java we define the notion of sub-
ensembles as follows. L&t = (S, R) be an ensemble anfl’ = (S’, R’) be another
ensemble. We sa¥’ is a sub-ensemble df if there is a total one-to-one functigh

from S to S’ such that for all clase € S, f(c) is a sub-class afandR C R'.

By F'(S) we denote the subset Sfgiven by{ f(c) | c € S}. Letus assum& andsS’ are

of the same cardinality anl = R’. In that case2’ basically has specialized subclasses
for the various classes 8. Thus E’ inherits the original modules (in the absence of
overriding) that are i and it may have special modules. For exam@flenay have
the classnove_actions which are a sub-class af:tions [Lifschitz & Ren 2006] and
thus £’ may have additional modules about such a sub-class of actions.

The above definition allows more relation schema®irthan E. On the surface of it
this may be counter-intuitive, but the intuition becomes clear when we asSum#g’.

In that caseéZ’ has more relation schemas, so it can have more modules tianTimus

E’ can inherit all modules that correspondd@nd can have more modules. In addition
E’ may have some module of the same namé ak that case when one is ifi’ the
module definition there overrides the module of the same namike i can also have
more classes thaf' and the intuition behind it is similar to the above and becomes
clear when one assumgscC S’.

Macro calls can be used inside modules. When calling modules one then needs to
specify the ensemble name from where the module comes from. This is analogous to
class.methods calls in Java.

When developing a large knowledge base we will have an ensemble which will consist
of a set of class names and a set of relation schemas. It will have its own modules. This
ensemble will automatically inherit (when not overridden by its own modules) from
various of its super-ensembles. One needs to deal with the case when an ensemble has
say two super-ensembles each of which have a module of the same name.

For a knowledge base, exactly one of its module will be the “main” module. This is
analogous to the “main” method in Java. This module may contain rules as well as
macro calls to other modules that are defined or inherited. The set of rules of this mod-
ule, after macro expansion will be the program that will be run to obtain answer sets or
used to answer queries.

8 Conclusion, related work and software availability

In this paper we have introduced language constructs — syntax and semantics, that al-
lows one to specify reusable modules for answer set programming. We illustrate our
approach with respect to the planning example, and present several modules that can be
called from a planning program. We also hint at how some of those modules, such as
inertia, can be used by a program that does hypothetical reasoning about actions. In par-
ticular, while the statement “CallMacro Inertidg&gplace F by G, T by X, T’ by X+1,;



Unchanged holds;)” can be used in a planning program or a program that reasons with
narratives the statement “CallMacro InertiB2place F by G, T by X, T’ by res(A,X)
Unchanged holds;)” can be used for hypothetical reasoning about actions. Note that
both of them call the same module Inertia2. This is what we earlier referred to as reuse
of code.

Among other works, our work is close to [Calimetial.2004], [Gelfond 2006],
[Lifschitz & Ren 2006]. In [Calimeret al. 2004] ‘templates’ are used to quickly in-
troduce new predefined constructs and to deal with compound data structures. The
approach in [Gelfond 2006] is similar to us, and in [Lifschitz & Ren 2006] mod-
ular action theories are considered. Our use of “Replace” and the resulting sim-
pler parameter matching — than in our earlier version of the paper in AAAI'06
spring symposium, is inspired by [Lifschitz & Ren 2006], which was also presented
in the same symposium. Earlier, Chen et al. [Chen, Kifer, & Warren 1993] pro-
posed the language of Hi-log that allows specification similar to our transitive clo-
sure modules. Other works in logic programming that discuss modularity include
[Bugliesiet al. 1994, Eiteret al. 1997,Etalle & Gabbrielli 1996] and [Maher 1993].

Besides the above and CYC [Guha 1990] most recent efforts on resources for
large scale knowledge base development and integration have focused on issues
such as ontologies [Niles & Pease 2001], ontology languages [Bten2002],
[Horrockset al. 2003], [rul 2005], [Boleyet al. 2004], [Grosofet al. 2003], and inter-
change formats [Genesereth & Fikes 1992,com]. Those issues are complementary to
the issue we touch upon on this paper.

An initial implementation of an interface and interpreter of modules and macro calls
is available at http://www.baral.us/modules/. As this is being written, we are still fine
tuning the implementation.
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