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Abstract

We define “evolving grammars” as successiarfsstatic grammars and dynamic parsers as parsers able to
follow the evolution of a grammar during the source program parsing. A growing cofftextgrammar will
progressively incorporate production rules specific for the source program under parsimglavill evolve
following the context created by the source program itself toward a program specific coffitegtgrammar.
Dynamic parsers and growing grammars allow a syntaotity parsing of programs written in powerful and
problem adaptable programmitanguages. Moreover dynamic parsers easily perform purely syntactic strong
type checking and operator overloading. The language used to specify grammar evolution and residual
semantic actions can be the evolving language itself. The user can introduynectic operators using a
bootstrap procedure supported by the previously defined syntax.

A dynamic parser ("ZParser") has been developed by us and has been successfully employed by the APE
100 INFN group to develop a programming language (“ApeseLaiage”) and other system software tools

for the 100 GigaFlops SIMD parallel machine under development.

Introduction

This paper reports a theoretical starting framework and some practical results about “evolving grammars”,
i.e., grammars that evolve at pse time. Our approach has several points of contact with the work of Boris
Burshteyn on modifiable grammars ([G1],[G3])

and with that of Henning Christiansen on adaptable grammars ([G2]), and has been independently developed
by us (1989-1992) during the design and implementation of a compilation system based on grammar
evolution at parse time ([Z1],[Z22],[Z3]).

We anticipate that using our evolving grammar approach, the language used to specify grammar evolution
and residual semantic actions can be twdked language itself. The user can then introduce new syntactic
operators and perform semantic actions using a bootstrap procedure supported by the previously defined
syntax.

Our interest in formal language theory development is mainly connected witie definition of innovative
computer programming languages and the implementation of suitable compilers, in the framework of the
INFN APE100 project ([A1][A2][A3]). The target of the APE100 project is the development of a 100
Gigaflops, 2048 nodes, SIMD grallel computer dedicated to physics numerical simulations. A 6 Gigaflop,
128 nodes APE100 machine has been running numerical simulation from the beginning of the 1992.

In the mid 1950s Noam Chomsky gave a mathematical model of certain classes of geasim connection

with his study of natural languages [L1].Starting from the 1960s the "formal language theory" has extended

its applications to several areas in mathematics and computer science. In our view the conceptual framework
of evolving grammarsife., grammars changing in time, as opposed to conventional static grammars) follows
as a natural extension from the Chomsky grammar definition. Evolving grammars in turn generate evolving
languages and dynamic parsers, i.e., parsers able to follow graevolation during the parsing of a source
program.



We found this dynamic approach useful to solve a class of typical problems in programming language
definition and compiler design. Moreover the applications written by the APE100 users using an evolving
language are several times shorter than programs written in conventional programming languages, due to the
easy introduction of new operators, statements and data types. Furthermore an evolving language always
guarantees syntactic type checking on opersindhe opinion of the APE100 user community is that these
factors greatly enhance the quality of the resulting application programs.

Let us also spend some words about the classes of typical problem in compiler design that can be faced using
a dynamigoarsing approach.

Compilers [C1][C2] are programs whose task is to translate a program written in a source language into some
other destination language (e.g. machine dependent assembler language). To properly execute this translation
a precise definitio of the language to be recognised (i.e., the syntactical structure of the source language) and
the semantics of the programming language (that is the meaning of each construct and the way to translate it
in terms of the destination language) must be sigec

One problem of source language syntax specification and recognition is that some statements in a source
program may have the power to create a specific context that affects the syntactical and semantical
acceptability of the following statements in the source program. In some sense the "meaning" of one
statement creates a context in which the other statements of the program must be meaningful and
syntactically acceptable. Examples of statements that create a context are declarations of identifierat
associate the declared identifier with a specific data type) and the description of argument list for procedures.
These two examples raise some problems: checking that identifiers are declared before their use in a program
and used only in operationghat are legal for that data type; checking that the number and type of formal
parameters in the declaration of a procedure agree with the number and type of actual parameters in a call to
the procedure.

One of the fundamental grammar classificatiogistinguishes contexree grammars from contexdensitive
grammars. The syntax of common programming languages (like FORTRAN, PASCAL or ADA) cannot be
completely described by static contdsde grammars as follows from the previous considerations.

Due to the difficulty of parsing static context -sensitive grammars, the definition of the syntax of a
programming language has been usually given in two parts. The first one is a truly syntactic definition, the
second one is an informal mixing of syntax anchaatic.

In practice programming language syntaxes have commonly been described by contekiee grammars.
Therefore it has been customary to place some contegensitive restriction on the contexfree grammar.
Such restrictions include data type specificidentifier lists, type -matching rules for identifiers and the
requirement that a call of a procedure contains exactly as many arguments as there are parameters in the
definition of the same procedure.

Compilers often check the contegénsitive part ostatement syntaxes during translation phase, that is during
semantic processing.

Because semantics and contesdansitive syntax have been so closely associated in both the description and
the translation of a language, it has become customary to apipbttidhe term "semantics".

Evolving grammars offer a different approach to the semantic challenge.

We don't force a predefined static grammar to recognize all the possible contexts created by individual
programs. Rather we introduce growing grammaas will adapt themselves to the specific context.



The growing contextfree grammar will progressively incorporate production rules specific for the source
program under parsing and will evolve following the context created by the source program itselatd a
program specific contextee grammar.

The definition of dynamic parsers allows a truly syntactmnly parsing of common programming language
programs. Moreover dynamic parsers easily perform syntactic only operator overloading and strong type
checking.

By means of dynamic parsers, it is possible to define "evolving" grammars and languages with the aim to
move the contexsensitive part of the grammar from the semantic treatment toward a syntactic one.

A dynamic bottomtup translation parser ("ZParser") has been developed by us and has been successfully

employed by the APE 100 INFN group to develop an evolving programming language (“Apese Language”)
and other system software tools for the 100 GigaFlops SIMD parallel machine under development.

User programs written in the evolving language Apese (simulating fluidodynamic systems, neural networks,
subatomic particles) are now running on APE100 parallel super computers.

We plan to describe how to design a real life dynamic parser and compikeforthcoming document while
the incremental language driving the-Rarser growth is described in the document/tzanguage”[Z2]. The

first end-user programming language designed using thezZParser and Z Language is covered by the

document “Apese langge”[Z1].

Evolving Grammars

A conventional gtatig grammar Gis usually defined as a#iple G=(\y,Vt, ® ,S) where:
- Vtis a finite non empty set of symbols called the terminal alphabet; the symbols i ®re called

terminal symbols;
-V n is a finite non empty set of symbols called notrterminals (they are used i to describe the

syntactic structure);

- @ is a finite nonempty set of "production rules", i.e., relatioms> (3 where:
o O(VtU Vp)* Vp (ViU V)" and B O (ViU Vp)*

- Sis a distinguished element of)\¢alled starting symbol.

A grammar evolution E could intuitively be conceived as a succession of static grammars:
E ={Gl = (vni Vt,®!,9) , i=0..n}.

In this work we will assume that Vtis fixed, and t hat Vn and @ evolve by successive accretioof new
elements, i.epkt1 oK vpk+1 vk so that we can describe the evolution as a succession of steps:

GKk+1= Gk + AGK wherenG = (AVp, AD)

and therefore



Gk+1=(vpk U avK, vt, ok U AdK, S).

We could now introduce classes of grammatical evolutions, drawing our inspiration from the Chomsky
grammar classification scheme. The first class could be the “unrestricted evolving grammar class”,
containing all generic evolving grammars, without any restriction on the type of the production rules.
Another class is the contekiee grammatical evolution class.

Note that if &K is a contexifree grammaandACDk is a set of contexfree production rules, the k1= gk
+AGK resulting grammar will be also a contexfree grammar. From this point on our discussion will be

*

R

restricted to contexffree grammatical evolutions. We willwrite y —= o, ¢ = o, y — 0 to
G Gl Gl

specify direct derivations, derivations and rightmost derivatame®rding to & (p,0 (VU Vni)* ).

We would like now to specify a mechanism able to generate grammar evolutions. Therefore we will associate
to some of the production rules @f the desired\G’s writing:

AGH (@) = (AVni(Pyl), AdI (D).
Informally speakingAGi(qaui) specifies the new norterminals and production rules to be added to thel G
. _ _ R
grammar to generate &1 when the ruledy! of G! is reduced. We will write — to specify a rightmost

AG"
direct derivation in @ using a single production rule of Gassociated withG.

Definition. An evolving grammar Za is a grammar Gg0 having at least one the production rulesd;,0
associated to aonremptyAGO (¢,,0).

Definition. We introduce the definition of grammatical evolution starting from G &K as a succession of
grammars connected by evolution steps:

E(GK)={Gi| G*1=G +AGI (@), i 2k GK=GgK}.

whereAG! (®y)) is the grammatical change associated with the produdtjgrof the grammar &

*

R
Definition. The rightmost evolved derivation y —> o from () to o along a grammatical evolution path
c". gk
R R R" R R

from GKto GN is defined asyy=>a = f=>...=> w=>0.

c" A"l oMl Ak K

Note that grammar grows frongtit to left (i.e.,Gk 1 GM.

Definition. We define theevolving languageZzLanguage generated by an evolving grammattZe set of
stringsx:



*
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ZzLanguage ={x| XdV{;S = x, n=0; G0=G;0}.
n (0]
"G

Note that an evolving grammar is generally more powerful than a conteitee grammar. In the following
example we will generate using an evolving grammar a language which is impossible to describe by means of

a contextfree grammar. The languagave want to describe is the set of all xyx where x ~ (a|bJ . This
language is not contextree and abstracts the problem of checking the declaration of the identifiers before
their use in a program. That is the first x in xyx represents the declaratiom alentifier and the second one
represents its use. An evolving grammar able to generate this language could be:

G0=(vn0, Vi, 90, S)  where
Vi {S,D,1,Uo}
vi0 = {ab,y}
@0 {S - DUo
D-yAG =({{ Ui -¢})
D_ID
| > a AG =({Ui+1}{ Ui - aUj+1})
| > b AG = ({Ui+1},{ Ui - bUj+1})}

The nonterminal D can generate any sequence &6 and b’s terminated byy, while the non-terminal Up
will generate only the same sequence generatedbypuring the generation of the stringb by ab b the
grammar changes four times:

G4 =G0+ AG0:4

AvVO0:4 =qu0ul U2 U3y

APO4 = {Ug - aUg
Ui - bU»2
U2 - bU3
U3z - ¢}

Dynamic Parsers

Suppose that s is a string generatgdan evolving grammar with at least one grammar growth. The last step
in the evolved derivation might be written as:

R R
BW=>atw=> tt,w = Sw=s
AG® GO

Where g, th,w, 2 V" anda,BO(Vi=VnO) *. The parser will reduce the subsiis? using the rules of the

grammar GO only. Therefore the substring S° could be reduced by a conventional LR parser (P 0)

implementing ®. After doing the last reduction the parser Haen the stack anav (the string to be read) in
the buffer . At that nement the grammar changes. Note that the grammar never changes on terminal shifting.
The parser should then follow the derivation



R R
SU=S ptau—> Bidau = Bsu=Bw

AGL Gl

doing reductions in GL and scanning the substring! and so forth for G2,G3... and £2,s3.... An evolving
parser may be build by a conventional LR parser able to change its parsing tables at parsing time preserving

the items on the stack. The input string may be split in several substringsisach one reduced using the
granmmar G only.

Note that the growth of grammars will usually produce a number of non active non -terminals and
unreachable symbols that could be converted into activeerominals and reachable terminals by subsequent
evolutionary steps. Parsers designedallow the growth of a growing grammar mustn't eliminate from their
parsing tables non active né@rminals and unreachable symbols.

Towards real life evolving programming languages

We are going to introduce, in the following sections, a number of Z ¢ evolving grammars that will be
progressively enhanced to create a starting gramnddtg@od enough” for real life programming languages.

We will call this ideal “target evolving grammar” Zz, and the intermediate steps toward our target starting
grammaiG0, G0, ....

Let us introduce an evolving languagegZanguagesimilar (in the beginning) to the metalanguage usually
used to describe conteftee production rules. The starting grammar of this languagels G

Suppose that the language L(GO) ge nerated by the starting grammar G0 allows the generation of
sequences of ‘statements’ terminated by ‘;’ and the only good ‘statement’ is a production rule.

Agood string®  L(GZD) could be & = statement - >'mickey”;  where the-> symbol would separatthe
two sides of a production rule, statement is a-temminal symbol and “mickey” is terminal.

After parsing, the parsersP will change its tables according to the grammar @here

Gl=G0+ AGO
and
AGO= (AVRO, A®O) = (statement, statemerst mickey).
Then the string@= statement - >'mickey”; itself is able to drive one step of grammar evolution. The more

complex stringu =s Osl where sl = mickey; is therefore a good string in the evolving language
ZgzlLanguage.

Actions on Production Rule Reduction

Let us now introduce an evolving language gLanguage similar to the previous one plus some extension
useful to define actions to be performed by the growing parser on application of production rules during the
parsing phase. We will temporailyrestrict the class of possible actions to additional growth steps to be
performed on reduction of the rule to which the action is attached.




In other words gLanguage admits, after a production rule, another production rule, enclosed by braces “{*,
H}”.
Now a good string&[] L(Gp0) could be:

0 = statement - >"define"'mickey"{statement - >"mickey";};

As in the previous example, when the parser reduces the last rule, it changes its tables according to the
grammar G, where

Gl=Gpo+ AGO; AGO= (statement, stateme#t define mickey)
the parser with the new tables is able to continue the parse reading

sl = define mickey;
because®sl is a good string of gLanguage.

After reading ¢ the F parser generates a new evolutionary step
G2=Gl+ AGL; AGl= (statement, statemet mickey)

This happens because the “meaning” of the braces “{*, “}" in the languagi@Aguage is to attach/&G to
arule. The string u =0sls?

<0 = statement - >"define"'mickey"{statement - >"mickey";};
sl = define mickey;
L= mickey;

would be accepted by the parser gParser. Informally speaking, in this example we add a new statement
“define mickey” which in turn is able to cause a further syntax change.

Up to now we stated that, on production rule redwtion, a dynamic parser should be able to produce the
grammar growth steps described inside the braces “{* and “}". It is useful now to introduce some more
conventional classes of actions that should be performed by a dynamic parser on rule reductiahcandd
also be placed inside the braces.

A second class of actions will be the class of conventional semantic actions (i.e., the conventional semantic
actions of the translation grammars ). The dynamic parser should be able to call a number of “semamnt
routines”, for example on the purpose of “code generation”. To make realistic examples let us assume to have
a predefined semantic action named “print” (and a related syntactical interface) capable of printing integer
numbers and identifiers.

We suppos also that the syntactic rules for parsing identifiers (which we will identify by the ngarminal

“ident”) and integer numbers (neterminal “num”) are predefined in each;Rarser, as well as some lexical
analysis capability needed to separate the tokéthe parsed string (the token separators will be the blank

and all the non alphanumerical characters).

Let us introduce now a third possible class of actions to be performed on rule reduction: the “return” actions
(whose task is similar to the synthesf the attributes of attributed translation grammars[ C1]). Suppose now



to parse the first statement of a program written in a new evolving languageadguage that admits, after a

production rule, simple actions of the three types just now describ&ldctions, semantic actions, return of
synthetized attributes actions) enclosed by braces “{*, “}".

A good ‘statement’ of d.anguage is
0 = color - >"red"{return 800 as hum;};

The desired “meaning” of this statement is: introduce a new gramuter
AGO = (color, color-> red)

and synthetize, on reduction of “color-> red" an object of syntactic class “num” and of semantic value
“800”.

If the dynamic parser is able to do this job, then the meaning of the source statement s 1 (sl
Z:Language):

Sl=statement - >"wavelength of"color*wl!"?"{print wl;print nanometer:};

is: perform a grammar growth
AGl=({statement, color},statementwvavelength ofcolor?),

but remember that, on reduction of the rule ‘staterremavelength ofcolor ?' , two “print” semantic action
should be executed. The first print uses for “wl” the semantic value of the synthesised attribute made
available by the action “return” performed after reduction of the rule pertaining to theteaminal “color”.
The second pnt is for the “nanometer” string. Now the last statement

L= wavelength of red ?;

is parsed following the grammar 4= GO0 +AGO + AG! (a complete parse tree may be constructed), and two
actions are performed: the first one will be the return of a synthetized attribute of syntactic class “num” and
semantic value 800 after reduction of the “coler red” rule and the second onevill be the printing of the

answer “800 nanometer”. The execution of the semantic actions corresponding to the “print wl” and “print
nanometer” actions can be executed using the semantic values “800” and “nanometer”. Note that seemingly
the “print wl” would be a print identifier statement, because at first sight wl is not a good “num”. But as we
have said the first action performed was to return an object whose syntactic class is “num” and whose
semantic value is 800. To clarify how this mechanism can béectively treated we are going to introduce

some “volatile grammar changes”.

Volatile Grammar Changes
The problem of correctly parsing the “action” can be formalized introducing “volatile grammar changes”.
Suppose that on parsing a segment of the formame1~name2 (in our example color*wl  in statement
>"wave length of" color*wl"?" {print wl; print nanometer;} ), the dynamic parser was able to

save the following directive:

Before parsing the action print wl; print nanometer;



to be performed on reduot of statement> wavelength ofcolor*wl ?
execute a volatile grammar changesG=(<type>, <type>->wl )
where <type> is the type of the returned wil.

using wl as a temporary new terminal, and postponing the choice of the nterminal to be usedsa<type>
to the moment of reduction of the rule pertaining to the-tenminal “color” .

For example the parsing of the statement wavelenght of red?

would force the execution of the attribute synthesis actifgrturn 800as num}
attached to the rule color->red

and before parsing the semantic action {print wl; print nanometer;}

attached to the rule statement> wavelength ofcolor?

the dynamic parser will activate a volatile grammar chas@e= (num, num->wl )
and will use a synthetized attribute of syntactic class “num” and semantic value “800” on each occurrence of
the volatile terminalvl within the action parsed with the volatile grammar.

Therefore the grammar used to parse the aatidirbe

GO+(A+8)G where

(A+0)G ={(A+d)Vp, (A+d) B} with

(A+d)V, = {statement, color, num}

(A+0) @ = {statement> wavelength of color?, color->red, num->wl}

In the next two sections we will outline an example of grammgnowth driven by a simple source program.
The example shows a growing grammar that dynamically incorporates new data types, declarations of
variables, and overloaded operators.

An Example

This example shows a simple evolving language program using ty pe identifier association, operator
overloading and data type checking. The source program is :

statement - > integer ident*name {int_name - > name;};
statement - > real ident*name {real_name - > name;};
statement - >int_name”a “="int_name”b “+“ int_name”" (o
statement - >real_name”a “=" real_name”b “+" real_name’c;

integer mickey;
integer donald;
real tom;
real jerry;

mickey = mickey + donald;
tom =tom + jerry;

The total grammar growth 8&Gc0+AGO:8 will be summarized by

AVR0:8=  {statementjdent, int_name, real_name}

AP0:8= {statement> integer ident, statement> real ident,
int_name-> mickey, int_name-> donald,
real_name>tom, real_name> jerry,
statement> int_name= int_name+ int_name,
statement> real_name real_name+ real_name}



Note that the "=" and "+" operators are now syntactically overloaded and that the syntactic coherence of the
data types employed in the assignment and addition operations is strongly checked by the contextee

grammar &-

In factafter theAGO:8 evolution the stringom=mickey+jerry ~ will not be accepted.

Conclusions and Future Works

The dynamic parser "Z zParser" has been successfully employed to develop the evolving “APESE”
programming language and other system software tools (e.g. thebdgger) for the 100 GigaFlops SIMD
parallel machine under development. The actuat@&grammar is a bit more complex than that used in the
examples, to make the resultingzlZanguage" a friendly programming environment.

User programs written in the evohg Apese language are now running on APE100 parallel super computers.
These programs, written using the evolving language, benefit of strong syntactic coherence checks and are
several times shorter than programs written in conventional programming languddeese factors enhance

the quality of the resulting application programs and shorten application development time. On the other
hand dynamic compilations are quite slow. The compilation time of a program written in Apese language,
generating 100,000 am®bler lines, is 100 seconds on a Sun Sparc Station 2.

We got acquainted with the approaches of Burshteyn and Christiansen in 1992, at the end of the preparation
of this article. We note, however, that using our evolving grammar approach, the languagged to specify
grammar evolution and residual semantic actions can be the evolved language itself. The user can then
introduce new syntactic operators and perform semantic actions using a bootstrap procedure supported by the
previously defined syntax.

The current conceptual framework shows several limitations in the area of “negative grammar changes”.
Therefore we hardly face problems connected with syntactic scope. We are working to extend the current
scheme to catch negative changes too. We are atsking to improve parser performances. For instance we
are trying to balance the time spent by the ZParser in parsing table changes and in conventional parsing

phases.
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Appendix A. G¢0 starting grammar

G0 =(VnO Vi, @0 root) where

VO
Vto

@0

{root, statement, thread, bead, action, name, number, string}
{->.{.}e, ",

identifier_token, numerical_token, quotedstring_token}
{root -> root statement, roet> statement,

statement> ident ->thread{actiort,
thread-> thread bead, thread €,

bead-> namé name,
bead-> name, beae> number, beae> string,

action-> actionany, action-> {action}, action-> g,

statement> return nameasname
statement> return numberasname,
statement> return string asname,

statement> print name,
statement> print number,
statement> print string,

name ->identifier_token,
number ->numerical_token,
string  -> quotedstring_token,

Rules enforced by the lexical analysis parsing phase

identifier_token -> any sequence of alphanumerical characters

beginning with an alphabetic character,

numerical_token-> any sequence of numerical characters,

quotedstring_token -> any sequence of characters enclosed by
quotes,

any -> any sequence of characters followed by a ‘}'

}



Appendix B: Notation.

Closure Set V*
Given a set V the closure set of V, denoted s ig defined as
VE={gl UVUVZUV3U ...
where VN designates all strings of length m composed by symbols in \& énthe null string.

Metalanguage

A system or a language that describes the structure of another language is called a metalanguage.

Grammars G=(4,V+.®,S)

Grammars g metalanguages. A grammar is-tuple G=(\,Vt,®,S) where:
- Vtis a finite non empty set of symbols called the terminal alphabet; the symbolstiaré called terminal
symbols;
- Vn is afinite non empty set of symbols called neterminals (they areised in® to describe the syntactic
structure);
- @ is the finite norempty set of "production rules", i.e., relatioms> 3 where
al(VtU Vp)* Vn (ViU Vp)* andp O(ViU Vp)*
- Sis a distinguished element of\¢alled starting symbol.

DirectDerivative ) = o

Foro O(Vt U V)", g OVR" o is said to be a direct derivation of y, written as y => o, if there are

strings¢o and¢ 1 (including possibly empty strings) such that:
- a -> 3 is one of the production rules df

-y=9¢00¢1

-0=00B ¢1.

*

Reductions and Productiong — o

*

The stringo reduces tap (or Y producess or  —=> o) if there are stringgo,...gn
(n>=0)suchthap =@ =>¢1, ... ,-1=> =0.



Languages L(G)

The language generated by a grammar G is the set of strisgsh that

*

L(G)={ 0| S = ogando O V{*}

Rightmost Derivation and Ambiguous Grammars

Given a grammar G whose starting symbol is S and an input string x the rightmost derivation for x is given
by

S=>01=>...=>0m-1=>0m =X

wherethe rightmost norterminal in each g is the one selected to be rewritten. A grammar is ambiguous if
there is some string in the language that can be produced through different rightmost derivations.

ContextFree and Context Sensitive Grammars

A context-free grammar contains only production rules of the form

a -> 3, wherea [V andjo| <= B|, and ¢| denotes the length f.

A contextsensitive grammar contains only production rules of the form
o -> 3, whered| <= .

LR(k) Grammars and Parse

The LR class of grammars is essentially the set of all unambiguous contds¢e grammars. LR(K) parsers
base their decisions using a parse stack and looking ahead the next k symbols in the input string. An LR(K)
parser scans the input string form leftright constructing the reverse of the appropriate rightmost derivation.

Active Nonterminals

If a non-terminal symbol generates at least one terminal string of the language L(G), such a symbol is said
active nonterminal.

Reachable Symbols

*

A symbolA [I(Vt U V) whichbelongs to the set {A| S=¢0 A ¢1}.



