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13 USING COCOI/R - CASE STUDIES

The best way to come to terms with the use of a tool like Coco/R is to try to use it, so in this
we make use of several case studies to illustrate how simple and powerful a tool it really is.

13.1 Case study - Under standing C declarations

It is generally acknowledged, even by experts, that the syntax of declarations in &-arzh®e
quite difficult to understand. This is especially true for programmers who have learned Past
Modula-2 before turning to a study of C or+«C Simple declarations like

int x, |ist[100];

present few difficultiesx(is a scalar integer;j st is an array of 100 integers). However, in
developing more abstruse examples like

char **a; // ais a pointer to a pointer to a character

int *b[10]; /1l bis an array of 10 pointers to single integers
int (*c)[10]; // c is a pointer to an array of 10 integers

doubl e *d(); /1 dis a function returning a pointer to a double
char (*e)(); /!l eis a pointer to a function returning a character

it is easy to confuse the placement of the various brackets, parentheses and asterisks, perl
writing syntactically correct declarations that do not mean what the author intended. By the
one is into writing (or reading) declarations like

short (*(*f()

IO
doubl e (*(*g[50])()

)[15];

there may be little consolation to be gained from learning that C was designed so that the s
declarations (defining occurrences) should mirror the syntax for access to the correspondin
guantities in expressions (applied occurrences).

Algorithms to help humans unravel such declarations can be found in many text books - for
example, the recent excellent one by King (1996), or the original description of C by Kernig
Ritchie (1988). In this latter book can be found a hand-crafted recursive descent parser for
converting a subset of the possible declaration forms into an English description. Such a pr
very easily specified in Cocol.

The syntax of the restricted form of declarations that we wish to consider can be described

Decl name Dcl ";" }

"’} DirectDel .

oz
DirectDcl = nane
| rectbDel "(" ")"
| Directbcl "[" [ nunber ] "]"

if we base the productions on those found in the usual descriptions of C, but change the na
match the one we have been using in this book. Although these productions are not in LL(1
it is easy to find a way of eliminating the troublesome left recursion. It also turns out to be
expedient to rewrite the production 10cl so as to use right recursion rather than iteration:

Decl = { name Dcl ";" } .



Del = "*" Dcl | DirectDecl .
DirectDel = ( name | "(" Dcl ")" ) { Suffix } .
Suffix — ww o omywm “[" [ number ] "1" .

When adding attributes we make use of ideas similar to those already seen for the convers
infix expressions into postfix form in section 11.1. We arrange to read the token stream fror
right, writing descriptions of some tokens immediately, but delaying the output of descriptio
others. The full Cocol specification follows readily as

$CX  /*
COWPI LER Decl

#i ncl ude <stdlib. h>
#i ncl ude <i ostream h>

CHARACTERS
digit = "0123456789" .
letter =
| GNORE CHR(9) .. CHR(13)
TOKENS

nunber = digit { digit

Generate Main Mdul e,

CH+ */

" ABCDEFCHI JKLMNOPQRSTUWKYZabcdef ghi j kI mopgr st uvwxyx_"

i

name = letter { letter
PRODUCTI ONS
Decl
= (. char Tipe[100]; .

{ name (. LexString(Tipe, sizeof(Tipe) - 1); .)
Dcl (. cout <<’ ' << Tipe << endl; .)
iy

Del
= "xt Del (. cout << " pointer to"; .)
| DirectDcl
Di r ect Dcl
= (. char Nane[100];
( name (. LexString(Name, sizeof(Nanme) - 1);
cout <<’ ' << Nane << " is";
| (" Dol )"
) { Suffix } .
Suffix
= (. char buff[100]; .)
" (. cout << " array ["; .)
[ nunber (. LexString(buff, sizeof(buff) - 1);
cout << atoi (buff); .)
]
"1 (. cout << "] of"; .)
| o) (. cout << " function returning"; .) .
END Decl .
Exercises

13.1 Perusal of the original grammar (and of the equivalent LL(1) version) will suggest that
following declarations would be allowed. Some of them are, in fact, illegal in C:

int f()[100];
int 9()();
int x[100]()
int p[12][20];
int g[][100];
int r[100][];

/1
/1
i
1
/1
/1

Functions cannot return arrays

Functions cannot return functions

cannot decl are arrays of functions

are allowed arrays of arrays

are also allowed to declare arrays like this
We are not allowed to declare arrays like this

e
e
e

Can you write a Cocol specification for a parser that accepts only the valid combinations of
suffixes? If not, why not?

13.2 Extend the grammar to cater for the declaration of more than one item based on the s

as exemplified by



int f[100], *x, (*g)[100];

13.3 Extend the grammar and the parser to allow function prototypes to describe paramete
and to allow variable declarators to have initializers, as exemplified by

int x =10, y[3] ={ 4, 5 6 };
int z[2][2] ={{ 4, 5%}, {6 71}};
double f(int x, char &, double *z);

13.4 Develop a system that will do the reverse operation - read in a description of a declare
(such as might be output from the program we have just discussed) and construct the C co
corresponds to this.

13.2 Case study - Generating one-addr ess code from expressions

The simple expression grammar is, understandably, very often used in texts on programmil
language translation. We have already seen it used as the basis of a system to convert infi;
postfix (section 11.1), and for evaluating expressions (section 11.2). In this case study we ¢
how easy it is to attribute the grammar to generate one- address code for a multi-register r
whose instruction set supports the following operations:

LD Rx, val ue Rx := val ue (inmediate)

LDA Rx, vari abl e Rx := value of variable (direct)
ADD Rx, Ry RX 1= Rx + Ry

SUB Rx, Ry Rx := Rx - Ry

MIL Rx, Ry RX 1= Rx * Ry

DVD Rx, Ry Rx := Rx | Ry

For this machine we might translate some example expressions into code as follows:

a+b 5* 6 x [ 12 (a +b) * (c - 5)
LDA R1, a LD R1,5 LDA R1, x LDA Ri1,a RlL := a
LDA R2, b LD R2,6 LD R2, 12 LDA R2,b R2 :=b
ADD R1, R2 MJL R1, R2 DVD R1, R2 ADD R1, R2 RL := atb
LDA R2,c R2 :=¢c
LDl R3,5 R3 :=5
SUB R2,R3 R2 := c-5
ML R1, R2 Rl := (a+b)*(c-5)

If we make the highly idealized assumption that the machine has an inexhaustible supply o
registers (so that any values may be used &ndy), then an expression compiler becomes aln
trivial to specify in Cocol.

$CX /* Conpiler, C++ */
COWPI LER Expr

CHARACTERS
digit = "0123456789" .
letter = " ABCDEFGHI JKLMNOPQRSTUVWKYZabcdef ghi j kl mopgr st uvwyz" .

| GNORE CHR(9) .. CHR(13)

TOKENS
nunber =digit { digit } .
variable = letter .
PRODUCTI ONS
Expr
= { Expression<l> SYNC ";" (. printf("\n"); .)
} .

Expression<int R>
= Ter nkR>
{ "+" Ter mkR+1> (. printf("ADD RWd, RMg\ n", R R+1); .)



| "-" TernmcR+l> (. printf("SUB Rod, Rvd\n", R R+1); .)
.

Ternxint R>
= Factor<R>
{ "*" Factor <R+1> (. printf("MILL R, R\ n", R R+1); .)
| /" Factor<R+1> (. printf("DVD RWd, R\ n", R R+l); .)

} .

Factor<int R>
= . char CH int N .)
. printf("LDA R¥d, %€\ n", CH); .)

I dentifier<CH> R,
. oprintf("LD Rg, %\n", R N; .)

| Number <N>
| "(" Expression<R> ")"

I dentifier<char & CH>

= wvariable (. char str[100];
LexString(str, sizeof(str) - 1);
CH = str[0]; .) .

Number <i nt  &N\>

= nunber (. char str[100];
LexString(str, sizeof(str) - 1);
N = atoi(str); .) .

END Expr.

The formal attribute to each routine is the number of the register in which the code generat:
that routine is required to store the value for whose computation it is responsible. Parsing s
assuming that the final value is to be stored in register 1. A binary operation is applied to ve
registersx andx + 1, leaving the result in registerThe grammar is factorized, as we have see
a way that correctly reflects the associativity and precedence of the parentheses and arithn
operators as they are found in infix expressions, so that, where necessary, the register nun
increase steadily as the parser proceeds to decode complex expressions.

Exercises
13.5 Use Coco/R to develop a program that will convert infix expressions to postfix form.
13.6 Use Coco/R to develop a program that will evaluate infix arithmetic expressions direct

13.7 The parser above allows only single character variable names. Extend it to allow varia
names that consist of an initial letter, followed by any sequence of digits and letters.

13.8 Suppose that we wished to be able to generate code for expressions that permit leadi
as for example x* (-y+2). Extend the grammar to describe such expressions, and then d
a program that will generate appropriate code. Do this in two ways (a) assume that there is
special machine instruction for negating a register (b) assume that such an operation is ave
(NEG Rx).

13.9 Suppose the machine also provided logical operations:

AND Rx, Ry . RX := Rx AND Ry
R Rx, Ry . RX = Rx OR Ry
XOR Rx, Ry . RX := R XOR Ry
NOT Rx © Rx := NOT Rx

Extend the grammar to allow expressions to incorporate infix and prefix logical operations,
addition to arithmetic operations, and develop a program to translate them into simple macl
code. This will require some decision as to the relative precedence of all the operations. N(
always takes precedence over AND, which in turn takes precedence over OR. In Pascal ar



Modula-2, NOT, AND and OR are deemed to have precedence equal to unary negation,
multiplication and addition (respectively). However, in C ard,QNOT has precedence equal t
unary negation, while AND and OR have lower precedence than the arithmetic operators -
levels of precedence in C, like the syntax of declarations, are another example of baroque |
design that cause a great difficulty to beginners. Choose whatever relative precedence sch
prefer, or better still, attempt the exercise both ways.

13.10 (Harder). Try to incorporate short-circuit Boolean semantics into the language sugge
Exercise 13.9, and then use Coco/R to write a translator for it. The reader will recall that the
semantics demand that

A AND B is definedto mean | F A THEN B ELSE FALSE
A OR B isdefinedtomeanI|F A THEN TRUE ELSE B

that is to say, in evaluating the AND operation there is no need to evaluate the second ope
the first one is found to be FALSE, and in evaluating the OR operation there is no need to ¢
the second operand if the first is found to be TRUE. You may need to extend the instructior
the machine to provide conditional and other branch instructions; feel free to do so!

13.11 It is unrealistic to assume that one can simply allocate registers numbered from 1 up
More usually a compiler has to select registers from a set of those known to be free at the t
expression evaluation commences, and to arrange to release the registers once they are n
needed for storing intermediate values. Modify the grammar (and hence the program) to in
this strategy. Choose a suitable data structure to keep track of the set of available registers
Pascal and Modula-2 this becomes rather easy4++yGu could make use of the template class
set handling discussed briefly in section 10.3.

13.12 It is also unreasonable to assume that the set of available registers is inexhaustible. '
of expression requires a large set of registers before it can be evaluated? How big a set do
suppose is reasonable? What sort of strategy do you suppose has to be adopted if a comp
that the set of available registers becomes exhausted?

13.3 Case study - Generating one-address code from an AST

It should not take much imagination to realize that code generation for expression evaluatic
an "on-the fly" technique like that suggested in section 13.2, while easy, leads to very ineffi
and bloated code - especially if, as is usually the case, the machine instruction set incorpor
wider range of operations. If, for example, it were to include direct and immediate addressit
operations like

ADD Rx, vari abl e Rx := Rx + val ue of variable
SUB Rx, vari abl e Rx := Rx - value of variable
MJL Rx, vari abl e Rx := Rx * value of variable
DVD Rx, vari abl e Rx := Rx / value of variable
ADI Rx, const ant Rx := Rx + val ue of constant
SBI Rx, const ant Rx := Rx - value of constant
M.l Rx, const ant Rx := Rx * val ue of constant
DVI Rx, constant Rx := Rx / value of constant

then we should be able to translate the examples of code shown earlier far more effectively
follows:



a+b 5* 6 x [ 12 (a+b) * (c - 5)

LDA R1, a LD R1, 30 LDA R1, x LDA R1, a RlL :=a
ADD R1, b DVI R1, 12 ADD Ri1,b RL:=a+b
LDA R2,c R2 :=c¢
SBI R2,5 R :=c -5
ML R1, R2 Rl : = (atb)*(c-5)

To be able to generate such code requires that we delay the choice of instruction somewhe
should no longer simply emit instructions as soon as each operator is recognized (once ag:
can see a resemblance to the conversion from infix to postfix notation). The usual strategy
achieving such optimizations is to arrange to build an abstract syntax tree (AST) from the
expression, and then to "walk" it in LRN (post) order, emitting machine code apposite to the
of the operation associated with each node. An example may make this clearer. The tree
corresponding to the expressi@b) * (c - 5) is shown in Figure 13.1.

|
]
T S .

Figure 13.1 An AST corresponding to the edpression (a + bl # (o - 5]

The code generating operations needed as each node is visited are depicted in Figure 13.z

*
| MUL R1,R2 |
+ 2z
AOD R1,b ZBI R2,G
a b =] 1)
LOA R, LOA R2,c

Figure 12.2 Code generation needed when wiziting each node in an AST

It is, in fact, remarkably easy to attribute our grammar so as to incorporate tree-building act
instead of immediate code generation:

$CX /* Conpiler, C++ */
COWPI LER Expr
/* Convert infix expressions into machine code using a sinple AST */

#include "trees. h"

CHARACTERS
digit = "0123456789" .
letter = "ABCDEFGH JKLMNOPQRSTUWKYZabcdef ghi j kl mopgr st uvwyz" .

| GNORE CHR(9) .. CHR(13)

TOKENS
number = digit { digit } .
variable = letter .
PRODUCTI ONS

Expr
= (. AST Exp; .)
{ Expressi on<Exp>

SYNC " "

} .

Expr essi on<AST &E>

if (Successful ()) GenerateCode(Exp); .)

(. ASTT; .)

Ter nkE>

{ "+" Ter nxT> (. E
| "-" TernxkT> (. E

} .

Bi nOpNode(Plus, E, T); .)
Bi nOQpNode(M nus, E, T); .)



Ter nKAST &T>

= (. ASTF;, .)
Fact or <T>
{ "*" Factor <F> (. T =BinOpNode(Times, T, F); .)
| "/" Factor<F> (. T = BinOpNode(Slash, T, F); .)

} .
Fact or <AST &F>

= char CH int N .)

= EnptyNode(); .)
Var Node(CH); .)
Const Node(N); .)

( I dentifier<CH>
| Nunber <N>
| "(" Expression<F> ")"

) .

I dentifier<char & CH>

= wvariable (. char str[100];
LexNane(str, sizeof(str) - 1);
CH = str[0]; .) .

Number <i nt  &N\>

= nunber (. char str[100];
LexString(str, sizeof(str) - 1);
N = atoi(str); .) .

END Expr.

Here, rather than pass register indices as "value" parameters to the various parsing routine
arrange that they each return an AST (as a "reference” parameter) - essentially a pointer tc
structure created as edekpression, Term or Factor is recognized. ThEactor parser is
responsible for creating the leaf nodes, and these are stitched together to form larger trees
of the iteration components in tB&pression andTerm parsers. Once the tree has been built in
way - that is, after the goal symbol has been completely parsed - we can walk it so as to ge
the code.

The reader may feel a bit cheated, as this does not reveal very much about how the trees ¢
constructed. However, that is in the spirit of "data abstraction"! The grammar above can be
unaltered with a variety of implementations of the AST tree handling module. In compiler
technology terminology, we have succeeded in separating the "front end" or parser from th
end" or tree-walker that generates the code. By providing machine specific versions of the
tree-walker we can generate code for a variety of different machines, indulge in various
optimization techniques, and so on. The AST tree-builder and tree-walker have the followin
interface:

enum optypes { Load, Plus, Mnus, Tines, Slash };
cl ass NODE;
typedef NODE* AST;

AST Bi nOpNode( opt ypes op, AST left, AST right);
/] Creates an AST for the binary operation "left op right"

AST Var Node(char nane);
/Il Creates an AST for a variable factor with specified nane

AST Const Node(int val ue);
/1 Creates an AST for a constant factor with specified val ue

AST Enpt yNode() ;
/Il Creates an enpty node

voi d Generat eCode (AST A);
/] Generates code from AST A

Here we are defining a&sT type as a pointer to a (dynamically allocated)E object. The

functions exported from this interface allow for the construction of several distinct varieties
nodes, of course, and in particular (a) an "empty" node (b) a "constant" node (c) a "variable
and (d) a "binary operator” node. There is also a routine that can walk the tree, generating



each node is visited.

In traditional implementations of this module we should have to resort to constructivapthispe
as some sort of variant record (in Modula-2 or Pascal terminology) or union (in C terminolo
on the source diskette can be found examples of such implementations. In languages that
object-oriented programming it makes good sense to definetizdype as an abstract base cle
and then to derive the other types of nodes as sub- classes or derived classes of this type.
below shows one such implementation ir+Qor the generation of code for our hypothetical
machine. On the source diskette can be found various class based implementations, includ
that generates code no more sophisticated than was discussed in section 13.2, as well as (
matching the same interface, but which generates code for the single-accumulator machine
introduced in Chapter 4. There are also equivalent implementations that make use of the
object-oriented extensions found in Turbo Pascal and various dialects of Modula-2.

/] Abstract Syntax Tree facilities for sinple expression trees
/'l used to generate reasonabl e one-address nachi ne code.

#i ncl ude <stdi o. h>
#include "trees. h"

cl ass NODE
{ friend AST Bi nOpNode(optypes op, AST |left, AST right);
friend class Bl NOPNODE;
publi c:
NODE( ) { defined = 0; }
virtual void load(int R} = 0;
/'l Generate code for |oading value of a node into register R

pr ot ect ed:
int val ue; /1 value derived fromthis node
int defined; /1 1 if value is defined

virtual void operation(optypes O int R = 0;
virtual void loadreg(int R ;

b
cl ass BI NOPNCDE : public NCDE
{ public:
Bl NOPNODE( opt ypes O, AST L, AST R { op=0O left =1L; right = R }
virtual void load(int R);
protected:
optypes op;
AST left, right;
virtual void operation(optypes O int R);
virtual void |oadreg(int R { load(R); }
H

voi d Bl NOPNCDE: : oper ati on(optypes op, int R)
{ switch (op)
{ case Load: printf("LDA"); break;
case Plus: printf("ADD"); break;
case Mnus: printf("SUB"); break;
case Tinmes: printf("MJL"); break;
case Slash: printf("DVD"); break;

}
printf(" R, R@\n", R R+ 1);

voi d BI NOPNCDE: : | oad(int R)

{ if ('left || !'right) return;
left->load(R); right->loadreg(R+1l); right->operation(op, R);
delete left; delete right;

}

AST Bi nOpNode(optypes op, AST left, AST right)
{ if (left & right & | eft->defined & right->defined)
{ /1l constant folding
switch (op)

{ case Plus: |left->value
case Mnus: |eft->value
case Tinmes: |eft->val ue
case Sl ash: |eft->val ue

+

ri ght->val ue; break;
ri ght->val ue; break;
ri ght->val ue; break;
ri ght->val ue; break;

~ % 1

delete right; return left;

}
return new Bl NOPNODE(op, |eft, right);



}
cl ass VARNODE : public NODE

{ public:
VARNCDE( char Q) { name = C }
virtual void |oad(int R) { operation(Load, R); }
protected:
char nane;

virtual void operation(optypes O int R);

voi d VARNCDE: : oper ati on(optypes op, int R)
{ switch (op)
{ case Load: printf("LDA"); break;
case Plus: printf("ADD'); break;
case Mnus: printf("SUB"); break;
case Tinmes: printf("MJL"); break;
case Slash: printf("DVD"); break;

}

printf(" RWd, %\n", R nane);
AST Var Node( char nane)
{ return new VARNCDE( nane); }

cl ass CONSTNCDE : public NODE

{ public:
CONSTNODE(i nt V) { value =V, defined = 1; }
virtual void load(int R { operation(Load, R); }
protected:

virtual void operation(optypes O int R);

b

voi d CONSTNCDE: : operati on(optypes op, int R)
{ switch (op)

{ case Load: printf("LDI"); break;
case Plus: printf("AD"); break;
case Mnus: printf("SBI"); break;
case Times: printf("MI"); break;
case Slash: printf("DVI"); break;

}
printf(" RWd, %\n", R value);

AST Const Node(i nt val ue)
{ return new CONSTNCDE(val ue); }

AST Enpt yNode()
{ return NULL; }

voi d Cener at eCode( AST A)
{ A->load(1l); printf("\n"); }

The reader’s attention is drawn to several points that might otherwise be missed:

® \We have deliberately chosen to implement a siBgh®PNODE class, rather than using this
a base class from which were deriv®®NODE, SUBNODE, MJLNCODE andDl VNODE classes.
The alternative approach makes for a useful exercise for the reader.

® When thesi nOpNode routine constructs a binary node, some optimization is attempted.
both the left and right subexpressionsda® ned, that is to say, are represented by cons
nodes, then arithmetic can be done immediately. This is knosonasnt folding, and,
once again, is something that is far more easily achieved if an AST is constructed, rat
resorting to "on-the-fly" code generation. It often results in a saving of registers, and ir
shorter (and hence faster) object code.

® Some care must be taken to ensure that the integrity of the AST is preserved even if t
source expression is syntactically incorrect. Fhetor parser is arranged so as to return ¢
empty node if it fails to recognize a valid member of FIR%i€{or), and there are various
other checks in the code to ensure that tree walking is not attempted if such nodes ha
incorporated into the tree (for example, in Bn®OPNODE: : | oad andBi nOpNode routines).



Exercises

13.13 The constant folding demonstrated here is dangerous, in that it has assumed that ari
overflow will never occur. Try to improve it.

13.14 One disadvantage of the approach shown here is that the operators have been "harc
into theopt ypes enumeration. Extending the parser to handle other operations (such as AN
OR) would require modification in several places, which would be error-prone, and not in th
of extensibility that OOP techniques are meant to provide. If this strikes you as problematic
theAST handler to introduce further classes derived fBDINMOPNODE.

13.15 The tree handler is readily extended to perform other simple optimizations. For exam
binary expressions like* 1, 1 * x, x + 0,x * 0 are quite easily detected, and the otherwise
redundant operations can be eliminated. Try to incorporate some of these optimizations int
routines given earlier. Is it better to apply them while the tree is under construction, or wher
later walked?

13.16 Rework Exercises 13.8 through 13.12 to use abstract syntax trees for intermediate
representations of source expressions.

13.4 Case study - How do parser generatorswork?

Our last case study aims to give the reader some insight into how a program like Coco/R 1
itself be developed. In effect, we wish to be able to develop a program that will take as inpt
LL(1) type grammar, and go on to construct a parser for that grammar. As we have seen, s
grammars can be described in EBNF notation, and the same EBNF notation can be used t
itself, rather simply, and in a form suitable for top- down parsing. In particular we might writ

Synt ax = { Production } "ECG' .
Producti on = NonTerminal "=" Expression "."
Expressi on = Term{ "|" Term} .
Term = [ Factor { Factor } ] .
Fact or = NonTer mi nal
| Termna
|  "(" Expression ")" | "[" Expression "]’

|  "{" Expression "}"

whereNonTerminal andTerminal would be chosen from a particular set of symbols for a gran
and where the terminattG' has been added to ease the task of recognizing the end of the
grammar. It is left to the reader formally to show that this grammar is LL(1), and hence capi
being parsed by recursive descent.

A parser generator may be constructed by enriching this grammar, providing actions at apg
points so as to construct, from the input data, some code (or similar structure which can lat
"executed") either to parse other programs, or to construct parsers for those programs. On¢
of doing this, outlined by Wirth (1976b, 1986) and Rechenberg and Mdssenbéck (1989), is
develop the parser actions so that they construct a data structure that encapsulates a synte
representation of the grammar as a graph, and then to apply a graph walker that traverses
syntax diagrams.



To take a particular example, consider @hassList grammar of section 11.5, for which the
productions are

CassList = COassName [ Goup { ";" Goup} ] "."
Group = Degree ":" Student { "," Student } .
Degr ee = "BSc" | "BScS' .

ClassName = identifier .

St udent = identifier .

A corresponding set of syntax diagrams for these productions is shown in Figure 13.3.

Such graphs may be represented in programs by linked data structures. At the top level we
a linked list of nodes, each one corresponding to a non-terminal symbol of the grammar. Fc
such symbol in the grammar we then go on to introduce (for each of its alternative producti
sub-graph of nodes linked together.

In these dependent graphs there are two basic types of nodes: those corresponding to tern
symbols, and those corresponding to non-terminals. Terminal nodes can be labelled by the
itself; non-terminal nodes can contain pointers back to the nodes in the non-terminal list. B¢
variants of graph nodes contain two pointers, obet() designating the symbol that follows the
symbol "stored" at the node, and the otlaer ér nat €) designating the next in a list of alternati
Once again, the reader should be able to see that this lends itself to the fruitful adoption of
techniques - an abstract base class can be used for a node, with derived classes to handle
specializations.

As it turns out, one needs to take special cognizance of the empty terrasyacially in those
situations where it appears implicitly through the EXpression "}" or "[" Expression "]"
construction rather than through an explicit empty production.

The way in which the graphs are constructed is governed by four quite simple rules:

® A sequence dFactors generated by @erm gives rise to a list of nodes linked by theaxt
pointers, as shown in Figure 13.4(a);

® A succession of alternativieerms produced by aixpression gives rise to a list of nodes
linked by theiral t er nat e pointers, as shown in Figure 13.4(b);

® A loop produced by a factor of the fornkgpression } gives rise to a structure of the form



