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ON THE ADEQUACY OF A GRAMMATICAL MODEL
OF THE BRAIN
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CRISTIAN CALUDE and GHEORGHE PAUN

1. INTRODUCTION

A grammatical model of the brain behaviour was introduced in
[4]. The core of that model is « wniversal type-zero grammar, i.e. a type-zero
grammar in Chomsky hierarchy which can simulate every grammatical
competence of the brain.

The model in [4] is consistent with Lofgren’s learning hypothesis and
with the abgtract learning scheme as bresented in [11]. We recall that
tollowing Léfgren, “an object 4 can learn from a swrrounding S to the
extent that it can extract order (regularities) from S so as to produce g
description of 8 relative to 4 (4 shall be able to make inferences from the
deseription). The more regularities that have been found, the more ge-
nuine iy the learning, and the shorter the description (which utilizes the
regularities) compared with a representative part of § itself. The learning
ability (capacity) of 4 reflects both the kinds of surroundings that 4 can
learn and the genuinessess of the learnings”. In our model the regularities
extracted are expressed by the axiom (as an entry for the universal gram- -
mar); the learning ability corresponds to the capacity of constructing
axioms for the universal grammar.

Let us notice that the grammatical model can be equally used asa
poskible answer to the mind-brain problem as formulated by Dubrovski
[0 "“the relation between a phenomenon with subjective reality (a sen-
sation, a perception ete.) and the neuro-dynamic system of the brain (the
material support). This relation is thought of as a relation between an
information and its material support?’’.

The above remarks stress the explanatory power of the grammatical
model. In the sequel we shall analyse new properties of the model and we
shall check its adequacy, its fitting with the modelled reality (the infor-
mational brain).

First, we shall analyse the logics of the tollowing informational pathy
in the model : (1) environment — relay — grammars generator, (2) parser —
universal grammar, (3) universal grammar — environment. We prove
that the logic of the first path is Boolean, the logic of the second path is
the epistemological logic of O. Onicesen [14] and the logic of the last path
is the ontological logic (non-commutative) of O. Onicescu [14].

Then, we shall examine the possibility to rewrite some parts of the
model at a higher level in Chomsky hierarchy, taking into account that
the level of type-zero grammars is too general for many brain algorithmical
competences, More specifically, we try to re-build the model at the level
of type-1 grammars. As we shall see, this is possible only introducing
some limitations of the model capabilities generality,
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2. -NOTIONS AND NOTATION FROM FORMAL LANGUAGE THEORY

We shall specify only some basic notions necessary in .])1'0,\*(;.11(;1.1)1%
the ﬂ'l‘amr;aa-ti('al model of the brain. For details, the reader is referrec
<2 Liuase
to [18]. : : i
[ For a vocabulary V we denote by V* the free nulylnml(l g(ntt,litgg
» operati ' ation , slement A
ler > { concatenation and the null el !
by V under the operation o , the uilLL -
Cirmmsky grammar is denoted by @ (Ve Ly o 2 '“l“\/l ¢ /}/l 1? Jﬁ;ﬁnlnar
terminal Vaocabulzlvrv, T is the terminal voeabulary, S ¢ Nis the g 5 i
ciom and P is the set of rewriting rules, In what follows we a O\tV'
%(): be a string over N U T'; clearly, thix does not, change the g%lﬁraflvi
ity of t%e four types of grammars in Ohomaky hierarehy. The fou
?&pg'ble'l*ygf Janguages in the Chomaky hierarchy are denoted by 2
iamlﬂle; 2,3 (12*%})i<',l‘ivul\' the recursively enumerable, context sensitive,
=R e L DA g
context-free and regular langungen)
4 ' ey e
For a grammar (f (N, 2y 8, ) we wrll
Var(@) = card N
and for a language I, we deting
Var(l) ind | Varcd) | L)} b i ;
T, P, is said to be a universa
i ' T, P Ath given N, T, P, is said i
A triple U = (N, T, I); with 1is sal » R ALETR)
tfqpe-(%)g,ua,m,‘mar il and only i for every language L € %'0 tllellez) 1.30311:1;“1;‘06:
w, e (N U T such that (he goammar Uw;) = (N, ,gﬁm 1:1)2131 a&iom
'} i ; ! : / f \J u > 3 e S 11 X Av
the language L. (Although N, 7 ' ure |i.\’(:d, by varying g
we can obtain wll (ype O INgHIges over 1.)
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A universal type-0 grammar wag constructed in [5] in the fol-
lowing way. Let Le £, be a language generated by the grammar G =
CV, 1 S iPYsh) No==l 8], 4;,..., 4.}, We replace each occurrence of A4,
i the rules in P by AB" A. In this Wway we obtain a grammar ¢' —
({8, 4, B}, T, 8, P) -also generating L (hence Var(G') = 3). Let us
suppose that P’ = {&/ sy, 0. ., x, = Y- The grammar G’ can be pre-
cisely identified by a string ‘

Re' = 0y = U1 Bp —> ¥y ... [Ty — Wi

The type-0 derivation procedure can be codified using a type-0 set
of rewriting rules in such a way that starting from a string of the form

We' = Uy SUy Pt

we can obtain all strings in L(G"). Let P, be this set of type-0 rules and
N, be the symbols in P, which do not belong to 7. Then (N,, T, P,) is a
universal type-0 grammar and w, = w, is a string for which (N, T, w,,P,)
generates the language L.

3. THE GRAMMATICAL MODEL OF THE BRAIN

A universal grammar can be used in building a very “economical’’
model of the human brain as a question answering device. Indeed, let us
remember the picture in figure 1 [4].

The model works in the following manner, An external stimulus (a
(Juestion, for example) comes in the brain under the form of a string «
in some language. Then the exciting relay activates the grammars gene-

.

rator which produces strings of the form ,

By = YafBg > Yo o] By > Yy

corresponding to the rewriting rules of a grammar. In fact, we can assume
that the grammars generator generates exactly strings of the form w, as
that needed by the universal grammar described in the above section.
The string we and the input string come in the syntactic analyser which
answers the question whether » belongs to the language identified by w,
or not. If the answer is affirmative, that is the right competence correspond-
ing to » was found, then 2 and w, come in the universal grammar which ig
the core of the answering device. This universal grammar behaves now ag
the grammar of the competence needed to “answer” the stimulus . The
answering device, using some information provided by a semantic analyser
and some memory files, generates the answer and sends it to the environ-
ment.

The whole informational functioning of the brain can be accomplish-
ed thus using only these few components of the model, without actually
retaining all the grammars corresponding to the many competences the
brain has,




4, THE LOGIC OF THE MODEL

An interesting problem is to find the logic laws of the 1‘nt.0rm?lt10n
transmission in the model. A careful examination of the problem s ov;fls
its complexity and, consequently, the difficulty of a direct a,ppr{)d.c(i
In the sequel we shall analyse some important paths in the .m.odfl a%n1
we shall establish their corresponding l()gws. We shall deal with the fol-
lowing informational paths: (1) the environment rulu,y‘ the gmmmzfrsi
generator, (2) the parser — the universal grammar, (3) the universa

' Y X v
T © — the environment. ;
glamnllrmth(tl}t?it;'s(tn?nl’urmutiulml path, to every input stimulus—string
1 the first 1 , : : g .
(in some language) corresponds w generaled grammar, _Thetlagfg o{‘zz&:g
path‘ is the Boolean logic (an anplogous lnw cortesponding to K. 2]
K 'inei VoIl § L] and [3]),
well-known principle works soe | ! i .

Let us examine the second fnformutional path. The strings acting

in this path are of the form

Wy wm Wpltbg = Vg oo o Wig, > Opy

stri f the
sre every a, contalins nt least w nouterminal symbol.Every string ?

?:’1})](():/( |‘(\n-n'|v<-|;(lil‘h-n I Iml'Hmllul' g, h‘ut us dfenotet})ylfl; t?;;fﬁagg
all strings correnpotiding to the rewriting ll}leh Ok' par 1013 ! gthe i 0}
codified an nhove, En view of the tuel that the working spa ,ie e éons?-
all type-zero Inngunges the membership problgem is U_IIS(;.V ;i ,emﬁm;
quently, in the lagle af thix path one cannot defme a mnegation op t.h t

[ order Lo devive the logleal laws of this path vi_eﬂslhall mt(?nén%s
every Lwo sirtigs }“ whicl differ by & permutation of ea'(lton;gmma;
w1y prodies the siiue lnformiational effect on the umver% s glet S
In Chie Wiy one oin inteodiee an equivalence relation on Ly ; I
(he wet of wll sgulvalenee eludses.

Lol

WO Uy = U [y — Vs ... (U, > Dy,
B i eloment of l,,;. We shall define a sub-string class of w tq be the
el b o wbekog ] '

w’ T RUTA /’Ll/i,s —> Vi, / .. / Uiy —> Vipy

for | .l" ‘*'m'[’xl‘l i similar manner one can define a supra-string class.

4+ Wo introduce two binary operations as follows: « @ v = the

- i u v, 4 O © = the class of
n’ onl common sub-string of 4 and v, ¥ © v = the ¢
‘t:hl'. ﬂmﬁ:ﬁl‘t’!gglmon supra-string of » and . Thes‘?loperaitlonsma%cign(i%
| .‘ sl of wxloms of grammars. They capture the ‘“logical ope 1 tfxe
o 0 process of learning the grammar of & given language, more preBcwe n};’s an%
k &Munu between various languages of sub/supra-strings. t'yn~ AT
Jﬂw nperations @ and @ we define the relation = by enumeration :
1

'Mj = u" (D ", n - W @ u, Iu @ ﬁ = Uy U O w = W,

.
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for all 4 and w in L ,. It is clear that the definition of the relation = does
not depend on the choice of the names for the classes of L,.

_ A routine proof shows that the following properties hold for every
%, and w in L, :

1. 4w ®w w d wu, u ®w w o u,

_LQ

(W @) W = u @ (W @ w), (4 Ov) Ow=12u O (v © w),
3. 4« ®u Wy W) U Wy
4

(e DY) O Uy (U O V) YV =7

We obtain : The logie of the path the parser — the universal grammar 1s
the epistemologicl logie of (), Oniveson [14]. Let us notice that, in the gram-
matical model, (he epistemaologieal logic models the value of knowledge
of a given language in u lonrning process. This logic does not describe an
@ posteriori phenomenon ; i s n tomponent of the process of learning /
knowledge | ereation,

Let us pass to the thind puth, At {his stage one has chosen an axiom-
string w, and one activiton, by menns of the universal grammar, the par-
ticular grammar ¢ which genertes {he language IL(@). In this path one
works with strings. The loglonl uperitions are defined as follows : 2 + y =
the longest common s Mg of @ and g, @y = the usual concatenation
of the strings o and y, 1'he fnphention relation - is defined as follows :
@ =y it there exists w Wirlug & sueh thaf Y == & + ». The above logical
operations model the fuformution trnnsmission from the generated lan
guage L(G) to the environment, he operations defined above and (he
Implication relation have {he WGWing uix properties (for all ., Y &)1

1 i i

20 Y =Y e il

3. (2 4 y) AR ) A
4. (2y)e = w (yo),

Do (& 4 )y —» ¥

6. If & — y, then for wll & @ o § s ¥ Rand ze —» g2

Let us write thut wu o & g "y ¢ //.t'. Consequently, the logic of
sanment s a non-commautative

the path the wniversal grommue e mip
Ontological logic of . Onivenin [11]

:

The main difference hotwosn e o 08 ol Mtring-axiom transmission
Wid steing-output teansmiiasiinn peliog ll* (e presence / absence of (he
tammutativity and iderpot et ‘ol‘ﬂ Witlen of lllw operations @ and con
titenation, The first OPCEEIE PUREEE Bh extonnion ol Lhe string-axiom ;
I ety on the grammuy ...-.wmwd. Clabseguently it determines the

moditication of the lnginge, Ths al spetition concerns the Hnear
ighnizntion of the Outpite :
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The absence of negation in our models can be avoided in many
interesting concrete cases, most of them having a great frequence. An
important space in waich we can recapture the negation operation is the
class of type-one languages. This tact motivates the investigation of the
possibilities to realize the model at this level of generality.

3. BRINGING THE MODEL T0 A HIGHER LEVEL IN CHOMSKY M RARCHY

The model in [4] contains four grammatical components : the gram-
mars generator, the parser, (he semantic analyser and the universal gram-
mar. The semantic analyser 8 o wenkly investigated topic and in what
follows we shall ignore il,

As it was pointed out in [4 [, the grammars generator can be realized
as a regular grammar (the only condition aboult type-0 grammars is that
a nonterminal to appear in ench left-hand side of the rules), but the parser
and the universal grammar are expenlially of type-0 in Chomsky hie-
rarchy.

However, there are muny arguments against this maximal genera-
lity of the model, Hore are wome ol them ¢

— there ig no known grammatbienl feafure in natural languages wich
gurpasses the context wensitive loyvel, |

— all the upund wecilioinl nnguages are context sensitive : the pro-
gramming langunges, the lnnguages of the propositional caleulus (including
the language of theorems [14]), the individual algorithmic competences
[197, the economic wlgorithmie processes [16], the languages describing
the various leetures of dewmmtie wnd folklorie works [12], ete.

fhe Cype O gty teguest an unbounded work-space; how-
ever, the bradn seems to work more economically. For handling some given
information ( uses - hownded number of neurons. (Indeed, only a small
fraction of the 10 L4 hillons of neurons of the brain is activated at a
given moament)

AL Chene petminrls tudse the significant question whether the gram-
it iend model af the birndn can be realized at the level of type-1 grammars
or ol (Chis ey el sesimn o be sufficient for the current questions the brain
doenlu with)

W shidl sxninine the question with respect to the three grammatical
components snimerted : the grammars generator, the universal grammar
nd Pl piser, ,

Ll N, 1 e (wo given vocabularies and let

B L o (g > s [ - %= Yk (B2, @ yie (U )%, @; con-
(bt i wymthol in N and @ <y, 1 <i <k} (|#| denotes the length of
(he st o), This language contains all the strings z¢ associated to all
Ey | grnmaes,

'l‘ru\ lnnguage L, is not regular. Indeed, let Ae N, ae T be two
give kymibols and let us consider the regular language

R* = -{A" L am/‘n, m > 1}

Clonrly, we have
Ln [ 2 (AN - g [ <0 <1t
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Th_e congruence relation 8.,z (see [18]) ha
string A" iy equivalent to a string A®
cepted by (A, — a’/>, but 47 is not
Ly is not a regular language.

: However, L, Is a context-free 1
ollow1_ng grammar (its rules
confusion between th

Ahas an infinite index because no
with » # p (if » < p, then A" is ac-
accepted by this context). Consequentl v,

anguage. Indeed, let us consider the
: are denpted _by o — ¥, in order to avoid the
e symbol — in this grammar and that in 1)

.
.

with G (No, N U T U = ,/}-,Sﬂ, 1l

=18, 4. Bt
and P, containg (he following rules :
1.8, — A8,
Sy =4/
(One generates a string of the form (A/)"n=1.)
2. A H AR SeNU
A, ad B, & SIGLASURT,
A oBB,aa N, fa N U7

)
b —'Bf, & & N e

B B fy e, BN
B | —»

Al L] gl TN "
('rom each 4 we can develop w dertyibion of he form

* L]
A= ady s onlpl s one Moy » 0oz — w By

where z,y,z,we (N U 9% KN, pe N U T
(!onseqluently, oz | < [wlyl) '
It follows that L((,) + Ly hiliee ot &'y
We c(.)nsider now  Che by ol l g
As pointed out in [5], (he oo IR En uf |
used for type-1 graminard  Doonias such
Increases the length of the sentont il foris (We
prammars with arbitrarvily iy
construction in [57] cannot bo e
pgrammar (although the
llod in such a way).

Wl syl el < el

¢ by AB'A cannot be
n\lhu”lllllnll unboundedly
WV o denl with type
Ao sy i le), Theretore, tho
‘ Foomebol b obibdit 10 univorsal Ly pe-d
algorithm ol derty b oy BORIE cin boe codi

However, the construetion i [0 ] tin |

O ; ' h Ol TR R T AIee dow
tu' obtain :lwvllll!v(tl'H:'ﬂ type-1 grearomit with  Suspie *“ |.| .,“,.r.‘-}‘l..:'“( ‘\".‘.{H:
g"lu‘mnnu-T (,H\\'nth Il ar(@) <k tor glven & TSR M“ | nu“qml“'..lm.lﬂ
iy ooy Ay thus the codifieati ; | ' '
“"’N(“) A 8 the codification tHA Wy (ot

thii
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Jonsequently, the model of the brain can be based on o type-l
nniversal grammar providing that all the grammatical competences cor-
respond to type-1 grammars having at most k auxiliary symbols. This
vestriction postulates the existence of a characteristic constant & for cach
brain, an upper bound of the (syntactic) complexity of the brain compe-
tences. This raises the natural question: are there competences of arbi-
trarily large Var? The problem has two sides : the theoretic one (are there
languages L €%, with arbitrarily large Var(L)?) and the practical one
(are there human competences which need grammars with arbitrarily many
auxiliary symbols?) It is likely that both these questions have an affir-
mative answer. On one hand, for any k there are regular languages for
which all the context-free grammars have more than k auxiliary symbols.
[7]. On the other band, the brain competences seem to have no apriori
limit of grammatical complexity. Let us think, for instance, to the “chess
grammar” owned by a chess champion.

At this point, let us remark that the fact that the universal grammar
deals with grammars with at most k& nonterminals does not mean that all
the grammars the brain manipulates are of equal complexity. The “hasic”’
competence (of a chess player, for example) can reach the threshold &
while other competences (the mathematical ability of a chess player)
may be of a lower complexity.

What can one see about the syntactic analyser? The usual parsing
algorithms [18] (the algorithms in the proof that each context sensitive
language is recursive) need an exponential space compared with the length
of the input string; such an algorithm cannot be realized by a type-1
grammar. On the other hand, the linear bounded automata recognize
type-1 languages in bounded space. A problem atises hiere : can the brain.
incorporate a nondeterministic automaton or only a deterministic one ?
The real brain seems to involve nondeterministic procedures, but the non-
determinism is to be avoided in actually dealing with computers, for in-
stance. The problem is related to the well-known LBA problem Lo
are the deterministic linear bounded automata (LBA, for short) as power-
ful as the nondeterministic LBA? The problem is open. In connection
o our model it is of interest to evaluate the power of determinixtic LBA
(let us denote by &;_q, the corresponding class of languages).

One may assert that &, g, is a very large family of languages. In-
deed, &, is contained in &, 4, [10], the simple matrix languages [8]; the
finite index matrix languages [17], as well as all Szilard languages (asso-
dated to arbitrary type-0 grammars) [9] ave in & g- Moreover, each
Janguage in L, is the homomorphic image of a language in the family &, _q..

Therefore, restricting the syntactic analyser to type-1' level (even
by considering it as heing realized by 2 deterministic LBA), seems to
be an unrestrictive hypothesis.

In conelusion, providing that we assume the brain to have an upper

limit of grammar complexity, we can realize the model at the level of a

type-1 grammar.
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