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Abstract

In this paper a logic-based specification language, called NP-SPEC, is
presented. The language is obtained by extending DATALOG through al-
lowing a limited use of some second-order predicates of predefined form.
NP-SPEC programs specify solutions to problems in a very abstract and
concise way, and are executable. In the present prototype they are com-
piled to PROLOG code, which is run to construct outputs. Second-order
predicates of suitable form allow to limit the size of search spaces in order
to obtain reasonably efficient construction of problem solutions. NP-SPEC

* A preliminary version of this paper appeared as [1, 2].



expressive power is precisely characterized as to express exactly the prob-
lems in the class NP. The specification of several combinatorial problems
in NP-SPEC is shown, and the efficiency of the generated programs is eval-
uated.

Keywords: specification languages, logic programming, datalog.

1 Introduction

The definition and the implementation of logic-based languages allowing for
specifying complex problems have recently received much attention in the re-
search community (cf., e.g., [3, 4, 5, 6, 7]). The main features of such languages
are:

¢ they are highly declarative, and, as such, they are easier to use and simplify
the error-prone process of writing algorithms;

¢ they are executable, so that the defined specification can be actually run
and thus constitutes a rapid prototype.

General logic-based languages that, being Turing-complete, allow for an unre-
stricted specification capability are proposed in, e.g., [5, 6]. Clearly, such lan-
guages are fairly complex, and this may be an obstacle for their use (cf., e.g., [8],
where the difficulties arising with handling formal specifications is pointed out
as a main factor in the limited use of formal methods in software development).

In this paper we follow a different direction, and propose a language with lim-
ited expressiveness. In particular, we define NP-SPEC, which is a highly declar-
ative executable language, which allows the user to specify exactly all problems
which belong to the complexity class NP in a simple way. This restriction has
two advantages:

e the language is simpler, and easier to learn;

e a more focused strategy in the search for a solution is possible, thus leading
to more efficient programs.

Like in [3, 4], we opt for a DATALOG-like, i.e., PROLOG with no function
symbols, syntax. Basically, logical formulae are rules, hence they are more
restricted than in general predicate logic. The main difference between NP-SPEC
and the other languages relies in its semantics, which is based on the notion of
model minimality. The different semantics makes negation in the body of rules
not necessary —though permitted— thus allowing for simpler specifications.

We show an example of an NP-SPEC specification, which helps us to highlight
the main aspects of the language. The example concerns the famous “3-coloring”
problem, which is well-known to be NP-complete (cf. e.g., [9, problem GT4, page
191]), and is formally defined as follows.



INSTANCE: Graph G = (N, E)
QUESTION: Is G 3-colorable, i.e., does there exist a function

col : N — {1, 2,3} such that col(u) # col(v)
whenever {u,v} € E?

In NP-SPEC, the user can make the following declarations, which specify both
an instance (in the DATABASE section) and the question (in the SPECIFICATION
section). In this case, the instance is a graph with six nodes and seven edges,
which is 3-colorable.

DATABASE

node = {1..6};

edge = {(1,2), (1,3), (2,3), (6,2), (6,5), (5,4), (3,5)};
SPECIFICATION

Partition(node,coloring,3).
fail <-- edge(X,Y), coloring(X,C), coloring(Y,C).

In the current implementation of NP-SPEC, processing the above specification
gives as output an ECL!PS®, i.e., PROLOG, program. Running the ECL! PS¢
program produces the following output, which represents the colors to be as-
signed to the nodes so that the input graph is 3-colored.

coloring: (1,1), (2,2), (3,3), (4,1), (5,2), (6,1)
NP-SPEC is a DATALOG-like language. In particular:

e the clauses in the DATABASE section specify a set of facts, i.e., function-free
ground atomic first-order formulas, that define the instance;

e rules in the SPECIFICATION section are universally quantified function-free
definite clauses, that specify the solution of the problem.

The main difference between NP-SPEC and DATALOG is the possibility of
using second-order logic in a restricted way. Referring to the above example,
the clause Partition(node,coloring,3) has the following meaning:

e The predicate coloring, which does not occur in the database section, is
implicitly declared to have arity 2, i.e., the arity of domain node plus 1.

e The extension of coloring can be any set of the following kind:

{{(n,c) | n is in the extension of node, ¢ € {1,2,3}}

The intuitive meaning of the SPECIFICATION section is: the instance has no
solution if for all possible extensions of coloring, there are nodes X and Y such
that:

e X and Y are connected by an edge (cf. atom edge (X,Y)), and



e X and Y are colored with the same color C (cf. atoms coloring(X,C),
coloring(Y,C)).

In other words, an extension of coloring which makes fail true does not
correspond to a solution.

The execution of the specification is such that as soon as the program finds
an extension of coloring that does not make fail true, it outputs such an
extension, or, at the request of the user, all extensions of this kind.

More precisely, in general, a specification in NP-SPEC has the following struc-
ture:

e The DATABASE section is used to specify the instance of a problem. As
for the semantics, the extension of the predicates which are declared here
(called extensional predicates) is always as specified by the set of facts.

e The SPECIFICATION section is used to:

— Declare predicates which are used to represent the search space of
the problem (e.g., coloring). As for the semantics, the extension
of such predicates can be any subset of the Cartesian product of
the corresponding domains. For this reason, we call such predicates
guessed predicates.

— Declare constraints binding extensional and guessed predicates, and
possibly other predicates (one of them being the predefined predicate
fail).

The main distinctive features of NP-SPEC are the following:

e It has a completely defined semantics, which is based on an extension of
DATALOG known as DATALOGYEC | defined in [10].

e It has a precise connotation in terms of expressive power and computa-
tional complexity. In particular, it can specify exactly all problems in the
complexity class NP.

o It offers a set of metapredicates, called tailoring predicates, which guide
the system in the synthesis of algorithms that operate on search spaces of
limited size so as to be reasonably efficient.

The language NP-SPEC is meant to be simple to use and to propose intuitive
and concise specifications. Our approach is meant to lift the abstraction level
at which the problem must be specified for the system to be able to generate
automatically the code. The user is allowed to take the decisions at such an
abstract level, and her/his decisions have an impact in the generated program
in a transparent way.

In the rest of the paper, we outline the main technical aspects of NP-SPEC:
syntax, semantics, and computational properties. We also briefly address the
current prototype and its performances, report more specification examples, and
discuss related work.



2 Preliminaries

In this section we recall some notions about complexity and expressiveness that
will be useful in the following. The interested reader is referred to [11, 12].
Also, we recall the definition of DATALOGCTEC [10], the language upon which
the semantics of NP-SPEC relies.

2.1 Complexity and expressiveness

A decision problem is a set of pairs of the kind (s, A), where s is a problem
instance and A is equal to either True or False, and is the answer for the
instance.

The class P is defined as the set of decision problems solved by deterministic
polynomial-time bounded Turing machines. The class NP is defined as the set of
decision problems solved by non-deterministic polynomial-time bounded Turing
machines.

If X and Y are decision problems, a polynomial many-one reduction from
X to Y is a function f computable by a deterministic polynomial-time bounded
Turing machine such that (s, True) € X if and only if (f(s),True) € Y.

A problem X is NP-hard if for all problems Y € NP there exists a polynomial
many-one reduction from Y to X. If, moreover, X € NP, then X is said to be
NP-complete.

Queries are defined ([13, 14]) as transformations defined on relational data-
bases: Let U be some “universal” domain of constants. A relational database
is a structure DB of the form (D, Ri,...,Ry) where D C U is a finite set of
domain constants and R; is a relation of arity a; over D for some integer a; (i.e.,
R; C D%). DB is said to be of type @ = (a1,...,ar). The set D is called the
active domain of the database.

A computable query of type a — bool is a mapping

Q :{DB | DB is of type a} — {True, False}
satisfying the following constraints:
1. Q is partial recursive;
2. Q is generic, i.e., for each bijection p over D, p(Q(DB)) = Q(p(DB)).

Having defined computable queries, we draw our attention to their complex-
ity. Let Q be a query of type @ — Bool. Then Q is in NP if deciding whether
Q(DB) = True is in NP, for any input database DB of type a.

The expressive power of a formalism for querying relational databases is
given by the set of queries it defines. Interesting classes of queries for classifying
the expressive power of query languages are those defined by complexity classes,
e.g., NP. We say that a language £ captures NP if the set of queries defined by
expressions from £ coincides with the set of all queries in NP.



2.2 Datalog®’®¢

We illustrate the syntax and the semantics of DATALOGCEC | and briefly address
its computational properties. Such notions will be used to introduce formal
properties of NP-SPEC in Section 3.

2.2.1 Syntax of DATALOGC!EC

First of all, we remind the syntax of DATALOG. We assume the existence of
countable and distinct sets of constants, variables and predicate names. A
DATALOG program [15] is a finite set T of universally quantified function-free
first-order definite rules, i.e., sentences of the form:

a(t) « bi(ts), ..., bu(ta)

where n > 0, a(t) and b;(t;) (1 < i < n) are atoms. An atom is formed out
of a predicate name with arity k, for some k£ > 0, and a list of k¥ arguments,
which may include variables and constants. An atom is ground if no variables
occur in it. A ground DATALOG rule such that n = 0 is called a fact. The
set of clauses occurring in T is then naturally partitioned into a subset D of
facts which constitute the extensional component, or database, and a subset 7 of
non-ground or non-atomic formulae, called the intensional component of T. We
assume that no constants appear in 7, since constants in 7 can be represented by
introducing ad-hoc unary predicates, and for each such predicate a single fact in
the database. The set of constants appearing in the extensional component of a
DATALOG program T is called the active domain of T. Let r € T be a DATALOG
rule. The set of its ground instance rules is the set of ground rules obtained
from r by consistently substituting its variables with constants belonging to the
active domain of T'.

A DATALOGCTEC program is a triplet (T'; P; Q) where T is a DATALOG pro-
gram and (P; Q) is a partition of the predicates occurring in 7. Predicates in
P are called minimized; predicates in @) are called guessed. The predicates in
@ can appear only in the body of the clauses; furthermore, for each predicate
p which belongs to P, there must be at least one clause having p in the head
which determines its extension, unless p is a database predicate that denotes a
database input relation through a set of facts.

With DATALOGC!EC programs we can specify boolean queries, which are
posed by means of restricted clauses, which are first-order formulae of the kind:

(VX)A1(X) A -+ AN AR(X)) — fail
where each A4;(X) (1 <1< n) is an atom, X is a list of variables, and fail is a
0-ary predicate symbol, i.e., a propositional letter.
2.2.2 Semantics of DATALOGCIEC

We start again with the semantics of DATALOG. The Herbrand base of T is the
set of all ground atomic formulae constructed from predicate symbols and the



active domain of T'. An Herbrand interpretation of a DATALOG program T is a
subset of its Herbrand base. Let A be a ground atom and M be an Herbrand
interpretation of a DATALOG program 7. Then we say that A is true in M,
written M = A, if A € M. If M [~ A, then we say that A is false in M. The
negative literal =4 is true in M if M [~ A. An Herbrand interpretation M of
a DATALOG program T is a model for T if for each ground rule C' obtained by
instantiating a rule in 7" with constants of the active domain, either the head
of C is true in M or at least one literal in the body of C is false in M. The
semantics of restricted clauses can be defined in the same way.

As for DATALOGC!EC programs, their semantics originates from the non-
monotonic formalism of circumscription [16], and takes into account partition
of predicates into (P; Q). Intuitively, the predicates in @ are those that are
“guessed” by the interpretation, whereas those in P are either calculated or
coming from the input database. In fact, the extension of the predicates in
the set @) is not determined a priors; that is, let ¢ € () be a guessed predicate
of arity k; we consider as possible extension associated to g all the subsets of
the Cartesian product D* = D x --- x D (k times), where D denotes the
active domain of T'. We call instance of () one possible guessing of extensions
for each predicate in Q. Note that also the predicates belonging to the set P
that depend through some clauses upon predicates in () may have, in the sense
outlined above, multiple extensions.

More formally, let T' be a DATALO
Herbrand models of T is defined as follows.

GCIEC program. A preorder among the

Definition 2.1 ((P; Q)-minimal models, [17]) Let M, N be two Herbrand
models of a formula T. We write M <(p,q) N if:

1. predicates in @ have the same extension in N and M;

2. for each predicate p € P, the extension of p in M is a subset —possibly
not proper— of the extension of p in N.

An Herbrand model M is called (P;@)-minimal for T if there is no Herbrand
model N of T such that N <(p,q) M and M £(p,q) N. °

The semantics of a DATALOGYIEC program relies on its Herbrand (P; Q)-
minimal models: Let 7T be a fact-free DATALOGCEC program, D an extensional
database, and 7 a restricted clause, we write T A D |=(p,q) 7 if v is true in all
Herbrand (P;@)-minimal models of T' A D.

It can be easily seen that DATALOGCEC is a generalization of DATALOG: A
DATALOG program T is just a DATALOGC!EC program (T'; P; () in which the set
@ of guessed predicates is empty.

In DATALOGCYTEC  we can specify the “graph coloring” problem, by means
of the fact-free program (Tcor; P; @) consisting in the following clauses:

fail + edge(X,Y),color(C),coloring(X,C),coloring(Y,C) (1)
colored(X) <+ color(C),coloring(X,C) (2)



where P = {colored, fail, color,edge}, Q = {coloring}. The extensional database
D is constituted by ground atomic instances of the following predicates:

e edge, which is a symmetric predicate encoding the set of edges of the input
graph in the obvious way;

e color, which is a predicate encoding the set of available colors, e.g., in
3-coloring color has three facts. For simplicity, we assume that colors are
denoted using constant symbols occurring in instances of the edge relation.

The query « is defined by the following restricted clause:
((VX)colored(X)) —  fail (3)

The intended meaning of the antecedent of the query 7~ is that we are interested
in (P; @)-minimal models of Tcor, A D which assign a color to each element of
the Herbrand universe, i.e., to each node. Note that we don’t care if a node
is assigned more than one color: If no conflict arises with such an overloading,
then we can select in an arbitrary way a color for a node among those which
the node is associated with.

It can be formally shown that Tcor, D [~(p,q) 7 if and only if the input
graph G is colorable using the available colors. In fact, Tcor, D W (p,q) 7 iff
there exists at least one (P; @)-minimal model M of Toor, D such that M [~ v.
The latter condition holds iff, in M, the extension associated to the guessed
predicate coloring covers the set of graph’s nodes in a way such that fail is
not implied. Finally, such condition holds iff the input graph is colorable using
colors stored in the database relation color.

The semantics of DATALOGYTEC can be immediately and naturally extended
to search queries, i.e., queries whose result is a set of relations, rather than a
simple boolean answer. This is done by considering a set of predicate symbols
R C Q, called carriers. A computed result associated to (T'; P; @), R, and «y over
D is:

{c(t) | c€ R, c(t) € M, M }~ v and M is a (P;Q)-minimal model of T A D}.

For simplicity, in this paper we always assume R = (). For instance, consid-
ering the graph coloring example shown above, a computed result is a (non-
deterministically chosen) correct coloring of the input graph, if any.

2.2.3 Computational properties of DATALOGC!EC

As it is evident from the previous example, the problem of determining whether
T A D |=(p;q) v or not, where the input is D, is NP-hard. In [10] it is proven
that:

¢ The data complexity of DATALOGCIEC  ie., the complexity of query an-
swering measured in the size of the input extensional database only, is
NP-complete.



e The expressiveness of DATALOGCIEC is such that the language captures
NP. This is proven showing that, for each problem A in NP, there are
a fized fact-free DATALOGC!EC program (T'; P; Q) and a fired restricted
clause v such that for each instance d of A encoded as an input database
D, it holds that T'A D |~ (p,q) v iff d is a “yes” instance of A.

This means that DATALOGCTEC is capable of specifying exactly all problems
belonging to NP. We remind that DATALOG is capable of expressing a strict
subset of the polynomial-time problems (as an example, it cannot express the
“even” query, which input is a domain C of objects, and whose question is: “Is
the cardinality of C even?”).

3 Basic NP-SPEC

In this section we introduce the basic language fragment of NP-SPEC, define
its semantics in terms of a translation into a DATALOGC!EC specification, and
prove that it has the same expressive power of the latter language. NP-SPEC
extensions are discussed in the next section.

3.1 Basic NP-SPEC syntax

An NP-SPEC program consists of a DATABASE section and a SPECIFICATION sec-
tion (cf. Appendix A for the complete syntax). The DATABASE section includes:

e Definition of extensional relations of the kind
r = {t1,...,tn},

where r is the input relation name and each ti is a tuple of the same
arity as r. The only constant symbols allowed in tuples are integers and
strings. Intervals of integers (cf. the 3-coloring example of Section 1) are
not allowed.

e Definition of constants.
The SPECIFICATION section consists of two parts:

e A search space declaration, which corresponds to the definition of the
domain of the guessed predicates. In basic NP-SPEC it is a sequence of
declarations of the form:

Subset (<domain>, <predicate_id>).

where <predicate_id> is the name of the guessed predicate and <domain>
is a finite set defined either as an input relation, or as an enumera-
tion, or by means of union (‘+’), intersection (‘*’), difference (‘-’), and
Cartesian product (‘><’). <domain> identifies the domain upon which the
extension of the predicate is guessed, and must have the same arity as
<predicate_id>.



A stratified DATALOG program that can possibly include the six prede-
fined relational operators and negative literals, which have the form NOT A,
where A is an atom. Stratification introduces a restricted form of nega-
tion by allowing negative literals in the body of rules [18]. Intuitively,
a program is stratified if a predicate is not defined recursively through
negation. More formally, its precedence graph must not contain a cycle
with a negative edge. Such a graph contains a node for each predicate
symbol, and a positive (negative) edge from node A to node B if A occurs
positively (negatively) in the body of a rule with B in the head.

This part includes also the restricted clause necessary for specifying a
problem, i.e., one or more rules with fail in the head.

As an example, we can specify the “3-coloring” problem in basic NP-SPEC in
the following way.

// 3-coloring
DATABASE
color = {red, green, bluel};
node = {1,2,3,4,5,6};
edge = {(1,2), (1,3), (2,3), (6,2), (6,5), (5,4), (3,5)};

SPECIFICATION
Subset (node >< color, coloring). // 1
fail <-- edge(X,Y), coloring(X,C), coloring(Y,C). // 2
fail <-- coloring(X,C1), coloring(X,C2), C1 <> C2. // 3
fail <-- node(X), NOT colored(X). // 4
colored(X) <-- coloring(X,_). // 5

The following comments are in order:

The input graph and the names for the available colors are defined in the
DATABASE section.

In the search space declaration (1) the user declares the predicate symbol
coloring to be a guessed one of arity 2. All other predicate symbols are,
by default, not guessed.

The symbol “><” denotes the Cartesian product, “<>” is the not equal

predicate, and “” is a mute variable. Comments can be inserted using
the symbol “//”.

Rule 2 corresponds to rule (1) of the coloring DATALOGY'EC program of
Section 2.2.2.

Rule 3 states that a node is not allowed to have more than one color. It
has no counterpart in the DATALOGC?EC version of Section 2.2.2, because
it has only the practical use of choosing one color for each node. The
specification is correct even if we drop it (in this case, a solution can then
be found by choosing arbitrarily, for each node, any of its colors).
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e Rule 4 corresponds to the restricted clause (3) of the coloring DATALOGCTEC
program of Section 2.2.2.

e Rule 5 corresponds to rule (2) of the coloring DATALOGYEC program of
Section 2.2.2.

Running this program on the NP-SPEC compiler produces the following out-
put:

coloring: (1,blue), (2,green), (3,red), (4,blue),
(5,green), (6,blue)

Summarizing, the main differences of NP-SPEC with respect to DATALOGCTEC
are the following:

¢ guessed predicates have a finite domain explicitly associated to them;

e negation of atoms is allowed in the body of the rules, as long as the
program is stratified;

¢ the restricted clause used as a query is listed among the other rules;
e the six relational operators (‘==", ‘<>’ >’ ‘<’ >=" and ‘<=") are allowed.

These differences are motivated by the aim of improving the readability
of the specifications. The domain of guessed predicates is introduced also for
efficiency considerations. In fact, searching on the specified domain results to be
generally much faster than exploring the full active domain. Additional second-
order predicates, illustrated in Section 4, help in further reducing the size of the
search space.

3.2 Basic NP-SPEC formal semantics

In this section we show how any NP-SPEC specification S = (DB, SP) can be
naturally translated into a DATALOGC!EC program (T; P;Q) and a restricted
clause v, thus giving its formal semantics.

First of all, we define the vocabulary £+ of T.

e L+ contains every constant in S.

e For each predicate symbol s in S, £ contains the predicate symbol s
with the same arity as s. If s is a guessed predicate, then s belongs to @,
otherwise it belongs to P.

o For each guessed predicate g in S, the predicate out, belongs to L7 and
is in P. Each predicate out, is used to exclude those extension of g which
are not subsets of the corresponding domain (cf. forthcoming rule (5) and
set of tuples (4)).

e For each predicate s which occurs in at least one negative literal in the
body of a rule of SP, L7 contains two predicates with the same arity as s:

11



— defs, belonging to P,
— cos, belonging to Q.

Each couple of predicates def, and co; is introduced in order to simulate
negation on the corresponding predicate s (cf. forthcoming rules (6-8)).

e L7 contains six binary predicates in P, one for each relational operator.

We now define D, i.e., the database part of 7. In the following, H denotes
the set of input constants of S, i.e., its active domain, and H" denotes its n-wise
Cartesian product.

e D contains every tuple in DB.

e For each guessed predicate g of SP, let Subset (e,g) be the corresponding
declaration, n the arity of g, and e the relation corresponding to the
domain e. D contains the set of tuples:

{outy(t) | t € H" \ €} (4)
e For each relational operator r, D contains the standard extension of r
upon H2.

Note that the size of D is polynomial in the size of DB. We now turn to the
rules of T'.

e Each NP-SPEC rule is translated into an equivalent DATALOGCTEC rule in
which each occurrence of p is replaced with p and each occurrence of NOT
p is replaced with co,. Moreover, mute variables are substituted with fresh
variables.

e For each guessed predicate g of SP there is a rule
fail « g(X), out,(X) (5)
in T, where X is a list of variables of the appropriate length.

e For each predicate s occurring, in a negative literal, in the body of a rule
of SP, there are the following three rules:

def(X) « s(X) (6)
defs(X) + cos(X) (7)
fail + 5(X), cos(X) (8)

where X is a list of variables of the appropriate length.

Finally, we define the restricted clause v as:

(vVX)defp, (X) A --- A defyp, (X)) = fail

12



where {defp; }i=1,... n is the set of all the predicates of the sort def, occurring in
T. This clause, and rules (6-8), enforce the extension of each couple of predicates
s and cos to be a partition of H™, where m is the arity of s and co,.

In conclusion, a computed result of the basic NP-SPEC program S is {c(t) | ¢ €
Q, c(t) € M}, where M is a (P;@Q)-minimal model of the DATALOGC/EC pro-
gram T built as described, such that M [ p,q) 7.

In order to clarify how the above translation works, we show it on the 3-coloring
specification shown in Subsection 3.1. The basic NP-SPEC specification is trans-
lated into a DATALOGCTEC program (Tscor, Pscol, @3cot) and a restricted clause
Y3cor in the following way:

e The vocabulary L7, , contains the set of constants:
H = {red, green,blue,1,2,3,4,5,6}.
As for the set of predicates, Lr,,,, contains:

— color,node, edge, colored, fail, coloring, with the same arity as the
corresponding ones in 3-coloring. The last one belongs to Qscor,
the remaining ones belong to Ps.o;-

= 0Uleoloring (in Pscop, with arity two), since coloring € Q3coi-

— defeplored (In Pacor, With arity one) and co,ppreq (in Q3cor, With
arity one), because of the negative occurrence of colored in rule 4 of
3-coloring.

— The six binary predicates eq, neg, g, I, ge, and le (in Psqy), corre-
sponding to the six relational operators.

e The database part of T3.,; contains:
— The DATABASE section of 3-coloring.
— The set of tuples:

{OUtcolom’ng(X’ Y) | (X,Y) € H*\{1,2,3,4,5,6} x{red, green, blue}}.

— The standard extension for the predicates eq, negq, g, I, ge, and le.
e The set of rules of T3.,; contains:
— The translation of the SPECIFICATION section of 3-coloring:
fail <+ edge(X,Y), coloring(X, C), coloring(Y, C)
fail coloring(X, C1), coloring(X, Cs), neg(Cy, Cs)

(—
fail + node(X), (X)
colored(X)

Ccolored
coloring(X, A)
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— The rule:

fail « coloring(X, C), OUtcolom'ng(X’ ), 9)
because coloring is a guessed predicate.
— The rules:
defoolored <  colored(X) (10)
defeotored < colored(X) (11)
fail < colored(X), copjored(X), (12)

because of the occurrence of NOT colored(X) inrule 4 of 3-coloring.

e The restricted clause 3.0 is:
((VX)defcolored(X)) — fail

A computed answer for 3-coloring is {coloring(z,c) | coloring(z,c) € M},
where M is a (P3cor; @3cot)-minimal model for T30, such that M ¥ (p,.1:05..0)
Y3col -

Note that the absence of domains and of negation in DATALOG®?EC intro-
duces some differences between the DATALOGYEC version of graph coloring
given in Subsection 2.2.2, and (T3.01, Pscor, @3co1)- The latter program contains
two kinds of additional rules: rule (9), which constrains the extension of col-
oring to be a subset of {1,2,3,4,5,6} x {red, green, blue}, and rules (10-12),
which simulate negation of the predicate colored. The database part of T3, is
suitably enriched, also.

3.3 Basic NP-SPEC expressive power

The following theorem states that basic NP-SPEC allows to specify the same set
of problems as DATALOGC!EC,

Theorem 3.1 DATALOGC!EC and basic NP-SPEC have the same expressive power.

Proof. Basic NP-SPEC semantics is defined in terms of a corresponding
DATALOGYEC program, so it is clear that each basic NP-SPEC program can
be translated into a DATALOGCYEC program. The translation of Section 3.2 is
not modular, in the sense that the database of the DATALOGCTRC program is
a function of both the database and the specification of the NP-SPEC specifica-
tion. Nevertheless, it can be easily seen that the size of the resulting database
is polynomial in the size of the NP-SPEC database.

As for the other direction, we will show that each DATALOG specification
%, i.e., a program (T'; P; @) where T'= D U, and a restricted clause vy, can be
expressed as a specification in basic NP-SPEC as well. The proof is in two steps:

CIRC

1. We build a basic NP-SPEC program P = (DB, SP), that we call the reduction
of X.
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Original DATALOG!RC
specification

to be proven
__equivalent
Reduction
“

P >

Semantics

NP-SPEC program DATALOGCTEC
semantics of P

Figure 1: Proof sketch

2. Let ¥/ = (T"; P';Q"), ' be the DATALOGYTEC specification representing
the semantics of P. In order to prove the theorem we have to show that &
and Y’ are equivalent (see Figure 1).

Step 1. We define the NP-SPEC database DB and an NP-SPEC specification
SP as follows:

e Let H be the active domain of 7. DB is D U DOM, where DOM is a unary
relation including all elements in H.

e For each predicate g € @, the clause Subset(DOM >< --- >< DOM,q) is in
SP, where the number of factors in the domain of q equals the arity of g.

o Let 7 be:
(VX)AL(X)A--- N Ap(X)) — e

where X is z1,..., 2.

The following clauses are in SP:

— fail <-- e.
— fail <-- NOT Ai(x1,...,xk).,for eachi (1 <i<n).
e All rules in T are translated into identical SP rules.
Step 2. According to the semantical rules listed in the previous subsection,

Y = (T'; P'; Q') and +' are defined as follows. Let A = {a1,...,a,} be the
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set of predicates occurring in 7. According to the transformations defined be-
fore,the set of predicates of T’ contains all the predicates of 7', plus predicates
{coq,defy | a € AYU {out, | g € @} U{fail}. As for the partition of predicates,
P'is PU {def, | a € A} U {fail}, and Q' is QU {co, | a € A}.

T' contains the following rules:

o All the rules of T'.

e For each a € A, the rules:

defo(X) + a(X) (13)
defo(X) +  co.(X) (14)
fail + a(X),co,(X) (15)
fail +  cou(X) (16)

Rules (13-15) must be specified because a occurs in a negative literal
(cf. rules (6-8)). Rule (16) is the translation of the rule fail <-- NOT
A(x1,...,xk). Note that rule (15) is actually redundant.

e For each g € @, the rules:

fail +—  g(X), outy(X) 17

e The rule:
fail + e (18)
Moreover, 7' is:

((vx)defm (X) A+ A defa, (X)) — fail

Finally, D and D' are the same, since predicates of the sort out, have empty
extension.

In this step we have to prove that:

a) for each (P;Q)-minimal model M of ¥ such that M [ (p,q) 7 there exists
a (P'; Q')-minimal model M’ of ¥ such that M’ }£(pr.qr) 7' and {c(t)|c €
Q,c(t) € M} ={c(t)|c € Q,c(t) € M'},

b) for each (P'; Q')-minimal model M’ of ¥’ such that M’ [~ pr,g1) 7' there
exists a (P; @)-minimal model M of ¥ such that M £ (p,q) v and {c(t)|c €
Q,c(t) € M} = {c(t)|c € Q,c(t) € M'}.

Proof of point a). According to our hypothesis, we have a (P;@Q)-minimal

model M of ¥ s.t. M [~ v. We must prove that we can build a (P';Q')-
minimal model M’ of ¥’ (with the same extension for @ predicates as M) s.t.

MI l#(Pl;Ql) ’YI.
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For each predicate p, let M (p) denote the extension of @ in M. The extension
of cog, (for each a € A) in M' is the relation (H* \ M(a)) (where k is the arity
of a), and the extension of def, is H*. The extension of the other predicates
is the same as in M. We now prove that M' is a model for ¥'. Note that fail
and e are not true in M’, therefore M’ [~ +'. Moreover, M' satisfies the rule
fail + e and all the rules of the type (13-17). Rules of T are clearly satisfied
by M’ because they are satisfied by M. Therefore, M' = T'.

We now prove that M’ is (P'; Q')-minimal for ¥'. Since M and M’ coincide
w.r.t. predicates of TU D, P C P’, and the rules of T are a subset of the rules
of T", the only way to decrease the extension of some predicate of P’, satisfying
all the rules of T", is to eliminate some tuples from the extension of a predicate
of the form def, for at least one a € A. This cannot be done without decreasing
the extension of either a or co,, but co, is in @', and its extension can not
be changed. The extension of a can not be decreased as well, because we are
assuming that M is (P;@)-minimal, and a belongs to P. Therefore, we must
conclude that M’ is a (P'; Q') minimal model for 7'. Obviously, the extension
associated to M' of predicates belonging to @ is the same as in M.

Proof of point b). As for the other direction, suppose that we have a (P'; Q')
minimal model M’ for X' s.t. M' [£(pr,gy 7'. We can build a model M for %,
simply projecting out from M’ atoms with predicates symbols not belonging to
T. Note that:

e M is a (P; Q)-minimal model for T'U D;

e M | v: in fact, since M' [~ (pr.qr) 7', fail € M'; in order to satisfy the rule
fail + e, also M' [~ e holds. Moreover, the extension of each predicate a
occurring in v coincides with H* (being k the arity of a): should this not
be true, the extension of co, in M’ would be non-empty, and due to the
rule (16) associated to a, M' |= fail would hold, thus satisfying 7.

Q.E.D.

4 Full NP-SPEC

This section is devoted to show some more advanced features of NP-SPEC. Such
features, which are a suitable set of built-in metapredicates called tailoring pred-
icates and a set of arithmetical and aggregation operators, have been designed
with the following three goals in mind:

1. allowing the user to specify a problem in a more natural way;

2. allowing the user to specify the search space in a way so as to help the
interpreter generate an efficient code;

3. not exceeding NP as the data complexity.
As for the last point, in principle we could obtain the analog of Theorem 3.1

for the full language, because a program in full NP-SPEC can be translated into
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12345 1{(1,4,(22),(35),(43),(5,1)} <4253,1>
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Figure 2: A solution of the 5-queens problem (a) and its representations as a
subset of {1,...,5} x {1,...,5} (b) and as a permutation of {1,...,5} (c)

a DATALOGCY!EC program of polynomial size. The only aspect we have to be

careful about is the presence of intervals: since they are only syntactic sugar
for the enumeration of their elements, a declaration like “DOM = {1..1000};”
in the specification section must be expanded when measuring the size of the
input.

4.1 Tailoring predicates

As we have seen in the previous sections, NP-SPEC provides a way to specify
the structure of a search space by means of an appropriate declaration. As we
shall explain in the forthcoming Section 6, the solution algorithm implemented
by the prototype is basically a “guess-and-check” mechanism, that generates all
possible elements of the search space, and checks whether they correspond to a
solution.

In basic NP-SPEC, the only linguistic mechanism for declaring the structure of
a search space is the Subset metapredicate, that, although in theory is sufficient
to specify all problems in NP (cf. Theorem 3.1), it is in practice sometimes
difficult to use. As an example, let us consider the famous n-queens problem,
in which the goal is to place n non-attacking queens on a n x n chessboard (cf.
Figure 2a).

In basic NP-SPEC, the specification of the problem is the following.

DATABASE
NB_QUEENS = 5;
row = {1..NB_QUEENS};
column = {1..NB_QUEENS};
SPECIFICATION
Subset (row >< column, queens). // queens(R,C) <-> there is
// a queen in row R,column C
good_row(R) <-- queens(R,_).
good_column(C) <-- queens(_,C).

fail <-- row(R), NOT good_row(R). // >= 1 queens per row
fail <-- queens(R,C1), queens(R,C2), C1 <> C2. // <= 1 queens per row
fail <-- column(C), NOT good_column(C). // >= 1 queens per column

fail <-- queens(R1,C), queens(R2,C), R1 <> R2. // <= 1 queens per column
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fail <-- queens(R1,C1), queens(R2,C2), // no 2 queens attacking

R1 <> R2, R1 - R2 == C1 - C2. // on SE-NW diagonals
fail <-- queens(R1,C1), queens(R2,C2), // no 2 queens attacking
R1 <> R2, R1 - R2 == C2 - C1. // on NE-SW diagonals

In the above specification, the search space is represented as a subset of the
Cartesian product {1,...,n} x {1,...,n} (cf. Figure 2b). With such a search
space, several rules, i.e., the first six, are needed to forbid attacks on the same
row and on the same column. The last two rules check conflicts on diagonals.

In NP-SPEC it is possible to specify the search space as a permutation of the
set {1,...,n} (cf. Figure 2c). The obvious advantage is that attacks on the same
row and on the same column are impossible, and only conflicts on diagonals are
to be checked. The specification section is now much more readable:

SPECIFICATION
Permutation({1..NB_QUEENS}, queens). // queens(R,C) <-> there is
// a queen in row R,column C
fail <-- queens(R1,C1), queens(R2,C2), // no 2 queens attacking
R1 <> R2, R1 - R2 == C1 - C2. // on SE-NW diagonals
fail <-- queens(R1,C1), queens(R2,C2), // no 2 queens attacking
R1 <> R2, Rl - R2 == C2 - C1. // on NE-SW diagonals

Another advantage concerns efficiency of the program: the latter version
generates code faster than the former, because the size of the search space is
smaller (n! vs. 2”2).

In the current implementation, the following kinds of declarations can be
put in the specification section:

¢ Permutation(<domain>, <predicate_id>).
e Partition(<domain>, <predicate_id>, n).
e IntFunc(<domain>, <predicate_id>, min..max).

where <domain> is a domain as specified in Section 3.1, and <predicate_id>
is a guessed predicate of arity equal to the arity a of <domain> plus 1. Such
a declaration means that <predicate_id> can have all extensions such that
the first a arguments coincide with a member of <domain>, while the last one
depends on the metapredicate. In particular:

e For Permutation the extension of <predicate_id> must represent a bi-
jective function from <domain> to the interval {1..c}, where ¢ is the car-
dinality of <domain>.

e Declarations using metapredicate Partition have a further integer-valued
argument n that states the number of subsets in which the domain must be
partitioned (cf. the graph coloring example in Section 1). The extension of
<predicate_id> must represent a function from <domain> to the interval
{1..n}, the last argument being any element of such an interval.
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Subset is indeed the special case of Partition in which n = 2, but the
syntax is different (declaration Subset (<domain>, <predicate_id>) im-
plies that the arity of <predicate_id> equals the arity of <domain>).

e The metapredicate IntFunc is a generalization of Partition and can be
used to model functions from <domain> to the interval {min..max}, min
and max being two integers.

Since IntFunc generalizes both Partition and Subset, the latter are
not strictly necessary. Nevertheless, their usage improves readability of a
specification.

Several examples of the usage of tailoring predicates are provided in Sec-
tion 5.

4.2 Arithmetic operators

As we implicitly showed in the example concerning the n-queens problem, NP-
SPEC allows for arithmetic operators (such as ‘+’, ‘-, and ‘*’) to be used in
specifications.

Obviously, the operators are evaluated only for ground operands, belonging
to the active domain.

NP-SPEC includes also SQL-style aggregation operators such as COUNT, SUM,
MIN, and MAX. Such operators take two arguments, the first being an atom
representing the predicate upon which the aggregation takes place, and the
second one being the variable that stores the results. The character ‘*’ identifies
the argument to be aggregated.

For example, the atom SUM(p(*,_), N) means that N is the sum of the
values of the first argument of the extension of p. The predicate involved in the
aggregation can also be partially instantiated. For example, the following rule

h(Y) <-- COUNT(p(Y,*), N), N >= 4.

means that h(Y) is true if the number of instantiations of p with Y as first
argument is greater than or equal to four. It is obviously impossible to use
recursion and aggregates at the same time, e.g., having both predicate p in the
head and the aggregate operator COUNT (p(...),...) in the body of the same
rule.

Other examples of the usage of aggregation operators can be found in Sec-
tion 5.4.

4.3 Full nP-sPEC formal semantics

The semantics of metapredicates can be easily given by translating them into
basic NP-SPEC, as follows (d is a unary domain and p is a binary predicate
symbol):

e IntFunc(d,p,min. .max) is translated into a declaration and a set of rules,
as follows:
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Subset(d >< {min..max}, p).

pl(X) <-- p(X, ).

fail <-- d(X), NOT pi(X).

fail <-- p(X,Y1), p(X,Y2), Y1 <> Y2.

plis a fresh unary predicate symbol. As shown in the previous subsection,
IntFunc generalizes Partition, hence the translation works for the latter
metapredicate also.

e Permutation(d,p) is translated into a declaration and a rule, as follows
(n is the cardinality of d):

Partition(d,p,n).
fail <-- p(X1,Y), p(X2,Y), X1 <> X2.

The case of non-unary domains can be easily obtained using the same technique.
Arithmetic operators are preinterpreted as database relations with the nat-
ural semantics. In order to remain in the NP class, they are defined only on
the Herbrand Universe, or a polynomial-size extension of it. In fact usage of
arithmetic can in principle lead to an increase in data complexity, thus exceed-
ing NP. Anyway we note that NP remains the upper bound if the size of each
arithmetical computation is polynomial in the size of the input database.

The translation of atoms containing aggregation operators into basic NP-
SPEC needs a total order on the Herbrand universe, encoded as a database
relation. In other words, the database must contain a declaration encoding the
successor relation, such as:

successor = {(c1,c2), ..., (cnl,cn)};
SUM(p (*) ,X), where p is a unary predicate symbol, is translated by:
1. substituting its occurrence with sum_p(X), and

2. adding the following rules:

aux_p(0,cl) <-- NOT p(cl). // 1
aux_p(cl,cl) <-- p(cl). // 2
aux_p(X,Stage) <-- NOT p(Stage), successor(Stagel,Stage),
aux_p(X,Stagel). // 3
aux_p(X,Stage) <-- p(Stage), successor(Stagel,Stage),
aux_p(Y,Stagel), X == Y + Stage. // 4
sum_p(X) <-- aux_p(X,cn). // 5

The basic idea is to accumulate on the second argument of aux_p the sum of
numbers o of the Herbrand universe such that p(o) holds. Rules 1 and 2 deal
with the first element c1; rules 3 and 4 recursively deal with the successor of an
element; rule 5 deals with the last element cn.

As for the translation of COUNT (p (*) ,X), its occurrence must be substituted
with count_p(X), and three rules are to be modified as follows:
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aux_p(1l,c1) <-- p(cl). // 2

aux_p(X,Stage) <-- p(Stage), successor(Stagel,Stage),
aux_p(Y,Stagel), X ==Y + 1. // 4

count_p(X) <-- aux_p(X,cn). // 5’

If a predicate r with arity a > 1 is involved in an aggregation operator, the
above idea still works, as long as r has a key. As an example, let’s consider a
predicate r with arity 2, such that the first argument is the key, and the sum is
made on the second argument, i.e., SUM(z (_, *) ,X). The latter atom must be
translated into sum_r (X), and the translation consists in the following rules:

aux_r(0,cl) <-- NOT r(ci,_). // 17?

aux_r(W,cl) <-- r(cl,W). // 27

aux_r(X,Stage) <-- NOT r(Stage,_), successor(Stagel,Stage), // 3’’
aux_r(X,Stagel).

aux_r(X,Stage) <-- r(Stage,W), successor(Stagel,Stage), // 4’
aux_r(Y,Stagel), X == Y + W.
sum_r(X) <-- aux_r(X,cn). // 5

The translation of MIN and MAX, can be easily obtained with similar tech-
niques.

Since the semantics of full NP-SPEC is given by a translation into basic NP-
SPEC, its data complexity (hence its expressive power) does not exceed NP.

5 Specification examples

In this section we illustrate the specification in NP-SPEC of three classical NP-
complete problems, namely Integer knapsack, Subset sum, and Hamiltonian cir-
cuit [9]. These examples show the use of various features of NP-SPEC and high-
light the simplicity and compactness of specifications in NP-SPEC. We conclude
the section showing a more complex example of a practical problem of university
course timetabling [19].

Apart from those presented here, we have been able to specify in NP-SPEC
a number of problems in NP in a simple way, the most significant of which
are (in square parentheses we have reported the reference number in the Garey
and Johnson'’s list [9])): Inequivalence of simple functions [PO15]; Register suffi-
ciency [PO1]; Dynamic storage allocation [SR2); Pruned trie space minimization
[SR3|; Integral flow with multipliers [ND33]; Consecutive ones matriz augmenta-
tion [SR16]; Boyce-Codd normal form violation [SR29]; Quadratic Diophantine
equations [AN8]; Generalized instant insanity [GP15]; Modal logic S5 satisfiabil-
ity [LO13]; Code generation for parallel assignments [POG6]; Balanced complete
bipartite subgraph [GT24]; Intersection graph basis [GT59]; Traveling salesman
problem [ND22]; Minimum broadcast time [ND49].

5.1 Integer Knapsack

A Eknapsack of fixed capacity B, and a set of objects with their associated size
and value are given. The integer knapsack problem consists in finding a selection
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of the given objects so that the capacity of the knapsack is not exceeded and a
given minimum total value K is reached.

Differently from the simple knapsack problem, i.e., 0-1 knapsack, each object
is available in unlimited quantity, therefore multiple copies of any object can be
included in the solution.

The underlying NP-complete decision problem requires to decide whether
such an assignment exists. Its mathematical specification is as follows, where
c(u) is the number of copies of the object u that are inserted in the knapsack.

INSTANCE: Finite set U, for each u € U, a size s(u) € Z1 and a value
v(u) € ZT, and positive integers B and K

QUESTION: Is there an assignment of a non-negative integer c(u)
to each u € U such that X,cpc(u)s(u) < B
and such that X, cpc(u)v(u) > K?

In NP-SPEC we represent the input by means of the three arguments of the
ternary relation data that encode the name of the object, its value, and its size,
respectively. We write this specification in the following way:

SPECIFICATION
IntFunc(u,take_up,0..B).
// the maximum number of copies is always less than or equal to B
table(0bj,Value,Size) <-- take_up(0bj,Num), data(0bj,V,S),
Value == Num * V, Size == Num * S.
fail <-- SUM(table(_,_,*),S), S > B.
fail <-- SUM(table(_,*,_),V), V < K.

where the first argument of the relation take up represents the object and the
second one is the number of copies in the assignment c.

A possible problem instance is described by the following DATABASE specifi-
cation.

DATABASE
u = {a,b,c,d,e};
data = {(2,8,15), (b,5,7), (c,7,11), (4,3,4), (e,6,10)};
// encoding is (u, v(u), s(u))
B 210;
K = 135;

The most natural way to specify this problem turned out to be the tailoring
predicate IntFunc, rather than Partition used in Section 1 for the 3-coloring
problem. In the next two examples the most suitable ones are the predicates
Subset and Permutation, respectively.

Notice that in the DATABASE section we can use also non-numeric constants
such as strings.
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5.2 Subset sum

Given a set of objects with an associated size, the subset sum problem consists
in the selection of a subset with a given total size. Its formal specification is the
following:

INSTANCE: Finite set A, a size s(a) € Z™ for each a € A, and
a positive integer B.

QUESTION: Is there a subset A’ C A such that the sum of the sizes
of the elements in A’ is exactly B?

The corresponding NP-SPEC specification, including an instance, is the fol-
lowing.

DATABASE
size = {(a,1),(b,2),(d,4),(e,7),(£,5)};
SUBSET_SIZE = 10;
SPECIFICATION
Subset (size,taken).
fail <-- SUM(taken(_,*),TotalSize), TotalSize <> SUBSET_SIZE.

5.3 Hamiltonian circuit

The Hamiltonian circuit problem consists in finding a circuit of edges that passes
through all nodes of a given undirected graph. For the sake of brevity, we omit
its formulation, that can be found in [9].

In the NP-SPEC specification for this problem, it is natural to use the tailoring
predicate Permutation, which refers to the ordering of the nodes in the circuit.
Specifically, the atom order (V,M) means that V is the M-th node in the circuit.

DATABASE
N = 5;
edge = {(1,2), (1,3), (2,4), (4,3), (4,1, (3,5), (5,1)};
SPECIFICATION
Permutation({1..N},order).
fail <-- order(X,P), order(Y,R), R == P+1, NOT edge(X,Y), NOT edge(Y,X).
fail <-- order(X,N), order(Y,1), NOT edge(X,Y), NOT edge(Y,X).

The last two clauses simply check that there is an arc between a node and
its successor in the path, and between the last and the first node. The predicate
edge is used twice, with the arguments inverted, to make the relation edge
symmetric (remind that the input graph is undirected).

5.4 University course timetabling

We now show how NP-SPEC can be used to specify the university course timetabling
problem (see [19]). The course timetabling problem consists in the weekly
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scheduling for all the lectures of a set of university courses in a given set of
classrooms, avoiding the overlaps of lectures having common students.

We consider the basic decision problem (which is still NP-complete). Other
variants involve more complex constraints and usually consider an objective
function to be minimized (see [20]).

There are ) courses, P periods, and R rooms. For all ¢ € 1,...,Q, the
are k, required lectures and each lecture ¢ € 1,...,k; must be assigned to a
period p € 1,...,P and aroom r € 1,..., R in such a way that the following
constraints are satisfied:

Conflicts: There is a conflict binary matrix C of size @ x Q. If ¢;; = 1 then
courses 7 and j have common students, and cannot be scheduled at the
same period.

Availabilities: There is an availability binary matrix A of size @ x P. If a;; =1
then lectures of course ¢ cannot be scheduled at period j.

Room Capacity: Each course ¢ € 1,...,Q has a number of students s; and
each room j € 1,..., R has a capacity c;. If ¢; < s; no lecture of course i
can take place in room j.

The problem is specified by assigning for each pair period/room (p, ) a value
between 0 and @, that represents the course that takes place in period p in room
r. The value 0 represents the fact that r is unused at period p. We now provide
the NP-SPEC specification, together with a small sample instance.

DATABASE
NB_COURSES = 5;
NB_ROOMS = 3;
NB_PERIODS = 3;

// course(c,n,s): course c requires n lectures (weekly)
// and has s enrolled students
course = {(1,1,80), (2,2,30), (3,1,40), (4,1,40), (5,2,40)};
// conflict(cl,c2): cl and c2 have common students
conflict = {(1,2), (3,4)};
// unavailable(c,p): teacher of course c is not
// available for teaching at period p
unavailable = {(1,1), (1,2)};
// capacity(r,c): room r has capacity c
capacity = {(1,100), (2,50), (3,40)};

SPECIFICATION
// timetable(p,r,c): in period p in room r there is a lecture
// of course c. If timetable(p,r,0) is true, r is unused in p
IntFunc({1..NB_PERIODS} >< {1..NB_ROOMS}, timetable, O..NB_COURSES).

// unavailability constraint

fail <-- timetable(Period,_,Course), unavailable(Course,Period).
// conflict constraint
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fail <-- timetable(Period,_,Coursel), timetable(Period,_,Course2),
conflict(Coursel,Course2).
// capacity constraint
fail <-- timetable(_,Room,Course), capacity(Room,Size),
course(Course,_,Students), Size < Students.
// teaching requirements
fail <-- course(Course,M,_),
COUNT(timetable (*,_,Course),N), N <> M.
// no two lectures of the same course in the same period
fail <-- timetable(Period,Rooml,Course), timetable(Period,Room2,Course),
Course <> 0, Rooml <> Room2.

The resulting timetable is delivered by the extension of the predicate timetable,

which stores for each pair period/room the lecture that takes place in that room
in the given period.

6 The NP-SPEC compiler

NP-SPEC has been implemented in a system prototype, whose structure is shown
in Figure 3. The prototype system is written in Gnu C. The NP-SPEC compiler
was developed using FLex and Bison. In the present prototype release, both
the specification and the database section of NP-SPEC specifications are written
in text files.

The compiler takes two files, one containing the specification section, and
another containing the database section of a NP-SPEC program and merges them
with a program-independent header to form an ECL!PS¢ target program file.

ECLPSe [21] is a PROLOG compiler integrated with several extensions. The
most notable ones are those which deal with constraint definition and propaga-
tion. In particular, we make use of the fd library, that deals with constraints of
finite domain variables.

The ECL!PS® runtime system evaluates the target program file and pro-
duces the results. The present prototype implements a simple guess-and-check
evaluation strategy. This is obtained by defining the search space using EC L* PS¢
constraint declaration mechanism, and then instantiating all domain variables
before proceeding with constraint checking.

Some figures about the NP-SPEC prototype performances are given in the
following Section 7.

7 Considerations on performance

The current version of the system is meant only for developing executable spec-
ifications, and not for effective program synthesis. Therefore, in this work we
mostly focus on the language design and semantics rather than on the efficiency
of the generated programs. Recently, some of the authors designed a new strat-
egy, based on translating a specification into a SAT instance [22].
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Figure 3: The NP-SPEC compiling & executing environment

Nevertheless, we believe that an evaluation of the efficiency of the system is
still useful, and it prepares the ground for future improvements. For this reason,
in this section we provide an experimental analysis of its performances, and we
assess how it compares to state-of-the-art solvers and algorithms.

We tested the performance of our prototype by solving several problems
on both randomly generated and non-random cases, as discussed in the next
subsections. We performed our tests on a dual-processor Sparc Ultra 2 running
at 200 MHz.

7.1 Evaluation on random XSAT instances

This test concerns randomly generated instances of the XSAT problem, i.e.,
the satisfiability problem for propositional formulae in CNF (aka SAT) when all
clauses have exactly X literals. When X > 3, the XSAT problem is NP-complete,
cf. [9, problem LO1, page 259]. Algorithms are obviously written for SAT, but
their performance is often tested on instances of XSAT, for various values of
X, cf., e.g., the DIMACS competition [23]. It is known from the literature
(cf., e.g., [24]) that, for many complete algorithms, the hardest instances for
XSAT are close to the so-called “crossover point”, i.e., the point in which the
probability of a randomly generated formula to be satisfiable is about 50%. For
such a reason, we generated instances close to the crossover point, and solved
them using several programs. For each program, we found the size of the largest
instance that can be solved in 1 minute. More precisely, for any given number of
variables, we chose the number of clauses so as to be at the crossover point, and
computed the average time on 100 instances, randomly generated according to
the fized length model described in [24]. We remind that the number of clauses
at the crossover point depends primarily on X, and partially on the number of
variables, cf. [25] (the number of clauses/number of variables ratio is about 4.3
for X=3, and about 370 for X=9).
Five different programs were compared:

1. the ECL!PS® program automatically generated by the NP-SPEC compiler;
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X || NP-SPEC C++ ECL'PS®¢ | rel_sat_rand | satz
enumeration

3 17 24 110 255 320

9 10 17 10 24 N/A

Table 1: Largest instance of XSAT (number of variables) that can be solved in
1 minute, close to the crossover point

2. a hand written C++ program based on the same (enumeration) algorithm
used by the above program;

3. a hand written ECL!PS® program which uses constraints in a more effi-
cient way than the automatically generated one;

4. two state-of-the-art SAT solvers based on the Davis-Putnam [26] proce-
dure and available from [27]:

e rel sat_rand, described in [28];

e satz, described in [29)].

Table 1 shows the results of the experiments. In instances with “short”
clauses, i.e., X=3, the beneficial effects of the constraint propagation technique
used by rel_sat_rand, satz, and the native EC L PS¢ program are evident, and
such solvers are several orders of magnitude faster than both the automatically
generated program and the naive C++ program.

On the other hand, when constraints are much more intricate, i.e., X=9,
using sophisticated constraint propagation techniques becomes a burden rather
than an advantage: rel_sat rand and the native ECL!PS¢ program, have
an efficiency comparable to enumeration algorithms. satz could not solve an
instance with 10 variables and 1000 clauses, i.e., very far from the crossover
point, in one day.

We conclude that:

e our prototype generates a quite inefficient program, when it is compared
with programs implementing smart algorithms;

e the picture is rosier when our prototype is compared with:

— hand-written programs implementing ezactly the same algorithm, or

— programs implementing smart algorithms, when they run on difficult
instances.

As a final remark, we note that for under-constrained instances of 3SAT, i.e.,
instances with few clauses, finding a solution is always simpler, because typically
a formula has many models. As an example, the NP-SPEC program was able to
find a model of an instance with 50 variables and 60 clauses in about two hours.
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7.2 N-queens and blocks world

We tested the performance of NP-SPEC on some other famous combinatorial
problems which are often used as benchmarks for constraint solvers:

e the n-queens problem (cf. Section 4.1);
¢ the blocks-world problem, which is characterized by:

— input:
* n cubical blocks, one table large enough to hold all of them;
* an initial configuration:
- each block is either on another block or on the table;
- each block is either clear or there is a single block on top of
it;
* a goal, i.e., the desired configuration of blocks;

— a single kind of action: move a single clear block onto the table, or
onto another clear block.

Our goal was to prove that the prototype was able to solve some small
instances of both problems. Actually, NP-SPEC was able to solve, in few minutes,
instances of the 12-queens problem, and instances of the blocks-world problem
with 4 blocks.

As for comparison with other programs solving the same problems, conclu-
sions are similar to those of the previous subsection, i.e., our programs performs
poorly when compared to programs implementing smart algorithms, but per-
forms similarly to hand-written programs implementing the same algorithm. As
an example, a hand-written C++ program for n-queens implementing enumer-
ation can solve in the same amount of time the instance with n = 13.

8 Related work

The language NP-SPEC is similar in spirit to the system KIDS [6], which produces
the concrete implementation starting from the specification written in a logic
language based on set theory. The main characteristic of KIDS is the use of a
“domain theory” (written in terms of a set of axioms), which guides the system
in the application of a predefined set of transformation rules that lead to the
synthesis of a program compliant to the specified strategy.

Similar to our proposal, KIDS makes use of an abstract specification language
“sensible” to the implementation issues. Moreover, in both languages there is
the idea of selecting the search space which is the most suitable for the specific
problem. In NP-SPEC, however, the concept of domain theory is absent, and
this is due to the lack of a deductive mechanism. In fact, the translation of an
NP-SPEC specification is done in a single step, and this is made possible by the
relative limitedness of the expressiveness of NP-SPEC. Such limitation, which is
characterized in an exact formal way (see Section 2.2.3), is one of the strengths
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of NP-SPEC, together with the capability of a fully automatic translation (in
KIDS a certain degree of interactivity is required).

Another specification language proposed in the literature is SPILL [7]. In
few words, SPILL is a typed subset of pure PROLOG. The main limitation with
respect to PROLOG is the so-called groundness restriction: at run time, terms
must not contain variables and they must be finite. However, differently from
NP-SPEC, SPILL allows the use of function symbols in the language. As another
difference, its semantics is a pure first order one, as it does not include any sort
of model minimization operations.

A specification in SPILL is also “executable”, but not in the same sense of
NP-SPEC. That is, in SPILL it is not possible to compute a solution of a prob-
lem from the specification, but rather only to test whether a provided solution
is feasible, according to the specification. This limitation is a precise design
decision, because SPILL, different from NP-SPEC, is not meant for computing,
but to test the specification against some specific “interesting” cases. Finally,
like K1DS, SPILL does not provide a characterization of its expressiveness and its
complexity.

Another remarkable specification language is the one proposed by Minton
[5] for the MULTI-TAC system. Such language is a sorted first order logic, which
is specifically oriented to the specification of a problem by means of constraints.
As for the other languages, no characterization is provided in the paper for the
expressiveness of the language.

Finally, we note that there has been recently considerable interest in the
implementation of rule-based deductive systems which semantics rely on non-
monotonic formalisms (cf., e.g., [3, 4]). Apart from the semantic differences
we already noticed in Section 1, we remark that in NP-SPEC the search space
declaration is kept separate from the constraints of the problem, thus gaining
in term of user-friendliness. In particular, the search space is declared by using
special second-order predicates.

9 Conclusions and future work

We have presented NP-SPEC, an executable specification language for search
problems, and we have shown how some classical problems can be expressed in
NP-SPEC in a natural and concise way.

Differently from most specification languages in the literature, NP-SPEC has
a precise characterization of its expressive power, namely the class NP. On the
one hand, such expressiveness guarantees the decidability of the execution and,
to a limited extent, its efficiency. On the other hand, it allows the designer of
the system to implement optimized solution techniques.

As for the optimization of the performance, we saw in Section 7 that there
are currently two sources of inefficiency in NP-SPEC:

e the algorithm adopts a blind guess-and-check strategy,

e the target language, i.e., ECL!PS¢, is non-procedural.
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The former source has much more impact on performances than the latter.
As a consequence, we are currently investigating how to generate programs
implementing smarter algorithms, e.g., backtracking-based execution strategies
such as backjumping and forward-checking, which make use of partial solutions
and/or heuristics. Two of the authors [22] have also proposed to translate a
specification into an instance of the SAT problem, which can be solved by any
state-of-the-art solver, available from the research community.

Finally, in the future we plan to improve the language extensions of NP-SPEC
by including a limited number of additional metapredicates. The need for them
might indeed arise from further experimentations with the language. This will
be done with the twofold objective of allowing more natural specifications and
improve the efficiency of their execution.

The home page of the NP-SPEC project is:

http://www.dis.uniromal.it/~cadoli/projects/NP-SPEC
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A Syntax of NP-SPEC

NP-SPEC is case-sensitive, and the syntax of the full language is as follows.

Al ... | zZ
al ... | z

<upper_case_letter>
<lower_case_letter>

<letter> = <upper_case_letter> | <lower_case_letter>
<letters> = <letter> | <letters> , <letter>
<variable_id> ::= <upper_case_letter> | <upper_case_letter> <letters>
<symbol> ::= <lower_case_letter> | <lower_case_letter> <letters>
<predicate_id> ::= <lower_case_letter> | <lower_case_letter> <letters>
<domain_id> ::= <letters>
<constant_id> ::= <letters>
<digit> =0 ... |19
<digits> = <digit> | <digits> , <digit>
<integer> ::= <digits> | - <digits>
<spec_program> ::= <instance> <specification>
<instance> ::= DATABASE <declarations>
<declarations> ::= <declaration> | <declarations> <declaration>
<declaration> ::= <domain_id> = { <extension> } ;
| <constant_id> = <integer> ;
<extension> ::=  <tuples> | <interval>
<tuples> = <tuple> | <tuples> , <tuple>
<tuple> si= ( <sequence> ) | <value>
<sequence> 1= <value> | <sequence> , <value>
<value> :i=  <integer> | <symbol>
<interval> 1= <integer_constant>..<integer_constant>
<integer_constant> ::= <integer> | <constant_id>
<specification> = SPECIFICATION <metapredicates> <rules>

<metapredicates> ::= <metafact> | <metapredicates> <metafact>

<metafact = Subset ( <domain> , <predicate_id> )

| Partition ( <domain> , <predicate_id> )

| Permutation ( <domain> , <predicate_id>, <integer_constant> )
| IntFunc ( <domain> , <predicate_id> , <interval> )

<domain> <domain_id>

{ <extension> }
<domain> + <domain>
<domain> * <domain>
<domain> - <domain>
<domain> >< <domain>

<rules> 1:= <rule> | <rules> <rule>
<rule> 1:= <atom> <-- <body>

<atom> 1:= <predicate_id>
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| <predicate_id> ( <terms> )

<terms> 1:= <term> | <terms> , <term>
<term> 1:= <integer_constant> | <value> | <variable_id> | _
<body> 1:= <literal> | <body> , <literal>
<literal> ::= <atom> | NOT <atom> |
| <expression> <relational_operator> <expression>
| <aggregate>
<expression> ::= <integer_constant>

| <variable_id>

| <expression> + <expression>
| <expression> - <expression>
| <expression> * <expression>
| <expression> / <expression>
| ( <expression> )

<relational_operator> ::= > | < | >= | <= | == | <

<aggregate> <agg_op> ( <predicate_id> ( <agg_terms> ) , <variable_id> )

<agg_terms> = <agg_terms> , <agg term> | <agg_term>
<agg_term> = % | <term>
<agg_op> = COUNT | MAX | MIN | SUM

The syntax of basic NP-SPEC can be obtained just replacing the following rules:

<metafact>
<literal>

Subset ( <domain> , <predicate_id> )
<atom>
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