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Ahbstract

A success set semantics of GHC programs was reported in [Murakami 88].

That paper adopted the approach which is an extension of declarative
semantics of pure Horn logic programs [Lloyé 84]. The semantics of
a program is defined as a set of I/O histories instead of unit clauses.
This paper presents a failure set semantics of programs as the set of
1/0 histories. The semantics of programs is defined as the tuple of
the w—success set and the failure set. It also shows that the failute
set of a program is characterized as the least fixpoint of a continuous
function.

Introduction

We reported a declarative semantics of Flat GHC programs [Murakami 88].
The semantics presented in that paper is an extension of the model theoretic
semantics of pure Horn logic programs [Apt 82, Lloyd 84]. We defined that a
goal clause is true on the model if and only if the goal clause is w—successful
(the goal clause can be executed without deadlock or failure), The domain
of I/O history is introduced instead of the standard Herbrand universe. The



denotation of a program, the w— success set is defined as a set of [/0 histories.
llowever, in the case of programs of a committed choice langnuage such as
GHC, the set of successful goals and the set of goals which can fall into
deadlock or failure can have a non-cmpiy intersection. Thus, it is impossible
to discuss whether a goal clause can fall into deadlock or fail only with the
success set [Falaschi 88]. [Falaschi 88] reported a new approach to give a
semantics to committed choice logic languages. In that paper, the semantics
of & program is defined as a tuple of the success set and the failure set. A
goal clause is frue if it can [ail in that approach. However, in that paper,
the model is defined as a set of formulas which contain only the information
of the {inal results which are ebtained when the computation is terminated.
Thus, uon-terminating computations cannot be discussed in that approach.

We consider that languages such as GHC are designed for writing pro-
grams where a number of perpetual processes are invoked and there are
communications with ontside during the execution [Ueda 89]. Thus, a for-
mal semantics should be designed to formalize such infinite computation. We
reported a declarative semantics based on the w—success set [Murakani 83/,

In this paper. we present a failure set semantics like [Falaschi 8] for
programs whnich contains perpetual processes based on the notion of 1/0
histories. In this approach, the notion of truth of a goal clause corresponds
to the notion of failure of unification in the body part of a clause. The
failure set of a program is defined as the minimum mode! of the program.
The semantics of a program is defined with the tuple of the w—success set
and the failure set as [Falaschi 881, Thus, the properties of programs which
contain perpetual computation can be discussed using the semantics. We also
show that the semantics is chatacterized as Lhe least fixpoint of the function
obtained from the program.

2 Guarded Stream

The notion of I/O history introduced in this paper corresponds to the notion
of the element of the Herbrand bases for pure Horn logic programs. T/0
history is an extension or modification of a guarded atom of Levi £8]. An
I/O history iz denoted as follows, with the head parl H, which denotes a
form of a process, and the body part GI/, which denotes a trace of inputs
and outputs of the process:



H:-GU.

H has the form of p(X;,..., X} where p is a predicate symbol and
Xy.... X are different variables. GU is a set of tuples < o|l/y > where
o is & substitution and [7 is an expression which expresses an execution of
unification in the body part of the clause. Intuitively, < ¢|U; > means that
the arguments of the process arc instantiated with o, then unification U s
executed.

Guarded streams were first introduced in [Murakami 88]. However, in
thal paper, onlv computations withoul failure/deadlock are represented with
guarded streams. A new definition of guarded streams is presented in order
to discuss computations with failure.

2.1 Basic Notions

Let Var be an enumerable set of variables, and Fun be a set of function
svmmbols. Each element of Fun has its arity. Let Terms be the set of terms
defined from Fun and Var in a standard way. A term 7 is simple if it is a

0-arv function symbol or in the form of f{X,,..... Y. ) where f € Fun and
X, ..., X, are different variables. Substitutions on Terms are defined as
uzual.

Definition 1
T.et 7 be a simple term and X € Var

N=r+

is a substitution form. X = X is denoied true.
A substitution ¢ is denoted using a finile set of simple substitution forins.

Definition 2

Let ¢ be a set of simple substitution forms. If @ 15 a subsillution or
equal to |,_.. f defined below for some substitution §, then ¢ is be an
w— substitution.

ﬂjf+1 = Ml

IX = r|X occurs in 7' for some (¥ = ' E By,



(X = ") ¢ 8, and no variables occurring in 7
occur in the left part of ;)

An w—substitution defines a mapping from a term to an infinite term.

I"irst, we informally present how a puarded stream represents a computa-
tion of GHC program using examples. The formal definition is given in the
next section.

The following is an example of a normal computation which dees not fail.
For the following program,

¥ = [BIY1], B = b, p1(X1,Y1).

pl{X,y) - X = [AlX1], & = a |
X = [BIXi], B=b | v = [AlY1], A = a, pl(X1,¥1).

pl{X,Y} :-

The following is an example of an 1/O history which denotes the compu-
tation such that pi reads a in input stream X first, writes b In output stream
¥, then reads b and wriles a.

pi(X, ¥} : —{< {X = [A|X1],A = a}|¥ = [B]Y1] >,
< {X=[AlX1],A=a}B=b >,
< {X = [AjX1].A = a, X1 = [B1]X2],B1 = b}|¥1 = [A1|¥2] >,
< {X = [A]X1].A = a,X1 = [B1X2|,B1 = b}iAl = a >....}

Then we show an example that represents & computation with failure. In
this paper, a computation with failure is represented with a guarded steam
which contains L instead of U,. For instance, consider the following pro-
grams.

pl¥, ¥J (=X =b | ¥Y=a
If a goal p(X, ¥) receives an input substitution {X = b,¥ = b}, then it

can commit to the clause and fail. Such execution is represented with the
following guarded streann.

{ﬁ-{x:h..‘r':b]jl}}

An I/O history of a process II represents a possible exeention of the
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process. Thus, there exist different 1/0 histories for different executions
which commit to different clauses. There may be different 1/0 histories for
different scheduling.

2.2 Formal Definitions

Definition 3
Let T be a simple term and X € Var.

X'=r

15 a test form.
Definition 4

Let o be a substitution and uni(X, 7) be a substitution form X =7 ora
test form X7 = 7 for X € Var and a simple term 7. < o[l > is a guarded
unification where U is uni(X.7) or L. ¢ is the guard part of < o|l/ > and
[/ 1s the active part.

Intuitively, if uni{X,7) is a substitution form, it denotes a unification
which actually instantiates X, and if it is a test form, it denotes a test
unification. If the active part is L, it means that an unsuccessful unification
is imvoked.

Definition 5

Let < o|l/ > be a guarded unification. | < o}l > | is the set of substitu-

tion /test forms defined as follows.

| <ol > |={U}Us

if I is a test form or a substitution form, and

|<all >|=¢
U =1.

Let GU be a set of guarded unifications which represents a computation of
a program. Then, G is well founded with the partial order of execution, that
is, for any < oy|[Uy >.< oq|le >€ GU, if 0; C o3, then Uy is executable
before Uia.



Definition 6
Let GU be a sct of guarded unifications. For < ayju; >, < oglug > GU,

< 0 i'u1 Rt ﬂ';al'uz =

holds if and only if &, C o2 and &) # 5.
1t is easy to show that < is a well founded ordering.

Definition 7
A set of guarded unifications U/ is a guarded stream if the following are
true.

1} For any < oyjly >, < @]l € GUL il < ojl) >#< o)l >
and U] and U; have the same variable on their left hand side, then
Uy or Uy 15 a test form and their right hand sides are unifiable.
Furthermore, if [ is & substitution form and U; is a test form
then
< ey == | =

does not hold.
2) f < o|ll =€ GU, then (X =7) € 7 for any < 0]X =7 > GU.

3) Forany < 8|7 =7 =€ GU, if 7 and 7' are not unifiable, then

(X =7"¢ofor <ol e GU.

4} For any < m{l; >,< aollly € GU, H (X = 7] € &y and
(X = 7'} € &3, then 7 and 7 are unifizble.

Conditions 1) to 4) mean that all variables in GHC programs are logical
variables and if they are instantiated, the values are never changed.

The fsllowing notion is defined to obtain the guarded stream representing
the computation of a goal clause from the guarded streams which represent
the computation of each goal in the goal clause.

[ denotes a substitution form, test form or L.

Definition 8
Let GUy,...,GU, be guarded streams, and Gui(l < k) be as follows.



Gu, = [« ol > |Fi,3 < ol 2 GU;,
V(X =7) € a,¥j, < o'|X =7 >¢ GUj}

Gugps = Gup U {< olU > 3,3 < o'lU 5 GUL V(X = 1) € 7,
(Vi< o"|X =7 =€ GU;V
< "X =71 2€ Gu)A
g={c'— (X =7|<a"|X =72 Gu}ju
U € 0" < o"|X =7 >€ Gup}}

and let GU7 be as follows,

GU = |} Gu,
k—von

If GI/ is a guarded stream and if

{U] < olU € GU} = {UjF < o|U >€ GU}}
then G/ is a synchronized merge of GU,...,GU,, and is denoted:

GUAl. . NGUs.

If n = 1. then the synchronized merge can always be defined and it is
equal to GU; itself.
Definition 9

Tet (U7 be a guarded stream and V' be a finite set of variables. The
restriction of (GU7 by V', QU | V is the set defined as follows,

CU LV ={<eolli > <ol »& GU,
if U = uni(X,7) then X € V; for some &}
where
Vo=V
Vi, = ViU {X Hgu € GU, Juni(Y, 7) € |gu,

X appears in 7, Y € V] and Vgu' € GU,
if gu’ = gu, then X does not occur in gu}

If GI7 is a guarded stream, then GU LV 1s also a guarded stream.



Definition 10
Let GU be a guarded stream and 8 be a sel of simple substitution form.
The set (717 2 6 iz a set of guarded nnifications defined as follows.

GUMRA={<olll =<l e GllLo =00}

3 Model Theoretic Semantics

This section introduces the notion of the model of prograins based on the
notion of guarded streams. First, a parallel language based on Horn logic is
presented. The language is csseutially a subsct of Tlat GHC [Ueda 89] with
only one svstem predicate, =, unification of a vartable term and a simple
term. Furthermore, all clauses are assumed to be in a nermal form, that is,
all arguments in the head part are different variable terms. However, it is
not difficult to show that the language presented here docs not lose any gen-
erality compared to Flat GHC using the modification of the transformation
algorithm to the strong normal form [Levi 88, We dencte set of predicate
symbals as Pred,

Definition 11
Let H.E,, Hs, ..., B, be atomic formulas constructed with Terms and

Pred where all arguments of /T are different variables, and let [L,... Uy,
..o Uy be simple substitution forms. The following formula 1s a guarded
clause,

i U;.‘l ----- Ugm”—"rtl.-----L'rbh-ﬂ‘.-ﬂl;-- By

A progrant is a finite set of guarded clauses,
We define Var{H) = {X;, Xo,..., X} when H is p(Xq, X3, .., XL
Definition 12

Let p be an element of Pred with arity &, let Xy, Xo, ..., X be different
variables and let o be an w—substitution, Then opl X, Xa, ..., Xi)is a goal

Definition 13
A sequence of goals, g1,...., g, 15 a goal clause.

Definition 14



For a guarded stream GU and an atom (X1, Xoy. o, Xi), a 1/0O history,
L s

p[.xhx'hr v -I"{i':} . _(_;L'r

where p € Pred with arity &, X, X, ..., Xy are different variables, and

U .L 'I'IET'{I?(J{1,X2,.. . 1.:';5-” = (FL.

(X, Xo.... . Xi) is called the head part of 1 and G is called the body
part of t. Intuitively, GU only contains variables which are visible from
outside through the head part.

The concept of I/ O histories corresponds to the concept of unit clauses of
the standard model theoretic semantics of pure Horn logic programs. How-
ever, in 1/Q history, the same computation can be represented in several
wayvs. In other words, if ¢; and #; are identical except for the names of vari-
ables which do not appear in the head parts, they are considered to represent
the same computation. Thus, the equivalent relation bascd on renaming of
variables should be introduced. In the following, we denote the set of rep-
resentatives of equivalence classes of all 1/0 histories defined from Fun, Var
and Pred as I/Ohist.

Definition 15
Let H : =G0 be an 1/O history. If U is a substitution form or a test
form for all < il >¢ GU. then H : —=GU is a successful hustory. I there is
a < oll’ > such that U is L, then H : —GI s an unsuccessful history.
1/Ohist is divided into two disjoint subseis, | JOhist.,, the set of all
successfu] histories and I/Ohisty, the set of all unsuccessful histories.

Definition 16
Any subset of J/Qhist,, is an oo interprefation. Any subset of J/Ohist)
it a L interprefalion.

Definition 17
Let { be an [/O history and ¢ be a geal. H : =GU is a trace of g if
following (1) te (3) hold.

(1) There exists an w—substitution 7 such that ol =g.



(2) Yor any < #jU »e GU, A C o.

(3) For any < #|I7 =€ GU, if U Is a substutution form X = 7, then
e does not instantiale X, and if U/ is a test form then o X = o7

o does not instantiate a variable X if oX = ¥(Y € Var) and there is no
Z such that o = Y except X.

Let ¢ be a trace of a goal g. If ¢ is a successlul history, it is a successful
trace of g¢. If £ is an unsuccessful history, it is an unsuccessful irace of g.

Definition 18

Let I bea | interpretation and g be a goal. ¢is frueon I, if there exists
an w—substitution, & and there exists an unsuccessful trace of og € 1. g is
truc on a successful interpretation I, when there exists a successlul trace of
g € 1. for some w—suhstitution. o.

Definition 19

A goalclanse gv. ..., g, istrue on ([, [..) if there exists an w—substitution,
o such that for each g;(1 < 1 < n), a trace of og,, ¢, is in I, U 1., there
exists j(1 = j < n) such that t; € I, and there cxists a synchronized merge
GUL .. |GU where G (70, are hody parts of 4,....1s. Insuch a
case, we sav that @ makes gy,. .. .0, frue on (T, T ).

The empty goal clause is false on any {4, 1.}
Definition 20

A guarded clause,

i -‘["'-,ql-. S 1‘{’39m|Uhi:u' S ["rkh: By.....B,
is true on ([ . [..) if the following condition is true.

(1) If {Us...., Ui} instantiates a variable which is visible from out-
side through A then

H:=f< (U, U} L3 1

(2) Let Inst, be a set of variables which are instantiated by the

- lﬁ_.



'ir'"ﬂ{i"m-----lﬂ'n.l.} such that {Uﬂ, cees !'_'.-'ng}z and {L'rl,l, . Ubh}-t Can-
not be unified, then

H: e {Ups U}l L T

(3) If there exists an w—substitution, o which does not instantiate
variables which are invisible from outside through H and makes
By,...,B. true on {1, 1.}, then there is an 1O history in I}
such that,

H:—{< {Upw.. Ugnis HUs 21 < {Ug1, ooy Ugens Ut =uU
(GU|| .. |IGUY ¥ Uy, - U }) L Var(H)

where G, is the body part of the trace {€ J, U [..) of the goal
dj]p

[Murakami 88] presented the notion of the co—model of D, that is the
set of 1/O histories which represent normal computations on [J. There exists
a unigue maximum oc—model for a given D. The maximum model is the
w—success set of J) and is denoted as MZ.

Definition 21
Let D be a GHC program and MY be the w—suceess set of . The L
interpretation, I, is a Lmodel of D if all clauses in [) are true on {1, MD).
The following proposition is easy to show {rom the definition of models.

Proposition
Let M,(i € Ind) be a class of L models of [? for a set of indices Ind.

Then,
1 M;
fEFnd

is also a L model of D.

From the proposition, it is easy to show that there exists a unigue least
1 model for a given [, The least L model of D is the failure set of D and is
denoted as M. The failure set semantics of D is defined with (MP, MDY,

For siven GHC program D, il a goal clause g, . .. , . is true on the failure
set semantics of [, then ¢1,..., ¢, has the potential of finite failure with the
program for some input.



4 Fixpoint Semantics

In this section, we will show that the failure set of program 13 is characterized
with the least fixpoint of the function obtained from D and M2,

It is easy to show that the set of all interpretations TP defined from
1O — hist 15 a complete lattice with a parual order of set inclusion. The
maximum element is /0 — Aesi and the minimuom clement is .

Definition 22
Let £ be a GHC program. Basep 1s the set defined as Tollows.

Basep = {H : ~ < o J.)M for H: —Ugpy. .., UpnlUsty- ooy Uiy By, ..., By € D
[Mq...., U, instantiates a variable which iz visible
{rom outside through H or there =xists a variable
T e Iﬂ'sﬁ{{-:s:----ruy"ﬂ] i Iﬂ‘“{t“ﬂ--u.["b-&}

and {Ug, ... Uy deand {0, ..., Ui e cannot be unified. }
Then ¥p : P — IFP is the function defined as follows.

lI’p{SJI =FBuasepls

{H s ={< {Ug,. U Wi =0y U U, HUg > U
(G GE s {7, b L Var(H

for some clanse in 1),

e =Up, ... U Uty oo Ui, By oL B

there exists an w — substitution & such that

& does not instantiate any variables

which are invisible from outside through if

and makes B,.. .. B, true on (5, M2, and

GUj is the body part of the trace (& S UMD} of 0B}

It 12 casv to show from the definition of $p that ¥p is continuous from
ahove and Wp(S1 C & fand cnly if §is a L —model of D.

Thus, we derive the following theoremn.
Theorem

Lei D be a program and MT be the failure set of D. Then,

M7 = J{wp(éln 2 0}



5 Conclusion

This paper presented a new model theoretic semanties for Flat GHC pro-
grams based on the failure set. In this paper, we defined that a goal is true
on the failure set semantics if there is a substitution which makes the goal
to have the potential of finite failure. The purpose of the semantics pre-
sented here is the base of discussion for freedom from abnormal execution
of a program. Thus a method to discuss whether the w-substitution which
makes the goal true instantiates the output variables or not 1s important to
make the usefulness of the failure set scinantice clear. This has heen left for

the future research as the model theoretic and fixpoint characterization of
deadlock.

ACKNOWLEDGMENTS

T would like te thank Dr. Furukawa, the researchers of the First Lab-
aratory of TCOT and Professor Levi of Universita di Pisa for their helpful
discussions.

References

[Apt 82 K. Apt and M. H. Van Emden, Contributions Lo the theory
of logic programming, J. Assoc. Comput. Mach. 29, (1982)

[Falaschi 88] M. Falaschi and G. Levi, Operational and fixpoint semantics
of a class of committed-chotce logic languages, Dipartimento
i Informatica, Universita di Pisa, ltaly, Tech. Report, Jan-
uary 1988

[Levi 87] G. Levi and C. Palamidessi, An Approach to the Declarative
Semantics of Svnchronization in Logic Languages, Proc. of
International Conf. on Logic Programming 87, 1987

{Levi 83] (. Levi, A new declarative semantics of Flat Guarded Horn
(Mlauses, ICOT Technical Report, 1088

[Llovd 84] J. W. Llovd. Foundations of logic programming, Springer-
Verlag, 1984

—15% —



Murakami 8] M. Murakami, A New Declarative Semantics of Parallel
Logic Programs with Perpetual Processes, to appear in Int.
Canf. on Fifth Generation Computer Systems 1988, 1988

[Saraswat 85] V. A. Saraswat, Partial Correctness Semantics for

CP[l, 1, &], Lecture Notes in Comp. Sci., No. 206, 1985

[Shibayama 87] E. Shibavama, A Compositional Semantics of GHC, Proc.
of 4th Conf, JSSST, 1987

[Takeuchi 6]  A. Takeuchi, Towards a Semantic Model of GHC, Tech. Rep.
of IECE, COMPE&6-59, 1986

[Ueda 8] K. Ueda, Guarded Horn Clauses, MIT Press, 1988

14



