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COMPACTNESS IN MODELS OF PROPOSITIONAL DYNAMIC LOGIC*

Francine Berman

Purdue University
West Lafayette
USA

Section 1: INTRODUCTION AND PREREQUISITES

Propositional Dynamic Logic (PDL) is a formal language
for reasoning about programs. It was first developed by Fischer
and Ladner CF&LD as a simple yet elegant programming logic for
which the satisfiability problem was decidable. In this paper,
we discuss compactness for several classes of models of PDL.
We show that the broader interpretation of looping programs in
nonstandard models of PDL admits compactness whereas the
stricter interpretation of loops iIn Standard models does not.
In Section 3, we use these results to explore compactness iIn
Dynamic Algebra.

Elements of Propositional Dynamic Logic are programs and
formulas. Programs are regular expressions with tests. Formulas
are boolean combinations of simpler formulas and programs
combined with modal operators. For a detailed explanation of
the language, we refer the reader to CF&L3 or [Be].

Definition : A model of PDL is a triple (W,n,p) iIn which

w IS a set of states,
M 1s a formula valuation function, and
p iIs a program valuation function.

N 1s constrained so that

n(-p)=W-n(p)
N (vg)=NE)HW@)
Na>p)={wf3v ((w,v) 1I1s in p(a) and v is Iin n(p))}

nclalp)=N(-<a>-p)

* This research was supported by NSF Grants MCS77-02474 and MCS80-05387.



p Is constrained so that

p(P?)={(w,w)Iw is in N(p)}-

We say that a formula p is satisfiable in model M iff
there i1s a state w In M such that w is In m(p). Formula p 1is
satistiable 1n a class of models K 1ff there iIs some model
M in K such that p is satisfiable in M. We say that p 1is
valid iIn M (or a class of models K ) iff -p iIs not satisfiable
in M (or K ).

Definition : An S-sound model is a model iIn which a set of
schemas S is valid.

Definition : A Loop Invariant model is a model iIn which p is
constrained so tha®

p@;b)=p(a)=Pd)
p @Ub )=p(ai)UP(b )
p(a ) contains p(true? )UP(a) an 1s transitive.

Definition : A Standard model is a Loop Invariant model iIn
which p(a*)=Up(an).

Definition ; Let D denote the proof system with rules of
inference

Modus Ponens: A and A- >B implies B,
Necessitation: A implies [b]A,

and axiom schemas

all propositional tautologies
[al (- >a)- >([alp— >[ala)

[a]l (PAg)=T[alpnLala
<a;b>p=<a><b>p
<aUb>p=<a>pv<b>p

<p?>g=pAq

p— ><a*>p

<a>p— ><a*1p



<a*Xa*>p— ><a*>p
<a*>p— >(-pv<a*>(-pA<a>p))

Following the classical definitions, a formula p is
provable (1-p) i1f there is a finite proof in which each line
either is an axiom or follows from the preceding lines by the
rules of inference. A finite set of formulas {p~} iIs consistent
if the negation of their conjunction is not provable (N~(Ap™)).
A set of formulas is consistent if every finite subset is
consistent. Sets which are not consistent are inconsistent.

Let Pr(S) be the set of provable formulas of a deductive
system with axiom schemas S and rules of iInference Necessita-
tion and Modus Ponens. For a class of models M, let Th(M) be
the set of formulas valid in every model of M. A class of
models M is comp lete with respect to a proof system with axiom
schemas S 1If Th(M)=Pr(S). A set of models M is compact i1f for
every set of formulas T, T i1s simultaneously satisfiable In M
iIff every fTinite subset of T i1s simultaneously satisfiable in
M.

The classes of models defined iIn this section are closely
related. For S=D, the classes of D-sound models, Loop Invariant
models and Standard models are indistinguishable by PDL
expressions [Be]. Consequently, completeness for any one of
these classes of models with respect to D i1mplies completeness
for the other classes. Although, all three classes of models
can be shown to be complete directly, we show in Section 2 that
the proof of completeness for D-sound models provides a tech-
nique which can be used to show that the classes of Loop
Invariant and D-sound models are compact.

Section 2: COMPACTNESS

First, we show the class of D-sound models to be complete
with respect to the proof system D. As a consequence of
techniques i1n the completeness proof, we will be able to show
the classes of D-sound and Loop Invariant models to be compact
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with respect to D. The proof of completeness is a Henkin ar-
gument In which a canonical model Mg is defined whose states
are maximal consistent sets of formulas. Consistency is
equivalent to satisftiability within this model. The proof is
similar to that given by Segerberg for classical modal systems
[Seq].

Theorem 1

The class of D-sound models is complete with respect to
the proof system with axiom schemas D.

Prooi " Theorem 1

Let MQ be the model i1n which

wW={w! 1) w is a consistent set of formulas,
2) for each formula p, p is In w or -p IS In w,
¥ 1f p and p— >q are inw then g is In w,
4 Pr(D) 1s a subset of w.}

n(p)={w®" p is In w} for all basic formulas p

p(@={(w,v)1 for all formulas p, [a]p 1s In w implies p is In
v} for any program a.

Extend M and p In the usual way so that Mg is a model. We show
that a formula i1s satisfiable in the class of D-sound models
iff 1t 1s satisftiable in MQ. Then we show that the set of
valid formulas of iIs Pr(D). Completeness follows.

Lemma 1
For all formulas p and for all states w iIn Mq,

wis inll () 1ff p is In w.
MO



Proof of Lemma 1

For notational convenience, we will drop the subscript
on M. Proceed by induction on the length of p as a seguence
of symbols.

IT p 1s a basic formula then by definition, w is in T(p)
iff p i1s In w.

For the iInduction step, assume the result is true for all
formulas p with Ipl<n. Consider Ipl=n.

ITf p is of the form gqvr or -q then the result follows by
induction and conditions 2) and 3) of the definition of W.

The nontrivial case is when p=[a]g. For one direction,
assume towards a contradiction that w is 1In JI(Ja]lg) and -[a]q
iIs In w.

Consider the set S={rl [a]r is iIn w}i We wish to show
that S Is consistent. Assume not. Then there exist formulas
ri7...,rn such that

hr:ﬁ---Arn— >False but then
FI[a] (r A .. Arn— >false) and

F [a] rgA---A[a]rn——>[a] false.

h [a]false— >[a]g so
F[alrjJA.. A[a]Jrn— >[a]q and [a]r A. ., Ala]rn— >[a]q 1s
in w.
This provides a contradiction since the [aJr A ...A[a]rn and
-[alg are iIn w.

Now consider a sligthly larger set T=SU{-q}- We have just
shown S to be consistent. We would like to show that the
addition of -q preserves consistency. The proof of this 1is
similar to the preceding argument and left to the reader.

That T is consistent with respect to D implies that TUPr(D)
IS consistent. As a consequence of Lindenbaum®s theorem we can
extend TUPr(D) to a maximal consistent set of formulas v. By



construction, v is In W and also (w,v) is in p(a). Recall
that by hypothesis, w i1s in n([a]lg), hence v is i1n n(q). But
by construction, -q is in v and by induction, v is In n(-Q).-
This 1s a contradiction.

We have shown that w In n([a]g) implies that [a]g is In w.
The other direction iIs a straightforward proof by contradiction
using the definitions./

Corollary

Let p be a formula. Then p i1s satisfiable iIn the class of
D-sound models i1ff p is satisfiable in MQ.

Proof of Corollary

Let p be a formula. Assume that p iIs satifiable at a
state w in a D-sound model M. Let Sy be the set of formulas
satisftiable at w in M. By definition, SW iIs a maximal con-
sistent set of formulas. Hence QN IS a state 1In Mn- By Lemma 1,
p in Sv implies that Sw is in n(p) In Mg. Hence, p is

satisfiable in MQ.

Conversely, assume that p i1s satisfiable iIn Mg. By Lemma
1 and construction, MQ §s a D-sound model since D is contained
in Pr(D) and Pr(@) is contained iIn every state. Hence p is
satisftiable i1n some D-sound model .0

Lemma 2

Th MQ)=Pr (0)

Proof of Lemma 2

For one direction, it suffices to notice that since Pr(D)
IS contained iIn each state in Mg, Pr(D) must be contained in

Th(Mg) -

For the other direction, let p be a formula In Th(Mg) but
not in Pr(®). Then p is not provable in D. By definition, -p
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is consistent with D. In particular, the set Pr(D)U{-p} can be
extended to a maximal consistent set w. By construction, w 1S
a state 1In . This provides a contradiction since then both

p and -p are satisfiable at w. /

Proof of Theorem 1 continued

By Lemma 1, Th(MQ)=Th(D-sound models). By Lemma 2,
Th(M™)=Pr(D). Hence the class of D-sound models is complete
with respect to D.I

With this construction, i1t is now simple to show that the
class of D-sound models iIs compact.

Theorem 2
The class of D-sound models i1s compact.
Proof of Theorem 2

Let S be a set of formulas. Clearly, i1f S is satisfiable
in a D-sound model then every finite subset of S iIs satisfiable
in a D-sound model.

>»

Conversely, suppose that every finite subset of S is
satisftiable in some D-sound model. In particular, this implies
that every fTinite subset of S iIs consistent. Hence S iIs a con-
sistent set of formulas. By Lindenbaum®s theorem we can extend
S to a maximal consistent set of formulas w containing Pr(D).
By construction, w is a state in MQ. By Lemma 1, S is satis-
fiable at w In Mg . Hence S is simultaneously satisfiable in
the class of D-sound models. O

To show that the class of Loop Invariant models are also
compact, we can use this technique In conjunction with a theo-
rem from [Be]. The theorem states
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1) Every Loop Invariant model is a D-sound model.

and
2) Every D-sound model M can be extended to a Loop
Invariant model M® such that for all formulas p and
all states w In M,
w 1S 1In IIW,(p) iff w is In I’W-,(p)-
Theorem 3

The class of Loop Invariant models is compact.
Proof of Theorem 3

Let S be a set of formulas. As before, 1T S iIs simul-
taneously satisfiable in the class of Loop Invariant models
then every finite svfcset of S 1s satisfiable 1In the class of
Loop Invariant models.

Conversely, assume that every finite subset of S is
satistiable iIn the class of Loop Invariant models. As iIn the
proof of Theorem 2, this implies that S is consistent. In
addition, S i1s simultaneously satisfiable at some state w 1In
the D-sound model M~ . By part 2) of the theoremodescribed above
MQ can be extended to a Loop Invariant model Mg " iIn which
every formula satisfiable at w iIn MQ i1s satisfiable at w in
Mg ". In particular, this is true for each of the formulas in
S. Hence S i1s simultaneously satisfiable in the Loop Invariant
raodel MQ~".0

Unfortunately this technique does not work for the class
of Standard models. The set of formulas A={ [all]p In>0 }K{ <a*>-p}
is finitely satisfiable but not simultaneously satisfiable in
the class of Standard models. The reason for this discrepancy
is that although loops are expressed equivalently iIn the
classes of Standard, Loop Invariant and D-sound models, their
termination iIs interpreted differently iIn each of these classes
In Standard models, all loops are assumed to terminate success-
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fully, i.e. upon FTulfillment of their exit conditions and after
a finite number of iterations of the loop. In Loop Invariant and
D-sound models, loops may terminate unsuccessfully as well,

i.e. through the exceeding of time or space limitations.

Section 3: COMPACTNESS IN DYNAMIC ALGEBRA

Dynamic Algebras were developed by Kozen [K] and Pratt
[P]1- The interpretation of PDL within the algebraic setting
has the advantage of a clean exposition and simple, yet ele-
gant proofs. For simplicity, we will consider only test-free
(without ?) models of PDL iIn this section. The addition of ?
complicates the proofs somewhat but does not changé the
results. For completeness, we will give the basic definitions
from Dynamic Algebra. For a fuller treatment see [P] or [K],
additional material can be found in [N],

Definition (Kozen); A ( -continuous) dynamic algebra IS a two-
sorted algebra (K,B,<>) where K is a regular algebra (with
a*=sup all), B is a boolean algebra, and <>:KxB-->B iIs a scalar
multiplication satisfying the equations

<a>0=0
<a>(pvQq)=<a>pv<a>(q
<aUb>p=<a>pv<b>p
<ab>p=<a><b>p
<1>X=X
sup<an>X=<a*>X.

Definition : A dynamic algebra is separable 1f for each afb iIn
K, there exists some X iIn B with <a>X"<b>X.

Definition : Let (S5,K,B) be a structure where

S is a set of states,

K iIs a regular algebra of binary relations on S (under the
usual set theoretic operations),
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<a>X={sI3v((s,Vv) i1s In a and v 1s In X)}is In B
for every a In K and X in B.

Then (K,B,<>) is a dynamic algebra called a Kripke model.

Definition ; A standard Kripke model 1is a Kripke model i1n which
a*=Uan for every a In K (i.e. for every a in K, sup an=Uan is
in K).

Every Loop Invariant model M=(W,n,p) can be identified
with a dynamic algebra (K,B,<>) in which K is a regular al-
gebra with domain K={p(a)l a is a program} and B is a boolean
algebra with domain B={n(p)l p is a PDL formula}. Note that
p(a*)=sup p(an) but that this may only properly contain Up(n).

Conversely, every Kripke model can be identified with a
Loop Invariant model by letting each element of K represent
the iInterpretation of some program and letting each element
of B represent the iInterpretation of some formula.

There 1s a one-to-one correspondence between the class
of standard Kripke models and the class of Standard models
defined iIn Section 2. Note that there are separable
continuous dynamic algebras which are not represented by any
standard Kripke model [K]. This parallels the fact that there
are Loop Invariant models which are not Standard [Be].

In [K], Kozen showed that every separable dynamic alge-
bra i1s isomorphic to a Kripke model. We can use this result
in defining compactness for sets of separable dynamic algebras.

Definition : A set of separable dynamic algebras i1s compact iff
the set of Loop Invariant models associated with its set of
isomorphic Kripke models 1is compact.



Theorem 4
The class of all Kripke models i1s compact.
Proof of Theorem 4

By the preceding remarks, there is a one-to-one corres-
pondence between the class of Loop Invariant models and the
class of Kripke models. Hence the compactness of the class of
Loop Invariant models implies the compactness of the class of

—

Kripke models. 13

Corollary

The class of separable dynamic algebras is compact.
Proof of Corollary

By Kozen®s results, every separable dynamic algebra is
isomorphic to a Kripke model. Compactness follows by Theorem
4 .ta

Theorem 5

Let C be a class of standard Kripke models. If there exists
a program a and a formula p such that the set of formulas
{[a ]pIn>0JU{<a >-p} is Finitely satisfiable then C is not
compact.

Proof of Theorem 5

It Is straightforward to see that the set of formulas
{[an]pln>O}U{<aag—p} i1Is not simultaneously satisfiable iIn any
Standard model for any program a and formula p. Hence this
set is not simultaneously satisfiable iIn any standard Kripke
model for any a and p. If C is compact then any set of
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«

formulas is simultaneously satisfiable I1ff it is finitely
satistiable. Consequently if a set of formulas

{[an JpIn>0}U{<a*>-p} 1s Tinitely satisftiable In C then C
cannot be compact. E3

Note that a consequence of Theorem 5 is that the class
of standard Kripke models 1s not compact.

Section 3: SUMMARY

In this paper, we have explored compactness for several
classes of models of Propositional Dynamic Logic. We showed
that the nonstandard classes of D-sound and Loop Invariant
models are compact using a classical Henkin technique. In
contrast, the class of Standard models iIs not compact.

In Section 3, we extended compactness to Dynamic Algebra
and characterized compactness for the class of Kripke models.
We also gave a sufficient condition for the noncompactness
of standard Kripke models.
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MODULA-2 USED IN THE IMPLEMENTATION OF A
VIRTUAL TERMINAL MODEL

LaszI6 Boszorményi

Computer and Automation Institute

Hungarian Academy of Sciences
Budapest, Hungary

SUMMARY

This paper iIs meant to report on the experiences gained by
using the language Modula-2 for implementing a Virtual Ter-
minal Model. It touches some questions of the virtual
terminal technique, but its main concern is the use of
Modula-2 1n a real application. We show, how Modula-2 has
supported and influenced our choices iIn questions like
decomposition, handling of parallelities etc. The paper
contains parts of the listings of the model. The entire
listing is available at the author.

KEY WORDS : Programming-language Module Decomposition
Computer-network Virtual-Terminal Formal-specification.

INTRODUCT ION

The main goal of this paper is to report on the experiences,
gained with Modula-2 at the implementation of a Virtual
Terminal Model. The Virtual Terminal Model serves as a tool
for experimenting with the virtual terminal functions of a
computer network, and also a formal specification for
different groups of implementors.

A computer network may be regarded as a complex of
communication media and of several users being connected to
it. The users may be both programs or humans. Networks are
generally built up as hierarchical systems of layers. Each
layer may be regarded as a communication media again, to
wich users may be connected.
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A layer communicates with the neighbouring layers via
interfaces /also called local protocols/. Each layer uses
the services of the underlying layer, and offers a new level
of services to I1ts users.

Components of a layer are called to be remote, if they
communicate with each other, using the services of the
underlying layer. The set of rules of this kind of

communication is called protocol /or remote protocol/.

In the definition of a layer it iIs necessary to give both
the remote and the local protocol definitions. In many
cases solely one of these 1is given, sometimes they are
confused. It is iImportant to distinguigh between the external
/interface/ and the internal /protocol/ operation of a layer.

The implementation of a layer usually happens on different
systems by different groups of people. This fact raises an
extremely strict demand on the definition. This is, what
influenced us to develop a model in a high-level language,
which has the expressive power necessary for a formal
specification. In an ideal case, we would have had the
appropriate compilers for all participant systems of the
network. It was, however, not our case, and It seemed to be
a too great effort to implement Modula-2 compilers for all
participants.

A similar project has been made by A. Dunki and P.Schicker
/9/. They gave a formal implementation of a virtual termi-
nal In Pascal. Wa have learned a lot from the works of G.
Bochmann and T. Joachim as well /10,11/. They developed a
real implementation of the X.25 layers iIn Concurrent Pascal.
They also worked out several principles of decomposition of
a protocol, which method has influenced us In a considerable
degree.

We have used the Modula-2 compiler written in Zurich at the
Institut fur Informatik,. ETH. The Compiler was running on a
PDP 11/34.
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Modula-2"s aid for decomposition.

Modula-2 offers the module concept to assist the programmer
in decomposing his problem. The Modula language has already
had this feature /2/, /4/. The module is a syntactical unit,
that hides the module®s iInner objetcs, except the explicitly
exported ones, and lets the module®s environment unknown
except the explicitly imported objects. The module is a
convenient tool for expressing abstract data structures, it

has a "forcing power'™ for a higher degree of modularity and
hence for a higher reliability as well.

Modula-2 extendes the module concept with a very important
new feature. This is the ability to divide a module into two
parts, iInto the definition part, that describes the exported
objects only, and the implementation part /1/. The definition
module may contain constant, type and varible declarations,
and the head of the procedures to be exported. The body of
these procedures are implemented in the implementation module.
Several different implementations may be written for the same
definition. With the definition/implementation module concept
Modula-2 has also created a conceptual perfect way for the
separate /but not iIndependent/ compilation of modules /5/.

Modula-2 /like Modula or Mesa/ regards the module concept
preferably as a general i1nformation hiding tool, iIn contrast
with languages like Simula or Concurrent Pascal, that regard
It as a data abstraction mechanism /4/. As a consequence,
Modula-2 does not support the multiplication of modules.
Wirth states, that usually only one instance of modules
exists/3/. Unfortunately, this statement does not stand for
us, but rather the opposite of 1t. In the networking area
there i1s nothing more typical, than having several instances
of realtively large modules. The possibility to start
processes iIn several iIncarnations does not cover this demand.
Several iInstances of virtual circuits or virtual terminals
etc. could have been expressed as instances of modules most
conveniently. In Modula-2, the existence of several
instances must be reflected iIn the data structure of the
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module. Actually: the variables local to a module /but not
to a procedure/, that should have several instances, must be
declared as arrays of their original type. If we use Modula-
2 also as a specification language, i1t seems to be rather
disturbing to have, at all variables local to a module, one
dimension more. To avoid i1t, we have written all modules
supposing only one iInstance in the first step, and we have

replaced the mentioned variables iIn a second step. It was a
rather long and dull editing-job.

Parallel activities iIn Modula-2

Modula-2 does not contain an integrated process-scheduler,
like many similar languages do /Modula /2/, Concurrent Pascal
/6/ etc./. Instead, 1t offers a few, low-level primitives,
whereby i1t encourages the programmer to design his scheduler
of his own. The concept of Modula-2 1is, that the high-level
language should not support a given scheduling strategy, but
should rather support the programmer in developing any kind
of scheduler. If the programmer does not want to design a
scheduler of his own, ha may use any other schedulers written
by others. Examples for schedulers are given by J.Hoppe /7/,
where a message-oriented-solution 1is presented, and by Wirth
/Y, where a Modula-2 implementation of the original Modula
scheduler /2/ is shown.

Modula-2 does not support processes as sequential activities
competing for some common resources In a true parallel way,
It supports rather coroutines /nevertheless, also called
processes/ running on a single processor that never loose the
processor once obtained, except explicitly required. Normal
processes run on the lowest hardware priority level. Device
processes run on the level of the appropriate device. They
must never call a procedure declared in a module of lower
level. This rule quarantees, that processes work as corouti-
nes .
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For our virtual terminal model we have applied the Modula-2
implementation of the original Modula scheduler /1/ with
some slight changes. The scheduler defines and exports the
type signal /implemented as a pointer/ and a related set of
operations:

WAIT/S/: Causes the running process to enter the waiting
condition and lets run the next ready process;

SENDDOWN/S/: Causes the fTirst process waiting for S enter
the ready condition. It is i1neffective, if there 1s no such
process ;

SEND/S/: Similar to SENDDOWN, but it also starts
immediately the process which has just been made ready;

AWAITED/S/: A Boolean function, returns true, if one or
more processes are waiting for S.

The scheduler also exports the procedure PAUSE for delaying
a process, the procedure DOIO for awaiting the completion of
an 1/0 operation, and the procedure STARTPROCESS to start
any global, parameterless procedure as a coroutine,
posessing an own data space and concurring with the other
coroutines.

Interrupts are handled In a nonpreemetive way, i1.e. after an
interrupt has ocurred, the interrupted process is marked, to
be resumed as soon as possible. It implies, that the user
should avoid the use of SEND in a device process, as it may
cause to start a chain of processes until the interrupted
process may be resumed. Instead, we use SENDDOWN in device
processes.

The Virtual Terminal Layer

The task of the Virtual Terminal Layer of a computer network
iIs to offer a homogenous terminal iImage throughout the
network, independent of the physical terminal devices.
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The underlying layer is often called Transport Service or
Transport Layer. We assume, that it is able to transport
blocks of information /often called letters/ iIn a proper
sequence, free of error, with a finite speed. We also assume,
that 1t is able to transport short /one byte/ blocks /often

called telegrams or interrupts/, independent of the flow of
other blocks. The Tranﬁport Layer will also offer tools for
opening and closing connections /often called liaisons/
between two remote users of it. Our model, however, does not
contain elements dealing with connecting and disconnecting.
We consider these tasks belonging to a separate unit. Thus,
the Virtual Terminal Model expresses a connected state.

The users of the Virtual Terminal Layer may be both programs
and humans. Our model defines a user interface, that
satisfies this requirement. The implementation of the user
interface, however, is In accordance with a human user
operating a physical device. The implementation of the user
interface to application programs will be dependent on the
application itself. Such interface modules may easily be
integrated into our model.

The place of the Virtual Terminal Layer is shown on figure
1.

The Virtual Terminal Model.

The most important step of the design has been the
decomposition of the model. The flexibility of the model 1is
of primary iImportance. In the decomposition we have relied
on the principles worked out by Bochmann and Joachim /11/.
We have also transformed our components into an implementa-
tion In terms of processes, monitors and classes.
Nevertheless, there is no syntactical difference between
monitors and classes, they are both expressed in the form of
modules. The componets were chosen so, that they should
build functionally separate /although not independent/ units.
State variables are always owned by different modules and
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application 1.

0

FIGURE 1.
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hidden from external iInfluences. ™"Active' events are
represented by processes. All processes are gathered iInto
one single module and the other modules of the model are all
"passive'. The processes work on a producer/consumer basis.

Our Virtual Terminal Model has three main components:

The User Interface /USERIF/ module;
The Transport Interface /TSIF/ module;
The Virtual Terminal Protocol /V1/ module.

The structure of the Virtual Terminal Model is shown on
figure 2.

The main components may be well characterised by their
definition module, i1.e. by their interface with the
environment.

The objects offered by the user interface to the virtual
terminal is defined iIn the USERIF module:
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DEFINITION MODULF USERIF»

FROM BUFFER IMPORT BUFHEAD»

EXPORT QUALIFIED
MSG IN »MSGOUT »MSGKIND »HL »STRTL »BRF AK »KILL INE »

CONST NL = 10C» (*CNTRL N*> STRTL = 23C» (*CNTRI. S*)
BREAK = 33C» («ESC*) KILLINE = 13C» (SCNTRL K*>

TYPE MSGKIND « (PART 1AL »WITHEOM»WITHEOMYRT»KILLEDLINE)T

PROCEDURE MSGIN(VAR HJ BUFHFAD» VAR MSGKT MSGKIND)»
(#READS A MESSAGE FROM THE USER™)

PROCEDURE MSGOUT(OAR MJ BUF HEADv MSGKT MSGKIND)»
(*GIUCS A MESSSAGE TO THE USER¥*)

END USERIF.

The user interface and the virtual terminal modules exchange
information In messages. The message i1s a character stream
that may contain any character. Some of them /those that
are exported here, like NL, STRL/ have a special meaning.
Messages may be terminated in four ways:

partial: continuation follows;

with eom: normal termination;

with eom and yourturn: gives the turn to the partner 1if

alternating;

killed line: the line 1is erroneous. This structure is
reflected iIn the type MSGKIND. The module still exports two
procedures: MSGIN for taking a message from the user and
MSGOUT for giving a message to him.

The objects offered by the transport service to the virtual
terminal are defined in the TSIF module:
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DEFINITION MODULE TSIFI

FROM BUFFER- IMPORT BUFHEAD»
EXPORT QUALIFIED
LETTERIN »LETTEROUT »ITIN »1 fOUT »MAXBLOCKI . i

CONST MAXBLOCKI = 2551

PROCEDURE LETTERIN <OAR LT BUFHEAD >?
(eREADS A LETTER FROM fHE TS*>

PROCEDURE LETTEROUT(VAR LT BUFHEAD)
(#GIVES A LETTER TO THE TS™>

PROCEDURE ITIN(VAR I"M BUFHEAD)T
(#READS AN INTERRUPT FROM THE TS™>

PROCEDURE ITOUT(VAR ITJ BUFHEAD)T
(#GIVES AN INTERRUPT TO THE TS*)

END TSIF.

The transport service and the virtual terminal modules
exchange information in blocks /or letters/. Their formats
are described in the Virtual Terminal Definition /12/. The
TSIF module exports the maximum block length i1t is able to
accept. It exports also procedures for information exchange.
The model has two different implementations of these
procedures. The Tirst one replaces the transporting functions
with procedures for displaying the outgoing and reading the
incoming blocks and interrupts. It is a tool for experimen-
ting with the virtual terminal, 1t enables us to look iInto
the internal operation of the virtual terminal machine. We
may follow the internal structure of information on the
transport interface, and we also may simulate the i1ncoming
information. We may easily test the system"s reaction on any
kind of erroneous input. The second implementation module of
the transport service is actually empty. It serves to connect
two partners directly, through a dummy network. In both cases
we have used two physical display units. In the first case
one of them served the virtual terminal operator and the
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other the test operator. In the second case both displays
served virtual terminal operators. The structure allows us
to exchange the implementation module for a true transport
service module, thus turning our model iInto a true implemen-
tation.

The realisation of the Virtual Terminal Protocol is done in

the VT module:
DEF INITION MODULE VT »

FROM DUFFER IMPORT BUFHEADT

FROM USERIF IMPORT MSOKIND»

EXPORT QUALIFIED FARTYF"ES »ACTF"AR »PARTOSET »
CODEPURGE »CODERESUMF »CODEPLEASE »XS1ZEDEFAULT »
CODEFRFE »CODEMYTURK™ »CODE YOURTURN »

NOTICE: K IND 'SDNOT »SENTNUTI CE »SEND IT »SENDSE T»S1DWPARS »
FRUMUSEK»TUUSERTr
ITTOTS»TOTS »I TFROMTS»FROMTST

CONST CODEPLEASE = 360EU CODERFSUKF. - 361DT
CODEPURGE - 3518Br
CODEMYTURN = 2F CODEYOURTURN = 3»
CODEFREE = O» XS1ZEDEFAULT = Or

TYPE
PARTYPES =(CLASS»AUXDEV »MODE »OVERPRINT »XSIZE )»
FPARAMETERS - ARRAY PARTYPES OF INTEGER ?
NOTICEKINT « (NORMALTEXT »TE XT TURN »
CMDNUTFOUND »CMDUNDERSPEO rGOODOMD f
ITPROCESSING »SETPROCESSING »
I TRFC »AURFEREC »D1SAGREERF.C »
AGKEESENT »DI SAORERESLNT r
AC T'PARAMS ?MYLIMIT S»PARTNERSLIMITS)T

VAR ACTPAR»PARTOSET: PARAMETERS»

PROCEDURE SDNOTINQTICET NOTICES-MD)»
<«SENDS A NOTICE TO THF. USER#)

PROCEDURE SENDNOTICE(NOTICE: NOTIGEMND » PARAMT CHAR)»
(«SENDS A NOTICE AND A PARAMETER TO THE USER#)

PROCEDURE SHOWPARS <VAR PT PARAMETERS» VAR EC bl/1:HEAD )»
(ePUTS P-S COMPONENTS INTO D IN A READABLE FORM#)

PROCEDURE SENDIT(ITCODE: INTEGER)»
(#SENDS AN INTERRUPT TO THE TS*)

PROCEDURE SENDSET»
(#SENDS A SET-ITEM IN A SINGLE DIOCK«)

PROCEDURE FROMUSF.R (VAR MJ BUFHEADT MSGKT MSCKIND) »
(#READS A MESSAGE FRUH THE USER%*)
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PROCEDURE TOUSER (OAR MJ BUFHEAD » MC-iKJ MSGKIK®*D) T
(*GIVES A MESSAGE TO THE USER%*)

PROCEDURE ITTOTS(VAR ITJ BUTHEAD)»
(*GIVES AN INTERRUPT FOR THE TS*)
PROCEDURE TOTS (VAR LETTER: BUTHEAD)r
(»GIVES A LETTER TO THE TS¥*)

PROCEDURE ITFROMTS(VAR ITT BUEHEAD)»
(»READS A INTERRUPT FROM THE TS*)

PROCEDURE PROMTS(VAR LETTERT BUEHEAD)»
(»RFADS A LFTTER FROM THE TS*)

END VT.

The VT module exports constants, types, variables and
procedures. Principally, it would be enough to export solely
procedures, partly for the iInformation exchange between the
interfaces and partly for offering some services to the
command iInterpreter. Nevertheless, the VT module also makes
visible some parts of its data structure. These are used
mainly by the command interpreter, and beside that, by the
USERIF and TSIF in a strict read-only way.

The VT implementation module is divided into modules as
well, according to the separate functions of the virtual
terminal protocol /negotiation handling, interrupt handling,
normal text handling/.

The iInterconnections and the data flows are represented by
processes. There are two iIndependent data flows between the

VT and the USERIF modules /msgin and msgout/. There are four
independent data flows between the VT and the TSIF modules
/letterin, letterout, 1itin, 1tout/, The processes are kept

as simple as possible. They connect two modules. They read a
unit of Information through an output procedure of the one

module and they give it to the appropriate input procedure

of the other module. We show the VTPRCS module, that dontains
all processes of the Virtual Terminal Model:
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MODULE VTF"RCS »
(»VIRTUAL TERMINA!. PROCESSES™)

FROM SYSTEM [IMPORT WORD»

FROM FROCESSSCHEDULER IMPORT STARTPRUCESS T
IMPORT VT»

IMPORT USERIF »

import tsif;

TYPE WSP = ARRAY CO .2503 OF WORD»
VAR WSP1 »WSF*2 »WSP3 »WSF*4 »WSF*5J WSP»

PROCEDURE USERTQVT»
(»DATA FLOW FROM THE USER TO THE VIRTUAL TERMINAL™)
OAR m : BUFHEAD > MSOKJ USERIF_MSGKIND»
BEGIN
LOOP
USERIE®MSGINM»MSGK) »
VT «<FROMUSER(M»MSGK)»
END» (*LOOP*>
END USERTUVT »

PROCEDURE VT70USER»
(»DATA FLOW FROM THE VIRTUAL TERMINAL TO THE USER*)
VAR MJ BUFHEAD» MSGK: USERIFeMSGKIND »
BEGIN
LOOP
VT .TOUSER(M»MSGK)»
USER IF .MSGOUT (M>MSGK)»
END» (»LOOP»)
END VTTOUSER»

PROCEDURE TSIT »
<»INTERRUPT FROM THE TRANSPORT SERVICE TO THE VIRTUAL

TERMINAL™)
VAR 1T: BUT HEAD»
BEGIN

LOOP

TSIF»ITINCIT )»
VT, ITFROMTS(IT)»
END» (»LOOP*)
END TSIT »

PROCEDURE TSTUVT »
(»DATA FLOW FROM THE TRANSPORT SERVICE TO THE VIRTUAL

TERMINAL™)
VAR L: BUFHEAD»
BEGIN
LOOP

TSIF.LETTERIN(L)»
VT .FROMTS(L)»
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end; <*loop¥™)
end tstovt,

PROCEDURE UTIT;
(*INTERRUPT FROH THE VIRTUAS. TERMINA!. TO THE TRANSPORT
SERVICE*)
var it bufhead,
BEGIN
LOOP
VT_ITTOTS(Git);
TsiF.ltout(it>;
end; <*loop¥*)
end vtit,

PROCEDURE VTTOTS;
(»DATA FLOW FROM THE VIRTUAL TERMINAL TO THE TRANSPORT
SERVICE*)
var 1 - bufhfad,
BEGIN
LOOP
VT,tots(L);
TSIF.LETTEROUT(L);
end; (*loop™)
END VTTOTS;

BEGIN
STARTPROCESS (USERTOVT FADR(WSP1)»TSIZE(WSP))
STARTPROCESS (VTTOUSER>ADR (WSP2 )»TSI1ZECWSP))
STARTPROCESS(TSITtADR(WSP3) . TSTZE(WSP));:
STARTPROCESS (TSTOVT»ADR(WSP4)»TSI1ZL(WSP));
STARTPROCESS (VT 1TmADR(WSPS)»TSI1ZE(WSP))
vttots,

]
I

END VTPRCS
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We have allocated the storage for the procedures to be
started as processes statically /WSPi/, but we could have
done i1t also dinamically, with the help of the NEW
statement. The last process /VITOTS/ 1is called like a
procedure, because the Modula-2 starting system should be
regarded as a process as well.

Beside the main components there are still several others,
like:

Command Interpreter;
Storage Management;
Buffer management;
Queueing;

Process scheduling.

All these components have been realized as definition/
implementation module pairs. If we are successful iIn writing
the definition module, we may undertake later any kind of
changes in the implementation modules, without changing
anything else. During our development we had to change
sometimes some definition modules as well, then we had to
recompile several modules. It is somewhat unpleasent, but it
forces the programmer to be as careful as possible with the
definition of his iInterfaces. This iIs a great advantage
indeed !

Queueing and synchronising in the Virtual Terminal Model.

Modula-2 does not contain an integrated process-scheduler
/as mentioned already/, consequently, it cannot check the
proper use of the synchronising primitives. /That is the
price for the freedom iIn writing own process-schedulers./
Thus, the Modula-2 programmer must be careful with process
synchronising and must keep himself to strict rules, if he
wants to have a reliable system.
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Our basic tool for process synchronisation is the interface
module, as described In /1/. Its concept iIs based on the
monitor concept of Brinch-Hansen and Hoare /8/. The inter-
face module assures the mutual exclusion on i1ts procedures.
As Modula-2 regards processes as coroutines, the
implementation of an interface module is trivial, i1.e. 1t
stands for every module, that i1f one process enters it, no
other process may enter 1it, until the Tfirst process leaves
it /the WAIT and SEND operations imply also leaving/. The
synchronisation primitives used, are offered by the process-
scheduler /WAIT, SEND etc./. A strong discipline must be
followed iIn using them. Corresponding WAIT-SEND/DOWN/ pairs
must stay iIn the same module.

The synchronisation of the processes of the Virtual Terminal
Model are concentrated into one single module, namely iInto
the VTQ module. The VTQ module contains all queues of the VT
module, 1.e. they contain data, that are already processed
by the VT procedures, and are to leave the VT module in the
direction of the user or the network. Incoming data will not
be queued, but will be processed immediately. We show the
entire VTQ module /in a little simpelified form, as the real
model handles also priorities iIn VTQ/.:

DEF INITION MODULE VTQ »

FROM SYSTEM IMPORT WORD;
FROM FIFOG IMPORT QUEUE »

EXPORT QUALIFIED END »DEC»QKIND,}
TYPE QKIND = <MSGG»U3FRQ,TSJITG»T3C>3t

PROCEDURE ENQ(Q: QKIND » THIS: WORD)?
<*ENQUES THIS IF POSSIBLE. |IF NO7» IT WAITS*)

PROSEDUPE DEQ(Q: GKINU; VAR THIS: UORN);
<*DEQUEUES THE NEXT ELEM IF POSSIBLE. IF NOT» IT
WAITS*)

END VTQ.
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The definition module iImports two types; the type WORD from
the module SYSTEM /the queue elements may be words/ and the
type QUEUE from the module FIFOQ, that realizes a first-in/
first-out based queue handling. The VTQ module exports the
type QKIND, that describes the kind of queues available in
the model, and two operations on it: ENQ for enqueueing and
DEQ for dequeueing. The way of operation of these procedures
i1s unknown at this point, the only thing we must know that
they will be completed In a finite time.

The 1mplementation module of VIQ shows the realization of the
above operations:

IMF*LEMF NTATION MODULE VTOT

FROM SYSTEM [IMPORT WORD*,
FROM PROCESSSCHEDULER IMPORT
INITSIGUAL,SIGNAL*WAIT »SCKN }
FROh FIF Oa IMRORT CREATEC»FLILEG »EMFTYG ?CETQ ?FIJIQ .QULUET

CONST OLENGTH = All., GULULE HAVE THE SAME LENGTH*>

OAR NONFULL .NONEMPTY : ARRAY GRIND or SsICNR
OTOUlues: array e€erano Or queue,

12 OKINMT

PROCEDURF ENQ®" Qi GRIND; THIS: HORD)»
U ENDUES THIS IF POSSIBLE. IF NOT> IT WAITS*)
BEGIN
IF FULLQ<VTQULUESEG3> THEN WAI T<NONFULI. TCM ) END;
PUTQ( TGUEULSIGJWTF:S);
send (nonempty:Igj®;
END ENQ;
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-twcalmkr: Eu<g: OVITLI? ynr? this: wur»
1+DEQUEUEt THE NI XT LIEN II' FOSSIDEE. F NOTTF¥ IT
WAITS™)
ELGIN
IF EMFTYQFUTQ"1UE31G3) THEN WAIT (NGN MOTYLCD) END*
GETQ(TQUEUESCG3»TRIS)t
SEND (NONFULL CQI =T
END dec;

DEGIN
FON IT= MSGQ TU TSC DD )
INITSIGNALINONFULELI 3)T INITSIGNAL (NUNEMF™TYC11)?
CRFATEP (VTRUEULSC I 3*CLENGTH>T
END? (*FOE*)

END UTG.

The i1mplementation module imports from the module
PROCESSSCHEDULER the type SIGNAL and the necessary operations
on i1t, that have been described earlier. It imports from
FIFOQ the type QUEUE and the corresponding operations:

CREATQ /creates a queue with given length/, FULLQ, EMPTYQ,
/Boolean functions, give true i1f the queue is full,
resptectively empty/, PUTQ /enqueues an element into the
queue/ GETQ /dequeues an element from the queue/.

The implementation module contains the array variable
VTQUEUES; one queue type element for each kind of queue. It
iIs an essential point, that VTQUEUES 1is hidden from the
environment /as i1t iIs not exported/.

Thus, the queues of the model are protected from any kind

of use, except via ENQ and DEQ. The array variables NONFULL
and NONEMPTY serve for the synchronisation of the processes.
IT a request arrives for taking out an element from an empty
queue, respectively to put in an element into a full queue,
then the requesting process starts to wait on the
corresponding element of the signal array NONEMPTY,
resptecively NONFULL. The appropriate signal element will

be activated /by SEND/ whenever an action has been taken on
the queue.
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CONCLUSIONS

We have used the Modula-2 language to develop a Virtual
Terminal Model. We have built also a stand-alone system to
assist the model. This system contains facilities like
process-scheduling, queueing, buffering etc. The work has
been done surprisingly quickly /three man-months/, and with
few errors. Most bugs could be found simply by iInspecting the
source listings. After having corrected some bugs in the
process-scheduler, we had not one single error because of
scheduling.

Modula-2 has not only supported the task of decomposing, but
it also influenced the design In choosing good structures.
The definition/implementation module concept iIs extremely
attractive and convenient for thinking in modules. The only
drawback, that we have encountered, is the fact, that
modulles may not be multiplicated. We understand, that It 1is
not their purpose either, as they are just syntactical
"walls™ for information hiding. As a matter of fact, we had
rather much trouble for the lack of any possibility to
express several iInstances of abstract data types iIn an easy
manner .

Modula-2 has also encouraged us to choose a scheduler of our
own taste, and to iInvite concurrency iInto the structure
without difficulty.

Modula-2 has proved to be an excellent tool for the
implementation of a complex task, and also to be a good
specification language. It was pleasant to work with 1t, and
we think, 1t Is the greatest advantage of the project, that
we can trust our own program, much more than generally.
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INDUCTIVE DOMAINS AND ALGEBRAIC SEMANTICS OF CF LANGUAGES*

Stephen D. Comer*
Mathematical Institute, Oxford
Great —Britain

I. Introduction

This note contains two simple observations on the effect of allowing a CF language to
admit inductive definitions. Such languages can be generated by an unambiguous grammar and
they allow the construction of an adequate” algebraic semantics in the sense of Andreka —Nemeti
—Sain [2] (henceforth referred to as ANS).

The development of an algebraic semantics for a well presented language L = <S,M,k>
in [2] depends on using agrammar G that satisfies an ’adequateness criterion ”. Section 3
of [2] presents examples of grammars that are adequate and those that are not. A careful analysis
of these examples reveals a common thread. In all cases the “meaning function” k for L was
defined by induction on the complexity of the words in S. This, of course, is the most
common way of defining a function on S. In most cases where G was not adequate for L
it happens that G is an ambiguous grammar and it is precisely the ambiguity that leads
to the inadequacy.In a nutshell, the rewrite rules of G conflict with the inductive clauses
used to define k. The point is that the ability to make inductive definitions on the syntax
S of a language implicitly givesa “parse” of S. We formalize this below (Proposition 1) and
show that, in the situation where the meaning function is defined by induction, the induced
unambiguous grammar is always adequate (Proposition 2).

2. Preliminaries
We briefly review terminology used in ANS [2].

A well presented language is a triple L = <S,M,k> where S is a nonempty set
(the syntax of L) defined by a generative grammar G, M is a nonempty set-theoretically
defined class (the models of L), and « is a function on S X M (the meaning function of
L) that is also assumed to be set-theoretically defined.

We assume throughout that the grammar G generating S is context-free (CF).
Formally, G =< N,X, <R. :iel> > with nonterminals N, terminal symbols

* This work was supported by National Science Foundation Grant MCS-8003896.
Author’s address after July 1981: The Citadel, Charleston, S.C. 29409, USA.
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X(N n X=0), and rewrite rules (or productions) R., iel. Each Rj has the form
Ah u for some AeN and ue(N U X)*. For each AeN the syntactic category of A
is the set

SA = {ueX* : A —*u}

The syntax L(G) generated by G is defined as L(G) = U (SAIAeN}, which we assume
equals S.

The first task in developing an algebraic semantics for L isto turn S into a
’syntactic algebra”, actually an N-sorted algebra or operator domain: S (see ADJ[1] or
ANSJ[2]). The universe assigned to the sort AeN is SA. The operations on S are derived
from the production rules in the following way. If R4 is the rule

A0 h ugAlyj ...Anun

where u.eX* and A”N for j<n + 1, the associated operation Fj has type

S. . X...XS. » S, and is defined as
Al An Ao

Fjiap * e+ >an) = u0alUl. . . anun

for each n-tuple (ax, ..., an)eSAlx oo X SAI'I'

For each tft»eM, k(-, t/t) = Xu.k(u, vo is a function on S, hence a function on the
algebra S. A grammar G is called adequate for L (see ANS[2]) if k(-, VC) isa
homomorphism on S for each "eM .

We also use the following terminology about sequences. Suppose a,TeS ¢ X*. We say
a isa partof r, insymbols o Cr, if T=p ov for somep, ve X*. a isa proper
part of r if oc T and a® T o isa maximal part of T if r covers a in the poset
<S, Cl>. reS is called a basic word (or atom) of S if it is a minimal element in the
poset <S, £>.

3. Inductive domains

What is going on when a function k is defined on a syntax S = L(G) by induction on
the complexity” of words? To begin with, the value of Kk is specified on “atoms” of L(G).
Then, for every aeL(G), not an “atom”, the value k(o) is given by a function applied to
values kic”), ..., k(on) where ol, ... ,an are ”less complex” parts of a. If K is
really a function, that is, well-defined, the parts ax, .. ., 0 must be uniquely determined
from a. Thus, for inductive definitions to be possible, a ’structuring” of S must be
present. This motivates the following notion of an inductive domain.

Definition 1. An inductive domain is a triple <S,<C. :jeJ>,j0> where S isa CF
syntax, {G :jeJ} is a partition of S, and jQeJ such that the following hold:
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(1) aeCJO iff a is a basic word of S;

(i) for every jeJ — (jQ} there is a sort AQeN with C. C SA and there exist a
unique sequence <Aj, ... ,Ak> of sorts and unique RfX* (for i< k) such
that every 0eCj has the form

® a= MoNIiMI ee=TKVK

where T;e8A for i= 1, ...,k and Tj,...,rk are maximal parts of a. Conversely,
for every choice T;e8A for i= 1,..., k, the o with description (t) is an element
of Cr 1

The subsets C.J are called clauses. Each clause has a tyj;e. C:b has tyQF 0. A clause Cj’
] ®jQ has type k where Kk isthe lenght of the sequence <Aj, ..., Ak> associated

with it. We say that a syntax Sadmits inductive definitions if there exist <C. :jeJ> and
jOeJ such that <S, <C. :jeJ>,jO0> is an inductive domain. O
Definition 2. Suppose <S,<C. :jeJ>, jO> is an inductive domain.

(i) An inductive definition over S is a system of functions <Oj :jeJ> such that
domain O., = C._ and OJ has type K whenever CJ has type k for all

Db
je - {iOm
(i) A function h on S isdefined by induction by the inductive definition
<Oj :jed>if

@ h(@) = Ojo(a) for all oeCJO;

(b) for all aeCj,j ®jQ h(a) = 0 .(h(t", ..., h(rk)) where
a has the form (t) in Definition 1 O

Our first goal is to characterize when a CF syntax admits inductive definitions.

Proposition 1. A context-free syntax S admits inductive definitions iff S = L(G") for some
unambiguous grammar G' (that is, no word possesses two distinct G *derivation trees, cf.,
Clark —Cowell [3]).

Proof. Suppose <S, <Cj :jeJ>,jQ> is an inductive domain where S = L(G) for some CF
grammar G. Let K= C" U (J —{jQJ). We define G'=<N,X,<F :jeK» where N
and X are the nonterminals and terminals, respectively, of G. The rewrite rules

PjJeK, of G’ are as follows:
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for aeC._ n S., let P_be A (- &
Nol A a g

for each clause Cj5 j @ jQ let be AQ f- RQ AX ... AK uk

where AQ, A:, ..., Ak are the unique sorts and juD. e« >Nk the unique sequences in
(if) of Definition 1

An easy induction shows that G generates S. We show that G is unambiguous by
induction on word lenght. Clearly each basic word of S has exactly one derivation tree.
Now consider a word o in C. where o has the form (t) in (ii) of Definition 1 and
each maximal part t. of o has exactly one derivation tree. Any derivation tree for a has
root labled AU (recall CJC SAq) and the lables, left-to-right, of the sons of A[] are
exactly the symbols in the sequence Al ... Ak gk and the subtree rooted at each
A; is exactly the derivation tree for r. By the uniqueness in (ii) of Definition 1 and the
induction hypothesis, a has exactly one derivation tree.

For the converse, suppose, S = L(G) where G is an unambiguous CF grammar
<N,X,<R. :iel». Let ' = {iel : R. has the fonr A h o for some AeN and
aeX* R I'# 0 (we disallow A f- A as aproduction) so fix iQel' and define clause

C_)oz{aex*:Alg- o forsome AeN}. Foreach iel —I', the rewrite rule R.lcontains

nonterminals on the right-hand side. Suppose R4 has the form

AO "G NOA 1 e===AKK

for some jurX* and A.eN (i< k). Define the clause C as
C.= (aeX*:a= Mripl. .. rkM for some ~eS”™,...,rke }

Using the fact G is unambiguous, it is easily checked that
<S, <Cj :je( —I'") n {i0},i0 > isan inductive domain, g
For a CF syntax S which admits inductive definitions we call the grammar G' for S
constructed in Proposition 1the grammar induced by the inductive structure. It is easy to
give examples of CF languages that can be generated by different unambiguous grammars;
see ANS, Example 3(i).

We now consider the relationship between having an inductively defined meaning func-
tion and an adequate grammar.

Proposition 2. Suppose L = <S,M,k> is a well presented language. Then the existence of an
inductive definition for k( —, tic ), for each eM, is equivalent to the existence of

an adequate grammar for L.
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Proof. First, suppose S admits inductive definitions and, for each fe"eM, k(- , V&) is
defined by induction. We claim the grammar for S induced by the inductive structure is
adequate for L. It needs to be shown, for «tfeM, that the equivalence relation =«* on

S, defined by a r iff k(a, *H>) = k(r, vcC), is a congruence relation on S. Towards
this end, suppose F. isa k-ary operation of the type SAi X...XS Ak ” Sﬁo associated
with a clause cy j ® jQ and suppose o{ =viTi forall i=1,...,k a= Fj@l(...,ak)
and T=FjiTp ..., TK). Then, by Definition 2(ii),
k(a, vb) = O.ikiaj, vc ), ..., k(afc, vc))

= Oj(k(rj, 'c/G K(Tie t/G))

= K(T, t*>),
hence a r as desired.

Conversely, if G is adequate for L, the homomorphism property for k( — vC ) on
S gives an inductive definition of the function k( — VvC) on S.°
4. Example

We illustrate the remarks in the preceeding section for the implication language
L = <S§,M,k> treated in ANS[2], Example 3(iii), Section 3. S is generated by the grammar
G6 = <N,X,< R :iel >> where N= {F}, X={p. :iecu}u fm}, 1 =ooU f&}
and the productions are:

RA:F(-FAF

Rj :F 1- pj (for iecu).

The class of models is M = w2. The meaning function k is defined, for vce~2, by

induction as
kE;, TO= MKi)
0 if tf(,()) =1 and KO, Vo) = O
k(Pi-0, vc)

otherwise
i

for each ieco. The grammar G6 is not adequate for L. An adequate grammar can be
obtained from G6 in either of two ways, depending upon what we desire to preserve.
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Method 1. Keep the meaning function.

We must change the grammar. The inductive definition of k implicitly gives S the
structure of an inductive domain. The induced grammar has rewrite rules, for icu>,

FbP>F
F I- pr

This is exactly the grammar Gy considered in ANS[2] and is adequate by the proof of
Proposition 2.

Method 2. Keep the grammar (but make unambiguous by parsing). In the case of G6 , extend
Xto X=Xwn {(,)} andlet

R> : FI- (F-mF)
R' : F P (for ieu).

Then G'=<N, X <R/ :iel6> > isan unambiguous grammar which will admit inductive
definitions. In particular, we can define a new meaning function K '(—*+) for , by

k'(Pi, «*) = «*(i), for each ieco, and

= 1 and K([/, €& = 0

G' is the grammar induced by the i
for the language <S',M,k>. Of cou
added punctuation.

ive structure, so by Proposition 2, G' is adequate
' = L(G") is slightly different from S due to the

The other examples of inadequate grammars in ANS[2] can be modified in the same way.

5. Concluding remarks

Semantics (or meaning functions) used in the vast majority of languages are defined by
induction. Thus, for all practical purposes, in dealing with context-free languages, we may as
well assume we have such a language. The content of Proposition 2 shows that, under this
assumption, an adequate algebraic semantics can always be constructed.

The content of Proposition 1 may be viewed as a justification for assuming from the
beginning the syntax is parsed” (as in, for example, ADJ[1]). The inductive structure
induces a natural unambiguous grammar that generates the syntax anyway. On this point we
quote Clark and Cowell [3], page 159.
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“When a context-free grammar is used to specify the syntax of a programming language it is
clearly important that the grammar be unambiguous. For, since the productions used in the
generation of the program indicate the way the program should be parsed’ and its meaning
derived, the existence of two distinct parses for the same program might lead to an interpreta-

tion of the program by the compiler different from the interpretation intended by the program-
>
mer.

The author is grateful to H. Andréka and |. Németi for their encouragement and correspond-
ence concerning the ideas presented in this paper.
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1.
INTRODUCTION

The notion of a grammar form has been iIntroduced to
formalize the idea of a master grammar defining a family
G(F) of structurally related grammars. The grammars iIn the
associated family are obtained by an interpretation
mechanism, which i1nvolves a substitution of the nonterminals
and terminals by disjoint sets of nonterminals and sets of
terminal words, respectively. Therefore ¢ may be regarded as
an operator which when applied to a grammar yields a set of
grammars.

From the mathematical point of view It iIs very natural
to ask what happens when some restrictions are made on the
interpretation mechanism. In this paper a variant ¢~ of G,
called the A&bounded interpretation operator, 1Is Investigated
which also yields a set of grammars when applied to a given
grammar form.

The grammar F3- {vis3pr3a») Is said to be a k-bounded
interpretation grammar of a grammar form F=[v3sS3P30) , 1f F3
iIs an element of 1ts grammar family and the minimal number
of new nonterminals which are necessary to create F3 from F
iIs at least k for each nonterminal C of F occuring iIn P.
The set of all k-bounded interpretation grammars, fTor all
j<k3 of a grammar form is called its k-bounded grammar
family. These notions came from S.Ginsburg and G.Révész [4M.
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Organizationally, there are four sections iIn the paper.
In section 2 some preliminary notions are reviewed.

In section 3 the notion of a k-bounded interpretation
and that of a k-bounded interpretation grammar of a grammar
form are defined. We define the k-bounded interpretation
operator, too. We introduce two new notions, namely the
notion of a k-th inflation and that of a k-th iInflation
grammar of a grammar form, which serve as useful tools in
the characterization of k-bounded grammar families. These
notions express maximum properties. Then some properties of
the k-bounded iInterpretation operator are proved.
Particularly, we show that set of k-th inflation operators
/k=1,2,3,.../ 1s a monoid and the set of k-bounded
interpretation operators /k=0,1,2,../ is a semiring. It 1is
shown that the k-bounded grammar family of a grammar form is
equal to the union of 2-bounded grammar families of its
k-th Inflation grammars.

In section 4 the notion of pseudo-isomorphism 1is
reviewed. We introduce the notion of the skeleton grammar of
a grammar form which is a simple modification of the notion
of an iInterpretation grammar completed with respect to
terminals of a grammar form. We define the corresponding
operators, too. After this we characterize the relation of
the k-bounded interpretation operator, the k-th inflation
operator and these two operators. We show that the pseudo-

isomorphism operator commute with each other. Then it 1is
presented that the k-th iInflation operator and the
skeleton operator commute with each other, too.
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PRELIMINARIES

We Tirst recall some elementary ideas of grammar forms.

A grammar G=[V3S3P3a) i1s a quadruple, where V is a finite
nonempty set of symbols, S iIs a nonempty set of terminals,
V-S 1s a nonempty set of nonterminals, o In V-S 1is the
startsymbol, and Pc{a+R]aeV+-S+3 Res"} 1i1s a Tinite
nonempty set of rules.

A symbol occurring in at least one production of a
grammar s called an inner symbol of it. A symbol of a
grammar, which is not an inner symbol of it, is said to be
an outcast symbol of i1t. We use the term of an inner terminal
/nonterminal/ and that of an outcast terminal /nonterminal/
in the respective way.

Those grammars which have not at least one iInner terminal
are said to be t-empty.

A t-empty grammar s said to be symbol-tight if its each
nonterminal which is different from the startsymbol is an
inner symbol of i1t. A grammar which is not t-empty iIs said
to be symbol-tight i1If each symbol of it which i1s different
from the startsymbol i1s an inner symbol of it.

In the following let V be a fixed infinite set of
abstract symbols and £ a subset of V such that £ and V-£
are both infinite.

DEFINITION 2.1

A quadruple F=(V3S3P30) is called a grammar form if
(V3S3P3a) 1i1s a grammar and V-ScV - £, ScL hold.
The set of all grammar forms is denoted by

The notions, which are defined previously, are applied to
grammar forms iIn the stated way.

A grammar form F3={\M3S3P%a 1is called a subform of a
grammar form F=(V3S3P30) if P3QP3SAS3 V3-S3EV-S hold.
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NOTATION 5

The mapping sym from $ into 2° is defined as follows:

For each grammar form F let SYM\F)-{F3}, where F3 1Is the
maximal symbol-tight subform of F. For each set 3 of grammar

forms let sym(&i)=VI sym(F) and let sym{o)=o0.
FEI I

The way a grammar form specifies that a grammar form 1is
"structurally close"™ to it i1s accomplished by the next
fundamental notion:

DEFINITION 2.2

The 5-tuple 1 -( S>P33) 1S said to be an iInterpretation
of the grammar form F= (v3s3P3a), IFf (N S’P303)-denoted bX
F3 —-is a grammar form and y is a finite substitution on Vv
such that the following conditions hold:

/i/ y(au.)CE"+ for each terminal a of F;
/11 / y(C)EV-E  for each nonterminal C of F;
/111/ y(C)ny(n)=0 for all different nonterminals Cand n of F;

/1v/ each nonterminal of F3 i1s an element of y(y-5) and
each terminal of F3 occurs In at least one element of
Y (3);

N/ PEy(P), where y(P)-{u—>u | wey (@) nuey () anda™-ReP};

/vi/ adey(a).

The grammar form F3is called an interpretation grammar of
F and y i1s called an interpretation substitution of iIt.

Next we present the notion of the interpretation operator.

DEFINITION 2.3

Tﬁé_ﬁaﬁﬁiﬁé_a_from $ Into 2# iIs said to be the Interpretation
operator 1If for each grammar form F:

G{F)={F3IF3 Is an iInterpretation grammar of F}.

We extend the definition of this mapping to,the subsets of
Y i1n the following way: for each nonempty subset ofy let

5@3",)=u G(F) and let c(0)= o0.
FeTi
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The next theorem asserts that this operator is an idempotent
mapping. Since the proof i1s a simple modification of the
proof of lemma 1.1 of [I1], therefore is omitted.

THEOREM 2.1
For each grammar form F GQ(F)— G(F)

3.
~-BOUNDED INTERPRETATION OPERATORS

In this section the notion of a k-bounded interpretation
and that of a k-th inflation of a grammar form are
introduced. The corresponding interpretation grammars and
operators are defined, too. Some theorems are presented
concerning algebraic properties of these operators.

The next concept represents the minimal number of new non-
terminals per an old nonterminal which are necessary to
create a given iInterpretation grammar from a given grammar
form.

DEFINITION 3.1

Let F3=(v3s3Pja3) be an interpretation grammar of the

grammar form F=(Vv3S3P30). Let H be the set of iInterpreta-

tion substitutions of F. The grammar form F3 is said to be a
~-bounded i1nterpretation grammar of F if the following hold:

/i/ min  max_ card (n |'I£M(Q>I'I IS an inner
uex £IS an Inner non- symbol of F3}=k;

terminal of F

and there is an element u of H satisfying this minimum
property such that:

tt ft ft
/i1/ card @luia Ja £y(cr)na 1s an inner symbol of F33}<k.
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An interpretation 1= (y,v3s3P303) of a grammar form
F=(7js3P3a) 1Is said to be a k-bounded interpretation of it
iT (v3s3P303) - denoted by F3- is a kK-bounded interpretation
grammar of F and vy satisfies the conditions /i/ and /ii/.

The set of all j-bounded interpretation grammars of a
grammar form, where j 1s at most k, is said to be the
K-bounded grammar family of it.

The next concept expresses maximality.

DEFINITION 3.2

Let F3={v3s3P3o03)given by the interpretation 1= (y1v3sS3P303)
be an iInterpretation grammar of the grammar form F=(v3S3P30).
F3 @Is called a k-th inflation grammar of F and 1 i1s called
a k-th inflation of i1t 1f the following conditions hold:

/1/ card (n]ney(£),n 1s an inner nonterminal of F3}=k
for each 1nner nonterminal Cof F;

/ y@)-{a} for each terminal a of F;

i/ 1f a 1is an i1nner symbol of F then is an inner

symbol of F3;

/wv/ PJ9p*"(P) where y 1is a substitution defined on v*
such as follows: for each inner nonterminal C of F
y(©) 1s the maximal subset of y(£) consisting of
inner nonterminals of FJ and for each other element

x of F y{O-y(&).

N

=

Remark 3.1

It comes with simple considerations that if F3- (v3S,P303) 1S
a k-th inflation grammar of a grammar form F=(v3s3P,o0) then
F3 IS a K-bounded interpretation grammar of it. Otherwise,

if F3 i1s given by the Ath inflation 1= (y3v3s3r®3 then
there is not an element of (y(P)-PJ) such that each element
of V-E occurring In it is an inner nonterminal of F3 . That
IS, P3 has a maximum property.

Now we are sufficiently prepared to give our definition of
the corresponding mappings.
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DEFINITION 3.3

The maQPings G~ and INF™ 1k 1S a positive integer/ from £
into are said to be the A-bounded interpretation operator
and the fe-th inflation operator, respectively, i1t for each
grammar form FI

Gk iF)={F*"\F* 1s an element of the ~"-bounded grammar family
of F} ; and INFjJ*E={F3\¥3 1is a fe-th inflation grammar of
F},

We extend this definition to the subsets of ¥ as follows:

for each nonvoid subset of cT let [J cb () , let
Fe<FI

INF (3M)- INFA{F) and for the empty set let 6~{0)=0 and
FC.3

INFk (0)= O.

We next consider a theorem concerned with the commutativity

of the inflation operators.

THEOREM 3.1
For each grammar form F and for all positive integers «k and 1
INFKt (F)= INFk (INF Z (F)) .

Proof

Let F-TFjSjP,0) be a grammar form. We Tfirst show that
INFKI{F)QINF Te(INFZ (F)) = Let F3= (v*SsP3a3 given by a klI-th
inflation 1= (ynvfsjPjor) be a kl1-th Inflation grammar of F.
We construct an Z-th inflation grammar F "= (v, SsP "3a30f F
such that F3 1s a fc-th inflation grammar of F* _ Let us
define a substitution u" on v in the following way:

/n/ let y"(a)-{a} for each terminal a of F;
/11/ for each i1nner nonterminal C of F let y"(£) be the
union of the following two sets:
/1/ that maximal subset of y(§) which does not contain
inner nonterminal of F3
/2/ and a subset of y(C) consisting of Z inner non-
terminals of F3;
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/111/ 1f F has at least one outcast nonterminal, then for
each outcast nonterminal C of F let y"(CO)-y(£) 7/ and,
finally,

/wv/ if °3 is an 1nner symbol of F then let aZey" (@) =

Let us denote v'=s LJ y(C). Let p" be the maximal subset of

CeF-S

y"(P) such that each element of v'-s which occurs in at least

one element of p" i1s an i1nner nonterminal of F _ Clearly,

1"={ii"JV"JSiP"30) 1S an Interpretation of F. It Is obvious,
that the conditions /i-1i1i1/ of definition 3.1 are satisfied.

By virtue of remark 3.1 the condition /iv/ of definition 3.1

holds, too. Consequently, F" is an Z-th inflation grammar of

F and 1™ Is an Z-th inflation of 1t. We have to prove that

F*is a k-th inflation grammar of F*. Let us define a

substitution y* on v in the following way:
/n/ for each terminal a of F" let yJ@)-f&}L*

/11/ for each inner_ nonterminal C of F" let y(£) be a

1 Y -
subset of y(y (©)) consisting of k 1nner non-
terminals of F3 such of that for all different inner

nonterminals E and ¢ of F* y* (£)D y* (n) - 0;

/111/ i1t a3 1s an inner symbol of F*" then let aZey* (aJ)J
else let y>’@ )={a* }

/wv/ if F* 1s not a symbol-tight grammar form, then for
each outcast nonterminal C/a of F" let y*(C)={C}-

Note that yJ (v'-sS) =v3-S. Let us denote P=y~(P'"). Let

F= (v3s,P3a3) . By the above construction F IS an iInterpreta-
tion grammar of F". It comes with simple considerations that
conditions /i-i1v/ of definition 3.2 hold, thus F 1s a k-th
inflation grammar of F'. We show that F-F*. In order to prove
this, 1t is enough to show that p=p3. We first show that
P"SP.Let where
KAGV3-51/0<r<n/3 XjeS*/0<j<bh+2/J n>.0, O<k<n, be an arbitrary
production in P3. Then there exists a production

«=z0TpXV TkXk+1*xk+2Tk *7’~nXxn+2 in P*" Where [lF~v-S/0<i<n/,
such that Cgey (0,g) holds for each r/so<,r<n/.
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This means that pe\i{q) ./ By the definition of y" and that
of y" there exists a production r=xotQx1l...%4<xk+2%xk+2" k+l =*"
-C , 9 of F*3 where ¢.ev'-s /o0<,v<n/ and C.cy* (¢.) for each
r /0<r<n/ such that rey"iq) holds. Thus, peP. The arbitrary
choice of p in P3 implies that rP3Qr . Consider the reverse
inclusion. Let P-->A*I1-1A (1 *r £l - WUl « " “here
£%€AB—S /0<,r<n/3 XgeS* /0Gj<n+2/j n>03 0<k<n3 be an arbitrary
production in P. Then there exists a production
*=*g*gxr *eSk*k+i+*k+2Sk+r *» ~nxn+2 in F"3 Where
Q§€V"—S /0<r$n/ such that pe\i3 (r) , that is,EngJ(gg) holds
for each r s0<r<n/. Then there exists a production
g=x0 % Xr "~k xk+1"xk+2Xk+r - ~nxn+2 In P> Where 4 * v-~S
/0<r<n/3 such that rey'(<?) , that i1s, c¢.ey'"(n-) holds for
each r so<,r<n/. , By the definitions of y"iyJdand y this
implies that poy(<?). Consequently, pePJ. Thus p3-~p. Hence
F=F3. Since grammar forms F and F3 were arbitrary, we
proved that for each grammar form F INFAA{F)CINFA{INF~A(F)).
We complete the proof by showing that the reverse inclusion
holds. Let F3=(v3s,P303 be an 1-th inflation grammar of a
grammar form F=(v3s3P3a) , and let F"=(v"3s3P"30") be a fTe-th
inflation grammar of F3. Let 13= (y3v3s3P303 be the
corresponding Z—th inflation of F and let
1"= (y"3v"3s3P"3a') be the corresponding TfTt-th inflation of
. We show that 1= (Yuoxx33v"3syP"3a') 1Is akl-th inflation
of P, that i1s, F" is a klI-th inflation grammar of F
Clearly, the conditions /i-i1i11/ of definition 3.2 hold. In
order to prove that the condition /iv/ of definition 3.2
holds, too, we have to show that p" is the maximal subset of
((y"'oyd)(P)) such that each element of V-E which occurs in
at least one of P* 1s an inner nonterminal of F'. Let us

assume the contrary. Let P=*0EQ*3eeeikxk*l*xk*sh*1 eee|l| |
where G .G.V'-S /0<r<n/3 x .€S* /0<c<n+2/3 n>03 0<k<n3 be an

element o% ((y'"'oyd) (P))-P" such that each Cr’ where o<i<n,
is an inner nonterminal of F*. Then there exists a
production r=x04gx1...ikxk+i*xk+i4k +v ..Knxn+i @In P, where
g§€7—5 /0%$i<n/3 such that pe((y'oyd)(r)) holds. Since each
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Qéj 0<i<n3 1S an Inner nonterminal of F", therefore there
exist 1nner nonterminals n.3 o<r<n}of F3, suh.| that Qéey"(@a
hold for all i, where o<,riin. Since F3 IS an Z—ih inflation
grammar of F, then g=x070Xj. ..~ k+1~ k+2/k+r e®e*nxn+2

IS a production of F3. Since F" Is a fe-th inflation grammar
of F3, then P=x010*v --1k*k+1+*k+2Zk+1---In*n+i IS a
production of F". This is a contradiction toour assumption.
Hence 1= (y'oy3,v"3s3P"3a™) IS a kl-t-h. inflation of F. Since
grammar forms F3 and F" were arbitrary, therefore we proved
that for each grammar form F INF ((INFA[F) C1 N F holds.
Hence the result.

As an iImmediate consequence, we get the next corollary.

COROLLARY 3.1

The elements of ¢={INF~INF~ IS a k-th inflation operator,
H s a positive iInteger} form, with respect to composition,
on 2° a monoid which is isomorphic to the multiplicative
monoid of the natural numbers.

Next we present a characterization result concerning the set
of k-th inflation grammars of a grammar form.

THEOREM 3.2
Let F3=(Vv3s3P303 be a k-th inflation grammar of a grammar
form F= (v3s3P30) .Then

INFK (F )= INF {F3).

Proof

Applying definition 3.2 and theorem 3.1 we obtain that
INFA{F3)CINFk (F). We show that the reverse inclusion holds.
Let F"=(v"3S3P"30") given by a k-th inflation

1= (y"3vr3s3r~3a') be an arbitrary «k-th inflation grammar
of F. Assume that F3 iIs given by a k-th inflation

13= (\i3Vv/s3pP3u3 of F. We show that F* 1s a 1-st inflation
grammar of F3 . Let us define a substitution y on v3}as
follows :



/i/ for each terminal a of F3 let vy(a)={a};

let y(@i)={a'}*

for each i1nner nonterminal C of FJ let y(£)-{nb

where ney"(y ~ (¢©)) and n 1is an inner nonterminal

of F" such that for all different iInner nonterminals

and =2 ° T R Y ny holds;

/wv/ iIf F3 1s not a symbol-tight grammar form and F* 1is a
symbol-tight one, then for each outcast nonterminal
Koo3 of F3 let y(£)-(n} / where n€(V-Z)-(v'-s-{a"})

N
TN

such that for all different nonterminals and
of F \i(@1)r>\iu2)=0 ;
N/ if F3and F* are not symbol-tight grammar forms, then

for a fixed outcast nonterminal kKoo3of F3 let y(£)
be the set of outcast nonterminals of F* different
from a* and for each outcast nonterminal nr/
- 1t 1t exists - let y(£)={c¢}, where c¢e (V-£)-(v'-9)
such that for all different nonterminals and
of F3yapO v(K2)=0s

VAV V4 if F3 1s a symbol-tight grammar form and F* 1S not it,
then let y(oJ)be the union of {a'} and the set of out-
cast nonterminals of F-.

Let P be the maximal subset of y(P3) such that each element
of V-£ which occurs iIn at least one element of P is an iInner
nonterminal of F". Let F=(v",s3P3a™) . We show that F iIs a
1-st inflation grammar of F3 and F=F". By the definition of y
we obtain that y is an iInterpretation substitution of F3 and
y statisfies the conditions /i-1i11/ of definition 3.2._By
virtue of remark 3.1. P satisfies the condition /iv/ of
definition 3.2. This implies, that F is a 1l-st inflation
grammar of F3 We show that F"=F, that is P-P". For each
production p in P there exist a production g In P3 and a
production r in P such that peyiq) and gey* (r). By the
definition of y" we obtain that pey (YO(N)C(Y" oy 1 )YIM® )~
=y"(r), therefore peP" . Thus PSP".

Now let us assume the reverse inclusion.
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Let P~-X07M0X2"” ~kxk+1 xK+27k+1“"*~nxn+2J where S
/0<run/3 XJ€S* /<X<j<n+2/3 n>03 0<k<n3 be an arbitrary

production iIn P". Then there exists a production

V=X oxll " XKXK+1*XK+2PK+[ -~*nxn+2 iIn P" Where

/0<r<n/, such that p€y"(r) holds. By the definition of y

for each nonterminal C. /0<*r<n/ which occurs in p, holds

that there exists an inner nonterminal of pP3such that
and \ir 1 (Z;)=v ~2( Then by virtue of

definition 3.2 g=x0MOXr = .T\KxK+1+xkK+2uk+1...bAxn+2 IS a

production of F3 and p€y(<?) . This i1mplies that p“cr.

That 1s, F=F".

Hence the result.

The following theorem illustrates that inflation operators
have a maximum property In a sense.

THEOREM 3.3

For each grammar form F and for each positive integer K
G2 {INFk (F))=Gk (F) .

Proof

By virtue of definitions 3.1, 3.2 and by remark 3.1 we obtain
that for each grammar form F Gj{INFF) YG){F) holds. We
show that the reverse inclusion Is true, too. Let j be a
positive iInteger, where j<k. Let F3={V3S3P3dgiven by a
J-bounded interpretation T (y,FJS*P’a)be a j-bounded
interpretation grammar of an arbitrary grammar form
F={Vv3s3P30) , We shall construct a fe-th inflation grammar
F''={V "3S3P"30'") of F such that F* 1s a 1-bounded
interpretation grammar of F'. Let us define a substitution
y* onv as follows:

/i/ for each terminal a of F let y* (a)-{a};

/11/ fTor each i1nner nonterminal C of F let yn(¥) be the

union of the following two sets:

/1/ a subset of V-E consisting of k elements(such
that it contains each element of of y(£) which is
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an inner nonterminal of FJand it does not contain
any other element of y(£) and, second,

/> / the maximal subset of y(£) consisting of not
inner nonterminals of F3;

/iii/  for a let y*(a) be the union of the following two
sets :

/1/ a subset of v_E consisting of k elements such
that 1t contains each element of y (@ which is an
inner nonterminal of F3, and If a iIs an inner
symbol of F, then i1t contains a3 and it does not
contain other element of y(@ and, second,

/> / the maximal subset of y (@) consisting of not
inner nonterminals of F3;

/wv/ if F3is not a symbol-tight grammar form then for each
outcast nonterminal of F let yJ(©)-y(©)-

Let us denote v'-s= yJ(£). Let p* be the maximal subset
zdv-s
of yJ(®) sucn that each element of V-1 which occurs in at

least one element of P"is an inner nonterminal of F3or IS o3

or is not a symbol of F3. Clearly, 1"=(y3v"3s3P"303)1IS an
interpretation of f\ By virtue of the definition of yJ and
that of remark 3.1 we obtain that 1" satisfies the

conditions of definition 3.2.eThus F"=(",s3P"3&3)1IS a k-th
inflation grammar of F. We have to prove that F3 iIs a
1-bounded interpretation grammar of F". Let us define a
substitution y"on v** such as follows:

/1/ for each terminal a of F"let y"(@) -y(a);
/11/ Tor each nonterminal C of F'let y"(E)-{£}-

It 1s clear, that v3-s3Q L J y"(£). We have to prove that

PXy"(P'") . Let p=xoZox1. AN+1n+2 fk+l R M Xn+23 N ere
Z- eV3 S3 /0<,r<n/3 x?ess* /O<Q<n+2/y n>03 0<k<n3 be an
arbltrary element of P\ Thenthere exists a production

U=YonoY1"-\YKk*1*Yk*2nM - - - \Yn+2 In p. Where »fCr-S
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/0 <a< n/y yécfw /0<c<n+2s/y such that pey(q) holds. By the
definition of we obtain that

{yov3U,0)yr ..v3 (rk)yk+i+yk+2vi (IfcH)...yIJ(\ M n+2}Sp'™
and by the definition of y"

pe{\i"(y0o)v3 (R )v"{y2). ..yJ (ny Y-l (yjt+2 YYN (nferj Te*

- -y (M)y*(r/n+2 ) Iy (P) -

This 1mplies that PJSy"(P')- Since the other conditions of
definition 2.2 hold, therefore 1= Q(\i"yVib*yP*03) IS an
interpretation of F'". Moreover, i1t comes with simple
considerations that 1 satisfies the conditions of definition
3.1 for k=1. Thus F3 Is I-bounded iInterpretation grammar of
F". Since F3 was arbitrary, we proved that for each grammar
form F ¢~ {F)cG2 (ANF~ (F)). Consequently, G~A{INFA(F))=G~(F).
Hence the result.

The next theorem comes from theorems 3.1, 3.3 and definition
3.1 with simple applications.

THEOREM 3.4
For each grammar form F and for each positive integer «
and 1

GkiiP)=ak iei iF))

Before the next theorem we need an extension of the notion
of the Te-bounded Interpretation operator.

The mapping cq from $ iInto zy is called a tf-bounded inter-
pretation operator and is defined as follows: for each
grammar form F GQ (F)=y.Vle extend this definition to the
subsets of Y in the following way: for each subset 3" of
let Gq {&1)=0.

LEMMA 3.1

The elements of c={6GM\G-j< IS a /A& bounded iInterpretation
operator, k IS a nonnegative integer } form, with respect to
operation ~ defined by /:/ on 23'a commutative monoid.
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/Y/ For each subset 3 of s and for all positive iIntegers «
and |<6AX3!):ﬁmax{A 3 <<I>

The proof is evident, therefore is omitted.

We obtained a theorem expressing an important algebraic
property of the bounded inpterpretation operators.

THEOREM 3.5

The elements of ¢ ={eM\ 6~ 1s a Tc-bounded iInterpretation
operator, k IS a nonnegative integer} form, with Epspect to
composition and with respect to operation U, on 2 a
commutative semiring.

Proof

By lemma 3.1 G 1is with respect tooperation Y a commutative

monoid with unit element GQ . By theorem 3.4 and by the fact

that 6~ @Go 3))=G6qg CE(@*))=0 Tor each subset in Y and

for each positive iInteger kK we obtain that G is with respect

to composition a commutative monoid with unit element Gj.

We have to prove that the distribution laws hold. For each
and Gm 1n G, where k,l,m are arbitrary nonnegative

integers and for each subset 3* iIn T hold that

<Wfcm, Im}@Ea)I((IV Gm)Vv{el>SInce for each
subset 3™ In F and for each G~ In G, where K is an arbitrary

nonnegative integer GQ{G* (@) =G6q 3")=0 and
Gk (Go N =Go ("1 )=~ - therefore the result is proved.

Next we state a lemma concerning the commutativity of the
fe-bounded iInterpretation operator with the iInterpretation
operator and the fc-th inflation operator and that of the
fe-th inflation operator with the interpretation operator.
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LEMMA 3.2
For each grammar form F and for each positive integer K

/V/ G(Gk (F))=Gk (G(F))=G(F)j

/11/ INFKk GE() )$G™ (INFK () ); where 1 is an arbitrary
positive integer;

/01 /7 INFK(G(R))EG(INFK (F)) -

The proofs are simple consequences of the preceeding
definitions and theorems, therefore they are omitted.

4._
COMMUTATIVITY OF FSE, SKEL>
AND INFk

We Tfirst present the notion of the pseudo-isomorphism
operator and that of the skeleton operator. We state some
simple relationships concerning these operators. After this
we characterize the connection of the pseudo-isomorphism
operator with the “-bounded iInterpretation operator and the
k-th inflation operator. Finally, we present statements
concerning the connection of the skeleton operator with the
K-bounded i1nterpretation operator and the k-th inflation
operator.

DEFINITION 4.1
A grammar form Fj=( 3P~,a”) 1Is saild to be pseudo-
isomorphic to a grammar form F2=(Vv2jS2,P2*a2" there

exists a pair of mappings (v,v) such that the following
conditions hold:

/1/ V i1s a one-to-one mapping from vj-Sj onto v2~s2 such
that V @2 )=°2;
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/11/ V 1s a one-to-one mapping from pPj onto P* such that

for all production P=*0KO*1...Kkxk+1l~xk+2tktV mm
eeekKnxn+2 IN Pj, where R~sr /0$r$n/, X-eS*
/0%$j<n+2/3 nt0j O<k<nn the following holds ;
*{p)=YONoY 1eee\Vk+I1*»k+2nk+1-a-4J1 + 2 > where
Mn{eva~s2 yj&S2 /°-J~n+2/i 1S a production i
P> such that /0<r<n/ and y if and only
Xg=e for each j, where o<j<n+2.

=+ 5

DEFINITION 4.2

Let F=(Vv,SjPJ &) be a grammar form. A binary relation

on P i1s defined as follows:

a production p=x0KOx1...Kkxk+1" k+rKk+1...Knxn+2, where
gf€7-s /0<r<n/n XG-s* /70<j<n+2/, n>0n oski.nn IS said to
be t-stronger than a production 4Y=y0~0Y1 .e. kyk+I1~yk+2~2k+1"""
-="Znyn+2J where /"J£S /o<j<>n+2/y- symbolically p>t q -,
it lenght [x@) > lenght {yd) for each j, where o<j<n+2 .
A production p of a grammar form P is said to be maximal
with respect to the relation on P 1f there iIs not a
production in P which is t-stronger than p or i1f for each
production v in P which is t-stronger than p and it is
different from p holds that p iIs t-stronger than r.

The next concept is a simple modification of the concept
of a grammar form completed with respect to terminals.

DEFINITION 4.3

Let a be a Tixed element of E. Let 1= (Y//* {a}nP",a ) be an
interpretation of the grammar form P-(¥,5,P, o) such that the
following conditions hold:

/Y y(M*{a,e} for each terminal b of F;
/ii/  y(ONEY  for each nonterminal £ of F;
/ii/ Y*-{a}= {J uU)s

Cev-s
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/i v/ P consists of those elements of y(P) which have the

form xoZox1...MEFKt1yxg+2°k+1" *"Mxn+2" where
£i£V3—{a} /0<r<n/3 xa£{a3c} /0<j<n+2/3 n>03 O<kEn.

The grammar form F3= (v3{a}3P3a)3 where P3 is the set of

those productions of P" which are maximal with respect to the
relation >£ on P, iIs said to be the skeleton grammar of P
and the interpretation |13=(WnV3{a}3P3a3d i1s said to be the
skeleton i1nterpretation of 1it.

DEFINITION
A grammar form is said to be a skeleton grammar If 1t Is the
skeleton grammar of i1tself.

Next we present the corresponding operators.

DEFINITION 4.4

The mapping PSE and SKEL from & into 2 are said to be the
pseudo-isomorphism operator and the skeleton operator,
respectively, 1f for each grammar form F

PSE[F)={F3\F3 IS pseudo-isomorphic to P};

SKEL(P)-{P1IF3 1s the skeleton grammar of P}.

We extend the definition of these mappings to the subsets of

& 1n the following way: for each nonvoid subset 3™ of 3 let

PSE{y)= (J PsSe (P)3SKEL )= U SkKeL(F) and let PSE{0)=03
FCJ-] PeY

SKEL (©)=0.
These operators are idempotent mappings, too.

THEOREM 4.1
For each grammar form P

/1/ PSE2 {F)= PSE{F);
/11/ SKEL2 (F)=SKEL (F) .

The proofs are direct consequences of the corresponding
definitions, therefore are omitted.
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We continue by giving some simple relationships. Since the
proofs need only simple considerations and some technical
details, therefore are omitted.

THEOREM 4.2
For each grammar form F

/n/ SKEL{PSE(F))CPSE{SKEL(F));

/i1/ skel (@ (F))Cg (skel (f));
/111/ G(PSe (F))=PSe (G(F)).

Next we characterize the connection of the pseudo-
isomorphism operator with the fc-bounded interpretation
operator and the fe-th inflation operator.

THEOREM 4.3
For each grammar form F and for each positive integer «

/i/ INFk (psSE(F) )CPSE(INFk (F)) and
/11/ Gk (PSE(F))=PSE{Gk (F))=G~F).

Proof of 1Ixs

Let F-TFjSjPjo) and F~= (v~ ,P i) be pseudo-isomorphic
grammar forms. Let (v,v) be a pair of mappings defining
pseudo-i1somorphism between F and F”~. Suppose that
F\=~v~3sjyP3303) given by a x-th inflation

11= (YN, VjsSj,P*i,od) IS anarbitrary «-th inflation grammar

of F1. We show that there exists a fe-th inflation grammar of
F which Is pseudo-isomorphic to F3. Let us define a
substitution y on v*such as folléws:

/1/ for each terminal a of F let y(a)={a};
/i1/ for each nonterminal C of F let y(CQ)=y™*(Vv®&))-

Let v3=s ) y(C). Let P3 be the maximal subset of y(P) such
that eaciieelement of y -z which occurs in at least one element
of P3 1s an inner nonterminal of F* . It iIs evident that
grammar form F3=(v3SsP\ &) iIs an interpretation grammar of
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F and 1= (y,v*s,P\a3) Is an iInterpretation of that.
Otherwise, 1t seems that y and F3 satisfy the conditions of
definition 3.2. Thus F3 Is a k-th inflation grammar of F
and 1= (ynv3s3r3 ) is a k-th inflation of it. In order to
complete the proof we have to show that F* and F3 are pseudo-
isomorphic grammar forms. We present a pair of mappings
(vIv® Dbetween F~ and F3 which satisfies the conditions of
definition 2.3..Let v’ be a mapping from onto Vv*-s
such that for each nonterminal C ofFj WE)={£}. It is
obvious , that vJ satisfies the condition /i/ of definition
2.3.«Since pj and P have the same cardinality, therefore by
the definition of v,y and v we get that pj and P3 have the
same cardinality, too. Let vJbe a mapping from P* onto P3
such as follows:

for each production P=xQKOx1....h A k+1” k+2~k+leee”r n+2xn
where /0iir<n/3 Xj£S"j /0<j<n+2/3 n>03 0S.k<n3

let V3 (p)=q=yoEQyr ..Zkyk+1l-+yk+2Kk+1...inyn+2 be an element
of P3, where y<7€s* /0<q <yi+2/3 such that y“7{q)-v " ))
holds. It i1s easy to verify that v iIs a one-to-one mapping.
Since v satisfies the condition /i1i1/ of definition 2.3,
therefore »3 satisfies it, too. Hence, the pair of mappings
(ML V™) defines pseudo-isomorphism between F3 and F3. This
means that for each grammar form F

INFK {PSE(F))QPSE(CINFk (P) ).

Hence the result.

The proof of /ii/ comes from theorems 3.1, 3.4 and
definitions 2.3, 3.1 with simple considerations.

Next we establish two statements concerning the relation
of the operator of completion with respect to terminals to
the kK-bounded interpretation operator and the k-th inflation
operator.
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THEOREM 4.4
For each grammar form F and for each positive integer «

/1/  SKEL(INFk (F))=INFk (SKEL(F));
/U / SKEL(Gk (F))CGk (SKEL(F)) -

Proof of /i/

Let F~ivj ,S3F13a2) given by a k-th inflation

12= (UJjJvijsirjic2) ke an arbitrary k-th inflation grammar
of a grammar form rF= (V3s3P30). Let Fj={v~3{a}3Pj3ar)

and =(v*3{a}3P3a) be the skeleton grammars of F~ and F3
respectively. Let ™=/ pvi3{aysr~3aj) and

1= (Y, v3{a}3r3a) be the skeleton interpretations of Fj and
F, respectively. We show that Fj3 is a k-th inflation
grammar of F3 Let us define a substitution )? on V3* as
follows :

/1/ let yJ@)-{<z}; and, Zii/ let yI(@=vj (C) for each

nonterminal £ of FJ. It is clear that v\-{a}c ~~—J yw{C}.
1 Kbv+{a}

Let 'r3 be the maximal subset of y*(P) such that each element
of V-E which occurs in at least one element of IP 1S an
inner nonterminal of F~. It comes with simple considerations
that J*= {5 vj3{a}3r~a2) is an interpretation of Pi therefore
F*= (Vi3{a}3P330j) 1Is an iInterpretation grammar of it. By
virtue of remark 3.1 and that of the definitions of y™and y*
we obtain fiat F3i1s a k-th inflation grammar of F3 and T3 1Is
a k-th inflation of it. We show that F3=F~3. It IS enough

to prove that P3=P2 . Let p=x0”Qx1l... KXK+I XK+2/AK+1*"*
*AnXxn+2n where ~invi /0£riin/3 Xj¢.-{a3z) /0<j<n+2/3
nb03 O<k<m3 be an arbitrary production in pPj. Then there
exists a production 4=VorOVr m-\Yk+1+Yk+2 MK+ mmynyn+2
in P3 where n-Qv-s* /0<i<n/3 y .€S* /0<j<n+2/ such that
e} O {a)). BY virtue of the d¥finitions of y* and y»

N1FTTTYEMNKAY Iy kD YyKk+e)vI k+1AFRE
(I'In)y" @Zh+2). Since by the definitions of y»and y»and that

of v> and P3 pov(i/ Jy(n JI>@,)- . T-WQlp"(k Hpdy. (- ).
.M N n)\yn+2), that i1s, peiKp-(1)).-
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By the definition of p3 this implies that perP3. Since p
was an arbitrary element of p3 , therefore PxP3. Let us
assume the reverse iInclusion. Let P=X0%0Xj " " e/i<ipk+2™x k+2"k+1"*
..£E X , Where /0<r<n/3 x.C{a3e} /0<j<n+2/3 n>03
0<k<n3 be an arbitrary element of P3. Then there exists a
production 4=Y0b0oYr --bkYK+1+YKk+24+T - " 4Ynyn+2_ In P33 where
n.C.v-s 70<i<n/3 yU—eS* /0<j<ri+2/ such that pey* (yKq)). By
virtue of the definition of yJ and that of y* this means that
PEYN (yo)it (o)yn(y2)...pJ (Uk)I3 (yk+1 ANk+l]-"
y™*a yn ¥ ,0)- By the definitions of \i3 and yj and that
of yJ and y* it follows that pey™ (yO)Yj (odhj (/] ) ===~
- yF ()Y z(iffer; )Ny ;z(2/et 2 )y iz(nfetz) ---u;z(nn )y z(@imh+2)  Thus
PEyJ (y] &))= By the definition of P this implies that peP/.
Since p was an arbitrary element of P+, therefore P/~2Pa Thus
P2=P3- That 1s, F*~P* . So we proved that SKEL (INFk{F))
CINF.(SKEL (¢ ))- In order to complete the proof we have to show
that the reverse inclusion holds. Let F3=(v3{a}3rP3a) given by
the skeleton iInterpretation 1- (I " {a}r3a) be the skeleton
grammar of an arbitrary grammar form F=(V3S3P30). Let
F3=(v3{a}3P3a) given by a k-th inflation 1-{\F3v3{a },P3a)
be a k-th inflation grammar of F3 We show that there exits
a k-th inflation grammar F2=[V13S3P ") of F such that F3
is the skeleton grammar of it. Let us define a substitution
\ij on b4 such as follows:

/1/ let \ij @)={a} for each terminal a of F and
/i1/ let y»(®E)= yN£) fTor each nonterminal £ of F.

It is clear that 7J-{a}C.V_Yy. (©) . Let us denote

Vj=S\j[v3-{a} ). Let Pj be the maximal subset of y* (P) such
that each element of Y-E which occurs iIn at least one
element of P21 iIs an i1nner nonterminal of F3. It comes
immediately that Fj=(7j3s3P”0D iIs an interpretation grammar
of F and 1j=Qij3vVj3sS3Pj ,ad 1S an iInterpretation of it.
Since FJ and satisfy the conditions of definition 3.2,
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therefore Fj 1i1s a k-th inflation grammar of F and 1~ 1s
a k-th inflation of 1t. We have to show that F* is the
skeleton grammar of F~ . Let ia] be the
skeleton interpretation of F~ . It is obvious, that v~ =v3.

We prove that pP2=P3. Let P=x0Z0Xj" > "kxk+l"*xk+2~2k+1""
e"ernxn+23 where /°~~n/  xj-eia3¢  /0<c<n+2/3

n>0J O<k<n3 be an arbitrary production in P~. Then there
exists a production Y=yonoVy 1. W
where Rxev-s /0<riin/3 yJ—e«?* /0<j<n+2/ iIn P such that

pey*(y ). Then by the definition of y and that of yJ we get
that pe{y (vo )u*(o )y(l/2) ===ynfe)y K+2/~ A K+l )= **
.Yy yn+2)}= Then by the definitions of y* and y* and
that of vy and yJ

pE{y2 ((/0)y2 (n0)Hy™(1/2) . . .y™ (nfe)yj2/fe+2)-*"Uj(yfe+2)Mi (nfe+2) - - =
e_.yJ(n)YJ(n+2). This implies that peX\ (/j(@) ) - By virtue
of the definition of P* we obtain that psP . Since p was
arbitrary element of P, therefore pxp~. Consequently, P3=pP~3,
that i1s PJ i1s the skeleton grammar of F~.

Hence the result.

The proof of /ii/ is an Immediate consequence of the
corresponding definitions.
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2, FRAVES

According to the previous iIntroduction, a frame iIs written In
the following form:

frame frame-name (formal parameters)
parameter-structure-specification

specification-part :
declarations
frame-specification

implementation-part :
algorithm
control-structure

endframe ;

The frame, specifications implementation and endframe are
common basic symbols iIn the specification languages in SDS. The
syntactical form of parameter-specification, declaration, frame-
-specification depends on the specification language used. The
form of the algorithm, written In an implementation language,
depends on the language but their control-structure and frame-
-calling form is common iIn every implementation language.
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To every frame the

processor of the specification-language
processor of the implementation-language
knowledge-base

the frame belonging the system under design

are associated. They vary in time and in the nature of the
development systems. When a frame is under preparation, these
associated components form a system-process, hence the designer
should describe these.

Here we shall discuss these parts. Syntactically this is not an
exact definition.

2.1. INTERFACEZPART

The interface-part:

frame Trame-name (formal input parameters; fTormal output
parameters)

parameter-structure-specification;

declares the symbol "frame-name™ as a frame, belonging to the
system under design. The name should be unique iIn this system,
otherwise it rewrites the original one. The formal parameters
are written as a list, (separated by commas).

The parameter-structure-specification is a list of declarations
of the structures in the form

structure Structure-name <{selector :structure-value)>
reference (Structure-name) Llist of names;

Elementary structure-names are bit, bitn (n arbitrary). The
names, declared have are represented by the structures asso-
ciated. Their data-types (like integer, real) are deblared 1in
the specification-part.
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Both of the formal parameters and parameter-specification may
be empty. Although the parameter-specification is a part of
specification, syntactically and semantically, but it is closer
to the identification of frames, i1.e. of the interface.

2.2. SPECIFICATION-PART

The specification-part consists of two parts:

- declaration
- frame-specification

Deolaration-part 1S a list of syntactical entities iIn the form

"declavation-name” declaration-body;

where declaration-name is a symbol, 1identifying the group of
declarations written iIn declaration-body. This group is placed
into the knowledge base, and It can be used by other frames.

IT the "declaration-name"™ part is empty, then the declarations
in the declaration-body will not be reuseable. If the declara-
tion-body i1s empty, SDS searches i1t by name In the knowledge-
-base and copies i1t into this frame. If "declaration-name" 1is
not unique, then this description rewrites the original one 1iIn
this frame.

The group of declarations is a list of declarations
“type-symbol™ @Is a list of symbols,

where type-symbol is one of the acceptable types iIn the specifi-
cation-language. (This is also a requirement to the specifica-
tion-languages: the new, composed types should be constructed

at this point together with the operation defined on them.)
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In Structure Logic Language SL being a logic-language, the
basic set of type-symbols is arbitrary (predicate-symbols) and
the user may define arbitrary new types with

structure type-name declaration;
reference (type) object-declaration;
type function TFTunction-name declaration;

formulae list of formulae;

where the function and formulae describe the symbolical and
semantical contents of those operations which can be applied on
objects, declared by structure and reference (type).

In Architecture Language AL the concepts of class iIn SIMULA"67
are realized by module. AL 1s one of the data-flow languages,
hence the description of the components is concentrated on the
procedure and on the input and output data and is realized by
the component. Basic data-types are arbitrary (but at the end
of system-design it should be specified by appropriate combina-
tion of bit and time).

In the specification-part the user declares only those symbols
which are used In the frame-specification. Frame-specifica-
tion states what the frame will do. This iIs written as a state-
-transformation, | @0, i.e., from which input I, which out-
put o will be produced by the execution of the implementation-
-part of the frame. In SL this i1s written in the form of

S. #&s
r (0]

where S: and s, are logical formulas, > means "implies™.
S. describes the i1nput-state, i.e. the relation between the

objects at the beginning of the execution and sQ describes
that after the execution.
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In AL the 'set of assignments'™ is used. The assignments are

in the form of v:=e, where v - variable name, declared as
input or output, e - expression. In the declarations, the
symbols treated as input and output, respectively, should be
declared. Expressions are logical and/or arithmetical expres-
sions, using the function-symbols implemented in AL. Every
object declared (for example u) has a time component, which
can be specified (&s v.time) and the value of this component,
expressed by an assignment relative to the time of the entry.

In the i1nput-output-part, the ''set of assignments' may be empty.
The declarations and frame-specifications in the specification-
-languages should describe the frame completely. In SL this
means that logically the validity of the statement S. #sq

can be proved and in the case of AL, the specification-processor
can interpret the assignments.

The specification-part should not be empty: at least the decla-
rations should be given.

2.3. IMPLEMENTATION

In the implementation-part the problem to be solved by the frame
is formulated in an implementation language. It consists of a
set of algorithms and a control-structure definition. The
algorithms are treated as generalized transitions of Petri

nets, and in the implementation-part the control-structure
describes the actual Petri-net, 1.e. the sequence of the
execution of the algorithm.

A 1lgogithms. Each algorithm has a label and a condition,

label™: condition® algorithm®

where label”™ should be unique within the frame, condition

describes the assertion, if i1t i1s fulfilled, then the algorithm”®
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may be executed. The condition.”™ may be the logical constant

( true T). In other words, one can describe an elementary
Petri-net iIn the form:

condition m

blbr/l m

(controlled later by the control-structure). The elementary
Petri-net has

- two head-places label™ and condition™, where labeli
iIs activated by the control-structure, and the head-place
condition™ generates a token if the condition is true;

- It has a transition, namely algorithm-~ activated i1f each
of its head places has at least one token and whose
execution results a token iIn the tail-place.

The transition algorithm™ may be a compound one with its control-
-structure hence structured Petri-nets can be described.

Algorithms are written in the implementation-language. The
implementation-languages used allow us to declare and activate
two new types: tne frame and control; and symbols, declared as
control can be activated on the object, qualified by declara-
tion as set. The control-type will be discussed later.

The frames which are declared in the implementation-part, are
treated as local Or external Ones.

Local frame is described in the implementation-part as a self-
-contained frame-definition, 1.e. just iIn the form, discussed
in this section; It has its own parameters, specification

- and implementation-part, ended by an endframe.
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External frames are those symbols, which are declared as

frame list of frame-names;

and SDS search for them in the knowledge-base. It should be
noted that although the form of the declaration of parameters
and external frames is the name, their use and meaning are
different: frame, declared as formal parameter is a "variable,
having 1ts value (i.e. a frame) at the entry of the frame, but
in the implementation-part it is a "literal”, 1identifying the
frame.

In the algorithm both local and external frames can be called;
the form of

frame-name (actual parameters)

where actual parameters should meet the formal ones (in number
and type) in the frame-definition. But this is mainly a syntac-
tical requirement, semantically i1t will be described later in
the architecture of SDS, but here the conditions of the call of
the frame with specification |*-z-0’k in algorithm conditioned
by aond .. can be expressed by the validity of

e =>
COIId_b |

where represents "implies” (in SL is the same as —>),
and in |)K the formal parameters are substituted by actual
ones.

To explain this, three comments should be made:

*

- both cond . and 1 may refer to objects which are
manipulated by the algorithm~ just before the call of
the frame . Cond-£ may state something on these

objects and this statement is not necessarily iInvariant.
When the algorithm is i1nitiated, the condi should be
true, but executing the algorithm 1ts logical value
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may be changed to false, this does not mean the end of the
execution, but If i1t is false, the algorithm cannot be
used as a reentrant program, Tfor example,

the expression oond- > J‘ should be valid (in the
sense of logic), 1.e. only those cases are of special
interest in which oond~ *is true, because i1f oond~ IS
false, then oondi [ IS necessarily true,

although the ai1gorithm~ may have Its own control-structure,
we assume that i1t is a sequential program. Consequently,
the validity of oondv —~:>|# can be proved by the analy-
sis of the algorithm before the frame vy would be acti-
vated .

Control-structure

The control-structure of a frame can be manipulated object like
data objects. In system development iIn some phases of the
design, the control structure 1is unknown: i.e. how the algorithms
will be called in the final version. Control structures can be
described i1In a programming languageCs ,s 1 based on the language
of Petri-nets designed by Kotov ill. Here we shall concentrate
on the programming language form suitable for frames.

The

implementation-part of a frame looks like

oondj ™ aj

z oond2 az2

9 : oond a
n n n

control-algorithm

control-execution
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In declaration those symbols should be declared which are local
ones. They generally represent data objects. New types: frame3
control and set. The frame had been previously described.
Symbols, declared as control3 represent control-structure.
Control-structure i1s a well-formed formula defined on the labels
&23~2*eeesN  Or On appropriate sets of the labels in the
implementation-part with the following operations:

superposition:; - defines parallel execution, for example

join:; - defines the sequential execution E™ ™ )

exclusion: D - defines the exclusive execution (E™ a1
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iteration: * - defines a loop (* s

marking: nx places n tokens iInto headplace, n+lLj

Closure: do_ ... od closes -he Petri-net do od

Under control-expression we mean a well-formed formula. Control
functions can be defined by control-assir its

0 ,=oontrol-expression

and

control function-name (parameters);
begin Tunction-body end;
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where the body,consists of an algorithm, composed by control-
-assignments, control-instructions for ...; if ... then ... else
and go to and arithmetic, logical expressions, written iIn the
specification-language.

Control functions may have sets as parameters. They are speci-
fied by the declaration set3 and the members of the set should
be chosen from the labels jom> »eeej e Set-expression 1Is
formed by U (union), A (intersection), » (nhot) and set-
-assignment Is written as s:=set-expressionwhere s had
been declared by a set. A label forms a set if bracketed by

{

In the implementation-part the control-algorithm computes the
sets and the control-structures, but this does not mean the
execution of the frame. The control-execution is a well-formed
formula defined on labels, on the generated sets and on control-
-functions. This control-execution will be interpreted by SDS:
the system will execute the algorithms in the predescribed
order of the control-execution.

In the case of homogeneous algorithms, one may use indices 1In
labels, for example:

Xtij jl : i >j > y i :=2Zil*yzjl
which should be described only once and defines a set of

algorithms, and the indices can be specified iIn the control-
-algorithm. Indices are parameters of the algorithms, too.
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3, ARCHITECTURE OF SDS

In this chapter the realisation of concepts illustrated above
will be discussed.

The architecture consists of a set of specification-languages,
a set of implementation-languages and system-processors and
system-processes written as frames.

Two specification-languages are given:

- SL: Structure Logic Language, designed to describe abstract
processors, i.e. abstract data types and transformations
defined on them. This is really a family of languages,
because iIn SL programming languages can be described (of
course, the assembly languages are included, too0);

- AL: Architecture Language C6l, a language, orthogonal to
SL, because it iIs a data-flow language, iIn which the trans-
formation, performed by architectural components play the
most 1mportant role and data are used for communication.

The set of implementation-languages covers:
- the assembly-like programming languages
- systems programming languages.

The AL and some of the implementation-languages are In ex-
perimental or iIn design phases.

The relation between specification- and implementation-languages
iIs orthogonal also: the semantics of iImplementation-languages
are given iIn specification-languages. The Structure Logic
Language plays the most important role iIn this respect; being a
logic-based language, 1t has correct (and adequate) semantics.

In this section this correspondence will be discussed between
the processors/processes and specification/implementation. First
we want to describe the static and later the dynamic behaviour

of frames.
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From the users® point of view, the frame is divided by an
interface point IP Into two parts: the specification-part s
and 1mplementation-part 1

1P

From the other side, system SDS also contains a set of proces-
sors, a set of frames and an interface, IF between them. IF is
controlled by the processor SP of specification-language.

Allocating a processor to this frame means that the algorithms
of implementation-part will be allocated to the processors.

SP interprets the control-algorithm, Zcomputes the control-
-structure and executes that.

The actual '"computed” control-structure is kept in the SP and

if 1 is represented by this control structure & and algorithms
/\, for example:

then the system copies the algorithms into the processors (for
example P and PM) .
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R

and form the process R, by Pgl P and & . During the execu-
tion of control-structure & , the process R. is always checked
with sp that the specification s of the frame ¢ should be
valid during the life of this process. In order to supply a tool
for this verification, the user-defined 1P will be copied into
the system-interface 1F3 where the relevant information can be
recognized and compared by sp.

Dynamically two cases should be analysed:

- during the development of %
- during the development of a system, using RP

First, i1f only the frame ¥ were designed, 1ts implementation-
-parts and the processes, formed by its implementation-parts
would be different during its development. It means that the
frame Tr has not only one implementation-part, but a sequence
of those:
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Each of them is intended to fulfill the requirement, described

by s3 but they may differ in the implementation tools and
languages, they may be

empty

different i1n languages

realised on different control-structures
realised hardwarewise

The architecture above makes possible to treat the frame ™
with different implementation-parts, as if 1t were a unique

one, because the specification s should be invariant against
the changes in the implementation-part.

Secondly, during the development of the system, using the frame
9*, we have a structure of frames, calling each other as pre-
-described iIn the implementation-parts. If 9y calls 9°, ,
first the conditions of the activation will be checked by spr.
IT the conditions are satisfied, then the implementation-part
12 of ~ will be interpreted (with its control-structure) and
allocated on the processor level

a8

The processes and formed by the appropriate
processors and implementation-parts 1ji 123 together should
satisfty the requirements not only of sj and Sg , but the
activating-relation between them (described In the previous
chapter). Due to the fact that the implementation-part may be
different, but the specification is invariant, the change 1in
the 1mplementation-part hasn®"t any effect on the caller: if
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calls , and 3£ 1s changed to have implementation-
-part Jg, but s2 1is the same, then the process 1t v will be
the same.

Processes based on frames

until now we discussed the frames as they will be executed.
But in SDS one may have the following processes formed by frames

- execution

- change the specification
- change the implementation
- verification

- simulation

- automatic synthesis.

The first one - the execution of a frame - has been described
previously. The change of the specification and implementation
i1Is not only an editing facility, but in SDS they should be
combined with those processes which had been performed on the
frame to be changed. This means that If a frame has been already
verified, SDS forces the verification of the new version.

The processes of verification, simulation and automatic syn-
thesis are based on the description of the implementation-
-language.

The knowledge-base contains

- the description of the implementation-language

- the specification-parts of frames

- the history of frames, 1i.e. the former versions of the
frame and the processes performed on them.

The description of the implementation-language is given in the
specification-language of the frame. This description iIn the
case of Structure Logic SL is a logical one, provided with a



mechanical theorem proving technique, by which properties of
the frames can be proved. In the process of verification : the
implementation- and the specification-part can be compared or
the specifications of interconnected frames can be proved
(regardless of their implementation-part). In the case of AL,

verification i1s based on topological analysis of the frames
used.

Automatic synthesis IS based on this calculit for theorem
proving; i1f given a frame but with empty implementation-part,
then SDS tries to synthétisé the algorithm representing the
implementation-part. This means that the designer should con-
centrate on the description of the frames, i.e. on the specifi-
cations, and i1f a hierarchy of frames has been designed, the

SDS either may verify or prove the description and may synthétisé
the necessary algorithm implementing the frames.

The process of simulation 1S based on the description of the
implementation-language also, but iIn Architecture Language AL
the implementation-part may be simulated directly. In the case
of SL the specification-part supplies the information for
simulation.

4 . SUMMARY

In this working paper, the concept of a new operating system has
been formally introduced. This operating system SDS i1s special-
ly designed for system-development, where the system to be
designed may be a programming and/or computing system (includ-
ing hardware). SDS is under design, hence further features and
languages will be added.
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ON GENERALIZED ITERATIVE ALGEBRAIC THEORIES
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ABSTRACT

A basis of identities of generalized iterative was given
in [2]. Here we present a simplified version of this basis and
prove two theorems regarding the connection between iterative
and generalized iterative theories.

1. INTRODUCTION

This paper i1s a supplement to [2]. Therefore all notions
and notations will be used iIn accordance with [2].

The main result In [2Z] was a presentation of a basis of
identities of generalized iterative theories. Namely, 1t was
shown that i1dentities from (A) to (E) below, together with
those defining algebraic theories, are satisfactory to
characterize generalized iterative theories.

A f<ft 1> = T+ it f :n—*n+p,

® <Ff,g>+ = <h+,(gp)+<h+,lp>> if f:n-*-ntmp,
gm-"ntmp , h-1<I n+Op ,(gp)+, On+1p>
and p:<0m+1n ,]m+0 n>+I D’

© On+PH)+=F if :n—"p,

O (f+0<1)+ = f++OOr if f:n-n+p,

® <%Pg(pl+lp)»---%Pg(Pm+ip)> = P(g(p+Ip))+
it g:n*mp, p:m-*n, pxm*m (€[m])

are base such that p is surjective, pYp=p ((1e[m]).-
In [2] some consequences of the preceding basis were
established. Further on, these consequences will be referred
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in accordance with [2].

In Section 2 a somewhat simplified basis will appear.
Namely, we show that i1dentities from (A”) to () give an
alternative basis of i1dentities of generalized iterative
theories.

(Aj)) f+ = f<f+,1 > it f:11+p,
@B,) <f,g>+ = <h+,(@p)+<h+ .l 2 if finFn+l+p,
g:l—*—n+l+p, h=f<I n+8 ,(gp)+,0n+?J > and

p=<0,+1 n’*l'TOn>+lp ;

C)) O1+r)+=F it f:l-p,

@)) FU1+P))+ = f+p if f:iml+p , p:pY is
base

<E1>\,&V SV Ip>._. V x@+lp)>+ = ,n@p+ip)+

if g:n—>-mp, p:m>n 1Is monotone and surjective,
and pI:m—*—m are base with PpP=p aoe[mD,

1) pfe_1+1Ip))+ = pf+  if F:2-2+p, p=<0j+1j, I+0]~>.

In Section 3 we present two theorems, regarding the
connection between iterative and generalized iterative theories.
All results were already noticed in [2].

2. A SIMPLIFICATION OF THE BASIS

Lenma 1 (A1 ).(B, ) h= (A).

Proof. This lemma was already discovered in paper [I].
Indeed, the first part of the proof of the main result of [I]
can be translated with the exception that (B ), rather than
the dual of 1t, 1s utilizable here.

Lemma 2 (Cj),(Bj) ©.

Proof. Let f:n—>p be an arbitrary element in an algebraic
theory with iteration satisfying (C) and (B ). We shall show
by i1nduction on n that (On+f) =f. The case n=0 1Is obvious.
Assume now that n>0 and the proof is done for n-1.
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Define f,=0 +(1,_4HCif, g=0 +mf.
It 1s obvious that <f*,g>=0n+f. Let us introduce the following
notations :

P=<Oh*l, g+ 1370, _1"H 13

h=F l<1n 1,+Op ,(gp)+ 'On—l’ +1 p>.

An easy computation shows that gp=g and h=0 +OI)f'

n—1+(ln—l’
Hence, by the i1nduction hypothesis, h+:(ln_1+01)f- On the other
hand, by (Bj) and (C"), we obtain (On+f)+=<f?,g>+=

«<h+,(@p )t<h+,lp» =<(".,+0j )T, (On_]J+idIH)<h+,lp» -

=<(In-1+tv f°
Lemma 2 (@j),(Bj) h D).
Proof » First observe that (D®) contains identity (f+0M)+=
—f++0 (F:1--I4p) as a special case. Indeed, (f+0q)+ =
= (fF(1,+1 _+0 + Ql1} F+@G@_+0 H)=F++0 . With this observation
((,lpq))(} (40 )=Fr40

in mind, the proof can be carried out by a simple i1nduction on
n.

In order to simplify the formalization of the proof of
the next lemma, let us introduce the following notations. Let

ni,...,nk >0 (k 2 I) be arbitrary integers, and let 1j,...,1k
be a permutation of [K] and iQ=0.]Then we shall use, ambiguously,
n_l,---,
9n to denote the base morphism, corresponding to the

- e N

1

K
mapping a:l En.]-*[ E n.] defined by ia=j if and only
i=l =11

if there exist integers t,s£{0,...,k-1} and jo>l such that
t S
V**=" boe[nt+lb 1 = tE]nl +i0” and j - E"aii +jo- Thus-~

for example, en ,mB stands for base morphism, corresponding

>

to the mapping indicated below:
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n+m 4+ p

Lemma 4 (Bj),(Dj) \=- (B).

Proof. Let frn-~n+m+p and g:m-*-n+m+p be arbitrary
morphisms i1n an algebraic theory with i1teration which satis-
fies (B ) and (Dj), We shall prove by induction on m that

<f,g>+  <h+,(gp)+<h+ ,1p>> €
where

h = r<ln+op,(ép)+,on+1p>, (2)

p = e,Q,rEN,FP- €©))

The case m=0 is trivial and for m=1 our statement coin-
cides with (Bj). Now let m>1, ‘n~=m-1, m2=1, g~=((1m HO0~)g,

gT:QQg, and define the morphisms h and p by (2) and (3),
respectively. By (B )we have

<f,g>+ = (a+,(g2a)+<a+>1p>> &)
where
a=<f,g,Xl nemA +0p*, (gga) ”On+nij +1p>, ©))
n,mi, P
ar= 0m2,n,m1,p‘ ©)

By the i1nduction hypothesis we get
b * <t ,ill, « 1"0p" (*1“)*"0. « [tlp>P),<I*-V>>" (D)

b = f<ln+ml1l+0p>(s2<,)+"0Rr+m j+1p>"“

<1n+0p(g'dfl ni\m +0|U (goay+, (Pl++m,l >IOI3 )+ ’On+|5 - ®
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n.mj,p

3 = 9mj n.p*

Again, by (B )

(gp)+ = <c+,(g2PN)+<c+»1n+p>>

where

e Ip<im |+On+p>(e2>T, + "1 ]+ In+p>"~

m,>m2,n,p
ex
m2 ’m 1»n »P

It is easy to check that

m2,n,mj,p

pT = a©m2>>® NP

Now we show that
®1<lmim +0|5*<g,zcl)+, Or+ll] +1p>3 = C.

Indeed,

gﬂf'n#mj+op’(99a3+’anU +%3>B -

' n.m,jP
= 91<I n+mj +OIO ’(géqx) ’On+m"+1p >q"j .N.p

n,m, + n»m1,p
- g1<0nij ,n+0p”(92a) 9m]5n,p ’On+m’\ +1p
n,mj m2,n,m],p +

0

n,mj
= ~ > =
gfomj ,n+op5(82%-r')' *0n+m ’\+1p

n,mj,m2,p

g1<9m ,n+op*'(92(mm2,m1,n,p) “n+m] T p

eiem],.2,a,p<l. /7 V > T PT) "°m|+In+p>=c

ao

1)

(12)

a3

as

/oy (9)/

/by (O3 ¥

/by (13)/

/by (3,
(11ys
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Substituting (14) in (7) and (8), results

a+ = <b+,c +<b+,1P>>, (15)

= 1
b f<l nJ;\Dij +Op*(32a)+’0n+nij+le| n+0p’C+’0n+1p> (16)
Next, we show that h=b. (17)
h = /by (2)/

= f<in+V  <ilp)+® W /by (10)

/b 13) , (Dj )/
o f<|n+0p—C+—(eZPT)+<O+_‘n+p>70n+1p>= y ( ) ( J)

>nl>p  +
<c ,1 >0 +1 >=
J.n,p n+p n p
\
+1 > +1 >=
In+0p n+op*C+*°n b ,0n 1P
. .+1 X1 +0 _,c\o +1 >=Db
n+mj p,v&?2 n+mj p n p n p

/by (16)/

Observe that iIn the course of proving (17) we have actually
shown that

o + + n’ml»P + L8
(gp) = <c »(gJt) gm},n,p <c ,1 n+p>>’ (18)
Thus,
<f,g> = /by (4)/
+ +  +
= <a ,(g2a9‘ <a ,1lp>> = /by (15) ,( 17)/

<h+,c+<h+,lI p>’(92a)+<h+’0+<h+’ 1P>’1 P>> =

n.m,p

= <h ,c <h ,1 >, a 0 c ,1 ><h |1 >> =
5> (052) )

nij,n,p< n+p
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- <h+,,<c+,,(92a)+9;’r?r|]:;<c Y1 >><h+,,1p>> = /oy (18)/

= <h+ ,(gp)+<h+,1lp»,

®

. what was to be proved.

Lemma 5 F{.@®,).0,) f= AT

Proof. Instead of i1t we shall prove (F]),(B),(D]) f= (F).
Observe that i1f p,x:n—>n are bijective base morphisms, moreover
both (Pf(p '+1P )D+=pf+ and (@ TF(T '+1P ))+=xFf+ are i1dentities 1In
an algebraic theory with iteration, then also
(pxF((px) 1+l ))+=pxF+ is an identity iIn this theory. This
observation enables us to prove our statement for bijective
base morphisms of type ln+<01,+1 11+0f+1m where n,m>0 are
arbitrary integers.

Consider now an arbitrary algebraic theory with iteration

11

T, and let p:n~n be bijective, f£T(n,n+p) where n>2, p>o0. We
have to prove that (pf(p 1+1 ))+=pF+.

The case n=2 1s trivial. We proceed by induction on n.
Assume that n>2. Let us distinguish two cases.

First suppose that p=1lw+a where m=n-2, a=<0;+1 .1 +0 >.

Note that a l1=a and p 1=p.
Let a:(lm +po)f, b:(Oxn+I§))f, rs:<o?+1m ,I?+Om >+Ip . An easy

computation produces (p+1|D)f$:r$(a+lerIO )- Define h,kim—>-mtp by

h=a<1m+§) ,(bR) +’Om+a‘ > and k:a(p+|p)§ﬁl_ BrO (exb(p+lp )B)+,Om+1p>

We show that h=k. Indeed, by (p+1IO R=R(a+l and (Fl) , we

m+p )

obtain (ab(p+1P y’)+=a(bf?) +. Thus, k:a(lm +a+lp)t

-<1m+8 ,a(b8)+,0m+1p>:a<lm+0p.(b8)+*0m+1p>=h can be derived,
We have seen that h=k. Therefore, also (b)) <h ,1 > =

a(ab(p+1P)B)+<k¢,1P>_ From this the result follows by
applying (B) twice:

Regarding i1dentity (F) cf. [2].
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(pf(p+lP))+:<a(p+1p),ab(p+lp)> =

=<k+ ,(ab (p+I1™M)R)+<k+ ,Ip>> =

=<h+ ,a(bR)+<h+ ,1p>>
=p<h+,(bR)+<h+,1 » = pf+.

Secondly, assume that p=at+l”, where a=Im+<0j+1j,1j+0">+1":

:n-I-*n-1 for some 1integers We have again a=a 1 and p=p 1

In this case let R=<0,+1 _,,1,#0 .+l b h=a<l = _+0 p,(bﬁ)

0 1>, k:aa(p+1p)<1 Op*,('b(p+1p)f$)+ ,On_1+ 1p> where

n—l’+ p n—1'+

a=( 1n_1,+0,|)f, rp:ilnf. We are going to show that k=ah(a+l p).
Indeed, by (p+1p)l’$=r§(l.+8+l ) and (D'I) it follows that

(b (pt1 b R)+=(bR)+ (a+l b ), hence,

kK = aa(p+l p)<ln—1’+0p’ (b(p+|p )+, (?1_1 +1p > =

aa<a+0p , (bR)+ (atl P)’ On— ,+1p> =

1

aa<ln_ +Op, (b3)+, 0

1

n_1+1p>(a+1p)=ah(a+l p).

Thus, k=ah(a+lIp) and by the iInduction hypothezis, k+=ah+.
Applying (B ) twice, this yields

<pf(p+l ))+=<aa(p+l,), b(p+, )>+ =
= <k+, (b (ptl P)B)+<k+ ,1P>> =

= <ah+, (bR)+(atl I3)<ah+ o | P>> =

= <ah+, (R)+t<h+,1™>> =

= (a+1])<h+,(bB)+<h+ 1p>> = pf+.
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This ends the proof of Lemma 5.

Lemma 6 (EJ )»(B,).0,)-F,) h= B

Proof. By virtue of the previous lemma, It is enough to
show that @, ),(F) —(E). Therefore, take an arbitrary theory
with i1teration T which satisfies (E ) and (F).

First we shall prove that the restriction of (E) to mono-
tone surjections i1s valid in T. For this purpose consider an
optional morphism g:n~mp (n,in>1,p>0) as well as base morphisms
p:m-*n, pj,--.,pmm-m with pp=p (£[m]), and assume that p is a
monotone surjection. Let 1£[m] be an arbitrary fixed integer.
It 1s obvious that there exist bijective base morphisms a:m-m
and R:n-n with the following properties:

(1) apl is monotone, (1) la=I.
Define x=apl3, xJ:ap:]a 1 (£[m])- By a short computation we

get €=t g£[m]) and B_1g(a '+1P)(T+1P):8 'g(pB+IP)- Thus,

Hm<m"z 1g(a l 1P)(‘ o 1P I'[%’\m ].g(a. oy lP)(tm+lP)>+ :

= J t(B 1g(plR+1 ))+

follows by (E,). However, xB Ig(a '+1P)(xJ+IP) =

=apgpyr, )@ 141, ) GEIMD and 8 tg(ps+1 ;) dg(p +1, Y(B+1 ).
Hence, two applications of (F) will yield

V <v 8(pitlpl’"-">Ve(V Ip)>>=,ITIH",(e(ptp)) +-

By la=i and xB 1=ap, this means

% <impg(pl+1p)’- - mpg(Pltlp)>+=%P P +1p)) +-

As 1 was arbitrary, we obtain that (E) is valid in T for any
monotone surjective p.

Now let p be an arbitrary surjective base morphism and
suppose that g and p~ (I£[m]) are given as previously. There
exists a bijective base morphism a:m-m such that x=ap 1is
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monotone. Define T by T;=ap 1 (iG[m]). It i1s easy to check
to t™t=t (i£[m]). As T i1s monotone and g(a 1+l )(t+1p)=g(p+1lp)

we get

<ltdg(a",+Ip)(Tl+lp)s...,"Tg(a_1+Ip)(Tm+lp)>+=T(g(p +Ilp)) +.

But Tg(a 1+1p)(x™+1p)=apg(+1p)(@ "+Ip) ((1£[m])» thus we
obtain

a<igypg( p I+ 1p %Pg( Pm+1p)>+=T(g(p+1p”"

1on the left will

by an application of (F). Composing by a
produce the result.

Summarizing the previous results we obtain:

Theorem 1 An algebraic theory with i1teration T 1s a gen-
eralized iterative theory i1f and only i1f each of the iden-
tities (A ),(Bj)»===»(Fj) is valid in T.

Proof. Sufficiency follows by the preceding lemmas. In
order to prove necessity, we have to verify that (O ) and ()
are valid iIn generalized iterative theories. But this iIs an
immediate consequence of lemmas 2.5 and 2.3 in [2].

Next we introduce generalized scalar iterative theories.
By scalar iteration we mean iteration restricted to scalar
morphisms. That is, an albegraic theory with scalar iteration
is an algebraic theory T, equipped with an operation + which
associates a morphism T+ :Pp with each scalar morphism f:1-*l4p.
Generalized scalar i1terative theories constitute an equational
class of algebraic theories with scalar iteration. Namely, a
generalized scalar iterative theory is an algebraic theory
with scalar iteration which satisfies identities (A~),(C ),(D )
as well as the following (Ej) and (FJ):
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E)) EC(pi+Ip), - - - .i¥pg(pm+1p )>)=cp(@+ 1) )

where g:n—=*-myp (n,m 1, p™0), pmn Is a monotone base
morphism, pMm*-m are base morphisms with p=p (ie[m])
Furthermore, the term g(f) where f i1s a variable of
sort (n,p), 1.e. T:n-p, iIs iInductively defined as
follows :

@f)=F+ if n=1,
TR (L, #0 DL 1+0 () +.,0 1+ )

+1

for n>l1, where p:<0,l

n—1’11+0n—1>+1p i

Fl  (f<11+0p,(gp)+ ,0F+1p>)+=F+<(g<f+, 11+p>)+ 1>
where f,g:1-2+p, p:<0|+iI f—i0,>+1ID

Theorem 2 Every generalized iterative theory results iIn a
generalized scalar iterative theory by restricting iteration
to scalar morphisms. Conversely, every generalized, scalar
iterative theory can be extended iIn a unique way to a genera-
lized iterative theory.

Proof. The proof of the first sentence follows by obser-
ving that (EJ) is just the combination of (E,) with (B"),
furthermore, (FJ) can be deduced fron identity (BY) and its
dual being also valid in every generalized iterative theory
(cf. Lemma 2.4 in [2])-

Conversely, by identity (B ) i1t is obvious, that there
exists at most one appropriate extension for any generalized
scalar iterative theory. Thus, we have only to show the exis-
tence of an extension. But this can be done iImmediately. Let
T be an arbitrary generalized scalar iterative theory and
extend operation + by induction as follows:

op+:% (p>0), F+=<h+,(gfp)+<h+ E) > 1if fonp, n>l, p>0, where
p=<0 1+1 n—l’*’l 1+0 n—l’>+1 o h=_C n_1_+01)f <1 n— 1+Op » (anp)+ , %_1 +1p >
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It can be seen that this definition of + coincides with the
original one on scalar morphisms, furthermore, iIn the theory
obtained, (B") 1s obviously valid. By virtue of Theorem 1 and
the fact (B ),(Ej )f= (E1), 1t is enough to verify that (FjJ) 1is
satisfied In T.

Let f,g:1-2+p, h=f<11+0~ ,(gp)+, O0]+1p>, k=g<f+, 1]+p> Wwhere

p=a+I~, a=<0jJ+1lj,1j+o0J>. Observe that p 1=p, a '=a. Define f=fp,
g=gp, h=g<1j+0~,(fp)+,0j+Ip>, k=f<g+,Ip>. We know that
h+=f+<k+,Ip> and h+=g+<k+,1 . However, h=gp<1}+0~  f+,0]+1p>=
=g<f+,1lj+p>=k , and similarly, k=h. Thus, k+=(@p)+<h+,1 and

we can compute iIn the following way:

(a<f,g>(a 1+lp))+ = <é,t>+ = <h+ ,(fp)+<h+,lp> =

=<k+, f+<k+,1P>> = <(gp)+<h+,1p>, h+> =

a<h+, (gp)+<h+,1lp>> = a<f,g>+.

3. TWO THEOREMS REGARDING THE CONNECTION BETWEEN ITERATIVE
AND GENERALIZED ITERATIVE THEORIESYT

By a congruence relation of an i1terative algebraic theory
I, we mean an arbitrary congruence relation Q of 1 (being
considered as an algebraic theory) and such that the quotient
theory 1/Q i1s an iterative theory. A congruence relation Q 1is
called i1deal i1f fQp implies f=p for any fel, pG9. A congruence
relation of a generalized iterative theory 1 is just a congru-
ence relation of 1, being considered as a many-sorted universal
algebra. The congruence relations of a generalized iterative
theory form a complete lattice. As it was pointed out iIn [2],
I , 1.e. the free 1i1terative algebraic theory generated by a
ranked alphabet E can be viewed as a weak subalgebra of R, the
free generalized iterative theory generated by E. Thus, for any
congruence relation Q of I there exists a smallest congruence



107

relation of R\ containing Q. This congruence relation is called
the congruence relation generated by Q. The next lemma will
give a simple description of this relation, provided Q is deal.
Although, Tfirst we iIntroduce a notation. For any congruence
Q of 1™ we shall denote by Q the relation obtained by the fol-
lowing definition:
(1) for f,g€R (1,p), Qg if and only iIf there exist

.0 £Ir(1 ,p+1D such that f:f(1P+1), g:g(1P+1) and 1Qg,

(i) 1f f,gER (n,p), n™l, then Qg If and only If 'ﬂ%i(;ﬁl%g
holds for any ie[n].

Lemma 7 Let Q be an arbitrary ideal congruence relation of
the iterative theory I . Then Q is the congruence relation
generated by Q in R . Furthermore, QT =Q.

Proof. By the properties of trees follows that f =F 1is
valid provided f1(|p+|):f|(1p+i) and fl’fZGIE(l’p+1)' As a

consequence of this fact, one can easily verify that Q’is an
equivalence relation. Also, using the tree concept, it can be
seen that I, ,... L0+ 11> 1g+D) =F<(q] ,. -.,gp> 1If feR~d.p),

fEIE(L,p+D), giGRE(l,q), g”el”~il,qg+l) (ie[p]), TFTurthermore,
T(p+X)=Ff and gi (I™+1)=g”™ (1e[p])- Thus, if we have TQf1l, S™Qg"
(E[pD as well as T (Iptb)=Ff" and g"(I™+D)=g™ (i1e[p]), then
f<g.>eee»g>Qf"<e\,o0-=,g"> follows by f<g,,...,g ,0 +t1 >Q

Qf"<gJd,...,gN,0M+1J>. This, together with the second condition
defining Q, yields that Q has the substitution property with
respect to composition. The proof that Q'has the substitution
property with respect to iteration is similar, only observe

that f+( +i)=f+ if f(1 . M =F for 2R (1,14p), Tel.£ 1,1+p+i ),

and use that f+Qg+ 1f fQg and f is ideal, furthermore, f=g iIf
Qg and T i1s base.
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Now we show that ¢ |Jj =Q. Assume that Qg is valid for
f,gelE(l,p). Let f=F+0j, E g=g+0]. As Q Is a congruence, we get
fQg. On the other hand we have T({M+1)=F and g(I"™+J )=g. This
proves Q e Conversely, supposing fQg for f,gGI™N 1,p), we

obtain f+0.Qg+0, since these are the only elements in I (1,p+l)
with the properties ({+Ol)(lp+l):f and (gtOl)(IP+_prg- However

we have f:(f+Oﬂ?<lp,ib> and g:(g+0i)<1p,n;> if p>0, and

f=(f+0 j)g and g=(g+0])g 1f p=0. In both cases T+0jQg+0j implies
fQg-

Finally, we prove that if Q c Q" holds for a congruence
relation Q° of R_, then also Q'c. Q. Indeed, Jet f,gSR, (1,p)
satisfy fQg. Then TQg holds as well, where f,g€l (l1,ptl) are
determined by f=f(1 +}) and g=g(1l +) . As fQg and Q c Q" we get
?Q'é which 1n turn implies the required fQ-°g.

In what follows, we shall prove that for every iterative
theory | there exists a generalized iterative theory R together
with an 1njective homomorphism (of partial albegraic theories
with iteration), and such that for any homomorphism F:I-=T into
a generalized iterative theory there 1s a unique homomorphism
F:R-T with F=nT, 1i.e.

Theorem 3 Every iterative theory has a free extension in
the class of all generalized iterative theories. Furthermore,
this free extension iIs an iterative theory.

Proof. As each iterative theory is a homomorphic image of
a free i1terative algebraic under an i1deal theory map, we may
assume that 1=1~", that is, | Is the factor theory of the free
theory IZ under an ideal congruence relation. As Ek_has a free
extension iIn the class of generalized iterative theories, namely,
RE, thus the correspondence n:I™/q”R™/qg-9i1ven by Q(H)-*Q(T)
(fGIﬁ) has the universal property. We have to show that n is
injective. But this follows by QT =Q.
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It remains to prove that R™"g- 1s i1terative. By Q) =Q it

iIs nondegenerate. Now let feR (l,p), 1e[p], p>l . Assume that
fQitI:OL, and llet ol (1,p+1) be the morphism determined by f(1P+J_):f-

Then an%ﬂ, follows by n;%+1’(l P+X):n|:oL' As Q 1s ideal, this
provides f:i:%ﬂ Therefore, f:u%- We have seen that Q' is ideal.
As both and Q are ideal, we get that R™/g-1is also ideal. In

order to verify the uniqueness of the iteration iIn R™q, by the
main result in [1], i1t iIs enough to show that i1f f<g,l > Qg
holds for some ideal feR (1,1tp), gER (1,p), then gQf+. This
property of Q can be justified as follows. Let fel (l,Il+p+l) and
gEl (1,p+1) be those uniquely determined elements for which

f=F(lj+ +L) and g=g(1 +J.) hold. Then also f<g,l +J>*(1 +L)=
= f<g,I >and f (I +.L)=F are valid. Hence, f<g,l +7]>Qg which
by the uniqueness of the iteration iIn implies that gQf
Therefore, g=g( 1P+ DO+ (1P+ D=F+.

Theorem 4 Let 1 be an iterative theory and QGI(I,0). There
exists a unique way to extend the operation + such that 1 be-
comes a generalized iterative theory with g=Tu+.

Proof. Again, we may assume that 1:1E/Q for a ranked
alphabet E and i1deal congruence Q. Denote by Q the congruence
relation of R generated by {(L,q)}- By Theorem 3, we know

that the mapping F:Q(F)-(Q VQ)(F) is a homomoprhism of
into R VG- Here Q ¥Q denotes the l.u.b. of and Q' In the

congruence lattice of RN. As E generates RE and EQi., we obtain
that F 1s surjective. We shall prove taht F iIs even iInjective.

Assume that fQ*VQg holds for f,gf£l (l,p). Then there exist
morphisms ¥q ,f},...,F2neRE(1,P) (n>0) with f=F Qjf

*7"An-Arn“8, Let 207 5***°"2nelBE™ 1,P+ 1" be unic3uelY
determined by fI(1p+—L):I=1 (ie {0,...,2n}). Define f'1 by

fizfi' ([5 HT). OFf course, we have fozfg and f’Zn:f'Zn . By the
definition of @, holds for every, provided 1 is odd. On
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the other hand fT!Qjf~+] holds for every even i. Thus,

=Ff ;T2 eesfon- 2n=g* However®™ Qjlj 1is the equality
relation and ' =Q. Therefore, fQg can be derived.

We have shown that F i1s a bijective homomorphism. This
results that the definition f+=F *“(F(f)+) (fGI™,N) gives a

satisfactory extension to a generalized iterative theory. The
uniqueness of the extension 1is obvious.
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ABSTRACT

T-PROLOG a very high level simulation language is
presented. It has the following properties.

- the system takes over part of the problem solving
effort from the user,

- a built-in backtrack mechanism permits backtracking
in time In case of a deadlock.

- 1t changes automatically and dynamically the simulation
model on the basis of logical consequences.

- a more advanced process communication mechanism is
presented for the user.

The processes are synchronized by a built-in scheduler.



1. INTRODUCTION

Solving problems using computerised models of real sys-
tems i1s one of the purposes of Al and simulation research.
The developed programming tools, Al [I11, [3]1. [41. [5]1. [7],
and simulation [2], [8], [9]. [10] languages differ iIn many
features. We found i1t useful to construct a modelling system
which takes the time handling concepts from the simulation
languages and the non-algorithmic programming concept, pattern
matching and backtracking from the Al languages.

Our system is implemented in PROLOG [1], [6], [7]. a logic
based Al language with simple syntax (Horn clauses)and great
expressive power due to 1ts logical basis. It has a mechanical
theorem-prover with depth-first strategy. Some features of the
experimental simulation system called T-PROLOG is presented in
the following paragraphs.



2. INTRODUCTION TO VERY HIGH-LEVEL COMPUTER SIMULATION

2.1 SIMULATION USING DIGITAL COMPUTERS

By simulation we mean discrete event simulation, when
changes occur iIn discrete time moments.

Simulation is a problem solving procedure. We prepare a
computerised model (a program) of real life system which ref-
lects the iInteresting characteristics to examine the behaviour
of the original system, (1.e. by running the program).

The purpose of the simulation can be

1. The examination of the reaction of the observed sys-
tem when 1ts structure or parameters are changed.

2. To examine the final state the system reaches from a
given iInitial one and how i1ts structure or parameters
have to be changed to obtain a predefined final state.
We will call this kind of simulation goal oriented.

The shema which corresponds to the goal-oriented simula-
tion i1s the following:

In the above schema the meaning of iIntervention iIs an
action of the modeller on the real system to achieve the
wanted results. Evalution and modification of the model is a
human activity which follows each running of the program.



2.2 VERY HIGH LEVEL COMPUTER SIMULATION

We call the simulation procedure very-high level simula-
tion 1Tt the behaviour of the model iIs tested on different points
during the running of the program by control conditions and
when the conditions or the prescribed goals cannot be fulfilled,
back-track occurs. In this case the structure of the original
model can be changed automatically according to different
predefined rules depending on the actual state of the system.
Then the original schema of the simulation procedure can be
modified in the following way:

[ Model definition

I Input data definition
|
Definition of goals criteria
and rules for structure modification

2.3 CRITERIA FOR VERY-HIGH LEVEL DISCRETE SIMULATION LANGUAGES

1. Changes iIn the examined systems can be described by
explicit time dependent predicates

2. Parallel proccesses may communicate with each other.

3. Each subsystem and their corresponding goal, may be
described and examined including the hierarchy of goals
determined by the relations between the subsystems.

From the system simulation®s point of view, the role of
time iIs essential. As real systems work iIn time, the condi-
tions for synchronising their processes are time dependent.



We want to satisfy the above conditions in the following

ways :

1.

By using a logic-based very high-level language which
iIs suitable for the simultaneous description of the
processes and goals of the systems, and is iInteractive,
easy to modify and modular.

During the simulation run, the program system assigns
to each process a theorem prover whose task is to prove
the goal of the process by means of the logical state-
ments defining that process.

To solve the conflicts which arise from the possibi-
lity of data base modifications, or resource alloca-
tion sophisticated rules of preferences can be given.
Back-tracking is provided to some previous state from
which an alternate path can be choosen to try to go
forward again toward the goal. This is Important in
dead-lock situations, from which goals cannot be
reached.

The set of formulas, defining the simulation model can
be altered dynamically during the running of the prog-
ram. This means that the original structure of the
simulation model can be modified automatically using
predefined state dependent rules.

During program execution new processes with new goals
can be created and old ones can be deleted from the
simulation model. In the case of deletion the success-
ful proof of the corresponding goal is not considered.

T-PROLOG 1s the first experimental realisation of such a
simulation system.

For traditional simulation problems T-PROLOG works as a
process oriented simulation system.



3. BASIC ELEMENTS OF T-PROLOG

The first basic feature of the language i1s the process.
Termination of a T-PROLOG program means the sucessful termi-
nation of some processes. The processes can be created at the
initial phase of the simulation as well as during runtime.
Processes conceptually run parallel i1n time. A goal to be
achieved corresponds to each process.

The second basic notion of T-PROLOG is the resource.
Resources are model elements that can be used only by one
process at time. The use of a resource can take time. Depen-
ding on the type of the resource after of its use it becomes
available or not for other processes. Resources may be created
at program initialisation or dynamically during program exe-
cution .

The third basic feature In T-PROLOG is the notion of the
internal time which is maintained by an internal clock. To
every process which i1s not waiting for the fulfilment of
a condition, a time moment iIs assigned, when its execution
will continue. The execution of a process can be suspended
for a time interval "T", iIn this case 1ts reactivation time
will be the actual time (told by the internal clock) + "T'".

To syncrohise processes, and to control time, different
built-in predicates are used. With the help of these pre-
dicates the processes can communicate with each other in
three ways :

1. By using common logical variables.

A process is suspended until another process assigns
an appropriate value to their common variable.

2. By using the common shared database.

The execution of a process is suspended until another
process adds the needed assertion to the database.



3. By sending messages.

The execution of a process is suspended until another
process sends the message i1t is waiting for.



4- PROGRAM EXECUTION

4.1 PRELIMINARY NOTIONS

To understand the execution of a T-PROLOG program we need
the definition of the following process classes.

1.

The currently executed process is the active process.
(In a one processor implementation only one process
can be active).

Those processes, which are suspended because of time
consideration or which are not yet started, are wai-
ting processes. To each such process a time 't" 1is
assigned, which indicates when the process execution
has to continue. These are the processes which form
the waiting list. This list iIs ordered according to
ey

Processes which are waiting for some message are the
"demon™ processes, they form the demon list. If a
process on this list receives the wanted message, then
with the actual system time told by the internal clock
as reactivation time, i1t iIs put to the head of the
waiting list.

Those processes which are suspended because of a non-
time dependent condition, are the blocked processes,
which are placed on the blocked list.

We need also the definition of the activable process. At
time "t" the following processes are activable:

1.

- Those processes on the waiting list whose activation
(reactivation) time is 't and

- Those processes on the blocked list whose blocking
conditions are fulfilled iIn this time moment.



2. IT there i1s no such process and the activation (reac-
tivation) time of the first process on the waiting list
is "l (t<tl), then those elements on the waiting list
are activable whose activation time is "tl".

IT the current active process 1iIs suspended then an ac-
tivable process gets control. If there is no such process then
back-track begins.

In case 2. The internal clock moves from "t to "tl".

4.2 BUILT-IN CONTROL PREDICATES

The control predicates are those built-in predicates which
modify the spelling of the original PROLOG interpreter.

1. wairt (Q)

Syntactical restrictions: 'g"' atom
This predicate suspends processes depending on logical con-
ditions. 'g'" 1s the condition for suspension.

2. Wait for (@), Send (@

Syntactical restricitons: "a" term
Predicates to send and wait for messages.

3. New (gl,x), New(gl.,x,st), New(gl,x,st,et)

Syntactical restrictions: gl list of atoms (goals), 'X
IS a term st and "et" are iIntegers.

These predicates create processes, 'gl'" is the goal-sequence
of the process, X' iIs i1ts i1dentifier "st" is the starting
time and "et" is the prescribed time to achiere the goal-
sequence. The default values are:

"st''=system time, "et'=100000.
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Hold(t), During(t)

Syntactical restrictions: t integer
Unconditionally suspends processes for 't time units.

Delete(p)

Syntactical restriction: p term

Those processes whose identifier match "p" will be deleted
from the system.

Seize (r), Release(r)

Syntactical restricitions: "r" term
These predicates seize and release resource of processes.

Addresource(r,n)
Syntactical restricitons: 'r’, term 'n" pos. integer. This

predicate adds dynamically 'n" instances of type 'r'" of
resources to the model.

4.3 PREDICATES FOR DATABASE/PROGRAM MODIFICATION

1. Add(cl,n)

Syntactical restrictions: cl list of literals, n iIs an
integer. This predicate serves to insert into the database
a clause, whose literals are the members of cl, to the n-th
position of the corresponding partition.

Del(id,n)
Syntactical restrictions: 1d Is an identifier, n Is an

i
integer. The predicate serves to delete from the i-th
partition the n-th clause.
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4.4 THE ALGORITHM OF THE PROGRAM EXECUTION

We shall use the following abbreviations:

Active process AP

Waiting list WL

Blocked list BL

"Demon™ list DL

System time T

Seize List SL #s formed from pairs (p:r)
where p is the identifier of a

process

waiting for the resource r.
Resource list RL

RL is the list composed from the

pairs (r:n), "r" being

a resource type, 'n" the number of

available resources of type 'r".
AP 1s always a member of WL or BL.

1. Program initialisation

The goal-sequence of the simulation model consists of "k
process initialisations:
:New(gl,nl,tsl,tel), ... ,New(gk,nk,tsk,tek)=

"default values for "tsi' and "tei" are

0 and 1Q0000.

Now we define the waiting list, blocked list,
"demon™ list, active process and the system time.

WLI:=(nI™ts) . (nl-ts2) ... ... (nk:tsk). Nil
WL: = WL1 ordered by '"ts™ in monoton iIncreasing
way

BL: = empty, DL:=empty
if the first element of W1 is n:ts. then
AP:=n and T:=ts
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On the WL list the goal-sequence of process "ni"" 1s 'gi”
"tsi" iIs the prescribed activation time and "tei” is the ter-
mination time.

2. The execution of the active process

The goal-sequence of process AP 1s executed as iIn PROLOG
until the goal-sequence becomes empty or the first goal of the
sequence is a control buirlt-in predicate.

3. Interruption of process execution
There are two possibilities:

(1) The goal-sequence of the process is Nil. Then AP is dele-
ted from WL or BL and the program execution continues at
4.

(@ The first goal of the goal-sequence of AP is the control
predicate 'C".

a. C=Wait(g),
if "g" can be proved then the execution of "C"' succeeds
by proving "g"' and the execution of AP continues at 2.
Otherwise ((f "g" could not be proved AP) is deleted
from WL or BL (it depends on which list contains AP).
We put AP at the end of BL, the condition of suspension
i1Is "g".

b. C=wait_for(m)
AP is deleted from BL or WL. DL :=DL appended AP to the
end. The "demon'™ condition of AP is "m'. Program exe-
cution continues at 4.

c. C=Send(m)
Those elements of DL, whose "demon'™ condition can be
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unified with "m" are inserted iInto the head of list WL.
Program execution continues at 4. If there is not such
process on the "demon™ list then back-track begins.

C=New(gl,x), C=New(gl.,x,st), C=New(@l ,x,st,et)

The default value of st is st:=T the actual system
time, and of "et" i1s et:=100000.

IT st<t then back-track occurs. Otherwise WL:=WL, with
insertion X" activation time "st". If in WL there are
already processes with activation (reactivation) time
st then "X 1Is inserted as the latest one. The goal-
sequence of X" 1s "g", (The time to terminate is “et".
The program execution continues at 2. The execution of
the active process continues.)

C=Hold(h), C=During(h)

IT h<O then back-track begins. If ts=T+h iIs greater then
the prescribed time for completion of AP then back-track
occurs too. Otherwise AP 1is deleted from WL or BL and is
inserted Into WL with a reactivation time of ts=T+h. The
program execution continues at 4.

C=Delete(p)

Those processes whose identifier can be matched with

"p'" are deleted from WL, BL, and DL except AP.

(so, If '"p" is a variable then all processes are deleted
except AP.) The program execution continues at 2. with
AP

C=Seize(r)

There are two possibilities: for some n, (r:n) is iIn RL
or not. If (r:n) is not an element of RL, then the sys-
tem sends an error message and the program execution
terminates. If (r:n) i1s a member of RL. Then AP is dele-
ted from VL or BL. AP:r Appended to the end of SL,
program execution continues at 4.
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h. C=Release(r)
There are two cases too. If AP does not have a resource
of type r (it has not seized or has already released
the resource) then the system sends an error message
and the program execution is terminated. If AP seized
r then In RL (r:n) is changed to (r:n+l) and AP con-
tinues 1ts run at 2.

1. C=Addresource (r,n)

IT (r:m) is an element of RL then 1t is changed to
(r:mtn), 1f 1t 1Is not the case then (r:n) is appended
to the end of RL.

(1) If WL=DL=BL=empty then the program execution has terminated
successftully.
Otherwise :

(@ If the activation time of the first element of WL is equal
to Ts (the actual system time) then this process will be
the new AP and program execution continues at 2.
Otherwise :

(@ If there is a process in the BL, whose suspension condition
is fulfilled then AP will be the first from these pro-
cesses. The program execution continues at 2.

Otherwise :

(4 Defininition: homogenous process class.
Two processes are homogenous from the point of view of a
resource, If at the moment when they want to seize the
resource all their parameters, except the process i1den-
tifier, are the same. Homogenous processes form a homo-
genous process class. In case of back-track, permutation
of processes to receive a resource iIs executed only for



125

the elements of different homogenous process classes. No
processes belonging to the same class are permuted.

More formally:

If in SL, there is no such (p:r) for which (r:n) in RL, n>0,
then the control omits this point.

Otherwise :

Let rl,r2,...rk be resources for which ri:ni 1iIs an
element of RL, and ni>0, and for ri there is such pi that
pi:ri is an element of SL.

IT pil,.._piil are those process identifiers for which
pij:ri are members of SL (the order of these depends from
the order of RL and SL).

Let us rename pij-s as follows:

ql,q92,q93,....gn
pll,...,plil,p21,..,p212_.p31, ...pkl, .. _pkik

(ql=pll and gn=pkik) and execute the following loop:

m:=1i

a. AP:=gm, AP is appended to VL with start time t, gm 1is
the new name of pij. Therefore on RL we change (ri:mi)
to (ri:mi-1). And program execution continues at 2. If
during backtrack control reaches a., then execution
continues at b.

b. If m=n then backtrack continues.
If m<n and gs, s>m iIs the i1dentifier of the Tfirst
process which does not belong to the same homogenous
process class as gm then m:=s and execute a.
IT there 1s no such gs, then backtarck continues.

(BG) If WL 1s not empty, i1ts first element is '"n:ts" and the
termination time of all processes i1s less than or equal to
"ts". Then AP=n and t:=ts and program execution continues
at 2.

Otherwise :
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(6) Back-track
That means that back-track occurs when there is no element
of BL whose suspension condition is fulfilled and WL 1is
empty or the activation time of its first element is
greater than the prescribed termination time of another
process.

5. Simple T-PROLOG example for resource distribution

The problem is a variant of the well-known five-philosopher
problem of Brinch Hansen.

Five philosophere sit at a round table. There are five
forks on the table. Every philosopher needs 2 forks for eating
but they may use only the forks at their right side and left
side. We have to have them finish their meal in a non trivial
way, that is we prescribe their lunch time short enought not
to allow the trivial solution - the philosophers can"t have
their meal simply one after another.

Let the lunch time be 30 minutes and let"s suppose that
every philosopher i1s able to finish his own portion within 10
minutes. The corresponding T-PROLOG program is the following.
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Resource(Fork(A),1).
Resource(Fork(B),2).
ResourceFork(C),1).
Resource(Fork(®),1).
Resource(Fork(E),1).
Resource declarations.

Satiated(n):
Good-fork(n,fl,f2),
Seize(Fork(fl)),
Seize(Fork(f2)),
Eat,
Release(fork(fl)).
Release(fork(f2)).
Eat:

During(10).

Good-fork(1,A,B).
Good-fork(2,B,C).
Good-fork(3,C,D).
Good-fork(4,D ,E).
Good.-fork (6,E ,A).
End.

:New(Satiated(l) -Nil, FI1,0,30), New(Satiated(2). Nil, F2,0,30),
New(Satiated(3) -Nil, F3,0,30), New(Satiated(d). Nil, F4,0,30),
New(Satiated(5)-Nil, F5,0,30).

The main steps of the program execution are :

1.

1-st Philopsher enters in the waiting queque of the
resource representing fork A. The 2-Nd philosopher enters
in the queue of fork B. Similarly the other philosophers
enter in queues of forks C, D, E respectively.

1-st philosopher receives fork A leaves the queue of fork A
and enters 1In the queue of fork B. He is the second member
of the queue, philosopher 2 stays before him. Then 2-nd
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philosopher receives fork B, leaves queue of fork B and
enters In the queue of fork C. He will be the second

member of this queue philosopher 3 i1s staying before him. So
do philosophers 3, 4 and 5.

Then every philosopher has one fork and waits for the other
one but these forks are iIn the possession of an other
philosopher. This i1s a typical deadlock situation.

Backtrack begins. There was a previous system state when 1in
the queue of fork E there were philosophers 5 and 4, iIn this
order, philosopher 4 having the fork D. The two philosophers
belong to different homogenous process class respecting fork
E. So they can be permuted during backtrack and now
philosopher 4 receives fork E, (Previously philosopher 5
received i1t.) Philosopher 4 now has his two forks D and E
while philosopher 5 has no fork at all and remains iIn the
queue of fork E.

In the system at this moment only philosopher 4 can eat.
System time becomes 10 which means that philosopher 4
finished the eating, he releases forks E and D.

Philosophers 3 and 5, who wait for these forks now can seize
them. Now philosophers 1 and 2 have to wait for their missing
forks (B and C), While philosopher 5 waits for fork A. Then
system time iIs set to 20. Philosopher 3 finishes his meal
and releases fork C and D. This means that now philosopher

2 who waited for fork C can eat, but the other philosophers
(1 and 5) can not.

System time i1s set to 30 philosopher 2 releases forks B and
C. Philosopher 1 immediately seizes fork B but the T-PROLOG
scheduler finds that he can finish his meal only for 40 and
the permitted limit is 30 so a new backtrack begins.
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8. Backtrack continues until such a resource (fork) distribution
iIs not found that at time moment o 2-nd philosopher receives
forks B and C, philosopher 4 receives forks D and E. Then
for time 10 they can finish eating and philosopher 1 and 3
can receive their missing forks. They finish eating at 20
and release the forks and finally philosopher 5 can eat too,
end he finishes for 30.

9. The above solution is the first one that the system can
find.

6. Conclusion

T-PROLOG, a very high level simulation language has the
following advantages compared to the traditional simulation
languages :

1. The system assumes over some of the problem solving effort
from the user who then i1s free to concentrate on defining
the task rather than solving Iit;

2. The system changes the model automatically and dinami-
cally on the base of logical consequences derived from
sophisticated preconditions;

3. A built iIn back-track mechanism permits backtracking in
time 1In case of deadlock or hopeless intermediate
situation (a logical condition which 1iIs necessary for
the continuation of the execution iIs missing, or the
current time condition has become contradictory);

4_ _T-PROLOG has a process communication mechanism which
includes i1nterprocess communication through variables
which are evaluate by pattern matching or by modification
of the model description. (We preserve the traditional
way of communication too: the processes are able to send
and receive messages.).



130

7. Plans for the future

Our hope 1s to transform the current version of T-PROLOG
to a simulation system that for traditional discrete simulation
problems runs as effectively as the traditional simulation
languages. [2], [9], [10]

An other task to solve is to find more "intelligent"
backtracking strategies, automatic or user controlled.

An interactive program development and debugging subsystem
is In i1ts planning phase. Other facilities to help iInteractive
simulation, giving the possibility to interrupt program execu-
tion, modify the model from user terminals, froce the system
to back-track to a given state are under planning.

The experimental version of T-PROLOG i1s used to model re-
gional developments.
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Abstract

The following is to demonstrate a top-down parsing method based on van Wijngaarden
grammars ("W-grammars” for short; also called two-level grammars), the application of which
does not require any radical change in the given W-grammar, or if certain stipulations are taken

into consideration in the defining process, none at all.

The parsing method is applicable

— to check the W-grammar, describing the context-free syntax and context conditions

of the language in question, in the stage of development;

— to a compiler of the language, in its original general form, used in the checking

process, and also in an optimized version.

1. Introduction

Our method is described in three steps. FiI’St, a modified definition of the derivation
according to W-grammars is given,which however retains the generated language. The modi-
fication renders the W-grammars more suitable for parsing purposes, independent of the actual

parsing purposes, and independent of the actual parsing method employed. The Second step is
the description of an extension of the chosen method, that of recursive descent. The new ele-
ments introduced are the grammar-type parameters and the search for rules which make the

method of recursive descent suitable for designing parsers operating on the basis of W-grammars.

Third comes the description of the implemented method, being an extended version of Knuth’s
parsing machine [12], the instructions of which are executed through macrocommands.

D.A. Watt in [20] was the first to apply W-grammars in parsers, by introducing the grammar-
-type variables into affix-grammars [13], in addition to affixes (EAG). This EAG was realized,

as well as further developed (ECDL) by B. Kramer and HW. Schmidt [15],[16].

The present method, unlike ECDL, does not require essential changes in W-grammars,

since it allows

— the application of general hyperrules, as e.g. predicates;

— a more flexible use of grammar-type parameters.

In this paper we give a description of the first step and, briefly, of the second step too.

In forthcoming papers we intend to describe the restrictions on W-grammars in a more
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detailed manner, ensuring that parsers made by these grammars work and recognize the

languages generated by them; furthermore we also wish to demonstrate the use of this method
in practice.
2. Van Wijngaarden Grammars

The formal definition of W-grammars introduced by J.L. Baker [1] and developed by
P.A. Deussen [5] is recalled and demonstrated on a simple example. It is followed by the
informal description of the modified derivation according to the W-grammar and its formal
definition. The equivalency of these two definitions is proved.

2.1. Formal definition of W-grammars

Definition 1. A W-grammar is an ordered septuple

WG = (M,1T,N,2,®,I,<5),

where
M — a finite set of metanotions,
T — a finite set of metaterminals (M n r = (b)

Mc M X (M un r)*—a finite set of context-free metaproductions (metarules), the
quadruple (M, 1, M, A) is a context-free grammar for each meta-
notion AeM, the sets M, r and TI1 are sometimes called

metasystem or metalevel;
2 — a finite set of terminals of the language,
o C {<U> :ue(M WM r)+} — a finite set of hypernotions,
rc o X(» U 2)*— afinite set of hyperrules that serve as schemata for productions,

<5>ed — a distinguished hypernotion called starting symbol.

The sets 2, & and T are called language level.

Definition 2. The semigroup homomorphism o

. (MutTunu22mn{<,> - pr+(ru2 U{<,>,-*})*

is called consistent replacement (universal assignment or uniform replacement rule), if and

only if (iff) the following condition is satisfied

ueLx, if xem (Lx ={ ver*, X ~ v}

X, if Xe(ru2 U{< ,> *)
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The possibly infinite set ' of productions for the language obtained by consistent

replacements from the hyperrules is ' = {7 76, Y = & (71)}.

The items of the set are called notions & = { <U> : VET* and there are a hyperrule

7 :<W> -mfeT and consistent replacement & for which ’'I'(w) = U)

The string of notions and terminals of the language derived from the starting symbol by

the productions of I is called Sentential form LWG ={p :<s> A}. The language

generated according to the W-grammar is the set of sentential forms containing only terminals

of the language

Lwg = Lwe n 2* = {aef* :<i> ~ o}

Example 1. The grammar generating the language akRkak is
wex= (Mj,H,Mp op riti>)

where
Mj = {N\ r1= {a,n\ rij = {N ->nN, N % X (empty string)\ Sj = {a,r},
o1 ={<s>, <aN>, <bN>, <anN>, <bnN>, <a>, <b>}

Tj={7] :<s> -* <aN> <bN> <aN>
72 : <anN> -* a <aN>

73 :<bnN> 3 <pN>

74 :<a> * X

75 i<b> » X}

The word aRa is generated by the context-free grammar GI derived from the hyperrules

Cj = ({<an>, <bn>, <a>, <b>, <s> }{a, R\
{r :<s>-*<an><bnXan>,r2 :<ari> ->a<a>, <bn> >RB<b>, r4 :<a>->\,
rs :<b> = X\ <s>); ®N) =r1 (OVIO = n), 02(72)=r2 (P20 = X)
»2(03)=73=/-3

The hyperrules y4 and 75 are productions of the language as they have no metations.

The derivation of the word agRa by G2 is:
<s> —<an><bnXan> -*a<aXbnXan> ®a<bn><an> -+al<bXan> % aR<an> >

aBR<a> “mala
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Note: two notions are equal iff their metaterminal representations, (metaterminal strings) are

equal.

The (infinite) language is generated by (possibly infinite) context-free grammars obtained
from the finite set of hyperrules by consistent replacement, defined by metaproductions. In
the case of grammar WGj, the application of a consistent replacement (® j in the derivation
in Example 1) to obtain the production g of the language, from the hyperrule 7j, was
determinant from the aspect of the generated word ala as the number k(1) of the symbols
a, ft and a again equals the number of the metaterminal symbols n(l) in the string, replacing
metanotion N in the hyperrule . The actual relationship between the generated word alta
and the determinant consistent replacement T'j(N) = n depends on the other hyperrules (language

level). If the hyperrule 72 were <annN> “ma <aN>, the relationship would be different.

2.2. Modified definition of the derivation according to the W-grammar

The separation of the two levels presents a problem which we propose to solve by modifying
the definition of the derivation according to the W-grammar. The essence of this modification
consists in preserving the metanotions in the steps of derivation until the application of a
hyperrule-production does not call for their replacement (postponed metaderivation). The notion
of consistent replacement is extended in such a way that the metanotions are replaced by
strings of metasymbols (not only metaterminals) in each of their occurrences. This replacement

is called extended consistent replacement.

The application of a derived hyperrule-production by some extended consistent replacement

as a production of the language consists of three steps:
1. ) apply some extended consistent replacement to the sentential form rj;
2. ) apply another extended consistent replacement to a hyperrule 7, and

3.) replace in the sentential form a hypernotion <u>, which as a string of metasymbols
equals the left hand side of the derived hyperrule 7 (~(7) = 7), by the right hand side
of that derived hyperrule 7.

Consider the modified derivation in the case of the generation of the word aBa, according
to the grammar WGr Take the first hyperrule YX as a production of the language (in
which case we shall call it hyperrule-production), and apply it to the starting symbol <s>.

Then, the first step of the derivation is: <s> =><aN XbN XaN > =
In the obtained sentential form replace the metanotion N by nN in each of its occurrences,

e.g. by applying the extended consistent replacement * (“(N) = nN) to it. Thus, we get

a <anNXbnNXanN>.
Apply hyperrule-production 72 to hypernotion <anN> of the sentential form in its first
occurence. Replace it by the right hand side of hyperrule-production. y2- The result will be

the sentential form: r—‘->,a<aNanNXanN >
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Apply the extended consistent replacement ~ 3(~3(N) = X) which is a consistent replace-

ment. We get f a<a><bnXan>.

Replace the notion <a> by X applying hyperrule-production 74.Weget p a<bn><an>p*.
Apply the consistent replacement ®5 to the hyperrule 73. Using this production to re-
place notion <bn> by the right hand side of the derived production, we get p: aj3b><an>p;
Replace notion <b> by x according to production 75; we get ~,,a”ar*p*, . Similarly,

by replacing notion <an> "by a<a>, according to the production obtained from 72, and
<a> by x according to the production 74, we get p; a/3a.

A modified derivation step is:

<s> =><aN> <bN> <aN> = <anN> -> a<aN>
T'i(N) = nN y meta level n
<anN> <bnN> <anN> <anN> -> a<aN>

the application of an hyperrula-rule

“ma<aN> <bnN> <anN> =

The example was simpler than the real situation: here we did not need the subscription

of metanotions, which we are going to define in the following.

The right hand side of the hyperrule-production, derived from a given hyperrule by app-
lying an extended consistent replacement, may contain a certain metanotion which also oc-
curred in the sentential form. Replacing this metanotion by a string obtained from it, accord-
ing to the metaproductions in each of its occurrences would result only in a sublanguage in
the left derivation. In order to avoid this, we supply the metanotions with subscripts the
metanotions. Our subscription is similar to the subscription introduced and used in the orig-
inal definition of the W-grammar [21],[22], but there, only a finite number of subscriptions
(namely 10) is allowed.

We shall demonstrate by an example when subscription is necessary. The grammar WG?2

generating the language ajRk is

WG2 = (Mj.Tj, TTj, Z2j, @2, T2,<s>),
where
®2 = {<s>,<aa>,<bN>,caN>,<anN>,<bnN>,<a>,<b> }
and
rz= {hj : <s> -m<aa><bN>, h2 :<aa> -+ <aN>, T2>T3.74>T5)

Apply hj to the starting symbol <s> and h2 to the hypernotion <aa>; we get the sen-

tential form <aN X b N >. Similarly to the above mentioned method, we will generate words

akBk from this sentential form and not the words of the language, generated according to WG2.

After supplying metanotions with subscripts, the grammar WG9 will have the hyperrules

hj :<s> -><aa><bNj>, h2 :<aa> -><aN2> etc.

The modified derivation, with subscribed metanotions, is

<s> =><aa><bNj> =><aN2><bNj> = ...
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Definition 3. A modified W-grammar is an ordered septuple

wWG'= M, T, IT,2, " f <s>)
where

M, t,2 and <s> are as before, finite sets of metanotions, metaterminals, terminals of the
language and the distinguished starting symbol, irC M X (M n r)* — a finite set of schemata
of context-free metaproductions, and before defining the sets ®' and I'', we introduce the
set of subscribed metanotions. Denote by | the set of the unsigned integer, and by M' the

set of subscribed metanotions (metanotions from set M and subscript from set I).

MI' = (Aj : for each AeM and iel}

Furthermore, &®'- a finite set of hypernotions, ®'c¢c {<u> :ue(M'wun T1T)*} = &

MNMed' X (' U E)* — a finite set of hyperrules.

Denote by [ulk the k-th symbol of the string u/ue(M n t)*l. Let u = ataz ...ak

then [ulk = ak. Denote by u' the string obtained from wu, by subscribing all metanotions
in it
[Ulk if [ulk6T
[«lie =
Ai if [ulk = A, AeM, for some iel
where 0 < k< LI Denote by lj the set of u .

The set of metaproductions 7 is obtained from the schemata N by subscribing all

metanotions in it and adding metaproductions in order to be able to change the subscripts:
7r'= (A; -a Aji for ijel, i CDj and AeM }u (A;-*u’ iff A -*ue 7r and iel}
For metanotion B (B eM*) let us define the set

L'.= {ue(M' v m* :B .’r>.u}

Definition 4. A semigroup homomorphism @' (®' :(M*U r U SU {< ,>, @ > (M V2 u {<,>,-> D+

is called extended consistent replacement iff the following condition is satisfied:

uaL”™ if xeM,
D '(x) =*

X for all other symbols (as t,E and {< ,>->¢})
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The hyperrule-productions are obtained from given hyperrules, by applying extended

consistent replacements T'4YT ="'I" (T)> )

Definitions. Let r? and ? be stringsover (®' U 2). We say that ? isdirectly derived from

77 (by applying one production of the language), iff there are:

1) Tjj, D2 and V (rjj, 7™2e(®' u B)* and ve(M'u rj*") for which 77 = 1}/‘<v> 2

2.) ®'p ®'2 extended consistent replacements and a given hyperrule <w> * fel'" for

which ~j(v) = ™ 2(w) and

3)r= (rij(r|2.

Denote this relation by =% and its reflexive and transitive closure by = #.

A direct derivation is a direct left derivation iff 7772*; we denote it by

|r< and its reflexive and transitive closure bg ] * . The sentential forms are called the items

of the following set

Lwe = {1%(¢p"'u * 1<s> P X772}

and the language generated by the modified W-grammar WG is the set
L(WG) = L~G N2+ = {oeZ* :<s> *a }

Definition 6. An extended consistent replacement &' s restricted (non restricted) relative to
string £ by metanotion C, iff there are (are not) two different metanotions A ,B(A,BeM'
and A ® B) contained in string £ (ED ® 0), the images of which under ®' (would)
contain the same metanotions with equal subscripts. l.e. there is (is not) some metanotion

C, for which the systems of inequality hL'iA)» ® 0 and I "(B)L P 0 are satisfieed.

Definition 7. Two extended consistent replacements » and & 2 are called restricted, relative

to the strings £: and £2 by metanotion C, iff the following conditions are satisfied:

1. ) If 'L is restricted, relative to £x by some C, then ®2 is nonrestricted, relative

to £2 by C, and vice versa.

2. ) The strings £t and £2 contain such metanotions A and B, the images of which under

and @2(d X(A), ®'2(B) contain the same metanotion C; i.e.

1A ¢ 0 and 1072@®)IC ¢ O
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Let us assume without loss of generality that the extended consistent replacements 'l'j
and &2 in any direct derivation (of the sentential form) are restricted, relative to 7/ and

f by certain metanotion C, iff the replaced hypernotion contains C,

"iIMt o O.

Let the pair of extended consistent replacements j and 2, alk> satisfy the conditions

of direct derivation:

= Tj<v> 12, d'm (y) = ~12(w) and ? = 'L'11(r)~'12(5)'LjliTR)

Definition 8. The pair of extended consistent replacements and @2, relative to the string

V and w, iff there is an extended consistent replacement & for which

**(*i(v» = ~'u(m) and @ '(*'rM ) = *'\pt)
/
Definition 9. Two pairs of extended consistent replacements ®2 and @d'n, ® 12are
called independent, iff none of them is a pair of subreplacements of the other one relative to

V and w.

For example, when the hyperrule-production was applied to the sentential form
<aN XbNXaN >, ie. when the extended consistent replacements 'I'j and were used
for which SPj(N) = nN and ®'2(bl) = N, then we could take another pair of extended
consistent replacements T" j, 'L'p defined by the equations ®'n (N) = nnN. But this

pair depends on the pair \P'j, \P'2 as there is an extended consistent replacement for which

'L'(N) = nN and so
'‘P'x 1(v)) = 'F’i'L'jiaN)) = 'F'(anN) = annN (aN)
and

= ~'(~'2(anN)) ='L'(anN )annN = ® 12 (anN)
2.3. Equivalency of two definitions of the derivation by the W-grammar

Theorem 1. The languages generated by WG and WG’ are the same, and the hyperrules, from
which the productions of the language and metaderived hyperrule-productions are derived and

applied in the derivations of a word of the language, are the same.

Proof: By our assumption, a metanotion will be contained in the sentential form at least

twice with the same subscript, iff it was contained at least twice with the same subscript by
the right hand side of a hyperrule-production, applied in some step of the derivation; or it was
contained in a metastring, which replaced a metanotion (contained at least twice by the

sentential form with the same subscript), when an extended consistent replacement was applied
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be replaced by the same metastring, which were contained in the right hand side of some
applied hyperrule-production and which were equal and had the same subscript, i.e. which
are replaced by the same metastring to the original definition of W-grammar.

On the other hand, if some metanotion was contained at least twice in the right hand
side of a hyperrule of WG, then it will be contained in the sentential form at least twice
with the same subscript, and metanotions contained in the string which replaced the metanotion,
will have the same subscript standing in the same place of the string, and so they have to
be replaced by the same metastrings.

The modified definition of the derivation by the W-grammar is more general, as each
derivation according to the original definition, is a derivation according to the modified

definition of the derivation with the addition of subscripts.

Lv ¢ Ly ¢ L$<j for some subscript id.

The reverse assertion, i.e. each derivation of a terminal string of the language according
to the modified derivation, being in correspondence with the derivation of the same terminal
string in the original sense, is proved by induction on the steps of derivation. The first step is
trivial, as each hyperrule for the starting symbol of the language is in correspondence with

a production derived from it.

Assume that this is true until the t-th step, after which we have the sentential form 77.
Any string derived from 17 by consistent replacement, can be derived from the starting symbol,
according to the original definition of the derivation; and any derivation, according to the
original definition of the derivation by W-grammar is in correspondence with a modified
definition. We shall prove that this will be true for the string directly derived from the senten-

tial form rj by application of a hyperrule-production, metaderived from the given hyperrule

<w> -+ feT".

Applying a hyperrule-production, metaderived from < w > “m £ means that there are

Ni1e(®' u 2)*, ve(M 'u t) * and the pair of the extended consistent replacements

T'j", ®2 for which the following equations are satisfied:

©= el<v> TR, *i(v) = *r2(w), f = *LILO (8)1i(T22)

Assume that some string p of the notions can be derived from the sentential form
17 by a consistent replacement ~'(p = ~'(rj)), which string cannot be derived from the
starting symbol according to WG. The applicability of the hyperrule-production
<'T'2(w)> -* 'T'2(£) to a sentential form, means that all hyperrule-productions metaderived

from <*'2(w)> * ¢2(O are also applicable to 77; i.e. hyperrule-production

C'T'f'lI'jCw)) * &' (P'2(£)) is applicable, too.
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A sentential form containing only notions, isobtained by the sequential application of the
extended consistent replacements ¢", . This sentential form L, can be derived from the
starting symbol, according to WG, by the assumption of induction. For that string [J, let us
apply production <""("T"2(w))> “m "F"0” (£))> and we Set P. It contradicts our last assumption,
that there is a sentential form of modified derivation, which is not a sentential form according

to the original definition.

3. Extended Recursive Descent and Its Use

Let us describe the extension of the well-known parsing method called recursive descent

and demonstrate s work on the example grammar WG]Jj introduced in Section 2.1.

In Section 3.2. the conditions of well-formed W-grammars will be described. Finally

we modify W-grammar L3, describing the language ASPLE, given in [4].

3.1. Extensions of recursive descent

Consider aCF grammar G, productions of which are given in the BNF form.

A parser for G, produced by the method of recursive descent, isa program made up of
a family of procedures, calling each other recursively; the program itself is one of these pro-
cedures. Each procedure attempts to find an occurrence of a particular syntactic type in the
input, a substring derived from a nonterminal to which the procedure corresponds. The
called procedure returns with the value ”rue” or ™false”, depending on whether it has

been successful or not.

In the method of extended recursive descent the hypernotions defined by hyperrules having
BNF-like form, are made up (as in the case of CF grammars) of procedures, calling each

other recursively. They have parameters which actually are expressions of so-called grammar-type

variables and constants.

A grammar-type constant is such a constant which corresponds to a metaterminal of the

W-grammar (in a one-to-one correspondence).

Grammar-type variables are variables the set of values of which 1is defined by the

metanotions of the W-grammar. We say a variable is related to a metanotion A

(the type of the variable is the grammar-type A), Iiff the set of values of the variable is a
set of expressions of grammar-type variables and constants, whose related strings (the sym-
bols of which correspond or relate to the operands of expressions in order of their appear-

ance) can be derived, by applying metarules, from A.

An expression is called a gramatical e@mssim if its operands are grammar-type variables
and constants joined to the operation concatenation. The formal and actual parameters of pro-
cedures are grammatical expressions. Two grammatical expressions are transformable into a common

expression, iff there are such assignations of variables of expressions, after the execution of
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which they turn into identical expressions.

Parameter passing is allowed, iff actual and formal parameters which are grammatical
expressions, can be transformed into a common expression. Parameter passing means this

transformation i.e. execution of assignations resulting in identical expressions.

In the case of recursive descent, the corresponding between nonterminals and procedures
is one-to-one. In our case, however, a hypernotion corresponds to every procedure which
can be called with the actual parameter (being a grammatical expression), related to the
hypernotion. To call a procedure in the extended recursive descent, means to call all procedures
and check the parameter passes. It is sufficient to call only those procedures, the formal
paraméteres of which are transformable with the actual grammatical expression into a common

expression.

Consider the analyser constructed by WGj in the above described way:

7. :<s>—><aN.XXbNi. XiN_ > PI: declare N.N;

form the tree of expression aNj and
call procedures P2, P4 recursively until
the first true result and if the result of
call is false (none of them was true) then
exit;

form the tree of bN.‘ and if not

(P3 or P5) then ex?t;

form the tree aN.Sj and if not (P2 or

P4) then exit;

N = N + 1 and return with result true;

exit: return with the value false.

72 1<anN2> *aA<aN2> pP2: declare N.»~ ;

make the tree of the formal parameter-

-expression anN.

n

and pass grammar-type parameter

(call ANAL);
if the next character s fa then exit
else j= j+ 1; form the tree aN. and

n

if not (P2 or P4) then exit;

N = N + : and return with true;

exit: return with false.
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73 :<bnN3> -m|3<bN3> P3: declare N}

form bnN. and ifnot ANAL then exit;
*N
if §oRr then exit else j =]+ 1;

if not (P3 or P5) bN. then exit;
*N
N = N + 1 and return with true',

exit: return with false,

4 1<a> - X P4: if not ANAL(a) then exit;

return with true;

exit: return with false.

75 < b> > X P5: if ANAL(b) then return with true

else return with false.

Consider, how the word afla generated by W G 3 can be parsed by this analyser. Mark
the current character of ala by dot:, aRfa. The first called procedure is Pl, corresponding

to - j, defining the starting symbol of WG j

(1-1 where the first number is the level of the procedure calls; the second number
separated from the first one by a hyphen, isthe sequence of subscripts n of Pn of the

called procedures)

Call Pl with the input string .aBa,

1. The first step is the declaration of the grammar-type variable Nj (the subscript marks

the place, where the metanotion appears in the derivation) related to metanotion N.

2. Next, call procedures recursively with the actual parameter-expression — hypernotion
aNj (grammar-type variables and constants will be marked by the same letter as the
metasymbols related to them). It is sufficient to call only those ones applicable in principle
(when we speak in the following of applicable hyperrules or procedures, related to the same

hyperrules, they are to be understood as hyperrules applicable in principle, too).
P2, P4.(2 — 12) Call P2(aN3) with ala.

1. In the procedure which is the implementation of hyperrule y2 , the variable to be

declared is N 2.

2. The formal parameter of procedure P2 isexpression anN2. The assignation routine
named ANAL called after the declaration of N 2, with parameters aN3 and anN2 will

find that



— metaterminals "a’ are equal;

-string-expression nN2 can be derived from metanotion N 3;

— parameter passing is completed; the value of variable N 1 after assignation is shown
in Fig. 1@)-

3. The terminal of the language a is compared with the current character of the input

string. As they are equal a is read.

4. The next expression is aN2 and applicable procedures are
P2 and P4. (3-122) call P2 with aja.

1. Declare N 3 (The used metaproduction is N2 % N 3 apphed to change subscription).

2. Call ANAL with aN2 and aN3 which will assign value nNj to N 2. The value
Nj isshown in Fig. 1(b).

3. Compare a and current symbol Y They are not equal and as there is no next
altermative, exit from the procedure; unmake assignation nNj to N2 and return with value
false” .

The next procedure to be tried is:

P4. (3 - 124) Call P4 with ala

1. Nothing to declare (since the corresponding hyperrule does not contain metanotions).

2. Call ANAL (aN2,a) which will assign value X to N 2.

3. Return with the value “*true” from P4-

As in P2 the call with expression <aN2> was the last one, P2 will return with the
value “true”.

The variable NjWill have value n, the tree structure of which isdemonstrated in Fig. 1.(C).
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The next hypernotion of -3 s <bN3>, the implementation of which is expression

<bNj>, inwhich the operand N 3 obtained value n and so the actual parameter is <bn>.

Applicable hyperrules are:

+3,7S. 2-1243 Call -3 with a.Ra—1.

1. Declare N..

2. Call ANAL (bn, bnN4), which will assign value X to N4.

3. Compare [ with the ctirrent character of the input string; as they are equal, the

current character must be skipped.

4. The value of expression <bN4> is <b> and applicable hyperrules are:
;3, +3. 2-12433 call; 3 with alfa- r.

1. Declare N s.
2. Call ANAL (b, bnN5).
— the first metaterminal symbols are equal

- the end of the expression and the metaterminal n are not equal and there is no

assignation making them equal. It returns with the value > false”.

Procedure : 3 cannot be called with the actual parameter <b>.

The next applicable hyperrule is

. (3-12435) call -5 with dd.a4.

1. Nothing to declare.
2. Call ANAL (b,b).
3. It returns with the value ’%rue”.

The next expression of P3 is expression <aNx> which has actually the value <an>.

The parse of the string (nhamely a) derived from notion <an> is similar to the parse of 3

from <bn>.

The parsing ends: when the end symbol -1 isreached.

Algorithm: An algorithm, which can be used in ANAL .

Input: the expressions v and w, the actual items of which are marked with point

symbols, v. = .v—land w= .w —1.

method:- Step 1. Skip equal metaterminals. There are metastrings >
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vi’vZzwi’w:eM" u r)* ard C6T” f°r which Yj= Vj.cv2 —1 and = Wj .cw2 -1
where 1< i< Iv I+ 1 and 1< j< Iwl+ 1 Skip metaterminal c in both strings

Vi, \7f., the result strings are vjfl = VjJC .v2 H and Wj+L = Wjc .w2 4

Stepz- Metaderivation. There are Vj,v2,v3,wi,w2e(M" n T)*, BeM"for
which ~ = Vj .v2v3 —ILWj = Wj .Bw2 —1 and B~">-2, then jE+ |y |= vxv2 *v3 —=*

and Wj+1 = WjB .w2 —1, assign the value v2 to B, and save the reference to the assigna

tion.

Step3. Metaderivation. There are v3,\2,Wj ,w2 ,V\B@(MJI’) * AeM *, for
which W =Vj-Av2 -l w. =Wj-w2w3-) and A w2,then vi4=viA-v2 -| and

~j*|lw,| = wiw2 w3 — assilln the value w2 to A and save the reference to the assigna-
tion.

Step4. Stop with value “*rue”, when wvy+tl = v .4 and ww+l = w .—1

StEp 5. Stop with value ~false”.

3.2. Well-formed (considering algorithm ANAL) W-grammar

The problem of finding a hyperrule from which such a production of the language can be
derived which is applicable to a notion derived from a hypernotion, is undecidable in general,
as it is equivalent to the problem of finding the intersection of languages generated by two
context-free grammars, which is in turn undecidable. We will deal only with cases where this
problem is decidable, because in the definitions used iIn practice this problem must be
decidable.

We are now going to study ﬁreagraps of intuitively necessary conditions on
W-grammars which must be satisfied so that the parser made by W-grammar should work
and stop with the value ~rue” only for input strings derived by the W-grammar.

The proof of the conditions, as stated in the introduction will be detailed in a forthcoming paper.

Group 1. Restrictions if the infinite loops.

Definition 10. A hypernotion <v> iscalled N tMesodiC, iffthere isa string
f/fe(2 n 0")*/, in the left derivation (from <v>) of which n hyperrule-rules derived from

some given hyperrule <w> ->=£fel " were applied to the left symbol-hypernotion of the derived

strings; there are ~ ,...,0gn, Mj ,ee=,Mn, and Uj ,. .. ,un Tforwhich
g g g g — 9 g g -
<V> =**<Uj>T?] =* MjT?l =**<U2> T2 =* M2/"2 ***e o ~*<Un>T?n % =7

and the applied hyperrule-rules were derived from the given hyperrule <w> =m£ (i.e. there

are ¢"un , ©°12, for which ©¢*.~n.) = ~"i2(w), =0 ;;2(0) gi= MT?;). 1< i< n.
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Hypernotion <v> isnot n+ 1 times cyclic.
Condition 1. For every string there is a number Kk which is the maximum value of the

degree of cycled hypornotions in the left derivation of these strings.

Group 2. The algorithm ANAL will find the necessary assignations, if every direct
left derivation of any ? from any r? satisfies the following conditions 2 —6.

Recall the definition of the direct left derivation ? from rj:
1 There are ~eSfr} e(2 U o> and ve(M'U r) * for which = € <v> 22
2. There are , @2 and <w> % fel' for which 'Lj (v) = "w )

3. f = ifi7)TF2(™)T,'1(rj2). All conditions will relate to this apphcation.

Condition 2. There is a metastring ue(M'Ur)*, for which L\;n LW =Lu
Condition 3. There is only one independent pair T'j, ®2 for the apphcation of a

hyper-production derived from < w> -* £

Condition 4. There isonly one grouping v and w: v=Xj ...Xn, w=Yj ...Yn

(Xj, Y.e( M 1) for 1< i<n), for which

L if XjCr and YjCT (1 < i< n), then X;=Y., or

2. XjeiM'Ur)*, YjtM' and then ~Y .) = Xj (or *2(Y.)="jfX.) butthen T'j for
all metanotions from substring X; changes only the subscripts).

3. XjeM', YjeCM'- U m)*, and then ~(X.) = ¥. (or =®2(Y.) but then @2
changes only subscripts for all metanotions drom Y.).

Condition 5. There is no such subscript i(l < i< n), for which, if X;= TAfY.)
(or 'I'jiXj) =Yj) thereare Vj,v2e(M'n T)* and @', for which Xj+tl = VjV2(or
YH =\j v2) and X. M ="' (Y]j) (or @'(X.)=Y.Vj).

Condition 6. There isno i(l< i< n+ 1), for which ~(Xj) =Y; and Xelx ,
XeLy at the same time.
Group 3. The conditions which must be satisfied when the no-backup method works.

Let us define the set:

£ £ 1} 1 1 H
W uevs = £ O (.(T'(A))..)=u,AeM’, lui t 0}
AF 0 WG 1WG ‘WG > 1 A



Condition 7. The set L contains only one item for any derivation, i.e.

V,Af
ILy}@’p I 1
Let us define the sets
FIRSTwg(v) = {aeS :<v> af, £e(®' n S)*}

FOLLOWwg(v) = {aeZ :<s> rj <v>af T/ fe(<i> US")*}

Let the hyperrules of W-grammar have one of the following forms (see [5] for the idea
how it can be done):

1L <v> m=s> 1<u>
2. V> - Koo X
3 <h ~ <@3

4, <v> *a

5. <v> - X

When the no-backup method works (described in [12]) then the following conditions
have to be satisfied:

Condition 8. For every hyperrule of type 1, FIRST(w) n FIRST(u) = 0

Condition 9. For every hyperrule of type 1, where u can produce the empty string,
FIRST(w) n FOLLOW(v) = 0

Condition 10. For every hyperrule of type 1, <w> is not such a hypernotion from
which the empty string can be derived.

3.4. Example: Modified ASPLE.

First, we recall the definition of ASPLE, as described and defined by definition 3 in
[4], in which the syntax and the context-conditions were defined by W-grammar L3.
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Mctaproductions
(L3.A) ALPHA :: a; b;c; d;e; f
rns; tu

M-3.B) NOTION :: ALPHA; NOTIO
(L3.C) EMPTY

(1-3.D) NOTETY :: NOTION; EMPTY.
(L3.K) LETTER :: letter ALPHA.
0-3.F) TAG :: LETTER; TAG LETTER.

(L3.G) DEF :: and TAG has MODE.

(L3.H) DEFS :: DEF; DEFS DEF.

(1-3.1) DEFSETY : DEFS; EMPTY.

(1-3.J) TABLE :: DEFS.

(1-3.K) MODE REFSETY INTBOOL.

(1.3.1) DELIMITER : go on; comma; plus; times.
(1-3.M) REFS :: ref; REFS ref.

(L3.N) REFSETY  REFS; EMPTY.

(L3.0) INTBOOL :: int; bool.
(L3.P) ALPHABET :: abcdefghijklmnopgrstuvwxyz.

Ilypcr-rules

(L3.1) true : EMPTY.
(L3.2) where NOTETY is NOTETY : true.
(1.3.3) where NOTETY1 NOTION NOTETY2 contains NOTION :
true.
(L3.4) where NOTETY1 ALPHA1 differs from NOTETY2 ALPHA2 :
where NOTETY1 differs from NOTETY2;
where ALPHAL precedes ALPHA2 in ALPHABET;
where ALPHA2 precedes ALPHAL in ALPHABET,
(L3.5) where ALPHAL precedes ALPHAZ2 in NOTETY1 ALPHA1L
NOTETY2 ALPHA2 NOTETY 3 : true.
(1-3.6) where NOTION differs from EMPTY : true,
(1-3.7) where EMPTY differs from NOTION ; true.
(1.3.8) NOTION sequence :
NOTION;
NOTION sequence, NOTION.
(L3.9) NOTION list separated by DELIMITER :
NOTION;
NOTION list separated by DELIMITER,
DELIMITER symbol, NOTION.
(L3.10) NOTION pack :
left paren symbol,
NOTION,
right paren symbol.
(1-3.11) program :
begin symbol,
declare of TABLE,
TABLE statement train,
end symbol,
TABLE restriction.
(L3.12) declare of DEFS DEFSETY :
MODE declarer,
ref MODE definitions of DEFS,
go on symbol, declare of DEFSETY;
where DEFSETY is EMPTY, MODE declarer,
ref MODE definitions of DEFS, go on symbol.



(L3.13)
(L3.14)
(L3.15)

(L3.16)

(L3.17)

(L3.18)

(L3.19)

(L3.20)

(L3.21)

(L3.22)

(L3.23)

(L3.24)

(L3.25)
(L3.26)
(L3.27)

(L3.28)

(L3.29)

ref MODE declarer : ref symbol, MODE declarer.
INTBOOL declarer : INTBOOL symbol.
MODE definitions of and TAG has MODE DEFSETY :
TAG identifier, comma symbol,
MODE definitions of DEFSETY;
where DEFSETY is EMPTY,
TAG identifier.

DEFSETY and TAG has MODE restriction:
where TAG is not in DEFSETY,
DEFSETY restriction;
where DEFSETY is EMPTY,
where TAGL is not in and TAG2 has MODE DEFSETY
where TAG1 differs from TAG2,
where TAGL is not in DEFSETY;
where DEFSETY is EMPTY,
where TAGL differs from TAG2.

TABLE statement train :

TABLE statement list separated by go on.
TABLE statement :

TABLE assignment;

TABLE conditional;

TABLE loop;

TABLE transput.
TABLE assignment :
TABLE ref MODE identifier,
becomes symbol,

TABLE MODE value.
TABLE conditional :

if symbol,

TABLE bool value,

then symbol,

TABLE statement train,

TABLE elsend.

TABLE elsend :

fi symbol;

else symbol,

TABLE statement train,

fi symbol.
TABLE loop :

while symbol,

TABLE bool value,

do symbol,

TABLE statement train,

od symbol.
TABLE transput:

in symbol,

strong TABLE ref INTBOOL identifier;
out symbol,
TABLE INTBOOL value.

TABLE ref MODE value :

strong TABLE ref MODE identifier.
TABLE INTBOOL value :

TABLE INTBOOL factor list separated by plus.
TABLE INTBOOL factor :

TABLE INTBOOL primary list separated by times
TABLE INTBOOL primary :

INTBOOL denotation;

strong TABLE INTBOOL identifier;

TABLE INTBOOL value pack;

where INTBOOL is bool ,

TABLE compare pack.
TABLE compare :

TABLE int value,

relation,

TABLE int value.
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(L3.30) relation : equals symbol; not equals symbol,

(L3.31) int denotation : digit sequence,

(L3.32) bool denotation : true symbol; false symbol,

(L3.33) digit : zero symbol; one symbol; two symbol;
three symbol; four symbol; five symbol;
six symbol; seven symbol; eight symbol;
nine symbol.

(L3.34) strong TABLE MODE identifier :
strong TABLE ref MODE identifier;
TABLE MODE identifier.

(1.3.35) TABLE MODE identifier :
TAG identifier,
where TABLE contains and TAG has MODE.

(L3.36) LETTER TAG identifier : LETTER symbol, TAG identifier.
(L3.37) LETTER identifier : LETTER symbol.
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We wil not deal with the modification of metarules in detail, because it depends on the
parser used for the metasystem, but it will differ from the usual parsers made for CF
grammars, in that it recognizes defining items for grammar-type variables as well. We will
give only metarules that cause the recognition of certain conbinations of grammar-type
variables.

The hyperrule LM.I is the unchanged hyperrule L3.1.

The use of the hyperrule L3.2 does not satisfy Condition 5, the metaterminal i is
contained in the language derived from NOTION (iet.NO T,0 N), the derivation (Step 2) will
not stop when the current character is i. This problem can be avoided by separating
metaterminal i from NOTION by brackets. The modified hyperrule is:

LM.2 where (NOTION) is (NOTION): true. , and
the hyperrules 12, 16, 17, and 28 must be modified accordingly.

The use of L3.3 does not satisfy the same Condition (5), but its modification will
differ from the previous one, because the end of the metastring derived from NOTETY1
depends on the value of the NOTION dynamically. In the modified grammar the hyperrule
L3.3 s replaced by the following two hyperrules:

LM.3.1 where (NOTION) is contained in NOTION NOTETY: true.

LM.3.1 where (NOTION) is contained in ALPHA NOTION 1. where (NOTION)
is contained in NOTION 1., and the hyperrules containing hypernotions
which can be derived from the hypernotion <where NOTION contains
NOTION 1> are also modified accordingly.

The hyperrule L3.4 must be modified for the same reason as L3.2 and L3.3, in the
following way:

LM.4 where (ALPHA 1 NOTETY 1) differs from ALPHA2 NOTETY2:
where (NOTETY 1) differs from NOTETY?2;
where ALPHA 1 precedes ALPHA2 in ALPHABET;
where ALPHA2 precedes ALPHA1l in ALPHABET.



LM.5

LM.6
LM. 7
LM.8

LM.9

LM.10

LM.15

LM.16

LM.17

LM.18

LM.26
LM.27

LM.28

LM.35

where ALPHA1 precedes ALPHA2 in ALPHA NOTION:
where (ALPHA 1) is (ALPHA), where (ALPHA2) is contained
in NOTION:
where ALPHAI precedes ALPHA2 in NOTION.

where NOTION differs from EMPTY : true.
where EMPTY differs from NOTION: true.
NOTION sequence: NOTION, NOTION sequence.

NOTION list separated by DELIMITER: NOTION;
NOTION, DELIMITER symbol, NOTION list separated by DELIMITER.

packed NOTION: left paren symbol, NOTION, right paren symbol.
The hyperrules LM.11-LM.14 are the unchanged hyperrules L3.11-L3.14,
but the metaproduction:

DEFS -~ DEFS DEFSETY
must be added to Condition 2.

MODE definitions of and TAG has MODE DEFSETY : TAG identifier,
comma symbol, MODE definitions of DEFSETY;
where DEFSETY is EMPTY, TAG identifier.

and TAG has MODE DEFSETY restriction: where DEFSETY is
EMPTY; where TAG is not in DEFSETY, DEFSETY, restriction.

where TAGI is not in TAG2 has MODE DEFSETY:
where TAGI differs from TAG2, where TAGI is not in DEFSETY;
where DEFSETY is EMPTY, where TAGI differs from TAG2.

TABLE statement train: TABLE statement list separated by go on.
The hyperrules LM.19-LM.25 and the hyperrules L3.19-L3.25 are the
same.

TABLE INTBOOL value: TABLE INTBOOL factor list separated by plus.
TABLE INTBOOL factor: TABLE INTBOOL primary list separated by times.

TABLE INTBOOL primary: INTBOOL denotation; strong TABLE INTBOOL
identifier; packed TABLE INTBOOL is bool, packed TABLE compare.
The hyperrules L3.29-L3.34 need not be modified.

TABLE MODE identifier: TAG identifier, where and TAG has MODE are
contained in TABLE.
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The hyperrules L3.36 and L3.37 can go to the new set without changes, and the
metaproductions

TAG - LETTER TAG
must be added.

The modification of grammar L3 is not significant from the view-point of definition, but
it is very important for parsing.
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1. INTRODUCTION

We aim to develop a verification method for the programming
language CSP i1ntroduced by Hoare cm. We propose to build this
method on the basis of classical first order logic as to get a
tool easy to handle. ™
At the same time we provide Petri net representation of CSP"s
texts. This representation gives operational semantics on the
one hand while, on the other hand, i1t makes the program execu-
tions visible.

The reader i1s supposed to be familiar with CSP the notations
of which are used without any explanation.

2. MAIN FEATURE OF THE PROPOSED METHOD

As 1t 1s known CSP program P 1is of the form

C 5 i - - - 1 52V 4, where 1a°s are the labels and p.°s

are the constituent processes. A process may contain both 1/0
commands and 1/0 guards that, further on, are referred to as
1/0 constructions. Execution of a process is influenced by that
of another one only through the communication prescribed by the
1/0 constructions. Hence any traditional method can be used to

Having had finished this work we learned of Cousot - Cousot C21 and of
Hoare C3H, who also develop a calculus for CSP programs by the use

of ideas slightly similar to ours.
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describe the execution of a process P between two communica-
tion points. By receiving a message the execution of a process
p . depends also on the execution of the process sending the

message .-

Thus 1t i1s quite natural to consider the execution of p
such that It Is decomposed to parts of the following properties

(1) the last element of a part corresponds to the execution
of an 1/0 construction;

(i1) there Is no communication within a part.

As to get this decomposition all 1/0 constructions and all
start and stop points of the processes of p should be named
somehow. A vector a = (ah,...,a") refers to such a state of
the program execution in which any process p” 1s going to
execute an 1/0 construction named by @ (so a 1is called
state-vector of p). IFf among these 1/0 constructions there are
pairs (say 1n pb p3) referring to one another then the cor-
responding communication takes place between P s and pJ-and
then both Py and p,- are executed up to the next communication
point. And that new situation iIs described by a new-vector 8.
This fact can be written as a, (r -mj) h-RB. Let us see a simple
example where a process labeled by N calls an adding-routine
labeled by wMm:

Example. 1

start stop
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Moz N2 X 3 N 2?2y ; Y =mx -+ vy S N 1 Y 1

start stop

The possible transitions are:

(start, start) #+ (1,1)
@.1) (N M) * (2,2)
@2 N-M 7™ G
G,3) (M »N un (stop, stop)

Of course, the transition (1,2) (N &aM) n (2,3) seems to
be allowed, but we will prove that the program never reaches

the state-vector (1,2).
O

The proof of the partial correctness of a CSP program w.r.t.
an input condition @ and an output condition ¢ can be done as
follows.

(1) For any state-vector a a formula ©¢a should be given
to describe the properties of thé local program variables
in the state corresponding to a and for any transition
say a, (@ J) -+ Tformulas Ga .~ should be given;

(i1) Then we have to prove that these formulas are iInvariant
under the possible transitions.

In more detail to any transition a, (t - j) »= 3 well
defined parts of programs p.and p . correspond. By using
classical methods the results of the execution of these parts
can be described with the help of the formulas Oa,r',g and

O&*7 These formulas describe the properties of the change
3 p

of the values of program variables under the execution of the
corresponding part of processes p. and P, respectively. The
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realization of (i1) supposes the two parts below

a) It should be proved by the use of any appropriate clas-
sical method that the formulas 6 .0 and 6 .O

are valid.

b) If the appropriate 1/0 commandgrare r 4:T and j ? x
then we have to check: (CDa a g Id—‘e A (%iijP WF X*= )
= local variables of different processes are sup-
posed to be different. The asterix refers to the situa-
tion before execution.

For illustration let us see the above program p.

ExaTpEr 7 (continuation):

We prove that the program is correct w.r.t. the output
condition z — a + b.

Indeed let
o d
{start,start) true
d
true
oQ@,D
d
b (2,2) a=x
d - x A E
® (3,3) a = x b -y n - X + Yy
{stop,stop ) z —a+b
For other state vectors a le-t ®a - false. It means that

the program never reaches the state corresponding to (these

as, and 9@ 2D2M B3 ~1“x + y3 the other e"s are



Here v denotes the value of the variable v at the start
of the execution of the corresponding part of the program.
0 says that '"nothing has happened.

Now it should be proved that the formulas and O0°s are indeed
invariant assertions. For this we only check that

@2, A °2.,2) .M GB,3)B) >0@ )
Namely

@ - x*N0AZ - X +yNib* - y*) -+(£-x +yNa =x4 b =1y)

This 1is obviously true. Verification of the other analogical
statement is left to the reader.
O

In order to provide transparent semantics for CSP programs
Petri nets are used. A Petri net is an oriented graph with two
types of nodes called place and transition respectively.

The construction of the net representation for a CSP program
should be carried out In two steps. First the net representation
of each constituent process should be constructed such that the
transition nodes are labeled by one of the followings:

O) by a guard-formula
(in) by an assignment
(i11) by a pair of process labels connected with the

sign -« and by a message-expression
(v) by end signal (ES) iIndexed by a pair of process
labels connected with the sign

The transitions of the process p. labeled as in (iii) cor-
respond to communication, namely a transition node of label

(i = ,/jT) in the net corresponding to a process means that

P,
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the process P- sends the message T to process p.. Those
labeled as in (iv) beyond those labeled as In (i11) corre-
spond to the 1/0 constructions occuring within a repetitive
command (signed by #). Namely Es~_. means that process p®
will not send messages to process P& since the loop of the mes-
sagesending process Py has already terminated.

The place nodes represent at which point the execution Iis.
Thus the places being right before the transitions labeled
either as in (iii) or as in (iv) represent state-vector com-
ponents. However we label only the places corresponding to start
and stop points of the execution.

According to aboves the net representation for the process
A and B In Exartp&r 7 look as shown In Fig. 1.

The second step of the net construction of a CSP program 1is
the assembly of the net representation of the constituent process
1.e. constructing the resultative net which is called the bound
one. During this we should remember that a communication takes
place between two processes. Thus the construction of the bound
net should be done pairwisely by binding those transition nodes
that correspond to each other iIn the communicating pair of
processes under consideration. Namely» considering say the
processes p. and p- each transition of label (-+a31) of the
process P, should be bound with each transition of label
(i+j3 x) of the process p.3 such that to each possible pair of
transition nodes a new tfhnsition IS rendered. The label of this
new node Is an assignment which corresponds to the message-
-expression, 1.e. 1In our case it is X i=t.

Place nodes labeled by start of the constituent processes
should be replaced by a single place labeled by a vector with
start components. In a particular case when the CSP program
consists only of two processes communicating with each other
and In both processes the first command prescribes a communica-
tion then the individual start place nodes should be bound



O start

t I N-M. x

O NMYy

t=P 2=X*y4
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Fig.

CX=l N-M. b

O

3 NMz

O stop
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through an auxiliary transition labeled by true while elimina-
ting the start labels and taking a new place node of (start,
start) label.

The place nodes labeled by stop should be bound through
an auxiliary transition labeled by true as follows. From the
individual stop nodes the arrow goes to the new transition
from where an arrow goes to a single place node labeled by a
vector with stop components. During this construction the
stop label of the individual processes should be omitted.

In a particular case when the CSP program consists of two
processes and iIn both of them the last command prescribes a
communication then the individual stop nodes should be replaced
by a single place of label {stop, stop).

All the subnets consisting of nodes not mentioned so far from
the net representation of the constituent processes should be
hanged onto the bound transition nodes without any change.

The place node right before a bound transition represent a
state-vector. However following the method of binding described
above we get a far too redundant Petri net since many of the
states cannot be reached because of the non realizability of
the corresponding state-transition. As to get a handable net
representation we iIntroduce the following reduction rule: the
subnets beginning with the states, which cannot be reached dur-
ing the execution i.e. to which the corresponding inductive
assertion is false, should be omitted.

By using this rule for the program of Example 1 we have the
bound net shown In Fig. 2.
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Fig.

2.
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3, FURTHER EXAMPLES

First we give a program with two processes one of which
copies the contents of a stack In reverse order.

Example. 2
Copy =
start i stop
LA :z S:I=X; ? EOF = B!Top(X);x: = Tail()1 |
start 2 stop
LB :: y: EOF; *LA?z =my = Push (y,z)IlI

The net representation of the constituent processes A and B
IS shown on Fig. 3. The bound net of the program Copy IS given
on Fig. 4.

The above program is correct w.r.t. the output condition

The possible transitions are:

O] (start, start), ( - B) W (stop,
D) (start, start) , @ + B) <« (1,1)
GiD) u.n. G B =1

av) u,bo, (A B) » (stop, 1)

) (stop, D, U =* B) h- (stop, stop)

The invariant assertions are:

d
true
®(start, start)
X d x.y =
©0,1) ]
d 0] dx.a s J X = EOF

O (stop, 1) ep stop)
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Fig. 3.
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Fig. U.



0 (start,start) >A,(stop,l)
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s — X J X - EOF

O(start,start) A, (1,1 s = X
O(start,start) ,B,(1,1) y = EOF
~(start,start) ,B,(stop,l) Yy

QUI, D, A, (1,1 = 8 =8 A x = Tarl(x )

(1,1), 3, (1,1

= z =2z A y - Push(y .,z*)

Qdl,), A, (stop,1) ~ S = s*A X = Tail (x*)1y = EOFAx = EOF
®(1,1), B,(stop,l) ~ z -2z A y = Push(y .,z )
0 - d
(stop, 1), A", (stop, stop) -~ (stop, 1) ,B, (stop, stop)
S = sAX = XAy =y

w.r

Now we prove that the above formulas are invariant assertions
.t. the possible transitions @) - (v).

(1) For the transition
(start,start) ,(A mB) ¢ (stéop,l1) we have to prove
that (s - x A x = EOF Ay = EOF) = (x.y = s A x = EOF)
which is trivial.

(i1) For the transition

(start,start) W (1,1) we have to prove that
(s = x Ay - EOF) => x.y - s which 1s immediate.
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(i) For the transition

(1,1) ,W =B) » (I, 1):

old$ program A
* * * *

X .y =s)A(s - s A X - Tail ()K*))A

program B communication new$

This is also trivial,

(iv) For the transition
2j1) (A =aB) (stop,1) we have to prove that
ol program A

x .y —s*)A(s—s*Ax(— Tail(x#)Ax—EOF)A

program B communicat ion
A —A_

z - 2z A y - Push (y#ja#)A a’ - TOp()K*) =>

new
>\$

> x .y =sJl x = EOF

This 1is trivial too.

(V) For the transition

(stopul), (A = B) » (stop, stop) Wwe have that:

* * * * #
x .y —ajfa-alx - Tail(x )Ax - EOFA
Ay = Push( , S )A

LY P
A3 - Top (k )=>ag .y = s A x - FOF.



This i1s also trivial.

Our proof method 1is powerful enough to prove the correctnes
of programs with array processes. To show it we give a more
complex example, namely a program for printing the prime num-
bers up to 10 000. Note that here the program is a slight modi
fication of that of Hoare"s (see 6.1 of HID).

Example. 3
Prim
1
start _ N stop
A ZPRINT:: * Zi:0...101 j SIEVE(i) ? m #WMA(m) = truel
1 2
-N-
B \\SIEVE(0) :: PRINT ! 2; n:=3; * Zn<10000+SIEVE(@) 7/ n ;
n : = n+21'St'0
1 2
n_ StOp
C \\SIEVE (101) :: *ZSIEVE (100) ? n ® PRINT ! nl
2
Df BIEVE r:1. ..100 ::SIEVE(i-1) ? p; PRINT I p; mp z=p;

3

_n.

*ZSIEVE 1-1 ? m; *Zmp < m mp:=mp+pl;
Zmp > m + SIEVE (i+1) ' m::stop

All possible state-transitions - In a general form - are
given iIn Table 13 where to each transition a row IS corre-
sponded. Recall that iIn the state-vector a to each process
only one component refers. The value of this component refers



Table 1



to the name number of the 1/0 construction to be considered.
Moreover iIn the formula 3a to each element a variable symbol
is rendered.

We give only the most iInteresting assertions, namely:

®1 2 1 ... 11 ... 1- (¥ <1) prim(j) m
i

4
i-1

One can construct the proof of the correctness of program
prim without any difficulty.
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Abstract

This paper deals with a syntactic pattern recognition system. Recognition is made by
fuzzy automata, input symbols are defined in a fuzzy way. Input symbols are generated by a
fuzzy automaton, controlled by aid of a corrective errortable.

1. Introduction

In this decade with respect to the general use of computer evaluating systems the
problem of pattern recognition became more important.

To identify and classify symbols there are two totally different procedures, one based
on statistic methods, the other the syntactic pattern recognition.

The main purpose of statistic pattern recognition is to reduce the probability of wrong
classifying to a minimum. The method can be applied on condition that every attribute is
given by a vector of the length n (n is fixed). In the recognition algorithm each component
of the vector has the same significance.

The classes to be recognized during syntactic rezognition are defined by grammars. Pattern
representation is given by a sentence-like form. Recognition is made by the parsers of the
above mentioned grammars and classification is given by the class belonging to the grammar
accepting the sentence.

Another condition of this application method is that the grammars should be selective as far as
the possible patterns are concerned.

Both procedures can be applied in certain cases well and in other cases not. E.g. the
statistic method can be used successfully for analysing EEG curves [1] whereas syntactic pattern
recognition is used for classifying chromosomes [2].
Generally, the following statement can be made.

“When patterns are very rich in structural information and the recognition problem
requires classification and description, then syntactic approach seems necessary” [3].

Handwritten letters have not been recognized successfully, by neither of both methods.
The systems used at present are the recognition of handwritten letters based upon heuristic
processes. The trouble in recognizing these letters is that their type may change when their



structure, size or direction of certain elements is somewhat modified. We can say that the type
of letters remains unchanged by certain transformations, whereas other tarnsformations change
it in spite of the fact according to which the modification of the original pattern caused by the
two transformations is of the same degree.

l.e. the different parts of the letters are not of equal significance (see Figure 1). These
different significances can be treated efficiently by the fuzzy syntactic pattern recognition
systems.

Our purpose was to construct a system working on fuzzy data yielding fuzzy results by the
aid of classes, defined by fuzzy grammar. The fuzzy results show the pertaining magnitude of
the classes for figure recognition.

The reason why we have chosen the examination of handwritten letters was:

(i) No special knowledge is needed for evaluation of the results (as e.g. in the case of
ECG curvers).
(i) The letters’ structure, their inner proportions, the direction of the different

elements is not unambiguously determined. (The fuzzy writing of handwritten letters
is the normal writing process, since the learning of letter-writing is nothing else than executing
fuzzy commands.)

(ilf)  The problem is not solved satisfactorily.

We tried to construct the system for genereal purpose, as much as possible, i.e. by changing
the fuzzy grammars, the system will be able to solve other pattern recognition problems too.

2. Formal Description of the System

In this part we give the formal description of system. The sets and mappings mentioned
here will be fully expounded in Chapter 3. It is necessary to note that we do not give any
precise mathematical description, we formalize only for the sake of uniform treatment.

Let us take a pattern (see e.g. Figure 2) denote it by M. and divide it into pieces. (E.g. in
a way that there should be no intersection of the resultant parts, see: Figure 3) Let us call the
resultant parts: segments.

The set of the segments will be denoted by
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(1) A = faj,.,

Let

(2) P= ipPj... esf]

be the set of those attributes which characterize the segments(see e.g. Figure 4).
Let

0) s= (v;>k

where V* denotes the non-negative real numbers.
Let us introduce a mapping 5

5:A -»S
(4)
5a@)=<s.,...,S8,>
( :E 1 *k
where S; shows to what extent a, has the P -th attribute.

We denote by

the set of structural symbols, i.e. the set of those elements with the use of which the struc-
tural connections between the segments can be described.

Let

(6) T=(YeaY

and 7 a correspondence of D and T.

@) 7:D-T
where r. shows for <r. ,...,r. >eT with what certainty the sturctural symbol d
can be applied. (I <m<1t) vy isa correspondence, because the same structural

symbol can be applied at different places with different certainty.
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Let

B=AunuD and S°= S X T, and a correspondence: of B and S’
that is

vV:B*®»S’
Where

*(@) = <5(a), 00, ...,0> if aeA
and

K= <0,0, .. ,0,7(a)> if aeD

Ay J

K

Let B' = iB) and let F(B') denote the free monoid generated by B'. A C element of
this yields the fuzzy description of pattern M. That is, C consists of ordered

<C'*| C ,c‘k+t> tuples, in which if 1< m < Kk then C.]m shows to what extent the
p -th attribute is realized; if k< m< k+ t then C.m shows the applicability of the
(m —Kk)-th structural symbol.

We define the A = {E,H,Y,EQ,co,/3} fuzzy automation where E isthe set of states,
H isthe set of input symbols, Y isthe set of output symbols, EQ the initial state, o the
transition function, & the output function.

Let
where
Ej is of the following form:
'k+t
(9)
f.
‘k+t

This means, that the elements of E are matrices of dimension 2x(k + t), where e is a
‘m
weight showing the applicability of the m-th input in the i-th state (e. > 0), and f.
‘m ‘m

denotes the new state after the arrival of the m-th input symbol.



179
©«< f._m<1, O< m< K+ 1)

Let
H = (Vag)k +t

If precision and magnitude of real numbers are limited, then H s finite. The transition
function o maps ExH into E.

Let us suppose that automaton A is in state E; (9) and the input sygnal

H =<h. ,...,h > arrives.
J Ji Jk+t
Let
m ax
10 b= min(e , h.
(10) men . ( (]m )

and let m' be the value of m at this maximum. If the value of b can be obtained to be
more than one m, then let us choose the first m in succession for m'.

Now the transition function co can be defined as:
co(Ep H) = f. .
m

Let Y = and F(Y) is the free monoid, generated by Y. The output function
R :ExH “mY can be defined as

AE,H)=1Db
Let us extend the domain of co and & to ExF(H), where F(H) is the free monoid,
generated by H.

Let GeF(H) be an optional word and leF(Y) the image of G at the mapping, induced
by automaton A.

In this case we can say that automaton A recognizes the word G with a certainty
i//(1), where

® :F(Y) » [0,1].

The function ¢ can be defined as follows:

Let Y. = <¥;1>e e y:>eF(Y) optional, then
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3. Description of the System

The system gets a matrix of dimension 20 x 20 as an input. Let us denote it by M.
1 means a dark’ cell, 0 the empty one. We work with ’noisy’ figures (see Figure 2), so
a preliminary filtering is required. As a first step we make chains from the elements of the
pattern. With few modification we make it in a way suggested by Freeman [5]. We differ-
entiate eight directions (see Figure 5) and we always start in the direction being nearest to
the previous one. In Figure 6/a we can see how Figure 2 looks after making a chain. The
identical elements belong to one chain, the coding of the chains is shown in Figure 6/b.
according to their direction. Now we make one-Jayer chains, i.e. we obliterate the part-chains
which increase the thickness of only one chain. We make chains from the residual elements

again (see Figure 6/c).

We note that we reduce the neighbouring nodes into one, in order to make our system
more effective.

The nodes yield a natural segmentation of chains. These segments will be the elements
of set A. It should be noted here,that set A can be extended, because if a segment of. A
cannot be characterized properly, this segment will be divided into two parts at its greatest
fracture, there we take there as members of A instead of the original one. It is easy to find
the gratest fracture by the aid of the direction-coded form of the chains.

Set P(2) consists of 10 elements in our system. The description of the elements of P
is contained in Figure 4. The 5 mapping is realized by a fuzzy automaton, controlled by a
corrective error-table. Error-table and description of the “’lower curve” automaton is shown
in Figure 7. The input symbols of the automaton are the direction-coded forms of the segments.

If the symbol arriving at the automation is able to tip it over, we do not count an error.
If the automaton is in state Sj and the arriving Cj(Cj =1, ... ,9) symbol switches it
over into an error state, We have to carry out the following:

Let ET denote the error table, and Cj”, ..., Cj the input symbols by whose help
we can step further from state J. Let us form the expression

min
s &,kKEly"V

Let t’ denote the value of t where this minimum is given. In this case the automaton
is tipped over from state §§ according to symbol Cj , and the product s ¢ fj is added to
the error of the deduction, where fj is the fuzzy weight ordered to Sj. (We note that
to pertains to one fj).
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Let be the segments which we want to characterize, and let em denote the deduc-
tion error of the m-th automaton, at the analysis of a”.

Applying mapping 5 to agq, we get:
5@, <Sj,...,S
1 K

where

s;m = g(em/l(az)) (1 < m< k).

I(aa) denotes the length of the segment a , g(x) is a properly chosen function. To increase
effectiveness of our system we introduce acutting point. If the deduction error in the m-th
automaton is greater than rj, automaton finishes parsing and § =0. Figure 8 we can see
a segment, its direction-coding and the images of the segments at the mapping 5.

The structural description of the pattern is given by a PDL-like expression [6].
The set D(5) consists of structural symbols necessary for the PDL expression

D=£+ x5 (.)}

Note that we do not use operation suggested by Shaw [6].

In our system uncertainty of structural symbols isnot allowed, i.e. if Tin > 0,

0 1<jm<t
joem

for every i in T(6)
Thus (7) is a very simple mapping in our case and might become much more
sophisticated in other systems.

In Figure 9 the PDL-like formulation of Figure 3. can be seen a form corresponding to
C in our formal description.

This form yields the input of fuzzy recognizing automata.

4. Description of the Recognizing Automaton

Up to now we have examined the recognizing system in general. Further on we construct
special automata which recognize block letters. In order to achieve more effective generalized
performance further comparison is made with the formal description.
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For the choice of the letter-types we have used the patterns of the papaer written by S. H. LU
and K.S. FU [7]“and have applied the recognizing algorithm to their letter, too. We have
examined nine types of letters altogether.

These symbols cannot be separated easily. If their structure, size and direction of their elements

are somewhat changed their type may change, too. (see Figure 10).

Since the type of the letters does not change when the letters are lengthened or shortened
horizontally or vertically, it seemed to be practical to supplement the fuzzy input of our automaton
with those horizontal and vertical proportions which compare the total size of the letters with the
size of the letter-segments.

Further on the type of letters will be invariable to turning by a small angle, since the writing
patterns show that the slanting way of writing is rather common. We have modified the automatons
performance so that it recognizes slanting letters as well as straight ones.

Now, let us describe the automaton recognizing a given letter and the way how it works.
Let us see the possible forms of a letter (see Figure 11) and the PDL-like expressions
belonging to them.
L) axClxa2 +ad +a4
2. ) ajx(c2xa2 +aM)xa4 +dj
3. ) ajx(cjxa2xd2+a3)xad +dj

4. ) ajx(cjxa2xd2 +a3)xasd +dj

The possible values of segment types are:
aF=\Vv
Ci=\ —/

di=\- /G

where G denotes those elements which cannot belong to any segment type because of the
shortness of the segment. To each segment identifying symbol of the PDL descriptions (1-4)
we order the horizontal and vertical proportions (h,v) of the segment.

For the acceptance of the segment identifying symbols by our automaton it is necessary

that the corresponding (h,v) values be the elements of a certain fuzzy subset of the [0,1]
interval.

This corresponds to the fuzzy description according to which the element C| of H isin
the middle.

During the description of the letters we use 10 fuzzy subsets altogether, (see Figure 12).
Now, let the automaton in the j-th state, and suppose that i-th input symbol arrives. Then
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the automaton orders the value

max

to this symbol, where C and e are defined in Section 2. Fy and are the
appropriate vertical and horizontal functions, and (hj, v) the horizontal and vertical proportions
of the symbol. If the maximum is k’ the automaton switches into state F , (see Section 2).

If Rj < a(a a cuttingpoint) then the letter is not accepted by the automaton. In the

other case the letter is recognized with certainty

min

The fuzzy automaton constructed in this way can be easily adapted to a given letter-type by
modification of the fuzzy function system.
Conclusions and Notes

Our system was implemented on a CDC-3300 computer. The average time of recognition
of a pattern is 2 sec. We note that this time can be considerably reduced if we give*the cutting
-point a fairly large value.

Our system recognized 93 percents of the patterns properly, 2 percents with a mistake and
5 percents of the patterns were not classified. Our experiences show that the main source of the
mistakes is that the same pattern can be written in several ways in PDL.

The process of learning can be interpreted as the optimal setting of the fuzzy weights of
the automaton. We continue developing our system in this direction.
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Figure 6/a
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Figure 6/C
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where 9" is the terminal symbol

and '"Sjq'"" the final state.

Fig. 7
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1. INTRODUCTION

The computational syntactical analysis of Hungarian
sentences with any purpose, 1Is impossible without accurate
examination of the words (word-forms) occurring in the
sentence, since only the connections between the stem and the
affixes can define the surface structure of the sentence. Of
course there is another, and perhaps more significant component
from the point of view of the recognition of new information:
word-order, but 1t 1s not influenced by the description of
the surface structure of the sentence. we shall have an
independent task which follows the task of the syntactical
analysis and this task deals with word-order.

Therefore, i1f we want to describe the surface structure by
a tree, It Is necessary to define the syntactical functions of
several words and word-groups and to detach the affixes carrying
this i1nformation from the word that makes one word-form
with this affix according to the rules of the Hungarian
language.

This step i1s a real morphological analysis (in the first
approximation). The problem is caused by the rule of affix-
connecting, based on phonological junctions of the Hungarian
language. It Is a complex system of rules which iIs so evident
for people whose mother tongue is Hungarian that they must
spend almost no time on watching it functioning when a sentence
iIs heard or read. But that i1s not the case i1f we "understand"
the syntactical structure of an ambiguous or a rather compli-
cated sentence; and even the recognition of errors originating
from the iIncorrect use of the rule system is carried out more
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intuitively than the recognition of errors of sentence-construc-
ting. It seems that "linguistic sensitivity"” of common

people whose mother tongue is Hungarian 1is Tfiner than their
"musical sensitivity'.

There are two fundamental problems connected with the
"false" note:

(D Can we suppose that the 'text generator'™ does not send

out "false notes"?

(@ If the "text generator'™ does, can we determine the

behaviour of the perceptor iIn this case?

IT we answer "yes" to question (1), then we defined an
automaton, called strong automaton. It contains a system of
rules which can be used by the automaton without errors.

Consider case (2). The answer ''yes"™ to this question
means the following: the automaton defined in this way
recognizes the 'correct notes', but its behaviour is undeter-
mined In the case of the "false note". We call i1t weak automa-
ton. The answer '"no"” to case (2) includes the fact that this
behaviour is not the direct continuation of the analysis but
the generation of the question for the sake of correcting the

"false note”. The, automaton received will be called: correcting
automaton.

WEAK AUT.

Fig. 1.1
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We are going to deal with the strong automaton, namely we
suppose to analyse only proper Hungarian texts. (Thus our model
does not serve the purpose of exercising Hungarian language).

Later, we shall augment our recognizing model; of course,
not only dealing with the 'false note" can cause us great
anxiety, but the next problem, too. We can briefly summarize
the functioning of our automaton iIn the following manner: the
automaton must verify whether the sequences of the elements
it knows are edited according to the rules it knows, or not.
Incompatibility with the rules can then be realized on
the level of morphonology and on the level of morphology
(this 1s the "false note" problem).

Augmentation of the automaton will be necessary if the
input contains elements not known by the original automaton.
In these cases the augmented automaton will construct particu-
lar alternatives by consistent application of the rules. Then
it will generate a question and will complete the analysis
with the help of the answer i1t has got. We call this automaton
an Inferential automaton. (Properly speaking it is a "learning”
automaton, because It takes reference to the new recognized
element, and i1t treats this element as the originally known
one . But we did not want to use the expression "learning
automaton™, since 1t iIs reserved for another concept.) The
subclasses of the inferential automaton are:strong inferential
automaton, weak inferential automaton and correcting infer-
ential automaton. The automaton we review here iIs a strong
inferential automaton.

2. BASIC CONCEPTS OF AUTOMATICAL ANALYSIS

Since we deal with automatical language processing, we
cannot forget that all components of the system which we want
to realize In practice, are finite ones, i1.e.: there are
bounds which are debatable from the point
of view of linguistics, but for realizing the system the
problem needs a concrete attitude.
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The problematic finite components are:

(@) the vocabulary of stems which is finite, but can
increase during the analysis (in the case of an iIn-
ferential automaton).

Questions: - How many elements i1t will have?
- What do we consider a stem?

(b) the vocabulary of the affixes which is a simple set
of affixes. There are no operations defined on this set, thus
the concatenations of affixes can be in the input strings only.
In the vocabulary of affixes there are only the atomic elements
of this string. Seemingly the complex verbal affixes contradict
this. These complex affixes are real compositions and not
simple affixes from the linguistic point of view, but we can
treat them as simple elements of the vocabulary of affixes.
There are practical considerations forcing us to use these
complex affixes, namely the diacronic change left ripples
principally here iIn the Hungarian language, which can be said
an agglutinating one iIn the cases of nominals.

We note also that the set of affixes has no subclasses,
that is,the variants too are equal elements of the set of
affixes.

Question: - Which affixes do we conclude as old-
fashioned or unproductive, excluding
them from further examinations?

As we can consider further, the vocabulary of stems and
affixes 1is finite,and by the set of the morphological and
morphonological rules we try to outline the task more exactly
with the help of the iInitiation of some new notions. These
notions denote abstract grammatical elements and they will
occur In many places of the following chapters. We will treat
the definitions and the properties of the concrete morphological
and morphonological rules in Chapter 5.3.
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3. EXPLANATION OF THE DESIGNATIONS

3.1 Stems
VERB verb
SUBS substantive
ADJ adjective V1 NOM nominal
NUM numeral
PRON pronoun
ADV adverb
MOD modifying word
VPR verbal prefix
ART article (O: definite, 1: i1ndefinite)
PPS postposition
INT interjection
CON conjuction

3.2 Verbal affixes

(@ - Having a form of 5-tuple
(The points denote the other four positions)

S... subjective(indefinite)
0. .. objective(definite)
.D.. declarative (indicative
C. . conditional ood
S. . subjunctive
Pr. . present 1
Pa. . past J tense
1 singular)
2. plural \J number
..1  First J
.2 second )>person
..3 third ]

ype of conjugation
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Their possible compositions:

SDPr .. ODPr .. SDPa.. ODPa. .
SCPr.. OCPr. .
SSPr.. OSPr..

(To the places of the points: 11, 12, 13, 21, 22, 23)
(Note : Hungarian has no affixes for the future tense. It 1is
replaced by the present form plus an adverb, or a composition
of a verb the auxiliary verb fog.)

(b) - Gerund with a personal suffix (properly speaking it
is the conjugation of the infinitive)

GER. . gerund with a personal suffix
(To the places of the points: 11, 12, 13, 21, 22, 23)

(©) - Other verbal affixes (without any number and person)

abbr. tvpe of the affix morphemes

INF infinitive ni,ant,eni

VN verbal noun as ,és

CPT continuous participle 6,6

PPT perfect participle t.,tt,att,ett,
ott,ott

FPT future participle andé ,endo

APS adverbial participle(simult.) va,ve

APA adverbial participle(anteced.) van,vén

Nominal affixes

abbr. tvpe of the affix morphemes
ABL ablative toi ,tli
ACC accusative t.,at,et,ot,0t
ADE adessive nal ,nél
ALL allative hoz,hez,h6z
CAU causative ért
COMP comparative bb ,abb,ebb ,6bb
DAT datr /# A nak, nek

atlve 13

VLAA By



abbr.
DAY

DEL
DIS

DIS-TEM

ELA

ESS

FAC

FOR
FOR2
FRA

1

IK

ILL

INE

INS

LOC
MOD-ESS
MOD-ESS
MUL

NOM

ORD

ORD-MUL

PERS
PL
PLT
S
SOC

SuB
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type of the affix

morphemes

day(used in expressing the date)

delative
distributive

distributive-temporalis

elative

essive

factivitive

formalis

formalis

fraction numeral

—i1 (derivative ending)

-1k (formative syllable)

illative
inessive
instrumentalis
locative

modal is-essive
modal is-essive
multiplicative
nominative
ordinal numeral

ordinal-multiplicative

personal ending

plural

plurale tantum

-s (derivative ending)
sociative

sublative

adikan,edikén,
odikan,odikén
rol,roi
nként,anként ,énként
onként,onként
nta,nte,anta,ente,
onta,onte
bél,bol
ul ,U1

X * *N\
va,ve, &, e
ként
képp, keppen
d,od,ed,od
i
ik
ba ,be
ban,ben
val ,vei ,*al ,*el
t,ott,ett,ott
ul,dl ,an,en
lag, leg
szoOr,szer ,sz0r
®
dik,adik,edik,odik
odik
adszor,edszer,
odszor,6dszor
(see Table 3.3.1)
Ktak ,ek,ok ,ok
ek
s, as ,es ,0s,0s
stul ,stil ,astul,
estul ,6stul
ra,re



abbr.

SUP
TEM
TER
U

Q)

Table 3.3.1

PERS

= PERS SG

PERS

PERS

PERS
PERS
PERS
PERS
PERS
PERS
PERS
PERS
PERS
PERS
PERS
PERS

SG

PL

1SG
1SGi
2SG
2SG1
3SG
3SGi
1PL
IPL1
2PL
2PL1
3PL
3PL1
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tvoe of the affix morphemes
superessive n,on,en,on
temporalis kor
terminative 12
-G (derivative ending) a,u,ju,ja

(other forms, see Fig.6.5)

/ PERS PL

:= PERS-1SG / PERS-2SG/ PERS-3SG
PERS-1SG :=PERS 1SG / PERS ISGi
PERS-2SG :=PERS 2SG / PERS 2SGCi
PERS-3SG :=PERS 3SG / PERS 3SCi
:= PERS-1PL / PERS-2PL/ PERS-3PL
PERS-1PL :=PERS 1PL / PERS IPL1
PERS-2PL :=PERS 2PL / PERS 2PLi
PERS-3PL :=PERS 3PL / PERS 3PLi1

am /ea/om /6m /m

= aim / eim / im / jaim / jeim

ad /ed /od /706d /d

aid / eid /7 1d / jaid / jeid
a/e/ja/je /arsé/ja/s jé

ai /et /1 / jai / jei

unk / Unk / nk

aink / eink / ink / jaink / jeink

atok / etek / otok / otok / tok / tek / tok
aitok / eitek / i1tek / jaitok / jeitek

uk /7 ik 7/ juk / juk 7/ K

atk / etk / ik / jaik / jeik
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ELEMENTS OF THE FORMAL MORPHOLOGICAL AND MORPHONOLOGICAL

ANALYSIS

Let us now describe some expressions which occur

in the description (more exactly:let us describe what they mean
in our use) and let us speak about the essence of the program

and

4.1

4.2

4.3

4.4

4.5

4.6

of the task realized by this program.
The i1mportant expressions which we used are the following:

Stem : (I) stem iIn the sense of the conventional grammar,
and
(@) forms of declension which we are not interested
in, so we can regard them as stems from the
view-point of our analysis.

Affix : elements of a subset of affixes of conventional
grammar which we want to separate from the word-
form (these are: endings of number, person,
possession, of cases; and the word forming suffixes
which are considered productive).

Morpheme : stem or affix.

Word-form : concatenation of a stem and O0,1,2,...,n
affixes (n i1s bound by the rules of Hungarian
morphology).

Sentence : a sequence of word-forms separated by the
signs {, : - and finished by one of the
sentence ending signs {. ' ? ; %L

Input data required for the morphological analysis

an arbitrary sequence of Hungarian word-forms. Since this
phase makes no syntactical and semantical parsing, it 1is
indifferent whether the word-forms create 'real' sentences.
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4.7 Task of the morphological analysis is to decide one by one
whether the word-forms of the Input sentences are con-
structed according to the rules of the Hungarian language.
That 1s, we are looking for an answer to the question
whether the affixes succeed In an adequate order.

4.8 Task of the morphonological analysis is to establish,
whether the adequate allomorph of the recognized affixes

is In the word-form and the sequence of morphemes matches
the adequate allomorph of the stem.

Example 1.

The very morphological analysis will find the word-form

hazakomban
(haz+ak+om+ban=house + PL + PERS 1SG + INE [~house+s+my+in])
inaccurate because the (sign of the plural) and the posses-

sive affixes can not occur iIn the same word-form, but i1t will
find the next two word-forms accurate,:

hazambi
= SUBS + PERS 1SG + INE
*hézarb]s|n

The analysis taking the phonolog#cal rules iInto con-
sideration, will be performed by the morphonological analyser.
It will show also such distinctions as the next example does
(Different allomorphs of the same affix stand there, when e.g.
the affix PL occurs between the affix and the same stem.):

fén6k + hoz (SUBS + ADE [ to the boss])

fénok + 6t (SUBS + ACC [ the boss + ACC)D

fonok + ok + h6éz (SUBS + PL + ADE [~ to the bosses])
fonok + ok + et (SUBS + PL + ACC J» the bosses + ACC])

4.9 Functioning of the program made by us : all of the word-
forms of the given sentences will be analyzed morphologi-
cally. If the form is correct, we will produce its de-
composition iIn accordance with all of the possible parsings;
if there are no corect forms, we will announce an error.
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The error-sign does not consist of the message of the error
only, but the supposed affixes will be disjoined iIn all
possible manners(see the next example) and the program
constructs the stems obtained in such a manner. The user
chooses the correct one of these stems and answers the
necessary questions for inclusion into the vocabulary, so *
from now on - the stems unknown till now will be known by
the program.

Example 2.

Let us assume that our program has to analyze the next
sentence :

[the][boatl [the][bankl [li€]
SUP SDPal3
[~ The boat lay on the bank.]
If all the stems of the sentence can be found iIn the
vocabulary, the analysis gives the next result:

DART SUBS DART SUBS+SUP VERB+SDPal3

But if the word csonak[-boat] for example is not an
element of the vocabulary, the program will try to define the
unknown stem in the following manner:

(1) csonak STEM

csoOna+k STEM+PL can not be correct, since the
vowel at the end of the stem before the affix -k
ought to be long.

(2) c56n+ak STEM+PL

(3@ cso6+nak  STEM+DAT

(4 cso6+nak  STEM (verb )+SDPr23

But: when our sentence 1is
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A csonakjot vizire telttik.
1
[the][beat] [waiter] [take]
ACC SUB ODPa21
[- We set the boat on the water.]
the disintegrations of csonakot are the following:
(1) csobnakot STEM
*csonako+ t STEM+ACC can not be correct, because
the vowel of the stem before the affix Ht ought to
be long
(2) csobnak+ot  STEM+ACC

There are no further decompositions, because the apparent
plural affix -ak cannot stand before -ot (ACC), only -at ; and
the affix -nak cannot stand before the ACC because -nak €
DATACAS, -ote ACCeCAS and no CAS can occur directly after the
other one iIn the same word-form.

4.10 Final result of the analysis iIs a set of codes of
morphemes defined iIn the following way:
Let the sentence containing n word-forms have the follow-
ing form:

X2 %-1..Xx 1
where x”: an arbitrary word-form,
I - an arbitrary word-form separating sign,
B : an arbitrary sentence ending sign.
In the first step the analyser E replaces all of the
word-forms x*with the following form:

E1(X.) = X1 +...4x*
1 11 ]k-l

where x1 is the name of the type of the stem or affix

according to the j-th morpheme of the i-th word-form containing
k™ morphemes (I<i<n, IMNJ™k?™). The analysis can yield>another
correct result:

E X£),...,E 1(x.),
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where E#(XA) IS the r-th succeeded parsing of the morpheme
of our sentence (I<r<im, where mu iIs the number of possible
correct parsings of the i1-th morpheme).

Thus, the set of the sequencies of the codes of morphemes
which must be transferred to the syntactical analyser, come
into being in the following manner:

where E(x* = {El(xi EM (xi )}
Example 3.

IT the program knows all the stems of the sentence

sy

Shridn fepjtjek rejtvény”.

[frequently] [puzzle+HACC]
[solv™+SDPall]
or - [milk+SEjPr22 ]
or : [TUk™M+BOPar 3]
(Possible and "impossible'™ meanings:
I solve puzzles frequently.
™ vYou milk puzzles frequently.
(*)’They milked puzzles frequently.)
The special properties of the word s(rin :
JJfrequently]=[frequent+ADV]

sdrdn = sdrd+n [dense+SUP ]
Parsing of the sample-sentence:
[h=3]
X :-sltrGd +nw»ADJ + ADV =Xx] +xj =E1( )
11 12 1
X - sltrG mn - ADJ + SUP = x2 + x2 =E2( )
11 12 1
x - fejt + ek - VERB + SDPrlIl = x* + xi = E1(X,)
r2 r
X, - fej + tek - VERB + SDPr22 = x2 + x? = E2(X,)

21 22 2
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x3 - + - VERB + SDPa23 = E3(x2)

I rejtvény + t SUBS + ACC = el(x3

Thus :
E(xx) = (E1(x1),E2(x 1)}

1 2 3
M = :Q{ E(xi1)/ where < E(Xx2) = 2N L, E ™2N L, E ™~en
E(x3) = {E1(X3)}
M = {[E1(x1),E1(x2)/E1(x3)],

[E1(x1),E2(x2),EL1(x3)],
[E1(x1),E3(x2)/E1(3)]/
[E2(x1),E1(x2),E1(x3)].,

[E2(x1),E2 (x2),E1(x3)],
[E2 (x1),E3(x2),E1(x3)]} =

{[ADJ + ADV, VERB + SDPrll, SUBS + ACC],
[ADJ + ADV, VERB + SDPr22, SUBS + ACC] ,
[ADJ + ADV, VERB + SDPa23, SUBS + ACC] ,
[ADJ + SUP, VERB + SDPril, SUBS + ACC] ,
[ADJ + SUP, VERB + SDPr22, SUBS + ACC] ,
[ADJ + SUP, VERB + SDPa23, SUBS + ACCT}.

Further on the elements of M will arrive to the entry
of the syntactical analyser, 1.e. the Input data of the next
states have arisen as a result of the morphonological analysis.

5. LINGUISTIC LAWS ENABLING THE EXAMINATION OF HUNGARIAN
WORD-FORMS

5.1 Types of nominal stems and ranging of the lexemes made
of them

The word "entry'" means in our use the first form of a
substantive or of a nominal word in the dictionary, which
iIs equal to the nominative iIn form,
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E*g* - LIBA(entry) 11+ s(NOM) * ~tba( (NOM v FOR v TEM))”’

The entries can be classed according to Papp [8]
into groups according to some clear and unstable types of
stems. In practice 1t is worthwhile to distinguishonly the entries
occurring relatively frequently only from the exceptions which we
can enumerate also one by one. In the work of Papp there are
12 clear types. The types iIn which two different stem-lexemes
of the same entry can stand are the unstable types.

Opposite to this stem-classification, which was made for an
automatical synthesis, we must produce another division of the
set of stems: i.e. classifying by the analytical types
which can be used better for automatical analysis.

The essence of i1t is the following: an analytical type
consists of all the stems which can make a word-form only by
the same particular set of the types of affixes. Thus, the
lexemes of the same entry which can be declined in different
ways, will get iIn different declinational types. (Thus, the
analysis does not need the synthetical basis which was
indispensable for the synthesis).

5.2 Analytical declinational types

If we have a lexeme iIn the stem-vocabulary, we have to give
its declensional type and i1ts vowel-harmony. These two properties
give the adequate allomorph which can stand there (after
this stem), or they give an answer to whether an allcmorph can™t
occur here at all and vice versa: the conjunction of the
concrete affixes gives the declinational type and the vowel-
harmony of the stem which they can connect with.

The table of the analytical declinational types can be
seen in Table 5.2.1.

The automaton sensible to morphonological rules can be
obtained from the automaton making the morphological analysis
by dividing the states to more states, according to the number
of morphonological realizations.



Table 5.2.1

NOM ACC
1 3 ale
2 3 ale
3 3 0/06
4 3 0/6
5 3 -
6 3 -
7 3 -
8 3 -
9 3 -
10 3 -
n 3 -
2 3 -
13 3 t
14 3 t
3 1
16 -
17 i -
8 T 0/06
19 0 ale
20 1 ale
21 1 |
2 ¢ |
23 1 1
Note:

CAS

W W W W W W w W W ww w w

w
~
N
o/

)

(@) Except SUP.

(3 Only i1n the PERS 3SG and PERS 3PL,

cases $.

PERS
3 SG

i (3)
2

() But PERS 3PL without j.

Example (low)

ap-

sza-

in

Example (high)

térd
vég(anyag)
porc
gomb
rész

77

bor

96rl
bébi
ido6
ész
szemét

fu

lev-

ide-

the other



5.3 Morphonoloqgical rules

Properly, when we made the deciinational types, we
spoke about the morphonological rules but In a hidden form.
Now let us examine this question iIn outlines:
Fitting by the wvowel harmony:
stem with low vowel harmony #affix with low vowel harmony
stem with high vowel harmony - affix with high vowel harmony
stem with mixed vowel harmony #affix with low vowel harmony
(usually, but foreign words have special properties).

©O) These rules iIn themselves are valid when the fitting
morpheme has two alternants (a low and a high one). Of course,
it there i1s only one variant, i1t will connect to the stem
independently of the fitting rules.
But iIn the case of more affixes there exist one-form
variants which are able to change the vowel harmony:
hdz + PL = haz|Jc

[house] [houses]
but ;
hdz + beli + PL = hazbelil
[house] [ones belonging to the house]
[belonging to]
(i) It 1s worth observing the affixes having one

variant only:
é(P0SS), ei(POSS PL), ért(CAU), Id(TER), ként (FOR), kor (TEM)

They can stand either after a stem ending iIn a conso-
nant,or after a stem ending with a or e, or after PERS 3SG
CAU and TER can connect to the stem-alternants of the given
entry which terminates 1in a or é; iIn the case of the other
vowels it can be normally concatenated with the stem according
to the entry. FOR and TEM can stand after the lexeme according
to the entry, or after PERS 3SG"s a/e/ja /3™, making no change
in the stem.
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(1in) Affix-morphemes having three Kkinds of allomorph
realization distinguish the high affixes according te
labrality/illabiality and not only according to vowel
harmony.
Fitting according to labiality (only iIn the case of high
vowel harmony):
- the case of labrality: i1f the vowel of the last
syllable before the affix is 0,6,u0 or U, then
e.g.: ALL = hoz .

- the case of i1llabiality: 1f the vowel of the last
syllable before the affix iIs e,e,i or i, then
e.g-: ALL - hez.

The last syllable before the affix iIs not sure to be the
last syllable of the word at the same time, that is another
affix can stay between them e.g.: PL or POSS. The possible
affixes with 6,6,0,u are the following:

PL = 06k
PERS om/6d/6tod/Tink./0k/ ik

€-9- fénok + ok + hoz
[boss] PL ADE [~ to the bosses]

fonok + hoz

[boss] ADE [~ to the boss]

but : fonok + & + hez
[boss] POSS ADE [~ to the something of the
boss ]
f6nok + éi + hez
[boss] POSS PL ADE [-to the things of the boss]
and : fonok + gl_
Iboss] PARS 3SG [~ his/her boss]
f6nok + é + hez
“T - —\
[boss] PERS 3SG ADE [to his/her boss]
(v) Morpheme SUP having four several rea lizations:threc

forms behave as we saw iIn the case when the part of the word-form



213

without the allomorphs of SUP terminated in a consonant (e.g.
STEM, STEM + PL or STEM + PERS). If the stem ended in a vowel
and 1t stands in NOM or after it there stays PERS 3SG, POSS™ PL/
PERS + POSS after the stem, the adequate form of SUP is n.

r

e.g.-: (@) fongk + e

[boss] PERS 3SG [~ his/her boss]
fonok + é + n

[boss] PERS 3SG SUP [~ on her/his boss]
(b) T6nodk +/i£ + n

I
[boss] Eggg\PL UP [~ on the something(s) of

the boss]
(c) f6nok + 6k + 4~ + n

.EBOSS] PL Pdgg SUP [~on the something(s)
of the bosses]
(v) The fTive several fTorms of ACC are: at/et/ot/ot/t.
The rule system playing here 1is fairly complicated. Since it
is enough for us to receive the occurrence of the given affix
and we do not need to offer the motives, we shall survey the
morphonological properties of the accusative only in brief.
The variant t can stand in word-forms ending iIn a
vowel (in some words ending iIn h, 1, 1™, n, N, r, s,
sz, z, zS)

e.g-: g6z + 0O g6z + t
[steam] NOM [steam] ACC
but: haz + o haz + . because It Is an

T- T T~ : :
[house] NOM [house] ACC ancient affix
formed by history

In the case of the word-form ending in a consonant -if
the stem occurring iIn this word-form has a high or mixed vowel
-harmony — at or ot stands after it in the case of ACC, as the
next part will show :

at can stand there if the stem has only one syllable the
vowel of which is a or 4 and there is no other affix between



the stem and the ACC; e.g.: var + at (castle + ACC); or:- if
the stem having no high vowel-harmony and an affix ending in

a consonant stays after i1t (this affix can be only PL, PERS
1SG, PERS2SG, PERS PL), e.g.: kutya + tok + at (~your dog +
ACC); or: it can standi after an arbitrary adjective-noun

or numeral-noun having no high vowel-harmony, e.g.: vékony + at
(~thin +IACC), nyolc + at (-eight +]ACC).

ot can stand there if there is a vowel 0,6,u or u iIn the
last syllable of the stem and there i1s no other affix between
the stem and the ACC.

et behaves as at but iIn the case of high vowel-harmony
(e,é,i, ).

ot behaves as ot but In the case of high vowel-harmony
(e,é,i,0).

Since the rules can be drafted exactly, except for the cases
of the stem having already an affix, the vocabulary contains
also the declension type of the stem which results the
adequate choice of the morphemes to be realized in more than
three ways.

(i) In the following we must deal with the problem of
assimilation of the consonants. For the formal handling of full
assimilation i1t is very obvious to induce the following fictive

affixes :
INS2 = *al /*el
FAC2 = *a /*é
beside the given affixes
INS = Wal / Wei
FAC = wa 7/ Wwe

where :

f_ .
if there iIs a consonant at the end of the word-form
W< tO be conjugated : this consonant,

iT there iIs nothing, then: v.

Thus, INS =val /vel , FAC = v / vé.
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If the word-form ends iIn a vowel, according to CAS2 the

fitting i1s the following: after the stem of type 15 and
16, after POSS or PERS 3 SG there stands INS1 or FAC1 behind
them.

In all other cases 1f INS2 or FAC2 stands at the end of
the word-form, the last consonant of the given word-form 1is
double. After i1ts formal control we continue the analysis
leaving one of these consonants at the end of the word and we
change the morphemes ad/el”/a/é to the morphemes valAei/va/vé.

But now we must reckon with another problem: the Hungarian
language does not allow the three identical consonants next to
each other. This case can occur In the conjugation of the
lexemes ending In a consonant In the cases of the morphemes
INS or FAC. Thus it seems formal the allomorphs al/el/4/é to”
come after the stem; e.g. tollal = toll + INS = toll + val
toll H1+ all= *tollal.

ITf we can"t find the adequate stem among the lexical
entries ending with a simple consonant, then we have to, we
suppose that our stem ends with a double consonant.

(vin) The allomorph realization of PL comes into being
by the vowels as in the case of ACC: ak / ek / ok / 6k / k.
But the rules of fitting become In another manner:

Some remarks connected with this:

k: only after vowels,

ak: usually when the stem (or the last component of the
compound) has one syllable and its vowel is a or a, or: the
no-entry-lexeme ends in v, e.g. lov + ak(-horses); or: after
adjectives which are made by the derivative affix i1 from nouns
e.g. hadz + i + ak(~people belonging to the house); or: after
original adjective, e.g. okos + ak (-clever ones; but in the
form okosok the stem okos iIs a noun and not an adjective);
or: after numerals formed by formative syllables, e.g. hat +
szoros + ak(~things which are six times bigger than the other
ones).

ok : usually the other cases with low vowel harmony (but
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the lexeme kar belongs to this category and this fact shows,
the rules are not general. This problem has a historical-
phonological reason which we do not employ here.

ek 1s similar to ak, but iIn the case of high -vowel har-
mony .

ok 1s similar to ek, but in the case of high vowel har-
mony .

(viin) The rules of the realization of PERS are similar
to PL In the respects of vowel harmony, iIn the cases of
singular possession, 1st and 2nd person. If the possession is
in plural and the stem has a low vowel harmony: aim / aid /
aink/aitok;and if the possession is in plural but the stem has
a high vowel harmony: eim / eid / eink / eitek.

PERS 3SG and the possession is in singular : a / ja.
(low), e 7/ jet (high); or a POSS or CAS comes after them their
variants: a4 7/ jj- (low), é 7/ (high).

PERS 3 SG, but the possession is in plural: i1f the stem
terminates in a vowel (but not 1): 1 ; 1If the stem terminates
in ror usually i1f the affix PERS 3SG is ®a / je : jai / jei;
if the stem terminates iIn a consonant: ai (low or mixed) 7/ ei
(high).

PERS 3PL and the possession are in singular: uk / Uk, or
Jjuk / juk.

PERS 3PL and the possession are in plural: ik, aik /
eik, jaik / jeik, similar as iIn the case of PERS 3 SC.

IT the stem terminates in i1, the following morphemes can
connect to it, in the case of singular possession: m, d, ja /
je, nk, bok / tek, juk / juk; in the case of plural possession:
jJaim / jeim, jaid / jeid, jai / jei, jaink/jeink, jaitok/jeitek,
Jjaik/jeik.
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5.4 The Hungarian conjugation from the point of view of
morphology

In contradiction to the nominal forms it iIs not practical
to begin to examine the automatical morphological analysis of
the Hungarian verbal forms with separating the morphemes
following each other, only i1f the final aim is the full
morphological analysis of the verbs®™ itself.

Our present purpose iIs a syntactical analysis and our
nearest aim iIs to choose the arrays being relevant to the
building of the syntax tree.

5.5 Syntactical relevant verbal affixes

There are five subsets:
©O) personal suffixes of the verb,

i

(i1) personal suffixes of the gerund,

(i111) derivational affixes of the infinitive,

(iv) derivational affixes of the adverbial participle,

w) the derivational affixes of the verbal noun and
the continuous, perfect and future participles.
The verbs derivated by other affixes can be found iIn the
vocabulary as 'basic" verbs.
The affixes mentioned above content the next informations :
(1) Personal suffixes of the verb:
(1) type of conjugation: - subjective (indirect)
- objective with an object
in 2nd person (direct2)
- objective with an object
in 3rd person (ldirect?)

(@ mood: - declarative (indicative)
- conditional
- subjunctive

(@) tense: - present

- past
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(4@ number: - singular <1>
- plural <2>
(B) person: - 1st
- 2nd
3rd

@D, (2), B, ® and (B) make a complex array.

(i1) Personal suffixes of the gerund;

(1) number: - singular <>
- plural <2>
(2) person: - 1st
- 2nd
- 3rd

(The other informations are iIn the auxiliary verb of the
same given sentence.)

(i11) Derivational affixes of the infinitive:

verbal stem + Oni, where o M

(iv) Derivational affixes of the adverbial participles
Simultaneous presented mood:
verbal stem + vA, where A

n f t

Antecedent presented mood:
verbal stem + VvAn, where A =

ft

() Derivational affixes of the verbal noun:

verbal stem + As, where A =
"t

(vi) Derivational affixes of the participles:
Continuous participle:

verbal stem + 6, where 0O

Perfect participle:

verbal stem + 0OTt, where OT
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Future participle:

verbal stem + And0, where A. .6

5.6 The problem of assimilation of consonants iIn the case of
verbs

One of the main problems 1is the assimilation.
In the case of nominal forms we had a usable principle, but
now we have also another problems. Therefore we will use - when
it 1s needed - affixes and stems ending in a long consonant.
This method cannot be said elegant from a linguistic point
of view, but it was impossible to find a formal solution
which can be treated easier;

e.g. lassalak = lass + alak

14t + jalak = verbal stem + O"SPrll

1
[see] [~ that 1 see you]

5.7 Conjugational basis needed at the building of the
morphological automaton

As 1t was already shown, the automaton recognizing the
verbal forms separates the stem and the affix at the first
step and then i1t controls, whether the verbal stem belongs to
the class determined by the affix-array. We have established
to all states of the automaton the set of the stem-types needed
to the step to the final state.

We formed the following view-points :

(1) Vowel harmony :

1: o0 e.g-: kap + ok
2: e néz + ek
3:0 ul + ok
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(i1) 2nd person singular:

1: ol e.g-.:
2: el

3: ol

4: sz

5: asz

6: esz

. In PERS 3SG:

1: 1k e.g.:
9: O

it:

1: a e.g.:
2: e

3: 0.a

4: e.e

5:0.e

1: ott e.g.:
2 ett
3: ott
4: tt
5: t
(vi) Cond
1: a o e.g.:
2: e e/0

3: a.a a a.o
4:- e.e e e.e
5: nne nn nne

biz + o
tesz + el
koroz + ol
ir + sz
uqr + asz
kélt + esz

tor + ik
lép + 0

kop + tam
emel + tem
hall + ottam
sinyl + ettem
dont + ottem

3rd person singular:

hagy + ott
szeret + ett
gy6z + oOtt
15 + tt

kér + t

itional mood / Infinitive / Gerund:

var + na , + Oni, + nom
kérdez , , N nem
koszon —_ - nom

jatsz + ana, + ani, + anom
kérd + ene, + eni, + enem

te + nne, + nni, + nnem

(vii) Categories (table of affixes which can be
connected with the given stem)



5.8 Algorithm of the examination of verbal forms

With the help of the tables (and on the basis of the first
SixX viewpoints ) we can make the "feature-sixtuple™ of the verb
wanted to be examined by writing the adequate numbers after
each other.

Functioning of the algorithm: if the distinction of an
affix from the end of the word-form is succeeded, the affix
will define one of the feature-sixtuples mentioned above and
it will be tried to match with the feature-sixtuples of the
verbs. ITf It succeeds, we must revise whether the affix
connects to the adequate form of the verbal stem.

6. DESCRIPTION OF THE AUTOMATON PERFORMING THE
MORPHOLOGICAL ANALYSIS

The setting up of the automaton being used to realize
the analysis can be followed closely iIn more steps.

It 1s obvious that the automaton which analyzes
the nominal forms will be more complicated than the automaton
analyzing the verbal forms, 1.e. we can separate the verbal
affixes as complex arrays from the stem. Consequently we can
consider all verbal forms as a connection of a stem and an
affix (this affix can be also O-morpheme, e.g. the SDPri3).
For this reason we can store the form of all verbal affix-
arrays and the 5-tuple of information belonging to these
affixes (type of conjugation, tense, mood, number, person) Iin
the vocabulary of affixes.

The participles come into being by the affixes connected
to the verbal stems, thus their parsing begins in this
automaton, but i1t does not terminate there after the
examination of certain participles, (for example: the
continous participles will behave as substantives from the
point of view of the possible affixes which can be obtained
by these participles). We shall come back to the solution of
this problem later.
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We begin the examination of nominal forms with the
examination of the substantives. (Nominal forms: forms of
substantives, adjectives, pronouns, numerals.) The schematic
diagram of a nominal form i1s shown by the Fig. 6.1.

Fig. 6.1

Comment of Fig.6.1. and next similar figures:

Let us try to pass from the left edge (1) along the lines
to the right terminal sign (4 ). The direction of the
progression can be up, down and right; the only stipulation
IS :no progressing to left. An arbitrary representative of the
affix-types being written in the rectangles having touched
along the way can appear on the given place. So we can produce
all of the Hungarian nominal forms which can be made of the
constituents occurring In the figure by the all possible
ranging over of the diagram. It i1s obvious that we can make
further enlargements because the figure does not contain word-
forming affixes and other special affixes. We change the box
denoted with STEM to a more complicated one.We can build in,
not only the affixes not classified up to now but the
special adjectival, numeral and postpositional affixes, even
the entries coming from the verb.

Thus, i1nstead of the verb®"s form we have made (Fig.6.2.)
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Fig. 6.2

we shall get the next modified form (Fig.-6.3.).
And instead of the present form of the substantives
(Fig-6.1) 1t was worth developing the form of Fig.6.4.

Fig. 6.3
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WO

Fig. 6.4

One of the new units appearing after the stem obtained
collective designation WQ, the other got the name PLT/ESS
because the affixes plurale tantum and essivemodalis will
be analysed here.

Of course these affixes of nouns, adjectives, articles etc. are
the affixes only we thought practical to distinguish on the
momentary level of parsing.

IT we pass along on the figures before, from right to
left we get the building of the automaton performing the
morphological analysis.

Naturally the morphonological analysis comes next yet by
working out the interior of sucha rectangle. Its basic prin-
ciple the affix recognized already, determines what kinds of
phonological properties the preceding affixes can have,and the
program culls from the set of affixes which is restricted 1in
this manner when the program enters a given "box'".

Thus, the diagram of the automaton performing the morpho-
logical analysis (Fig.6.7.).
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‘Al STtF

Fig. 6.7

Note :

Fig. 6.8

That 1s, the verbal automaton treated independently up to
now, 1s built into the nominal automaton.

The algorithm performing the morphological analysis is
shown by the next table.

The morpheme on the left of —— » can be preceded by the
morphemes standing on the right of ——» only.

The classification of the table i1s suitable for Fig.6.4.,
that 1is, the next combinations are possible:
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CASS - POSS
PLT/ESS
PERS
PL
- WQ
STEM
POSS -~ PLT/ESS
PERS
PL
WQ
STEM
JESS - PERS
WwQ
_  STEM
PERS - WQ
#* STEM
PL - WQ
STEM
WQ - WQ
STEM
STEM

7. CONCLUSION

We realized the automaton performing the morphological
and morphonological analysis of Hungarian word-forms in PROLOG.
The solution principle of the problem did not contain de-
tails not indifferent from the point of view of the practical
realization. Such detail iIs necessary in theorganization of a great
vocabulary of steirs In themaking of the tree-form. IT this is not done, the
program can be very slow. The acceleration of the algorithm,
however, 1is possible In more ways, but our fundamental task
was to try out a method which is able to solve this task and
to verify the adequate functioning of this method.

The 1nput data of our next program - the syntactical analyzer -
will be the output data of the morphological analyzer which we
have been just made.
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Abstract

It 1s the iIntent of this paper to describe the main
characteristics of programming language design, and to give a
short presentation of the CHANGE system. The CHANGE programming
system was developed for adequate solution of various kinds of
problems by multiprocessing and language extension. The paper
consists of two parts to emphasize some existing language as-
pects and to characterize the CHANGE system iIn comparison with
them.

1. Introduction

The 30 years development of programming languages may be
characterized by three phases corresponding roughly to the
descovery and description of programming language concepts, the
elaboration and analysis of concepts developed earlier, and the
further development of the 70"s influenced by the development
of an effective software technology. This duscussion of pro-
gramming language development is far of course from complete.
There are both practical developments such as special purpose
languages and theoretical topics. Computer programming today 1is
in the state of creative ferment. There 1s a growing recogni-
tion that the available programming languages are not stimulat-
ing for designing computer and multiprocessor systems. When we
look at the integrated multiprocessor systems that will soon
dominate computing, the situation is even worse. In order to
develop such systems, we need to shift our attention away from
the detailed specification of algorithms, towards the descrip-
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tion of the properties of packages and objects with which we
build.

There i1s another conception dividing the history of com-
puter languages into four periods. The first period was that of
machine languages with uncomfortable coding conventions for
directing the machine through a long sequence of elementary
actions. The second period was the time of symbolic machine
(assembly) languages3 which made the algorithm®™s coding task
simpler, but not less machine-dependent. The third period was
the time of high-level languages3 that added a significant
level of economy iIn writing, machine independence, and read-
ability of programs. The fourth period appears to be that of
very high-level languages3 which enable the writer to express
"what" 1s to be done, iIn a language more familiar to his dis-
cipline, rather than "how" i1t is to be done.

One of the more iInteresting facts that emerge from a study
of programming language development is the remarkable stability
of early programming languages like FORTRAN, COBOL and so on.
These languages have satisfied the claims of a wide-ranging
class of users to solve their problems. But programmers should
never be satisfied with languages which permit them to program
everything. There i1s a need for languages which help the pro-
grammer to find the most natural representation for the data
structures he uses and operations he wants to perform on them
is clearly illustrated by the current trends in the evolution
of programming languages.

The programming language CHANGE (Leg 73] , [Leg 80] ) as a
universal base language i1s not qualified to satisfy every
criterion motivated by the users, but takes the evolution of
languages into consideration. The main purpose of CHANGE 1is to
give an adequate possibility to the user to specify his problem
on different levels of abstraction by dynamic language exten-
sibility. Furthermore there is another language feature which
assures multiprocessing orientation and maximal access to the
CHANGE interpreter on different levels of CHANGE programs. In
other words we can consider each CHANGE program as a multi-
processor which has a finite number of active and passive
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processors in every instant. During the execution of a CHANGE
program there exists a language tool to generate new processors
which have private data. Processors can build a processor struc-
ture for the dynamic description of control structure. A yery
important language feature is that the user is able to operate
on the CHANGE statements during program execution.

In the next paragraph of this paper we attempt to giye a
brief summary on the design of programming languages. We would
like to make i1t perfectly clear that we refer to language fea-
tures which have connections to the pecularities of the pro-
gramming system CHANGE.

2. Standpoints to language design

Designing a high-level programming language is at best a
difficult task. The designer must keep the entire design 1iIn
mind at the top level iIn order to decide what the various com-
ponents of the language should be, what they should look like,
and what effect they have one upon the other. And i1If he would
settle on a design, and then change some aspect of i1t, he must
be concerned with the effect this change would have on the rest
of the language. These problems are made more difficult If any
of the features of the language i1s new or has never been used
in combination with the others [Bas 75].

It 1s easy to see that there exists a set of semantic
features which are common to many languages. These include such
elements as assignement, block structure, functions and
procedures, transfer of control, parameter passing, data struc-
tures and input Zoutput which can be used as an aid to the under-
standing of languages in general. Nevertheless, programming
language definitions are iIntended to serve at least the follow-
ing two purposes. As a specification of "correctness'" for the
language implementer, and as information for the user who
wishes to determinde whether a program performs its intended
task. The formal definition of the CHANGE language based on VDL
(Vienna Definition Language) will be described in a following
paper .
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The design of a programming language iIs based on the
selection of the basic set of primitives which define the prob-
lem area addressed by the language. These primitives form the
basic data types and operations of the language. Once discovered
and chosen, they are embedded iIn a set of control and data
structures appropriate for expressing algorithms in the problem
area. The role of this phase is to specify informally these
basic language concepts and to define a full component of lan-
guage Teatures necessary to develop a viable programming lan-
guage design.

The second phase of the language design consists of formal-
i1zing the discussion stage by representing the design iIn an
interpretive semantic model. lIdeally, the design should be
representable on many levels so that the designer can get the
whole picture at whatever level of detail i1s needed and minor
changes iIn the design can be represented by minor changes 1in
the model at the right level. The problem In this phase is that
a complete interpretive semantic model usually requires too
much details to be of much iInformation at this level. The solu-
tion proposed in [Bas 75] 1is to initially model the language at
a very high level using a model which allows a hierarchical and
modular specification of the design. Then 1In successive passes
a remodelling of different aspects of the design can take
place, specifying the structures at lower and lower levels.
This i1s similar to the approach taken in writing a structured
program. This refining process iInvolves the introduction of
more structuring into the features of the language [Tue 75].

It should be noted that the CHANGE language which has
features such as operation (to be executed) on statements was
implemented 1n a natural way on the basis of this phase (c.fT.
Appendix F 1n [Leg 80] ).

Phase 3 of the design process is the design of the imple-
mentation of the language. This has been the traditional use of
interpretive semantic models. Implementation of a programming
language can be done by writing a compiler Or parser-interpre-
ter system. In the second case, the parser transforms a source
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text Into an intermediate code which iIs a data structure to be
selected on the base of effective interpretation. The model for
the compiler/parser design iIn phase 3 follows naturally from
the model of the language design iIn phase 2 continuing the re-
fining process towards the level of implementation. A formal
model for the design of the compiler enchances the clarity of
the design and provides a vehicle for proving the correctness
of the compiler.

In the following we give some basic language features 1in
order to make a comparison between existing programming lan-
guages and the CHANGE system.

2.1. Some language features from the point of view of the

CHANGE

As P. Wegner said, we have learned that in order to achieve
flexibility and power of expression In programming languages we
must pay the price of greater complexity [Weg 76] . In the 70°s
there was a tendency to retrench towards simpler languages like
Concurrent Pascal, even at the price of restricted flexibility
and power of expression. At the same time there was another
tendency which emphasized extensible languages3 as an alterna-
tive approach to the design of general-purpose languages. An
extensible language starts off with only a few features, but
it can be extended by the user who can define additional
features as he needs them.

The objective aimed at In the design of an extensible
language is the provision of a variable and flexible means for
the description of data structures and operations on them, to-
gether with the provision of a sufficiently flexible syntax and
semantics so that algorithms could be expressed in natural
manner. In general, a program iIn an extensible language will
consist of a combination of a base text (in the base language)
and an augment text expressed in terms of constructs which are
not part of the base language but which have been suitably de-
fined. The vehicle for the iIntroduction of new constructs into
the base language is provided by the implementation of a defi-
nition languagey Statements in which the definitions of
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constructs which are In an augment languagej are formed. The
combination of the augment text and the base text forms a text
In an extended language. 1T the definition language i1s a subset
of the base language then the base language may be called as a
self-extending language [Sol 71]. In any case, the definition
language and the corresponding extension mechanism should be
powerful enough for the iIntroduction of

O) new data types

(i) new data transformations

(ii1) new modes of sequencing of both the primitive

and defined data transformations

(v) new statement types or new syntactic forms.

We 1ntroduce the term derived language to denote the lan-
guage into which the statements of the augment text are con-
verted by the extension mechanism. The distinction between the
derived and extended languages and texts 1is iImportant because
the translation from source text to target text iIn general
consists of several passes of compilation.

From the 1mplementation®s point of view of an extensible
programming language we can distinguish compiler and parser-
interpreter systems too. In the first case the compiler of such
a language have built-iIn open-endedness which allows the user
to tailor the language to his specific needs. Then, the exten-
sion mechanism which is a part of the compiler is called
static extension mechanism. If the extension mechanism iIs a
part of the language interpreter we call i1t dynamic extension
mechanism.

The classification of static extension mechanisms can thus
be made on the basis of the stage of the translation process
during which the definition of an extension is processed and
the augment text is converted Into a text in the derived lan-
guage which is then merged with the translation of the base
text into the derived language. In this case an advantage of an
extensible language iIs that language features which are never
used at a given installation never need to be implemented, so
that hopefully the size of a compiler can be kept under control.
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In the case of dynamic extension, statements are converted
into the intermediate text In a unified manner. Only syntactical
properties of the augment statements are checked by the compila:
on the base of definitions written in the definition language.
As we are going to see iIn the next chapter the CHANGE system 1is
a typical example for dynamic extension. The dynamic extension
gives an effective means for the user to make a flexible imple-
mentation of various Kkinds of problems. In the CHANGE system
the extension of data types is static, 1.e. It Is performed at
compile time.

In the following we give a short presentation of a system
called ECL [Wgb 71] developed at Harvard University which has
some fTeatures which are similar to the main characteristics of
the CHANGE system. The most important goals of the ECL system
are:

O] to allow problem oriented description of
algorithms, data and control over wide range
of application areas

(i) to facilitate program construction and debugg-
ing

(ir1) to allow and assist iIn the development of highly
efficient programs

av) to facilitate smooth progression between initial
program construction and the final realization
of an efficient software product.

To aild program construction and debugging, the ECL system has
been designed for use iIn an interactive, on-line fashion.

The ECL system reads and parses each command, interprétes
it and turns to the next command. Since commands include calls
on procedures which may be programmer-defined, the interpreta-
tion portion of the cycle may set of the running of a compiled
program. At the heart of the ECL is the command handler, the
routine which controls the above command loop. It has two main
components: the parser and the interpreter. The parser calls
on a lexical analyzer to decompose the iInput stream iInto tokens.
Both the input source and the parse tables may be changed by
commands, so that the source of commands and the language 1n
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which commands are expressed are subject to change by pro-
grammer. This mechanism may be called static extension. The
output of the parser iIs a representation of the commands as
linked lists called intermediary lists. The list structured
representation has two uses. On the one hand, 1t can be execut
ed directly by the interpreter, on the other, i1t Is a con-
venient form of iInput to the compiler. This achieves several
economies. A program needs to be parsed only once, oOn input.
Hence the interpreter does not reparse a line each time it is
encountered during execution, e.g., In a loop. Also, the
compiler is considerably simplified since i1t is not at all
concerned with parsing.
Most commands will be function calls, 1.e., the applica-
tion of a routine, for example:
O) a routine for defining new procedures and
operators

(i1) the compiler
(i11) routines to define new data types
(iv) routines to change the parse tables, thereby

changing the syntax of the language.
It should be clear that ECL is an eclectic system, which
provides definition mechanisms for extension algong three axes
syntax, data types and control structures. The 1idea iIs to
construct a small initial system consisting mostly of powerful
definition mechanism for self-extension. Only the iInitial sys-
tem needs to be implemented and maintained by the system
creators.

In order to give a short comparison between ECL and the
CHANGE systems from the point of view of language extension,
too, let us examine now the ECL system. The language may be
extended by

O) adding to the syntax specification new syntax
rules with augments

(i1) defining the function names used as prefix
operators in the new iIntermediary list form,
thereby defining the semantic specification
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(i11) adding the parse table generator based on the
new syntax specification

(av) switching the parser to be driven by the result-
ing new parse tables.

Compiling the program and the semantic specification functions
will yield an acceptable although not specially optimized code
for the new construct.

The main differences between ECL and the CHANGE system
are the following.

O) The ECL system has been designed for use In an
interactive; on-line way, not neglegting batch
processing [Wgb 71] , while the CHANGE system
can be used only iIn batch manner.

D) In the ECL system, during interpretation there
IS no extension, namely the extension mechanism
iIs a so called static extension. In the CHANGE
system those extensions which refer to data
types are completed by the parser iIn a static
manner. The definitions oOf statement extensions
and the augment statements are processed by the
CHANGE interpreter. Hence, the extension
mechanism, which is a part of the interpreter
is called dynamic.

(it1) From some points of view the ECL system is con-
sidered more intelligent as the CHANGE system,
but it should be noted that the size of ECL is
about 20 times greater as the size of the CHANGE
system.

There are two essential aspects of forming view of the
two systems on the basis of extension mechanisms. From the
user®s point of view the extension mechanism of the CHANGE
system is more efficient because the user can control statement
extension under the execution of iIt"s program to introduce
various kinds of syntactic and semantic constructs. The cost
of this powerful tool is that the efficiency of the implementa-
tion will be decreased by the execution speed of the inter-
preter. In our opinion, separating data type and statement (or
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control) extension in the CHANGE system gives a sensible
compromise from both points of view.

When an extensible language will be implemented by a
compiler i1t can be implemented by an extensible compiler-com-
piler system3 too [Nap 80] . There is another example of the
implementation of extensible languages by a compiler-compiler
system. The Helsinki Language Processor (called HLP) 1is a
compiler-compiler system which has been developed at the Uni-
versity of Helsinki [Rai 78] - The system consists of modules
for the lexical3 syntactic and semantic processing of computer
languages. Semantic processing iIs carried out on the basis of
attribute grammars. The lexical and syntactic metalanguages
of the original system where increased by us so that the user
could define the compiler of a self-extending language, too.

In our system the derived language may be the base language
and an attributed tree language, too [Sim 81]. Our implementa-
tion - the first one in Hungary - will be completed at the end
of this year. After that the parser of the CHANGE system which
IS now running on the CDC 3300 computer will be rewritten 1in
the HLP system.

In our opinion the CHANGE system has another basic feature
too which is called multiprocessor-orientation [Leg 73] . In
order to give some new comparative points of view In connection
with the CHANGE system we introduce some high-level language
constructs on the basis of Concurrent Pascal which are used to
describe concurrent processes. A process IS a sequence of
"operations'" carried out one at a time. Processes are concurrent
if thelr executions overlap in time. The language notation

cobegin S, ...; coend

iIs treated by the compiler so that the statements S*,...,S can
be executed concurrently. Concurrent statements can be arbit-
rarily nested thus determining a process hierarchy. It iIs this
hierarchy which determines the processor hierarchy.

In the CHANGE system i1t was developed by another concept.
The processor hierarchy is programmable, that iIs i1t can dinami-
cally be formed during program execution by the statements
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COPROCESSOR and SUBPROCESSOR. Every CHANGE processor has a
private library to define the semantics of the statements. In
any step the next statement of the active processors IS carried
out by the CHANGE interpreter. The augment statements typed
CLOSE EXTEND are processed In one step too.

In high-level languages for concurrent processes which
have access to common data there are some synchronizing
tools such as conditional critical region, semaphore, monitor
and event queues. Because the CHANGE language has common data
with the except of closed extend"s data, there is a need to
introduce some kind of synchronizing primitive. For the CHANGE
processors the language contains statements called WAIT and
NOWAIT to control the working of those. It should be noted
that the semaphore as a synchronizing primitive is able to
solve all synchronizing problems connected with concurrent
processes. Variables of the type semaphore can be introduced to
the CHANGE language by data type extension. The semaphore
operations called P and V by Dijkstra are considered as the
results of statement extension. The classical Readers and
Writers problem solved with semaphores can be found iIn the next
chapter.

3. The CHANGE programming system

As we have seen the CHANGE programming system consists of
two main components. The CHANGE parser maps the source text
into an intermediate text after carrying out the static exten-
sion and the syntax analyzis of the base and augment statements.
The i1ntermediate text will be executed by the CHANGE interpre-
ter. During interpretation the dynamic extension of iInterme-
diate augment statements iIs executed and the processor
architecture is formed. In the present chapter the basic con-
cept of the CHANGE system will be presented first. A short
presentation of the CHANGE statements will follow. Finally some
typical applications are given iIn order to demonstrate the
usefulness of the CHANGE language.
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3.1. The concept of the CHANGE system

The hardware and software conditions which led to the
development of the CHANGE are outlined by the designer of the
language [Leg 73] , [Leg 80] .- As 1t appears to the author the
problem area for which the use of the system iIs adequate depends
on the choosing of the base language. The basic data types and
statements of the CHANGE are FOETRAN-like. Statements for
extensionprocessor management and for program modification
have FORTRAN-like syntactic properties too. Because the CHANGE
system was developed as a parser-interpreter system, the
FORTRAN-like declarations are treated as statements. It iIs easy
to see that the semantics of the CHANGE statements has many
dynamic properties to iInspire the user writing effective but
unstructured programs.

In our opinion the development of the language has the
following three motivations:

O) It must give some kind of possibility to the
users to Introduce some new language constructs
to specifty their problems at different levels
of abstraction, supposing that enough primitive
operations can be expressed on the base lan-
guage.

(D) The base language must contain tools for creat-
INg concurrent processes and expressing diffe-
rent types of synchronization between them.
Processors assigned to the processes form a
processor hierarchy which can be reconfigurat-
ed during the execution of a program. Every
processor can assign various kinds of semantics
to the statements.

(iii) It should assure the language maximal access
to the state"s components of the interpreter.

The main power of the CHANGE system - distinguished from
other systems - is the facility of the open and closed state-
ment extensions. In the case of open extension after the pa-
rameter passing the augment statement is replaced by the body
as an open routine which can contain some other augment state-
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routine. After parameter passing the statement body 1S carried
out as a single statement in a new processor level with private
data.

The introduction of the motivation (iii) 1is considered un-
necessary, fTor it gives possibility to the user to develop so
called unstructured CHANGE programs. Therefore the CHANGE sys-
tem has different levels of the trace TfTacilities for debugging.

There is a special statement called CHANGE statement which
can modify several parts of the program during i1t"s execution.
In case of application of the CHANGE statement iIn a statement body
the forming of the semantics of an augment statement can be
constrolled by the actual parameters. Let us assume that iIn a
state of the iInterpretation of a CHANGE program some open aug-
ment and CHANGE statement is executed. Consequently, the origi-
nal program has been modified. We can reproduce now several
parts of the program on FORTRAN and CHANGE level too, by the
execution of the TRANSLATE and LIST statements.

An interesting programming method using the extension
facility, the TRANSLATE and LIST statements will be given next.
IT we wish to solve some computational task by the method of
step by step refinement OF the abstraction levels then we can
do the following. At the first abstraction level we formulate
our task by forming extended data types and control structure.
At the subsequent levels we give the definitons of augments
until the statements of the base language are reached. At the
optional level of the implementation the modified CHANGE pro-
gram can be reproduced by using LIST statement to control the
generated program. If the program generated at the last level
does not contain some special statements such as processor
management statements etc. then the user can apply the state-
ment TRANSLATE which generates the equivalent debugged FORTRAN
program in order to optimize run time.
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3.2. On the statements of the language

In order to give a short presentation on the statements of
the language let us consider as an example the following pro-
gram. The classical Reader and Writer problem 1S solved by a
eyolio message buffer.

The program consists of two parts (see Program 1. and Pro-

gram 2.). The first part iIs to specify

- the extension of an integer basic data type In a static
manner to iIntroduce a new data type called SEMAPHORE
(see line labeled 20)

- the declaration and assignement of the initial value for
the text variables 0 and P (see lines labeled 21-23)

- the open statement extension (in the line labeled 24)
which is introduced for the specification of the initial
assignement to variables typed SEMAPHORE

- the open statement extensions iIn order to introduce the
semaphore operations P and V (see lines labeled 25-26)

- the open statement extension for incrementing the
pointers of the message buffer (see line 27)

At compile time after the processing of extensions the syntax
of the augments 1is transferred to the syntax library (identified
49). During the execution of Program 1. the semantics of augmmts
iIs copied Into the semantics library (identified 50) and the
files which contain the libraries are rewound (see line la-
beled 28-30). The specification of the parameter passing can

be seen, for example, in the line labeled 4, 9, and 13. The
description of a statement body can be found in the lines 2-3.

C THE READER AND WRITER PROBLEM
C SOLVING WITH SEMAPHORES

20 EXTEND TYPE SEMAPHORE,INT

21 TEXT O,P

22 $OPENS T0 0

23 $PERNS T0 P

24 EXTEND O,P ,SEMANTICS AT 7, $SEMAPHORE:V=INT :E$
25 EXTEND O,P ,SEMANTICS AT 1, $P(SEMAPHORE:V)$

26 EXTEND O,P,SEMANTICS AT 5, $V(SEMAPHORE:V)$
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27 EXTEND O ,P ,SEMANTICS AT 10, $INCREMENT INT:V MOD INT:E$
28 LIBRARY TO FILE 50
29 REWIND 49
30 REWIND 50

STOP
1 SEMANTICS BODY 2-3, PARAMETERS 4-4

I==SEMAPHORE (1), INT(1)
9 J==INTQ)
13 K==INT(®)
2 IF(1.LE.O) 2,3
3 1=1-1
5 SEMANTICS BODY 6-6, PARAMETERS 4-4
6 1- 1+1
7 SEMANTICS BODY 8-8, PARAMETERS 4-9
8 1=J *
10 SEMANTICS BODY 11-12, PARAMETERS 9-13
11 IF(J.LT.K) 12,13
14 J=0
12 J=J+1

Program 1.

In the Program 2. four variables are declared as extended type
called SEMAPHORE on the basis of the extended syntax library.
After the initialization of the pointers and semaphore vari-
ables two processors are initiated and a P operation Is execut-
ed to await the termination of two subprocessors. The Tirst
processor labeled 2 i1s treated as the writer and the second
labeled 3 as the Reader. The access of the message buffer is
synchronized by semaphore SI. The read and write operations
are synchronized using semaphore operations on the variables
S3 and S2.

LIBRARY FROM FILE 50

INT B,C ,BUFFER(10),1,J ,K,L

SEMAPHORE SO,SI1,S2,S3

B=1

C=1

S0=-1
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si=1
$2=10
S3=0
SUBPROCESSOR 2,2
SUBPROCESSOR 3,3
P (0)
STOP
C PROGRAM FOR PROCESSOR 2

2 LIBRARY FROM PROCESSOR 1
DO 4 1=1,30,1
READ(60,$(14$) K
P (S2)
P (SD
BUFFER(B)=K
INCREMENT B MOD 10
V(S1)
V(S3)

4 REPEAT
V(S0)
STOP

C PROGRAM FOR PROCESSOR 3

3 LIBRARY FROM PROCESSOR 1
DO 5 J=1I,30,1
P(S3)
P(S1)
L=BUFFER(C)
INCREMENT C MOD 10
V(S1)
V ()
WRITE(61,$(1X,14)$)L

5 REPEAT
V(S0)
STOP

Program 2.
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3.3. Application examples

The CHANGE programming system IS now running on some com-
puters such as CDC 3300, R-40 and I1BM 3031. In all cases the
language of the implementation is the FORTRAN language. At
present about 20 000 lines of CHANGE programs are tested and
integrated in a source library. In the present chapter some
typical applications of the CHANGE will be briefly presented on
the basis of the CHANGE library.

The fTirst example i1s an application of the CHANGE
processor hierarchy to sort various types of data elements
refered to [Tho 77] . As the second example a system for educa-
tion is presented. On the first level the system called CAl*
(Computer Aided Instruction) defines a large number of elemen-
tary exercises as augment statements. The statement body of
augments determines the algorithm.to solve the exercise. Using
multi-level extension complex exercises can be composed from
the elementary ones. Extension can be used to give different
formulation to exercises with i1dentical solutions described by
a statement body.

There exists an application of CHANGE to produce programs
for NC (NUMERICAL CONTROL) machines. As a fTirst step basic
operations of the machine are defined as augment statements. As
a second step technological iInstructions are reduced to the
first level In the form of statement body.

As a next example we mention the implementation of the
assembly language called SLAGH. The purpose of the implementa-
tion is twofold. Defining the statements of the SLAGH language
as augment statements it becomes possible to simulate SLAGH
programs in the CHANGE system. On the other hand appropriately
changing the target language of the TRANSLATE statement one can
generate microprograms from SLAGH programs.

The last example mentioned is an application of CHANGE
related to the i1nput-output analyzis of the general linear
system models. Such a probelem occurs, for example, during the
design of the general linear electrical network. The problem is
reduced to the combinatorial problem of finding a spanning
forest in a graph with k roots fixed. The solution is based on
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the mapping of the given graph to an equivalent configuration

of processors [Kov 81] .
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EFFECTIVE LOGIC OF PROGRAMMING LANGUAGES
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Abstract

An effective logic (i.e. with decidable notion of proof from decidable set of premises,
and with the completeness property) for programming languages including conditional-assigne-
ment-with-goto instructions and first order declarations of data structure is presented in this
paper. Usefulness of the logic in proving the total correctness and the stop properties of

programs is demonstrated here.

Introduction

A programmer, who has lost long hours in hunting subtle bugs inhisown program, could
really appreciate an ease, that seeming evidence, deceives our intuition with . In fact, common
sense alone does not matter a lot against a finesse of traps, that the programming practice
lays. So it isno surpise for me that as long as programmable computers exist (may be even

a bit longer) one feverishly searches efficient weapons against errors.

Besides all various preventive measures taken in order to secure a functional correctness
for programs, methods of post factum relianceienlargement, known by the name of verification,
deserve the special mention. Most natural of them, testing, isbased on the principle: “the proof
of the pudding is in the eating”.Though iIn many cases such a procedure seems quite sufficient,
what more iteven may be sometimes the only possible way of verification, the effective ade-
quacy of the method nevertheless arose some doubts. “Testing may reveal only the presence
but never the absence of errors” is the thesis, which for all its over-categorical form reflects
fairly well a scepticism, the practice af experimental inspection of the correctness of programs

meets with.

The mentioned distrust has given rise to efforts towards making use of deductive methods
where experience did not yield the expected results. Since — as being claimed — an experiment
ascertains by no means functional features of a non-trivial program, maybe itwould be possible
to prove them to be valid beyond a doubt. With such purposes in mind, the trend towards
mathematized theory of programs — which the work of McCarthy [12] isan example of — was
nothing unusual. But in spite of the fact, that Turing’ machine isnumbered among basic
notions of mathematical logic since a long time, the phrase “heyond adoubt” with reference

to the proof of the correctness of the program, turned out to be difficult to formalize.

One has relatively easily succeeded in specifying — as Hoare [ ] did — a set of axioms
and rules of inference, that were commonlv admitted to be evidently valid. However, the set
(see Andréka, Németi,Sain [18]) leaves much to be desired in respect of its completeness: there

are undoubtly correct programs, the correctness of which cannot be proved applying
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exclusively Hoare s rules and axioms. As conclusions concerning features of programs, drawn from
a finite number of tests successfullly executed, would be sometimes over-hasty, in so far the
abridgement of the meaning of beyond a doubt” to *being formalizable within Hoare’

system” has appeared to be too far prudence.

On the other hand, attempts to reduce the proof of the correctness of a program to a proof
in the sense of classical logic by appropriate axiomatization of the notion of “program” (e.g-
in Burstall [2]) did not meet with wide approbation, because of doubts about its exact consis-
tency with general comprehension of that term. I can be found in [16] (foot-note :) that

the above question is not baseless, at least as it concerns [z ]-

The requirement of completeness of the searched formal system has born a necessity of the
rigorous definition of program’s semantics, which escaped the attention of even such recognized
authorities, as Dijkstra [3], Hoare and Wirth [7] or Manna [11]. This problem has been
resolved on the base of the so-called transition relation (due to Mazurkiewicz and Pawlak),
which isusually interpreted as abstract processor of the program, that is realized by (hence
Pawlak smachine). Properties of programs, including the correctness, have been consequently
described as common Tfeatures of corresponding transition relations. With such determined se-
mantics, the completeness of the programming logic L is defined as follows: ifa program
P has a property expressed by a formula q(P), then there isa formal proof of q(P) within

L, and vice versa.

Till now, one succeeded in constructing a few complete deduction systems concerning

programs.

The Algorithmic Logic of Salwicki [15] and the Dynamic Logic of Harel [5], Meyer

and Pratt are the best known ones. However, these systems have some unpleasant features
that restrict slightly their scope of applicability: they involve infinitely long proofs (e.g-
Algorithmic Logic) or undecidable sets of axioms (e.g- Dynamic Logic). For this reason they
do not yield the effective definition of the notion of "beyond a doubt” with reference to
the proof of the program?” correctness: the first one through the necessity of inspection of
infinitely long proofs, and the second one through the lack for a way of deciding whether
or not a sentence is an axiom. The reason of the above imperfection lies in an a priori assump-
tion that data structure, which a program refers to, includes the standard model for arithmetics

the object by virtue of Gédel s theorem [4] unknowlable, ifChurchrs thesis (Barwise [1],
chap A1) 1isbelieved. Therefore isno surprise that modes of inference about so

comprehended programs have successfully resisted automation.

Do we indeed require a perfect computer to contain an implementation of all naturals
with usual arithmetical operations? It is difficult to imagine, how the requirement could be
formally stated, to say nothing about its unfeasibility. What ismore, the whole arithmetics need
not to be necessary in the set of operations of a given program. It is verisimilar instead, that
quite different data structures will turn out to be useful iIn concrete applications, what is always

connected with the necessity of identification of such structures. Furthermore, it seems not to



be a reason to distinguish some of them, as for example arithmetics, by release from such an

obligation.

They are declarations that play the role of identifiers of the so-called abstract data struc-
ture. As they need not to be (and usually are not) unambiguous, there exist various realiza-
tions of data structures of the very same program. In this case the verification problem redu-
ces to the ascertainment that the verified program acts accordingly to the author’ expectations
in all possible realizations of its data structure (cf [18]). It is easily seen, that testing has

stall less to do with efficiency here.

The notion of portable programming is related to this point of view, and is taken as
principle in eg. FORTRAN standard definition [14]. It arouse as a side effect of the
standardization process of high level languages: it turned out that it is sensible to demand a
program to be constructed in a way, providing its correct behaviour under each of various

compilers that meet all the explicit requirements of a standard language definition.

So comprehended program? properties preserved under a class of data structure, were
investigated in Kfoury [ ]- A more radical standpoint can be found in Manna [10], where
uninterpreted flow schemata with no explicit assumptions as to the data structure are
considered. However, as far as | know, the methods of reasoning about such partially inter-

preted programs have been nowhere yet effectively formalized but in [16].

The present paper concerns the Computational Logic of [16]. This isa deduction system
with finitary rules of inference (infinite proofs are no longer needed), decidable set of axioms =
(there exists an effective decision procedure of being an axiom) with completeness property,
which means that the notion of beyond a doubt” in respect to the proof of a property,
expressible in the language of Computational Logic (here called Programming Language) has
been eventually defined. On the other hand, it is shown in the sequel, that interesting properties
of programs are possible to be expressed in that language, and then Computational Logic

proves useful in the process of program verification.
The paper isorganized as follows:

Section 1 isa description of the Programming Language. It is expressive enough to com-

pilers of arbitrary real programming language be written in.

Section 2 isdevoted to semantics — the notion of realization of program is introduced
there. Alike in practice, where there may exist many essentially different realizations of a
given program, or there may be no such realization at all, inThe paper - unlike iIn the most
of known theoretic solutions — the principle of the unique determination of semantics by

the program itelfis NOt assumed.
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Section 3 contains examples 0f program? properties. They concern the total correctness

and halting problems.

Section 4 contains results that show that these properties are expressible in Programming

Language with satisfactory accuracy.

Section 5 contains the definition of Computational Logic and the completeness theorem.

The proof of the theorem, considering its size, is not presented here - it was published in [16].

Section 6 contains the definition <of the instruction of the Programming Language. The
instructions are defined to be formulae of that language, similarly as in Kroger [9]. But un-

like ours, the logic of [9] (Logic for Algorithmical Reasoning) is infinitary one.

Section 7 consists of notes on restricted semantics. It is pointed out, that the rejection

of some classes of realizations, e.g. the ones having too large computational power, has no

influence on the completeness property of Computational Logic.

1. Programming Language

A program is a set of instructions and declarations. Instructions are conditional-assign-
ment-with-goto instructions of the form

1. a:if p then Xj,...,xn := 1 ,...,m andgo to I3

where

-a and (@ are of naturals (labels): a labels 11 and & points the instructions,
that may be executed after the assignement of 1.1,

—p is a formula (a logical expression) being the necessary condition for the
assignement of 1.1.

—Xj, . .., xn are variables: x{ is nonidentical with x., whenever i o j,

—ti,...,t areterms (arithmetical expressions).

Declarations are first-order sentences, i.e. formulae without' variables being not in the scope
of a quantifier. E.g.:

Vx 3 yx<y)

is the declaration, while 3y(x < y) isnot. It has the meaning: *for each x there is v,
that x < y”.

Instructions describe actions, that have to be executed, whereas declarations define a
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class of data structure, which the actions refer to. In the sequel, programs will be usually
denoted by P, P", etc, sets of instructions — by O—, Q(, , and sets of declarations - by
R, R", and so on. From the definition of program We <l assure et

P=au R, PP=0Q" u R", ... etc.

2. Semantics of Programs

Let us assume the set of variables to be potentially infinite (virtual memory). A state of
memory isuniquely determined by an infinite sequence. Elements of the sequence are the
values of consecutive variables. The sequences will be denoted by <, ®,etc. We shall call them
\aletiaos.

A state of programs execution isuniquely determined by an instruction counter and a

state of memory. Pairs <a, ip>, where a isa label and < isa valuation, encode this infor-
mation, and will be called SILBHIOE.

In order to execute the process described by a program, it suffices to construct an auto-
maton, performing all the transitions between situations, according to that program. Such an
automaton is called a trasitian relation (denoted by C, C, etc.) and isa binary and tran-
sitive ~ relation in the set of all situations. Being of two situations sj and & in the
transition relation is interpreted as existence of path (.e. a sequence of consecutive transitions)
from S to S - The transitiveness of the relation means: if there are paths from sj to s>

and from S to &, then there isa path from S to S .

A computational system is a triple

2.1. <A, C, F>

usually denoted as c, where

— A is the set of all values (of variables) available In the system

— C isa transition relation; valuations embedded in C must be sequences of elements
of A,

— F is a sequence of relations-and-functions which are standard ones in eg- in
F may appear: zeroing, incrementation, comparison with zero, etc.; the elements of

F are the only ones, whose names (symbols) may appear in programs.l

1) C is abinary transitive relation if < Sj,s2>eC and C.s"s";» eC implies <Sp Sj>eC.
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If g isan instruction of the form 1.1, then VtC SBSFiES (may be among others) q iff

for each valuation with values in A the condition:

if p istrue when evaluated in fo/6c by ‘p (denotation <£*(p) = true) then the

transition (<a, >, <B, ¢>) 1isin C denotation: «a,<p>, <B, p>)eC)

holds, whem CIJ is defined by equation

~(x) if X</{Xj,.-u’xn)

if X is identical with x;

and ip~t) denotes the value of term t evaluated by i]. It is easily seen, that the
notion of satisfaction of instruction is an explicitness of its intuitively comprehended execu-

tion. In the sequel, the denotation c"6c¢c 1= q will be applied instead of: satisfies (.

If r isa declaration, then s fEs r if r is true in the structure <A, F> (cf.
Barwise [1], chap. Al). In that case we shall write cl= r.

if P is a program, then t/b. isa reAlizatnof P (denotation: OCc 1= P) 1if for 4
all peP, Ob 1= p holds. K means that /Cc 1= P if C realizes (at least) the
executions of instructions of Ou, nad <A, F> isa sturcture described by declarations of
R. A program P and a structure <A,F> 1= R need not uniquely determine the realization

<A,C,F>, since, as it follows from the definition of realization, the condition:
if <A,C,F> 1=P and C¢C*" is a transition relation in A, then

<A,C",F> 1= P

holds.

If P isaprogram then a computational system <A,C,F> is an irrplemantation of
P iff <A,C,F> 1= P and C¢C" whenever <A,C", F> 1= P. In other words, an
implementation®"of a program is its minimal (in the sense of inclusion of transition relations)
realization. So the transition of an implementation encodes exactly the actions specified

by a program.

A program P and a structure <A,F> 1= R uniquely determine Pk implementation,
which isa computational system <A,C,F> where C is the transitive closure 2) of the

so-called direct transition relation of P iIn <A,F>. However, itdoes not mean, thaj: a

program itself uniquely determines its implementation.

2) the least transitive relation which includes a relation in question
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The defined syntax and semantics enable to deal with concurrent programs. If each
instruction is thought to be an atomic and instantaneous one, what is widely accepted
—cf. Pnueli [13], then the processor of the program may be considered as a set of independent
atomic processors. Each of them corresponds to one and only one instruction and acts as follows:

(1) At the very beginning all the processors corresponding to instructions labelled by the
entry label are active, while the rest of them are passive ones.

2) The processor corresponding to 1.1 performs the specified assignement only if p is true,
and the processor is active, and no other processor is acting at the moment.

3) If the label a is different from the label &, then the processor corresponding to 1.1.
turns all the processors corresponding to instructions labelled by & active, and all corresres-
ponding to ones labelled by a passive —simultaneously with the performed assignment.

4) The execution of the program is finished iff there are no active processors.

Such an approach to concurrency is known by the name of subjective semantics, and is based
on expressing the concurrency in the terms of non-determinism (see e.g. Winkowski [19] for
details).

Example The program (11 is always true formula)

{ ~10="1);

a :if 11 thenl X], x2 := 0,0 and B&;

g :if X = 0 then Xj,y] .= i,/(yj) and B;
R: if X2 = 0 then X2,y2 c= 1,71y2) and /3

R - if (X 1) & (X2 =1) then z := a(yj, y2)
>computes” a value of the term gC/lyx), /(y2)) with values of Ay~ and /(y2) being
computed concurrently. m

If P and P' are programs, then P semantically implies P' iff each realization of P
is a realization of P' too (i.e. for all m/ic, 1= P' whenever 6 1= P).
This fact is denoted by P 1=P' and means that P “performs” at least actions, which P’
“performs”.

Example If P'¢ P, then —by virtue of the definition of realization — P 1=P'. m
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Example.
{a : if “Ix=0) then x :=/(x) and or
a:if x=20 then x:=9g(x) and 8 } 1=
a: if 1(x = 0) &fix) = 0 then x : = gifix)) and B

The opposite implication does not hold. =

3. Properties of Programs

Let a be the entry label and R the exit one. We shall deal with the following
properties of realizations of the program P:

3.1. Property For the values of ”input’variables X j X , Which the condition
p(Xj , ..., xn) holds for, each realization of P computes the values of “output”
variables : yx= fx(Xj,....,xn), ..., Y =/TUX,*e*e xn), and halts.

3.2. Property There isa path from a to R in some implementation &/Gc of P, for
some initial valuation p and some terminal valuation ¢ in

3.3. Property For all implementations ‘'c/6¢c of P and for all initial valuations p in ~cCc,
there is a path from a to B.
Let route in <A,C,F> denote a sequence of situations <sx S,... > such

that<sj; sj+1> eC for i= 1,...,n—1, ..
if for no s,'<s, s'>eC holds.

., and s isthe lastsituation of a route only
3.4. Property Each route in arbitrary implementation of program P ends at R,
whenever starts at  a.

The property 3.1. is a weak version of total correctness. The properties 3.2 —3.4. are
different versions of stop property, with 3.4 being the strongest one.

4. The Expressiveness of the Properties.

The property 3.1. is immediately expressible in Programming Language.
4.1.  Theorem Aprogram Pis of the property 3.1. iff

Pla :if pQJ,. ..,xn) then Yx, mmm,y Tm= INX xn), . .

Im(Xj,...,xn) and R.
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Proof (instant) from the definition of realization. m

In order to express rigorously the properties 3.2 —3.4, one need a language, which is a
proper extension of our Programming Language 3). However, one can “interpolate” the
properties with satisfactory accuracy in Programming Language.

4.2. Theorem If P is of the property 3.2, then there is an instruction q of the form
1.1, that
> = q

<E*(p) = true (p is satisfied by in

¢ is defined by 2.2.

Proof in  [17]. =
By other words, if there is a path from a to R in some implementation of P, then @
semantically implies an instruction, that forces that path existence.

4.3. Theorem If P is of the property 3.3, then there is a set P' of instructions

P = {a:if pj then.... and ®; ... ; a: if fthen.... and B }
that

PI=P

R I=Pj V...Vp (the pj’s exhaust all possible cases)

R =1 (P} & pk) for each i® k (the Pj's are disjoint).

Proof in [17]. m

If one has to deal with programs including infinite sets of instructions then the property
3.4. is beyond an effective investigation. Indeed, each of instructions of the program may be
responsible for lack of the property, so in order to ascertain that it holds, one need to
consider all of the infinite sets of instructions.

4.4 Theorem If P isof the prope* 3.4. and O» is finite, then there is a set P' of the form
as in the 4.3. theorem, that

PI=P
R 1=pjV—Vp
if (<a,y >,<B, ¢>) e C then for some instruction geP' of the form 1.1, y?1p) = true

and ¢ isgiven by 2.2 (i.e. if there isa path from a to R in an implementation of P

3) The needed language must not have a partially decidable set of tautologies.
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then some element of P *forces the existence of that

Proof in [17]. m

From the above theorem it follows, that if a finite program P is of the property 3.4
then there is a finite loopless program P', that is equivalent to P in respect to inputoutput
characteristics.

5. Computational Logic

One may pose the question, whether the semantical implication is syntactically
characterizable or not; i.e. whether there is a set of axioms and rules of inference, that
P 1=q isequivalent to existence of proof of g from P treated as set of premises
(denotation: P I—q).

The answer is “yes”, if one does not impose any extra requirements. It sufficies to take
the set

{pip isan instruction or declaration and 0 1=p}

as set of axioms, and the set

{’9 [P is a program, p is an instruction or declaration and P 1=p }

as set of rules of inference. However, the logic defined this way, need not be effective. For

the effectiveness of the logic, the set of proofs should be decidable, unless the set of premises

is umiecidable. In other words, having a sequence of formulae and a decidable set of premises

we should be able to decide by inspection, whether it is a proof ot not. The Computational Logic
satisfies this extra requirement.

Let L be a first-order language and let T denote the set of all terms of L. By
substitution (in L) we mean each function

a:T- T
satisfying:
—if f is n-ary function symbol and tj, ..., tn
are in T, then a[/tj ...tn] is identical with

M tj] me e ff[tn],
— if ¢ is a constant symbol then a[c] is identical with ¢, and

—there are only finitely many variables x in L that o[x] is non-identical with x,
where a[t] denotes the value of a on t.
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The languages M we shall concentrate on, are those of first-order —with the equality
symbol- which meet the conditions:
(1) the set of all terms of M is decidable, and

(2) the set of all realation symbols of M includes a decidable subset S, that for each
number n there are infinitely many n-ary symbols in S.

By the conditions (1) and (2) there issuch a 1—1 recursive mapping from the set
of all sequences of the form

3) <a,yj,...,yn,ak>

(where a isa substitution, y j 'y n are variables, n,aR are naturals) onto S, that the
arity of a symbol corresponding to (3) is n. For example of such a mapping see [16]
(foot-note 2).

Further on, we shall fix the language and the mapping, denoting the symbol
correspomding to (3) by

sub(o,yl yn,a, B)
Now we state the set of axioms of Computational Logic. First, these are all formulae

of forms listed below. (The parenthesisless notation is applied in ralation to function-and-relation
symbols).

(Al pP3(Dp

(A2)  (P3@anN]3[(pdp3 (p30)]

(A3) [p30) 3a0)asp

(A4) VX(p 3 ) 3 (p 3V Xq) provided x isnot free in p

(A5) VXp3ap

where p, g, r denote a formulae of M, 0 is the falsehhod symbol, x is a variable and

p' is a formula obtained from p by putting a term t instead of each free occurence of

x,/ provided no occurrence of t so introduced contains the bound occurrences of a variable in
Pe

(11) t =1t forevery term t of M

(12) t=9a/tj ... t,=/tj ... t_j JtiM ...t f°r every n—ary function

symbol of M and i= 1 ... ,n
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(13) g=s 9 (rt...tnoa rt. ..ti_1 sje+ tn) for every n-ary ralation
symbol of M and i=1,...,n.

Second, these are all universal closures of formulae of forms listed below.

an sub(o, YJ, ***, YN, 8) XJ ... XnD
D sub(a YIIQD), - .. ,yn,a)xn(D) .. .xAM)

where ¥ denotes a permutation on {1,...,n}

(T2) VY sub(o,yt, emm yn, yn+l aR) X, ... XNy=

= sub(a,yl,...,yn,aR) Xj...xn

for ymd M Yj,...,yn} and yH Xj,...,xn}

(T3) sub(o, YJ,---,YN,YN,a, 8) X ... Xy =
= (N =y3sub(o, Yj,**=,yn,a, 8) XJ -..X)
(T4) (Az,]1=r[Zj]1& -.-& a[zk] = r[zk] &
&sub(a,y) ...,y /R3) X ...xn) D

D subir,Yj, ..-,yn,a B) Xj...xn
where a and r are substitutions identical on variables other than z ,... Z ,and
X , ..., xn are the all variables of the terms  a[z.], r[z.] i=1 k)

(T5) (sub(a, Yj, *e*,yn,aB) Xj...xXnE

a sub(r, Yr ...,yn, B, ) o[xt]. . .a[xn]) 3
3 S.bin,yj,. ..,yn,a, 7)XJ...xn
provided the set of all variables of the therms cr[xn] is included in {Xj, ..., xn)

or is the composition of a and r :ar[t] = a[r[t]].

The orily rules ofinference are

D~  (modus ponens)

Yp4U- (generalization)



where p and g denote formulae of M, and p> denotes the formula obtained from p by
putting the variable y instead of each free occurrence of X, provided no occurrence of y so
introduced is bound in p

The notion of proof isdefined as usual ( Barwise [1], chap. Al). We write 2 p if
only if there is a proof of p from a subset of 2.

It is quite abvious that the set of axioms of the Computational Logic is decidable unless the
set of these realtion symbols of M which are not S is undecidable.

In order to define the semantics of the language M, we take advantage of the computationa’
structure 2.1.

We let the terms and formulae of M\ S maintain in their ordinary first-order
semantics (for details see Barwise [1], chap. Al), writing

<tHC,\»> EP

for <A, F> 1=p[<f], where denotes an interpretation of M\ S in <A ,F>. For the
atomic formulae of S we define

< 'O\jc,V> 1= sub (a, ¥}, ...,yn,aj3)tj---—-- tn

to be valid if and only if the following implication holds : for every interpretation ¢ in ¢

satisfying <//(yl) = '"~(t1) and ... and ~(yn)= "(tn) the pair (<a,p>, <R, ¢, 0>) 1isin C
where ¢o denotes such an interpretation in «JL that for each term t of M there is
iMt) = d(a[t]).

Finally, by the usual induction we extend the (4) over the set of all formulae of M.

We shall write t~ ¢ 1=p whenever < <¥&c,\p> 1= p holds for every ¢ in

Note that given the formula sub(o,yl, mmm, ¥, a>R) *1 eee*7 ~3s exacy

meaning of the instruction: if the value of yj equalsto ip(t) for i=1,...,n,
perform the substitution o and go to &.

The following theorem is essential for our Computational Logic:
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5.1. The Completeness Theorem  For every formula p and every set 2  of sentences of
M, the conditions,

2 = pad 2 —p
are equivalent.

Proof in [16]. |

The Computational Logic satisfies the L6wenhein-Skolem-Tarski and the Conpactness
Theorem, hence by virtue of the Lindstrém Theorem (see Barwise [1], chap. Al) it is of
the first-order character.

6. Instructions

Let p(y], ... ,yn) denote such a formula of M that all free variables of p are in
(yj, ...,yn} , and no symbol of S occurs in p. Let a be a substitution being the
identity outside of { xj, ....,xk} We apply

a: if pyj,...,yn) then Xj, ... ,xk : = a[xj], ..., fffxj and B
or simply

a.. if p then a and &

as abbrevation of
Vy) eeeVyn(p(yj, ...,yn) D sub(a yj,...ynaR)y, ...yn)
and call it an instruction. It is easily seen that

<A, C,F> 1==a :if p then o and &

if and only if for arbitrary interpretation ~ in A,, ¥Y(p) = true implies
(<a,if>, <B, <po>)ec, thus the defined above insturctions have their ordinary meaning.
Hence the defined language M is our Programming Language of Section 1

7. Restricted semantics

In the class of computational systems previously defined, there are ones, that perform

acions being inaccessible for any program. Let K denote the class of all implementations
having finite or countable universe:
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K= {<A,C,F>Icard (A) < p0 and <A,C,F> isan implementation of some
program }

We define the relation 1=Q of semantical implication in restricted sense as follows:
P 1=0 g iff for each ek, 1= P implies 1= g. However, these measures have
no influence on the completeness theorem of our logic.

7.1. Theorem. For the arbitrary countable program P and formula q, the conditions
P i= g and P 1=0 g are equivalent.

Proof in the English version of [16]. |

Acknowledgement. | am greatly indebted to professor Andrzej Salwicki for reading an earlier
version of the. manuscript and making many helpful comments.
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