Intermediate Code Generation

O Translating source program into an “intermediate
language.”
Jd Simple
Jd CPU Independent,
4J . .yet, close in spirit to machine language.
O Three Address Code (quadruples)
O Two Address Code, etc.

O Intermediate Code Generation can be performed in
a top-down or bottom-up fashion (depending on the
parsing method that the compiler employs)




Three Address Code

O Statements of general form X:=Yy 0p z

here represented as (op, v, z, X)
O No built-up arithmetic expressions are allowed.
O Asaresult, X;i=y +Z*w

should be represented as

tii=z*w
t2:=y + tl
X:=t2

Three-address code is useful: related to machine-
language/ simple/ optimizable.




Types of Three-Address Statements.

O x:=yopz (op, ¥, z, x)

8 X:=0p Z (op, z,(x, ) )
X:=2 =, Z, X,

O gotoL (Jp. L, )

0

If X relopygotoL (relop, X, vy, L), or
(jpf, Al, A2,), (jpt, Al, A2, ), etc.

Different Addressing Modes:

Q (+, 100, 101, 102) : put the result of adding
contents of 100 and 101 into 102

Q (+, #100, 101, 102) : put the result of

%%mg constant 100 and content of 101 into

Q (+, @100, 101, 102) : put the result of
adding content of content of 100 and
content of 101 into 102




Detinitions

O Action Symbols (eg., #pid, #add, #mult, etc.):
special symbols added to the grammar to signal the
need for code generation

O Semantic Action (or, Semantic Routine): Each
action symbol is associated with a sub-routine to
perform

Semantic Stack (here referred to by “ss”): a stack
dedicated to the intermediate code generator to
store the required information

Program Block (here referred to by “PB”): part of
run time memory to be filled by the generated code




Top-Down Intermediate Code Generation

PRODUCTION Rules with action symbols:

S — #pid id := E #assign
E->TE

E°—>e¢
E’— + T#add E’
T—>FT

T°—> ¢

T — * F #mult 'T°
F—>(E)

F — #pid id

© e NS AWM

eg.a:=b+c*d




Code Generator

Proc codegen(Action)
case (Action) of
#pid : begin

p < findaddr(input);
push(p)
end
#add | #mult : begin
t «— gettemp
PB[i] « (+ | *, ss(top), ss(top-1), t);
i<« i+ 1; pop(2); push(t)
end

#assign : begin
PB[i] < (:=, ss(top), ss(top-1),);
i< 1i+1;pop(2)
end
end
End codegen

O Function gettemp that returns a new temporary variable that we can use.

O Function findaddr(input) to look up the current input’s address from
Symbol Table.




Example

S — #pid id := E #assign

E->TFE
E’—> ¢ |+ T#add E’
T—o>FT
T —> e | * F#mult T’
F—>(E)
F — #pid id
Parse Table
Non. INPUT SYMBOL
terminal
id + * ( ) $
E E-TE’ E-TE’
E’ E’—+TE’ E’—>e | E’>e
T T>FT’ T>FT’
T T’ e | T'=>'FD T’ e | T’>e
F F—id F—(E)
S S—>id:=E




Example (cont.)

O The order of Semantic Routines can be shown by
the parse tree of the input sentence:

Input:
P
> a:=b+c*d
I~ ~—~ ~~ — — : o— 1 : * 3
#pld idl = E T#assign ldl T ld2 + ldB ld4
S e N ‘ﬁ..r-ﬂ" S
—~ —~
T E'
e ~N
A~ A~ &~ —~
F T + T #add E'
S ‘-.r-f' S
:]: A~ A~ :':
#pid id2 € F T E
A N — ~
A~ rJ"\ r"'\ A~
#pid id3 + mult T
#pld id4 €

Y N o




Example — Parse Trace (cont.)

Parse Stack
S$
#pid id := E #assign $
id := E #assign $
T E’#assign $
F T’ E’ #assign $
#pid id T’ E’ #assign $
id T’ E’ #assign $
E’ #assign $
+ T #add E’#assign $
F T’ #add E’#assign $
#pid id T’ #add E’#assign $
id T’ #add E’#assign $
*F #mult T’ #add E’#assign $
#pid id #mult T’ #add E’#assign $
id #mult T’ #add E’#assign $
#mult T’ #add E’#assign $
T’ #add E’#assign $
#add E’#assign $
E’ #assign $
#assign $

Pop

idl1 :=id2 +id3 *id4 $
id1 :=id2 +id3 *id4 $
idl :=id2 +id3 *id4 $
id2 +id3 *id4 $

id2 +id3 *id4 $

id2 +id3 *id4 $

id2 +id3 *id4 $

+id3 *id4 $

+id3 *id4 $

id3 *id4 $

id3 *id4 $

id3 *id4 $

*jid4 $

id4 $

id4 $

$

A A A A A

Call codegen(#pid), pop
2 Matching ,2 pop
Pop
pop
Call codegen(#pid), pop
Matching , pop
pop
Matching , pop
Pop
Call codegen(#pid), pop
Matching, 2 pop
Matching, pop
Call codegen(#pid), pop
Matching, pop
Call codegen(#mult), pop
pop
Call codegen(#add), pop
pop
Call codegen(#assign), pop

Finish!!
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Example (cont.)

O Semantic Stack (SS) :
d Temporary variables range: [500, 501, ...]
d Data Block range :[100, 101, ..., 499]

103

102

101

100

#pid

Simait

100

500

101

100

101

100

501

100

A~
7#assign
p

>

102

101

100

A~
4#pid
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Example (cont.)

O Program Block (PB) :
J Program Block range: [0, 1, ..., 99]

ﬂm Semantic Action called

ﬂ (*,103,102,500)  #mult
(+,500,101,501)  #add
(=,501,100, ) #assign

11



Control statements (while)

10. S — while E do S end

O Semantic Actions places in grammer should be
found.

Input Example:
while (b + c*d) do
a:=a+1
end

12



Control statements (while — cont.)

10. S — while #label E do S end

Congitiomay Jutmm Unconditional jump:

while o (b+c*d) e_do Destination of jump
should be saved in SS
i by #label. (in order to
generate the jump
when compiler reaches
to the end of loop)

#label:
begin

push(i)
end 13




Control statements (while — cont.)

10. S — while #label E #save do S end

Ondj tip
1al jy
n

while e (b+c*d)

#save: begin

end

push(i)
i=i+1

Conditional jump: A
place for jump should
be saved by #save and
later be filled (by back
patching). That is
because destination of
jump is unknown
when compiler has not
yet seen the body of
the loop.
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Control statements (while — cont.)

10. S = while #label E #save do S #while end

Q

while: begin
PB[ss(top)] € (jpf, ss(top-
), i+1, );
PBLi] € (jp, ss(top-2), , );
i <i+ 1;
Pop(3)

At the end of while,
the destination of
conditional jump is
known. So, the place

saved by #save can
be filled by #while.

An unconditional
jump to the start of
expression (saved by

#label) is generated,
too.

15



Control statements (while — cont.)

10. S — while #label E #save do S #while end

O  Semantic Stack: Input Example:
while (b+c*d) do
a:=atl
end
After #label After E
> brord
501
0 0




Control statements (while — cont.)

10. S — while #label E #save do S #while end

> Semantic Sack: Input Example:
while (b+c*d) do
a:=atl
end
After #isave : After #while
501
0




Control statements (while — cont.)

10. S — while #label E #save do S #while end
Q  Program Block:

i PBll | Descripton
[J (+,103,102,500) #mult, t1 & c*d (by E)

(+,500,101,501) #add, t2 €b+t1 (by E)

(jpf,501, ?=6, ) #save, push(2) to SS; and leave i=2 empty.
(+,100,#1,503) #add, t3 € a+1 (by S)

(=,503,100, )  #assign, a € t3 (by S)

(p,0, ,) #while, fill PB[2]; and jump to start of E.

Input Example:
while (b+c*d) do
a:=atl
end
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Control statements (while — cont.)

10. S — while #label E #save do S #while end
O  All Semantic Actions:

#label : begin

push(i)

end

#save : begin

push(i);

i—i+1

end

#while : begin
PB[ss(top)] < (jpf, ss(top-1), i+1, )
PBl[i] « (jp, ss(top-2), ,);
ie—i+1;

pop(3)

end
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Control statements (repeat-until)

11. S — repeat S until E end

Input Example:
repeat
a:=a-1
b :=b+1

until (a - b) end
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Control statements (repeat-until-cont.)

11. S — repeat #label S until E end

O conditional jump:
Destination of
jump should be
saved in SS by
#label. (to be used
when compiler
reaches to the end
of loop)

21



Control statements (repeat-until-cont.)

11. S — repeat #label S until E #until end

O At the end of
repeat-until, a
conditional jump to
the start of loop’s
body (saved by
#label) is generated
by #until. (No need

#until: begin to Back Patching)

PB[i] < (jpf,
ss(top-1), );

1€ i+1;

pop(2)




Control statements (repeat-until-cont.)

11. S — repeat #label S until E #until end
O Program Block:

i PBIil _ Descriptions. Input Example:

n (+, a, #1, t1) #add repeat
#assign a:=a-1
#add b :=b+1
#assign until (a - b) end
#sub

#until




Conditional Statements (if)

12. S IfE then S S’
13. S>> else S
14. > ¢

Input Example:
If (a+b) then a := a+1
else b:= b+1

24



Conditional Statements (if-cont.)

12. S—> Iif E #save then S §’

13. S’— else S O Conditional jump:

14. 8 —> € .
A place for jump
If (a+b) ¢ then a:=a+1 should be saved by
b:=b+1.9 #save and to be
later filled (by

conditional jump Unconditional jump

back patching).

25



Conditional Statements (if-cont.)

12. S—> If E #save then S §’
13. §” — else #jpf_save S
14. > ¢ Q

If (a+b) ¢ then a := a+1

else b:=b+1.9

conditional jump Unconditional jump

Q

#jpf save: begin

PB[ss(top)] € (jpf,ss(top-
1), i+1,)

Pop(2), push(i), i € i +1,;

end

When compiler
reaches to else, the
conditional jump can
be generated by
#jpf_save.
unconditional jump:
A place for jump
should be saved by
#jpf_save and to be

later filled (by back
patching).
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Conditional Statements (if-cont.)

12. S > if E #save then S §’
13. §” — else #jpf_save S #jp
14. > — €
O When compiler is

at the end of else
b:=b+1. statement, the

If (a+b) ¢ then a := a+1

else

T unconditional
conditional jump nconditional jump .
jump can be
generated by #jp.
#jp: begin
PB[ss(top)] < (jp,
il 1 4 )

Pop(1)
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Conditional Statements (if-cont.)

12. S— if E #save then S S’
13. §” — else #jpf_save S #jp
14. §* — #jpf

O If there isn’t an

If (a+b) W/P else statement
(S’—> ¢, is

conditional jump

used), only a
conditional jump
is generated by
#jpt.

#jpf: begin
PB[ss(top)] € (jpf,
ss(top-1) ,i, )
Pop(2)
end 28




Conditional Statements (if-cont.)

12. S = if E #save then S §’
13. §” — else #jpf_save S #jp
14. S’ — #jpf

O Program Block: Input Example:

If (a+b) then a := a+1
else b:= b+1

PRI Descriptions

[J (+.a,b,t1)  #add, push(t1) to SS;
(jpf, t1, ?=5, ) #save, push(1) to SS; and leave i=1 empty.
.(+ a, #1,t2) #add

Bl (= 24 ) #assign

(]p, =7, , #jpf_save, fill PB[1]; pop(2), push(4) to
SS and leave i = 4 empty.

E] (+. b, #1,13) #add

ﬂ (:=,t3, b, ) #assign
#ijp, fill PB[4]. .




Conditional Statements (if-cont.)

12. S>> if E #save then S §’
13. S’ — else #jpf_save S #jp
14. 8> — #jpf

O All Semantic Actions:

#jpt_save : begin

PB[ss(top)] < (jpf, ss(top-1), i + 1, );
pop(2); push(i); i« i+ 1

end

#jp : begin

PB[ss(top)] < (jp, i, , );

pop(1)

end

#jpf : begin

PB[ss(top)] < (jpt, ss(top-1), 1, );
pop(2)

end
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Control statements (for)

15. S—>forid:= E;to E, STEP do S end

16. STEP — ¢
17. STEP — by E;

Input Example:
for j :=b+c to a*b by c*a do
d:=d+j
end

b+c : loop variable (j) initial value
a*b : loop variable (j) limit (constant)
c*d : loop variable (j) step (constant)
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Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, STEP do S end

16. STEP — ¢

17. STEP — by E, O 2 #pid put 2 copies of

~conditional L id’s address in SS;
for j :=b+c to a*b by c*a do one Ccopy is used and
d := d+j poped by #assign. The

second copy is later
(after seeing E,) used

for comparison with
limit of loop’s
variable.

condltlonal jum

32



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S end
16. STEP — €
17. STEP — by E;

Unconditiong] jump

—L O After seeing E, loop’s
er :=b+c to a*b® by c*a do variable is compared

d := d+j with its limit and the

end result is saved in a
_conditional jum temporary memory. In

addition, a place for
conditional jump is
saved to be later used
#cmp_save: begin (by back patching).

t & gettemp

PB[i] € (<=, ss(top-1), ss(top),

t)

1 € i+1, pop(1), push(t), push(i), 3



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end

16. STEP —> €
17.  STEP — by E,

Unconditiona] Jump

for j := b+c to a*b by c*a do
d:=d+j

condltlonal jum

O In the end of loop and by semantic routine #for:
J Loop’s variable should be increased by step,

J An unconditional jump to the start loop is
generated, and

J The place saved by #cmp_save should be filled
by a conditional jump

34



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end
16. STEP — ¢
17.  STEP — by E,

Unconditiona] Jump

for j :=b+c to a*b by c*a do
d:=d+j

condltlonal jum

#for: begin
PB[i] € (+, ss(top), ss(top-3),
ss(top-3));
1 € i+1;
PB[i] € (jp, ss(top-1)-1, , );
i<i+1;
PB[ss(top-1)] € (jpf, ss(top-2),




Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end

16. STEP — #stepl
17.  STEP — by E,

Unconditiona] ; Jump O If there is not an
explicit step,

for j :=b+c to a*b by c*a do

d:= d+; (STEP - € is used),
the step should be
condmonal jum set to the default
value of 1 (by
#stepl).

#stepl: begin
t<& gettemp
PB[i] € (:=, #1,
t, )

1€ i1+1. push(t) 36



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end
16. STEP — #stepl
17.  STEP — by E,
Input Example:
for j :=b+c to a*b by c*a do
d := d+j
end

O Semantic Stack :

After E, After #assigy

#pid#pid

tl

37



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end
16. STEP — #stepl
17.  STEP — by E,
Input Example:
for j :=b+c to a*b by c*a do
d := d+j
end

O Semantic Stack :

AfterE, After

#cm sa\>fe
2 P— t3

38



Control statements (for-cont.)

15. S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end
16. STEP — #stepl
17.  STEP — by E,
Input Example:
for j :=b+c to a*b by c*a do
d := d+j
end

O Semantic Stack :

t4

After E, “ After loop>

= Body 3
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15.

16.
17.

Q

ENT

Control statements (for-cont.)

S — for #pid#pid id := E, #assign to E, #cmp_save STEP do S #for end
STEP — #stepl
STEP — by E,

Program Block:

(+, b, c, t1) #add (by E,)
(— tl,j, ) #assign: j is initialized.

- (*,a,b, 12) #mult (by E,)
- (<=, j, 12, t3) #cmp_save: and push result, t3, to SS.
n (pf, t3, ?=10, ) #cmp_save, push(4) to SS; and leave i=4 empty.

- (*, ¢, a,t4) #mult (by E,); and push(t4) to SS.
KJ -+ d.j. t5) #add (S, by body of loop)
(:=,t5,d, ) #assign (S, by body of loop)
(+,t4,],]) #for: j = j + c*a (adding step)
gp, 3, , ) #for: unconditional jump to (4-1); and fill PB[4]




15.

16.
17.

Control statements (for-cont.)

S — for #pid #pid id := E, #assign to E, #cmp_save STEP do S #for end

STEP — #stepl
STEP — by E;

All Semantic Actions:

#cmp_save : begin

t «— gettemp

PB[i] « (<=, ss(top-1), ss(top), t);

i <1+ 1;pop(1); push(t); push(i);i < i+1
end

#for : begin

PBJi] « (+, ss(top), ss(top-3), ss(top-3));
ie—i+1;

PBI[i] « (jp, ss(top-1)-1, ,);

11+1;

PB[ss(top-1)] « (jpf, ss(top-2), i,);
pop(4)

end

#stepl : begin

t «— gettemp

PB[i] « (:=, #1, t, );

i « i+ 1; push(t)

end
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goto statements

O Implemented by a linked list.
O Each node of linked list has:

J Address of goto (in PB)
Jd Label name

4 Label address (in PB)

Jd Pointer to next node

Address Address
f dot label of o—
ot goto label




goto statements (cont.)

O Example:

goto L4 0 : ar “m
L.1: Statement1 ! Gp, 2, )
goto L1;
goto L2;
goto L3;
L.3: Statement 2
goto L1;
goto L3; 5
goto L2; 9
[.2: Statement 3

L4: Statement 4
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goto statements (cont.)

O Example:

goto L4 oLl i PBLl
a ’| | Kl G2 )
L1: Statementl v St;te’n;em 1
goto L1; |1. 1 |
goto L2; Y
goto L3;
[.3: Statement 2
goto L1;
goto L3; 8 |
goto L2; 9
[.2: Statement 3

L4: Statement 4

44



goto statements (cont.)

O Example:

goto L4 oLl i PBLl
a | o [T
L.1: Statementl v :fa;;n’,em 1
‘ L
goto L.1; 1 1 Gp> 1, 5 )
goto L2; v
goto L3;
[.3: Statement 2
goto L1;
goto L3; 8 |
goto L2; 9
[.2: Statement 3

L4: Statement 4

45



goto statements (cont.)

O Example:

goto L4 0 : ? | “ﬂﬂ-
L.1: Statement1 v (:f;tz’m’e,:t 1
goto L1; Il' 1 Gps 1, 5 )
goto L.2; Y Gp; 2, 5 )
goto L3; INE
L.3: Statement 2 2
goto L1; ’
goto L3; E
goto L2; 9
L.2: Statement 3

L4: Statement 4

46



goto statements (cont.)

O Example:

goto L4

L.1: Statement1
goto L1;
goto L.2;
goto L3;

L.3: Statement 2
goto L1,
goto L3;
goto L2;

L.2: Statement 3

L4: Statement 4

wr NF R A

i PBIl
KN Gp. 2, )
statement 1
Gp, 1, ,)

(jp’ ?’ b4 )

(jp’ ?’ b4 )
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goto statements (cont.)

O Example:

goto L4

L.1: Statement1
goto L1,
goto L2;
goto L3;

L3: Statement 2
goto L1,
goto L3;
goto L2;

L.2: Statement 3

L4: Statement 4

wr NF R A

i PBIl
KN Gp. 2, )
statement 1
Gp, 1, ,)

(jp’ ?’ b4 )

(jp’ ?=5’ b )

statement 2
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goto statements (cont.)

O Example:

goto L4 o &2 i | PBLl
L.1: Statement1 4 ! 0 (A
- statement 1
goto L1; k! .1, » )
gOtO __.é, J ?:P, ::, ; ) |
goto L.5; L |, ip, ?=5, ,
L3: Statement 2 arik SEUInE 2
goto L1; T K 6.1 )
goto L3; 413
goto L2; v

L.2: Statement 3
L4: Statement 4
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goto statements (cont.)

O Example:

goto L4 AHE: i | PBLl
L.1: Statement1 4 ! ERGr.2 )
_— L statement 1

goto :_Jl, E e
goto L.2; ! Gp:? - )
goto L3; 2| L, Gip; 2=5, , )

L.3: Statement 2 2 |- statement 2
goto L1; T ?p, ; : ;
goto L3; T P, 2
goto L2; v

L.2: Statement 3
L4: Statement 4
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goto statements (cont.)

O Example:

goto L4

L.1: Statement1
goto L1,
goto L2;
goto L3;

L.3: Statement 2
goto L1;
goto L3;
goto L2;

L.2: Statement 3

L4: Statement 4

NF (B A

wr

?
- (]p’ ? 5’ b )
- statement 2
KB Ge.1 )

ip, 5
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goto statements (cont.)

O Example:

goto L4 0 ;2 i PBLl
1 D
L1: Statement1 Il Gp. 2 )
goto L1 L Y statement 1
oto L1;
goto L2; 1) 2 2= |
“' > )\ - 0p> ?=9, , )
goto L.3; 2 Lo Gips ?=5; )
L.3: Statement 2 R AR 2
goto L1; 8 K 6.1 )
[3. P> 55 5 )
goto L.5; T Kl Gp.?=9, ,)
goto L2; 4 3 5 ‘ n statement 3
L2: Statement 3 !

L4: Statement 4
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goto statements (cont.)

O Example:

goto L4

L.1: Statement1
goto L1;
goto L2;
goto L3;

L.3: Statement 2
goto L1;
goto L3;
goto L2;

L.2: Statement 3

L4: Statement 4

=t

NF (B A

wr

i PBH
Kl Gp. *=10, , )

statement 1

(]p’ > )
Gp; ?=9, , )
(]p’ ? 5’ b4 )
statement 2
Gp, 1, ,)
(Gp, 5, 5 )
(p, ?=9, , )
statement 3

1

E
2
3
6
8
9
10

|8 statement 4
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