CHAPTER 3 Describing Syntax and Semantics

Language — collection of sentences satisfying given syntax rules.

Formal language: Fortran, C, Java, ..
Natural language: English, German, ...

e Syntax (form)
- rules governing the creation of valid sentences.

e Semantics (meaning)
- meaning attached to a valid sentence.

Example. a=b+c¢; c¢=(at+b)*c;

syntax: <assign> = <id> = <expr>;
<id> = al|b|ec
<expr> 1= <id> + <expr>
| <id> * <expr>
| (<expr>)
| <id>

semantics of a=b +c;

Evaluate the RHS (expr) , and put the value on LHS (id)
Add b and ¢, and place the value in a.

Language Recognizer - Language Generator

Automaton Grammar

(regular expression)
Tvpe 3




CS355 Chomsky Hierarchy

Chomsky Hierarchy

Type| Name Restrictions Acceptor
w1l --> w2
0 |Phrase- |w1=anystring| Turing
Structure | with at least Machine

1 nhonterminal
w2 = any string

1 |Context- |w1=any string| Bounded

Sensitive | with at least Turing
1 nonterminal Machine
w2 = any string
at least as
long as w1

2 |Context- {w1=o0one non- | Push-Down
Free terminal Automaton
w2 = any string

3 |Regular |w1=one non- Finite
terminal State
w2=tAort Automaton
(t = terminal

A = non-term.)
Note: The empty production is included
in each of the grammars.




Lexemes and Tokens

index =2 * count + 17;

LEXEMES TOKENS

index identifier

= equal_sign
2 int_constant

* mult_op

count identifier

17 int_contstant

+ plus_sign

; : semicolon




Context free language (Type 2 language)

- pushdown (stack) capability

Ex.1 G: S-> aSb |

L(G)={a b |n=0}
StVinj G&ﬁbb S

L 5 b
/TN
& .‘T b

A

Ex.2 G: S>aSa|bSb|xr

L(G) = {ww": we {a, b}'}

parlindrome

MADAM, TM ADAM
AMAN A PLAN A CANAL PANANMA




CS8355 - Grammar for Small language - Example 3.1

Example 3.1 Grammar for Small Language

nenterminal derives _ terminal
roduction <Program> --@ begin <stmt_list> end

start symboi v

<stmt_list> --> <stmt>
| <stmt>; <stmt_list> rigit recursive
<stmt> --> <var> := <expression>

<var>-->A|B|C
<expression> --> <var> + <var>

| <var> - <var>
| <var>

G=<N,T,5, P>




CS8355 - Derivation using example 3.1

Derivation of program

begin
A:=B+C;
B:=C
end

<program> => begin <stmt_list> end
=> begin <stmt>; <stmt_list> end
=> begin <var> := <expression>;
<stmt_list> end
=> begin A := <expression>;
| <stmt_list> end
=> begin A := <var> + <var>;
<stmt_list> end
=> begin A := B + <var>;
<stmt_list> end
=> begin A := B + C; <stmt_list> end
=> begin A := B + C; <stmt> end
=> begin A :=B + C;
<var> := <expression> end
=> begin A:=B + C;
B := <expression> end
=> begin A ;=B + C; B := <var> end
=>beginA:=B+C; B:=Cend




Example 3.2

A grammar for sfmple assighment statements

<assign> — <id> := <expr>
<id> — al|Bjc
<expr> -» <id> + <expr>
| <id> * <expr>
| ( <expr>)-
| <id> = |
/’f—
This grammar describes assignment statements whose right sides are Egith-
metic expressions with multiplication and addition operators and paren-
theses. For example, the statement ' '

. A:=B* (A+C)
is generated by the following derivation:

- <assign> D> <id> := <expr>
> A = <expr>
<i:dex§ * <expr>
* <expr>.
* ( <expr> )
* ( <id> + <expr> )
* (A + <expr> )
* (A +<id>)
*(A+C
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Example 3.3 .

I

An ambiguous grammar for simple assignment state;ﬁem' R

sassign

<assign> —» <ld> 1= <expr>
<id> — alsjfc.
<expr> —¥. <expr> + <expr>
| <expr> ¢ <expr>

| ¢ <expr>)
| <id> =

A=B+C=*p

& x>+ *oo IR O trx
“©Xph + QXpH A oexpr Y -expn
I N
a4 expo * “«xpre Qxprr .- sexpp ddv
1 | | |
] dds dadr dds e A
| | | ‘I
c A B c

Parse tree
Devivation tree
Syntax tree




S CR S An Unambiguous Grammar for Expressions
<assign> —» <id> = <expr>
<id> =-afs|c .
<EXpr> — <expr> + <terms Operetor Pracedence Grammar
‘ [ <term> _ * > + ‘
<term> — <term> * <factor> _ «
| <factor> jeft-recursive = teft aﬁociuﬁvif:/
<factor> — ( <expr> ) ‘
| <id> Fovhren 2 F"E*’_‘F f??@hf‘assm‘acfﬁ*v
A=B+C*Aa e
CT . <assign>
<id> o= <expr>
I a <expr» o+ <term>
|
<term=  <term> * - <factor>
i <factor>  <factor> <id>
<id> <id> a
B c
i..Aeﬁ.‘«-&-%‘ -;':'F}'tE, LJ(’.‘T‘ Ev'ﬁ:“;ima ©i 3 ) @‘;’f{"‘ t{ ey Wi fom
<assign> = > <id> = <expr> -<assign> = > <id> = <expr>. o
=> A= <expr> - > <id> = <expr> + <term>
=> A= <expr> + <term> => <id> = <expr> + <term> * <factor>
=> A =<term> + <term> => <id> = <expr> + <term> * <id>
= > A = <factor> + <term> > <id> = <expr> + <term> *A
=>A=<id> + <term> => <id> = <expr> + <factor> * a
=>A=B+ <term> => <id> = <expr> + <id> *a
=>A=B+ <term> * <factor> => <id> = <expr> +C*Aa
=> A =B+ <factor> * <factor> => <id> = <term> +C *a
=> A=8+ <id> * <factor> => <id> = <factor> +c* a
=>A=B+C* <factor> => <id> = <id> +c*a
=>A=B+C* <id> => <id>=B+C+*a
=>A=B+C*A =>A=B+C+*A




Associativity

A=B-C-D
<assign>
<var> = <expr>
A /<expr> - <te‘rm>
<expr> - <telrm> <fac]tor>
<term> <factor> <id>
| |
<factor> <id> D
|
<id> C

A=B-0)-D




Syntax and Program Reliability

“dangling-else” problem

if <cond> then S
if <cond> then S: else S>

If'S, S1, or Sz is another conditional statement, ambiguity may arise

If <condI> then if <cond2> then S 1else Sz

1 if <cond1> then (if <cond2> then S1 else S2)
2 if <cond1> then (if <cond2> then S1) else S2

Figure 3.5 A
Two distinct parse

trees for the same
sentential form

<ff_stmt>

if <logic_expr> then <stmbs else

|

<f_stmt>

R~

if <logic_expr- then

<stmt>

<stmt>

<if_stmt>

if <Iog|'c_expr> then <stmbp-

<if_strmt>
if oogic_expr> then

<SHNE else  <stmb




An Unambiguous Grammar for if-then-else

<stmt> — <matched> | <unmatched >
<matched > — if <logic expr> then <matched > else <matched >
| any non-if statement
<unmatched> — if <logic-expr> then <stmt>
| if <logic_expr> then <matched> else <unmatched>

Solution

Algol60:  if <cond1> then begin if <cond2> then S1 end else S2
Algol68:  if <cond1> then if <cond2> then S1 fi else S2 fi

Pascal:  (else is matched with the innermost if)

if <cond1> then (if <cond2> then S1 else S2)
or if <condl> then (if <cond2> then S1 else) else S2




Formal Syntax

BNF (Backus-Naur Form)

- mata-language for programming languages

- simple and natural way for context-free grammar
- easy mapping to parser

- Algol 60

- <non-terminal>
- = -> isdefined as, is replaced by

Extended BNF (EBNF)
- convenient, but not more powerful

« optional:
<if-stmt> ::= if (<expr>) then <stmt> [else <stmt>]

« repetition: )
<constant> ::= <digit> { <digit>}
<series> 1= <statement> { ; <statement> }

Fortran Id
<id> ::= <letter> { <alphallum> }g




CBL (Cobol-like) Grammar

- Cobol manual o ety

1. <signed integer> ::= [f]<digit>

] _ lettey> e
2. <id> ::= <letter> [ Liigit>

, - £id> s <id>
3. <ADD statement> ::= ADD 1 cnumber> s <numbey> | °°T
TO <id> [ROUNDED] {, <id> [ROUNDED] ...
[; ON SIZE ERROR <statement>]

Syntax Graph (Syntax Chavt) (Bubble Diagram)
- Pascal manual (Niklaus Wirth)

A

Ada if_étmt—*@—» condition ;F-Ghen>—.> stmis ﬁ
C Y G m— (e s
C else_if j@—. stmts

else_if condition stmis [——

<if_stmt> —— if <condition> then <stmis> {<else_if>}

[else <stmis>] end if §

<glse_if> —> elsif <condition> then <stmis>




unsigned integer
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PROCEDURE = identifier parameter fist. -
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identifier ™™ parameter list “"O"‘

type identifier

" Pascal Syntax Graph for a Block




Syntax and Semantics

Semantics

{(meaning)

Distinction is not clear-cut

Semantics — meaning
1. Translational approach 7 _
equivalent program in machine (assembly) language

2. Interpretive approach
set of all pairs of the form (inputfile, outputfile) such that
the program produces the output file from the input file

input > -> output

o compile-time error execution-time error

out-of-bound case

char x
string x

" x:=0 (orreadx)
y :=10/x

i
{
i
-
3
H
{
¢
i
(
¥
!
r
1
I

x =y+1
(type-checking)

Static Semantic




Static semantics:
part of semantics that can be determined at compile time

Example.
(1) All variables must be declared before they are referenced.
(2) If the end of an Ada program is followed by a name, that
name must match the name of the subprogram.

Attribute Grammars

context-free grammar + of (formal device)
Donald Knuth (1968)

Syntax + static semantics

e Attribute
- associated with nonterminals

S(xy; synthesized — bottom-up, actud.type
I(x): inherited --top-down, expected.tye

Intrinsic Afi’ribu’{’e . ‘ ; ‘
- synthesizeel attri bute of leaf node whose value is determined

outside of Parse tree .(ex. symbsl table)

¢ Production rules

- attribute evaluation functions
— predicate function (static semantics)




"Example

Largest integer: 2° - 1 = 2,147,483,647

Val : synthesized attribute (bottom-up)

{numeral} ::= <digit)
Val({numeral)) «— Val({digit))

syaxvule | <numeraly, {digit) | -

Semonttic rule Val{{numeral}) «— 10 x Val(('ﬂumeral)z)' + Val({digit>)

predicate  Condition: Val({numeral}) < 2,147,483,647
{digit) = 0

Val(¢digity) «— 0

| 9
. Val({digit) «— 9

9 O‘_‘? 3 Jega’ FYI'I'{QGY

Zpumeval>
Vo_[ : q09
Cond : true ‘
' T
‘f‘;‘w_@%& - <digit>
Cond: true Val: 9
Lonméyal > Zdigit> q

val: 9 : ’ \/g\,] + 0D
4;91’&? B
val : 9 |




‘Example Ada
<proc_def>::= procedure <proc_name> <proc_body> end <proc_name>*;

Predicate: <proc_name>.string = <proc_name> string «

Example. Hollerith literals in Fortran II

L HMONTANA,
numeral string
part | - part

Attribute grammar can check the Iength of ‘MONTANA’ is 7

Val - synthesized attribute of <numeral> and'<digit>
Size - inherited attribute of the symbol <string>

<numeral> ::= <digit>
Val(<numeral>) € Val(<digit>

<numeral>::= <numeral>2 <digit> _
Val(<numeral>) < 10 x Val(<numeral>2) + Val(<digit>)

- <digit>:= 0 | 1 e |9 _
' Val(<digit>) € 0 Val(<digit>) € 9
~ <string>::= <char> | <string>2 <char>
Cond: Size(<string>)=1 Size(<string>2) € Size(<string>) -~ 1
~ <char>::= <digit> |A|B|...|Z

<literal>::= <numeral> H <string>
Size(<string>) < Val (<numeral>)
Cond: Val(<numeral>) > 0 '




(literal

3 Cond: ftrue

/‘\

{numeral) H {string}
2 Val: 2 4 Size: 2
{digit? {string) {char)
1Vval: 2 5 Size: 1
6 Cond: true
2 {chrar) B
o
A
FIGURE 7.
{literal?
3 Cond: true

%\

{numeral H {string}
2 Vval: 2 4 Size: 2
5 Cond: false
{digit}
1Val: 2 {char)
2 A

FIGURE 2.




Attribute Grammar for simple assignment statement

Use synthesized attribute Type

<assigmpii= <var> := <expr>
Cond: Type(<var>) = Type (<expr>)

<EeXpr>::= <var>i + <var>?
Type(<expr>) € if (Type(<var>1) = integer) and (Type(<var>2) = integer)
then integer
else real

<expr>:= <var>
Type(<expr>) € Type(<var>)

<var>i= A | B [ C
Type(<var>) € Type of ‘A’ from the symbol table
e Type (ie) & Typeuf B from the symbol teble
Type (ar> €~ Type of ¢’ From the symbof toble

Ex. A:=A+B Symbol Table

: A - integer HW A:real
hityinsic Afvibule | B . peg) B: integer
<assgn>

cond: false

<var> = <expr>
® Type: integer @ Type: real
<varx>i + <varx>2:

@ Type: integer ® Type: real
A .

@ Type: integer { ‘

‘ A B

@ Type: integer & Type: real




Attribute Grammar for Context-Sensitive Language
L={x"y"2": n>1}

Idea — Find the size of x string (bottom-up). Then check whether
y and z string have the same size (top-down).

Size is synthesized attribute for x string, but inherited attribute for
y string and z string. '

Cstring) 1= {x string) <y string) {z string)>
- et Size({y string)) «— Size(<x string))
Size({z string)) «— Size({x string).
{k string) 1= x '
Size((x string)) «— 1
| {x string), x
Size(<x string)) «— Size(<{x string)>,) + 1
{y string) 1=y
Condition: Size({y string}) = 1
| {ystring, y
- Size((y string),) «— Size({y string®) — 1
{z string) u= z :
Condition: Size({z string)) = 1
| <z string), z
Size((z string),) «— Size((z string)) — 1

W = XXYVZZ '<strling>
<x string> <y string> <z string>
@ Size: 2 @ Size: 2 @ Size: 2

<x string> X <ystring>: y  <zstring> z
@ Size: 1 ® Size: 1 @ Size: 1
@ Cond: true Cond: true




Context Sensitive Language (Type 1 language)

Ex1l. L= {dbc|nx1}

S = aSBc | aBc
aB - ab
cB 2 Bc
bB = bb

Ex2. L= {wecw|we (a,b)%}

Context:

e define variables before using them
e argument-parameter matching

abc

argument parameter




Dynamic Semantics

- no universally accepted notation

Operational - TM, state : language implementer
Denotational - state : language designer abstiact
Axiomatic - function : language users

Operational Semantics
- based on machine and algorithm

Idea: meaning of a statement = change of machine statescaused by the
execution of the instruction

VDL (Vienna Definition Language)
- interpret program (i.e., sequence of actions specified by program)

abstract machine ' 4\\.
abstract syntax
instruction definitions — with control tree, describe state transitions

- - semantics of PL/I (1972)
- so complex, serves no practical purpose

Ex. ¢ for-loop

for (exprl; expr2; expr3 ) { high-level
}
iLnterpretation
|
exprl;
loop: if expr2 = 0 goto out
expr3; {_ low-level
goto loop

out:




Axiomatic Semantics

- abstract asserkion
- based on mathematical logic (predicate calculus)

correctness proof of a program

Idea: use variables to specify the meaning of the statement

i.e., how the value of a variable changes before and
after a statement

‘1

. {y<6} —
C precondition »

> condition undey which Hhe program

will compute the desived result
I S1 ]

postcondition '

precondition
.postcondition {x > 1}

Axiom - logical statement that is assumed to be true

Inference rule — method of inferring the truth of an assertion on the
basis of values of other assertions

ayyomahic semantics

Theorem: | {P} S {Q}

If P is true before the execution of S and if execution of S
terminates, then Q is true after execution of S

‘Weakest precondition:
Ex., sum=2*X+1 {sum> 1}
{x>10} {x > 100} ... {x> 0}

- weakest precondition

(0) Dummy statement

Fortran ‘CONTINUE’
{P} CONTINUE {P}




Py s {&}

(1) Assignment Statements

P =0Qx-E
‘ {Qx—u:-} X=6 {Q}
Q

Ex. a=b/2-1 {a<10}
Q

Prost

P: {b/2-1<10} {x > 3} x=x-3 {x>9

{b < 22} Use assignment agiom on ¥ =¥-3 {x70}) = {x ?5}‘5”"’“?"“"%
whet of
{x»5y x=x-3 {x70)
rule of consequence(inference): S1,82,...8n
(deduction rule) S

If S1, 82, ... are true, then the truth of S can be inferred.

““\ﬁ\;tf:
{PIS{QLP' 2P, 02 Q’
| - {P}S{Q%}

Note: precondition can be strengthened
postcondition can be weakened

Ex. P{x>3LP {x>5},Q{x>0},Q’ {x>0}

(x>3lx=x-3{x>0} {x>5 {x>3% (x>0} {x>0!
{x>5}x=x-3{x>0}




C8355 Axiomatic Semantics
X:=2*y-3

{x > 25}

compute the weakest precondition
2*y-3 > 25

2*y > 25+ 3=28

y > 28/2=14

this yields the following group

{y > 14}

X:=2* y-3

{x > 25}




tZ) Sequence

{P1} S1{P2}
{P2} S2{P3}

{P1} S1 {P2}, {P2} S2 (P3}
{P1} S1; S2 {P3}

If Si: Xi=E1
S2: X2=E2 .
then
{P3x2> 82} X2=E2 {P3}
{(P3x2>E2) x1 > E1} X1 = E1{P3x25 g2}

-weakest precondition for Si1; S2

Ex. yi=3*x+1;
=y+3
{x <10}

compute weakest precond:tlon for 2™
statement |

| y+3<10
y<7

using {y < 7} as post condition for 15t
statement compute the weakest |
precondition for the 15 statement

3*x+1<7
- 3*x<6
X<2




(3) Selection

Inference rule

{B and P} S1 {O}. {(not B) and P} Sz {O}
{P} if B then S1else S2{Q}

Ex.

SUPPLEe

i if(x>0)theny=y-1elsey=y+1 {y>0}

then: {y>1} y=y-1 {y>0}
else: {y>-1}y=y+1 {y>0}

fy>1} = {y>-1)

“P={y>»}




(4) Logical Pretest (while loop)

- loop invariant I

(Iand B) S {I}

o o e e e e et o o e o ko o e o e ek i et A L i Al

{I} while B do S end {I and (not B)}

— -

P Q

Requirements:

1. P=>1

2. {ITand B} S {I}

3. (Iand (notB)) = Q
4. the loop terminates

Define function wp that produces weakest precondition.

wp (statement, postcondition) = precondition




Example. whiley<>xdo y=y+1 end {y=x}
0 iteration: Wp = {y=x}
1 iteration: wp(y=y+1,{y=x})={y=x-1}
2 iteration: wp(y=y+ 1, {y=x)={y=x-2} T L {y<x}

P=1

P=1, therefore P=>1

[

2. Show {y=xandy <x} y=y+1{y<x}
Foysyrliysx
{y+1lsx}
BV X}
{y<xandy<>x}

3. Show {(ysx) and not (y <>x)} > {y=x}
{ysxyand(y=x) } 2> {y=x}
{y=x} 2 {y=x}

4. Termination of {(y <x)} whiley <>x doy=y+1 end {y=x}

Case y=x: no iteration, y=X X :
> terminate
Case y <x: eventually y value becomes x, y = x




Denotational Semantics

o pefine Dbjac‘}"
- Scott and Strachey (1971)
- Recursive function theory

- Denoted object - meaning

Denotational semantics define mathematical object and a function that
maps instances of that entity onto instances of the mathematical object.

Ex. <binary> - 0|1 | <binary> 0 | <binary> 1

Let the domain of semantic values of the objects be N.
Semantic function Mbin maps syntactic objects to N.
gemm{kgmﬁ? & sintochHc digit

Mbin(‘0’) = 0, Mbin(‘1’) =1

Mbin{<binary> ‘0™) = 2 * Mbin (<binary>)

Mbin(<binary> ‘1’) = 2 * Mbin(<binary>) + 1

5
<binary>
/
2 / \
<binary> 1
denoted object / \
(meaning) 1
<binary> 0"

|

1

syntax-directed semantics

@ Tiad appeng funcrion




semantics of a program = state changes of a computer

note: operational: coded algorithms
denotational: mathematical functions

state of a program : <i1,vi>, <i2,v2>, ... <in,Vo>
_ Vo\t‘ic\b‘if value
mapping function VARMAP(;, s) = vj
/ at state s, variable ij has value v; #

undef is a special value.

Expressions

<expr> — <dec_num> | <var>| <binary_expr>
<binary_expr> — <left_expr> <operator> <right_expr>
<left_expr> — «dec_num> | <var>

<right_expr> — <dec_num> | <var>

<operator> — + | *

semawtit funebion
of eupr_afs-‘on

M (<expr>, s} A=
 case <expr> of
<dec_num> => Mdec(<dec num>, s)
_<var> => if VARMAP(<Var> s) == undef
then error
else VARMAP(<var>, s)
<b1nary expr> => .
if (M, (<binary_expr>.<left_expr>, s} == undef OR
M, (<binary_expr>.<right_expr>, s) == undet)
then error -
else if (<binary. expr>.<operator> == ‘+’) then
M [<binary_expr>.<left_expr>, s) +
M, (<binary_expr>.<right_expr>, s)
else M (<binary_expr>.<left_expr>, s) *
M, (<binary_expr>.<right_expr>, s)

© o
A




Assig:_nmen't Statements

e B
\-? vhs ex‘?‘““-?"f"@" " * !

M,z =E, s) A= if M (E, s) == error
then error ' a

. 7 P s - . )
els¢ 8" = {<i’, vi">, <1/, v,/>, ..., <i;, v,/>}, where
forj=1,2,..,n .
3 i e LU NS
if i ==

then .-Vj! = -ME, s) /7 X i retloced by exprvelue
else v/ = VARMAP(;, s) 7 same valies

Logical Pretest Loops (while loop)

Mwhile B do L, s) A= if My(B, s) == undef

then error

else if M(B, s) == false ;
thens . -~ T one stede chayge
else if M (L., s) == error

then error o
clse Mj(while Bdo L, My(L,s))  // recursion

Msi
Mb

statement [ist fo gtates
Bovlean 2x pressiot fo Bovlean volues

W oW




Vienna Definition Language: (Operational approach) |

o Elementary object: A,B, C
0 Structured object: <s-: a> // selector : object //

selector ohject
Ex. t: {<s-left: A>, <s-middle: B>, <s-right: C>}

/N

ekt S-middje 5'*“?.5"‘*"

o Null object: €7

{<s-left: A>, <s-middle: 2 >, <s-right: C>}




ExX.

@

o)

3

s-p3(t)

s-pS ((s-p3(¢)
or s-p3S o s-p3(t)

s-po(t)

-2

2>




o Mutation operator: L

M (a3 <s : b>)

5P} P2

® n(q; <s-p2: D>) >
%,

@) n(q; <s-p2:2>) > I
A

@ n(g; <s-pl: {<sp3: B}>) ->

5P3

Note, two P3.




o List
f = {<elem(l): A>, <elem(2): B>, <elem(3): C>}
or <A, B, C> c |

ceden” ey elen()
A B <
o length(f) > 3

o0 head(f) > A |
o tail(f) = {<elem(1): B>, <elem(2): C>} or <B, C>

o Concatenation ( ™)
f"tail 9 <A9 B, Cn Bls C>

o Predicate (true or false)

//disjunction

is-asmt-st = (<s-lhs: is-var>, <s-rhs: is-expr>) //conjunction
is-expr = is-infix-expr v is-var v is-intg

U

is-asmt-st = (<s-lhs: is-var>,<s-rhs: is-infix-expr V is-var V is-intg>)




VDL

Abstract machine
state: £

is- & = (<s-c: is-c>,<is-stg: is-value-list>,

<s-input: is-intg-list> <is-output: is-intg-list>)
T
input 'Fﬂ\’b OUJFPV\J" file

“is-value = is-intg V is-UNDEFINED

Ex.
elem(i) o s-stg(2) = current value of the i-th variable




Abstro\of Synf:a\x for Pam

is-series = is-st-list -
is-st = is-read-st \ is-write-st \ is-asmt-st V is-cond-st V
is-def-loop V is-indef-loop
istead-st = ({sr : is-var-list)
is—wfité-st = ({s-w : is-var-list})
is-asmt-st = ({s-lhs : is-var), {s-rhs : is-expr))
is-cond-st = ({s-ifpart : is-comp), {s-thenpart : is-series),
(s-elsepart : is-series))
is-def-loop = ({s-limit : is-expr), {s-body : is-series})
is-indef-loop = ((s-test : is-comp), <s-bod_y : is-séries))
ié-comp = ({sleft-opd : is-expr), (s-right-opd : is-expr),
 (srel : iBQ V is-GT V is-LE V isLT V is-GE V is-NED)
is-expr = is-infix-expr V is-var V is-intg _
is-infix-expr = ((s-lefi—opd : is-expr), {s-right-opd : is-expr>,
¢s-opr : is-PLUS V is-MINUS V is-TIMES V is-OVER})
is-var = ({s-addr : is-intg)),

Example. readk ; whilek > Odok := &k — 1 end

elem(2)

elem(1) _

elem(1)
s-addr

s-addr s-right-opd 1




Control Mechanism and Notation for Instruction
Definitions — A Semantic Specification for Pam

s-¢ (£)

Control tree: ~inst-1(...)

/\\

inst-2(...) inst-3 inst-4

inst-5

-instruction definition:

inst-1 (a, b) =
Condition, = Group,
Condition; > Group:

Condition, 2> Groups
inst-3 =

Condition, 2 Group,

Condition, 2 Group,

- Condition,> Group,




Group

¢ value-returning group -
PASS: Expression or

Selector: Expression

Ex. PASS: head o s-input(§)
s-input: tail o s-input(%)

// 1% element of the ‘input’-component of the state is passed
/! elsewhere and deleted from the ‘input’-component

Ex. null = PASS: /f delete itself
e self-replacing group
inst-5 : _
inst-5;
/\ | inst-d,
inst-4 S  inst=3 inst-3; v
: ' ~ inst-1,
/\ - inst2
inst-1-. inst-2
Ex.

inst-2 (..., a,...)
a: inst -1 (...)

// argument a is supplied as a result of the inst-1

inst-53
inst-3;
inst-2,
inst-1
inst-4




TABLE 4.1 VDL Definition of the Semantics of Pam

Abstract Machine

is-€ = ({s-c : is-cD, (s-stg : is-value-list), _
“{s-input : is-intg-list), {s-output : is-intg-listD)
is-value = is-intg V is-UNDEFINED

Abstract Syntax

is-series = is-st-list ‘

‘is-st = is-read-st V is-write-st V is-asmt-st V is-cond-st V
is-def-loop V is-indef-loop

is-read-st = ({s-r : is-var-list})

is-write-st = ({s-w : is-var-list})

is-asmt-st = ({s-lhs : is-var), {s-rhs : is-expr))

is-cond-st = ({s-ifpart : is-comp}, {s-thenpart : is-series),
{s-elsepart : is-series))

is-def-loop = ({s-limit : is-expr), {s-body : is-series})

is-indef-loop = ({s-test : is-comp), {s-body : is-series})

is-comp = ((_s-left—opd : is-expf), {s-right-opd : is-expr),
{s-rel : is-EQ V is-GT V is-LE V issLT V is-GE V is-NE))

is-expr = is-infix-expr V is-var'V is-intg

- is-inﬁx—éxpr = ({s-left-opd : is-expr), {s-right-opd : is-expr),
<s-opr : is-PLUS V is-MINUS V is-TIMES V is~OVER))

is-var = ((s-addr : is-intgd) '

Instruction Definitions

exec-series (ser) =
is-& (ser) — null
T — exec-series (tail (ser));
exec-stmt (head (ser))




exec-stmt (stmt) =
is-read-st (stmt) —> read (s-r (stmt))
is-write-st (stmt) — write (s-w (stmt))-
is-ﬁsmt—st (stmt) —
store (s-addr o s-lhs (stmt), val);
 val: eval-expr- (s-rhs (stmf))
is-cond-st (stmt) —
choose (c, s-thenpart (stmt), s-elsepart (stmt));
c: eval-comp (s-ifpart (stmt))
is-def-lt_ﬁop (stmt) —
repeat-series (s-body (stmt), r);
r: eval-expr (s-limit (stmt))
is-indef-loop (stit) — |
choose (¢, s-body (stmt)~stmt), 3);
c: eval-comp (s-test (stmt))

repeat-series {ser, n) —
n=-0— null
T —> repeat-series (ser, n — 1);

exec-series (ser)

/
choose (flag, ser-1, ser-2) =
flag — exec-series (ser-1)

T — exec-series (ser-2)

eval-comp‘(comp) =
compare (a, b, s-rel (cbmp));
a: eval-expr (é-left-opd (comp)),
b: eval-expr (s-right-opd (comp))

comﬁare (val-1, val-2, rel) =
is-EQ (rel) A (val-1 = val-2) V
is-GT (rel) A (val-1 > val2) V
is-LE (rel) A (val-1 <<val-2) V
is-LT (rel) A (val-1 < val-2) V
is-GE (rel) A (val-1 = val-2) Vv 7
is-NE (rel) A (val-1 = val-2) — PASS: T
T — PASS: F




eval-expr {expr) =
is-intg (expr) —» PASS: expr
is-var (expr) — eval-var (expr)
is-infix-expr {expr) —
calculate (a, b, s-opr (expr)};
~ a: eval-expr (s-left-opd (expr)),
b: eval-expr (s-right-opd (expr))

eval-var (var) = |
is-UNDEFINED (elem (s-addr (var)) (s-stg (£))) — error
T — PASS: elem (s-addr (var)) (s-stg (&)

calculate (val-1, val-2, opr) =
is-PLUS (opr) — PASS: val-1 + val-2
is-MINUS (opr) — PASS: val-1 — val-2
is-TIMES (opr) — PASS: val-1 x val-2.
is-OVER (opr) — PASS: val-1 = val-2

store (loc, val) =
s-stg: u(s-stg(®); <elem (loc) : val})

read (vars) =
. i5-> (vars) — null
T — read (tail (vars));
store (s-addr o head {vars}, val);
val: input-val
input-val =
is-{> o s-input {¢) — error
T — PASS: head o s-input (£)
s-input; tail o s-input ({}

write (vars) =
is-> (vars) — null
T — write (tail (vars));
output-val (val);
-val; eval-expr (head (vars))

output-val (val) =
s-output: s-output(f)—~val




Control example: [read k; while k> 0 do k:=k — 1 end]

Assume kiS4,

exec-series (t)

exec-series (fwhile k > Odo & :

exec-stmt ([read k)

Vex_ec-series (fwhile £ > 0do & :

read ([K])

exec-series ([while £k > O do % :

read ()
store (1,‘, val)

val: input-val

exec-series (fwhile £ > 0 do £ :

read ()
store (1, 1)

- exec-series ([while k¥ > 0 do k

read ()

exec-series (fwhile X > 0 do % :

null

k — 1 end])
k — 1 end])
k — 1 end])
k — 1 end])
k —1end})
k — 1 end])

f/i(..—..i‘




[

1l

12

® exec-series (fwhile k > Odo & := £k — | end])

I ~exec-series () -
exec-stmt ([while k>0dok := k — 1 end])

exec-series ()
choose (c, [k := k—1;whilek>0dok := k—1 end], )
c: eval-comp ([£ > 0)])

exec-series ()

choose (c, [k := &k — 1 ; while k > Odok := k — 1end], O)
¢: compare (a, b, GT) '

b: eval-expr (0)

a: etél-expr (4]

exec-series ()

choose (¢, [k := k —1; _
while £ > 0 do k& := k- — 1 end], )

c: compare (a, 0, GT) ‘

a: eval-expr ([k])

exec-series () _
choose (c, [k := k — 1 ;
while k > 0 do k := k — 1 end], )
“C: compare (a, 0, GT) |

©a: Qval-var'([k]) /K=




5

nq

;

a: eval-expr ([£]

exec-series ()
choose (¢, [k := &k — 1 ;

while £ > O do k := k — 1 end], O)
c: compare (i, 0, GT)

exec-series () |
¢hoose (T, £:=k—-1;
while £ > O0do k := k — 1 end], )

exec-series ()

W 1>0=>T

4 ¢h ocﬁé T

exec-series [k := k ~ 1 ;— while £ > Odo & :=% — 1end})

exec-series ()

exec-series ([while ¥ > Odo k := &k — 1 end])
exec-stmt ([k := k — 1])

exec-series ) _
exec-series (while £ > 0do k := k — 1 end])
store (1, val)

val: eval-expr'([k — 17

exec-series ()

exec-series ((while £ > Odo k := &k — 1 end])
store (1, Val)

val: calculate (a, b, MINUS)

b: eval-expr (1)




20

24

Z3

24

@xec~series ({2
exec~-series ([while K > 0 de Ki= kK =1 endd)

Store (4, val)
val: calcylate €&, 1, MINUS)

a: eval Qe,xpr q1'3))

gxec-sevies ({2)
exec-series (Lwhile K > 0 d6 K = kK -1 endl1)

stove (L val)
vaol: calculate (a, 1V, MINUS)

§ & eval—vay (1D

. exec-series )

!

exec-series ([while £ > 0 do & = k — 1 end])
store (1, val)
val: calculate (§, 1, MINUS)

exec -sevies ({ ) _
exec—series (Lwhile kK > 0 do k:= Kk -1 end])
stove (I, 0)

exec-series ({>) ,
exec-series ([while X > O0do &k := k — 1 end)).

N

exec-series ()

exec-series ()

- exec Stmt (Iwhile £ > O do k& := k£ — 1 end])

vol-{ =0

Y K=o




Exec-series(())
exec-series ()

) choose (¢, [k := &k — 1 whilek > Odo k := k — 1 end], O)

21

28

29

30

a: eval-éxpr. ([k])

¢: eval-comp ([ > 0))

- exec-gseries ({))
- exec-series ()

c: compare (a, b, GT)

rb: e.i"al-expr ®

- exeC~series M

exec-series ()

choose (c, [k := k — 1 ; _ ‘
 whilek > 0dok = k— 1 end], O)
c: éompare (a; 0, GT)

- a: eval-expr ([K]) - |

exec-series({)).
exec-series () :
choose (c, [k 1= k — 1;

while k> Odo k := k — 1end], O)
- c: compare (a, 0, GT) '
. a; eval-var ([k])

exec-sevies (<)
exec-series ()

choose (¢, [k := k —1:

while £ > 0do k := k — 1 end], &)
c: compare {0, 0, GT) '

exeR-series ({>)
exec—series ({)
exec—series ()

choose (¢, [k := &k — 1 ; whilek > 0do &k := & — 1 end], )

- #cdrrent Kk value is 0.

#ois ot 6T.o = choose




