COSE312: Compilers

Lecture 10 — Translation (2)
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Translation from AST to IR

character

token streams

syntax tree

syntax tree

stream

Why do we use IR?

Lexical

| Analyzer

Syntax
Analyzer

Semantic
Analyzer

IR
Translator

@ The direct translation from AST to the executable is not easy.

@ IR is more suitable for analysis and optimization.

@ IR reduces the complexity of compiler design: e.g., m source
languages and n target languages.
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S: The Source Language
o {

int x;
x = 0;
print (x+1);

x = -1;
if (x) { print (-1); }
else { print (2);
}
o {
int x;
read (x);
if (x == 1 || x == 2) print (x); else print (x+1);
}
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S: The Source Language

o { int sum; int i;
i=20; sum = 0;
while (i < 10) {

sum = sum + i;

it++;
}
print (sum);
}
e { int[10] arr; int i;
i=20;
while (i < 10) {
arr[i] = i;
it++;
}
print (i);
}
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T: The Intermediate Language

{

int x;

x = 0;

print (x+1);
}
0 :x=0
0:t1=0
0 :x=t1
0 : t3 =x
0 :t4=1
0 : t2 =1t3 + t4
0 : write t2
0O : HALT
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T: The Intermediate Language
0 :

int x;
x = -1;

if (x) {
print (-1);
} else {
print (2);
}
}
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ttl = -t2
cx = tl
D3 = x

: if t3 goto 2
: goto 3

: SKIP
:th =1

: t4d = -tb
: write t4
: goto 4

: SKIP

1 t6 =2

: write t6
: goto 4

: SKIP

: HALT
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T: The Intermediate Languag

{
int x;
read (x);
if (x == [l x == 2)
print (x);
else print (x+1);
}
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x =0
: read x
D t3 = x
ctd =1
: t2 = t3 == t4
:t6 = x
D t7 =2

1 th = t6 == t7
:tl =12 || t5
: if t1 goto 2
: goto 3

: SKIP

D t8 = x

: write t8

: goto 4

: SKIP

: t10 = x

ct1l =1

:t9 = t10 + t11
: write t9

: goto 4

: SKIP

: HALT
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T: The Intermediate Languag

int sum;
int 1i;

i=0;

sum = 0;

while (i < 10) {
sum = sum + ij;
it++;

}

print (sum);

o
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: t5 =10

ot
w
]

t4 < tb5

: iffalse t3 goto 3
: t7 = sum

:t8 =1

: t6 = t7 + t8

: sum = t6

:t10 = i

ct1l =1

: t9 = t10 + ti11
1= 1t9

: goto 2

: SKIP

: t12 = sum

¢ write t12

: HALT
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T: The Intermediate Languag

int[10] arr;

int 1i;

i=0;

while (i <
arr[i]
i+

’

}
print (i);

10) {

o
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arr = alloc (10)

:1=0
:tl1 =0
1= t1
: SKIP
:t3 =1
: t4 = 10

D t2 = t3 < t4

: iffalse t2 goto 3
ctbh =1

: t6 =1

: arr[t5]

t6

:t8 =1

:t9 =1

: t7 = t8 + t9
1= t7

: goto 2

: SKIP

:t10 = i

: write t10

: HALT
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Abstract Syntax of S

block

decls stmts
decls decl | €
type x©

int | int[n]
stmts stmt | €

program
block
decls
decl

type
stmts

vw=e

if e stmt stmt
while e stmt
do stmt while e
read x

print e

block

stmt

et I R

v x| xlel

n integer
v I-value
ete | e-e | exe | e/e | -e airthmetic operation
e==e | e<e | e<=e | e>e | e>=e conditional operation
le | elle | ek&e boolean operation

———1
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Semantics of S

A statement changes the memory state of the program: e.g.,
int i;

int[10] arr;

i=1;

arr[i] = 2;

The memory is a mapping from locations to values:

l € Loc = Var + Addr x Offset
v € Value = N 4 Addr X Size
Offset = N
Size = N
m € Mem = Loc — Value
a € Addr = Address
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Semantics Rules

‘Ml—decl:>M"

M | int @ = M[x — 0]

(a,0),...,(ay,n —1) & Dom(M)

0
MF intinl @ = Mz — (a,n), (@,0) = 0,..,(@n—1) =0

M + stmt = M|

MEWw=1 MbEe=wv
MbEl=e= M|l — v]

MFe=n Ml—stmt1=>M1n7é0 MEFe=0 M + stmty = My
M & if e stmty stmta = M, M | if e stmt1 stmtz = M;

MFEFe=>n M + stmt = M-

MEe=0 M1 F while e stmt = Mo n£0
M + while e stmt = M M + while e stmt = M2
M + stmt = M, MikFe=n
M + stmt = My MiFe=0 M F do stmt while e = M2 20
M F do stmt while e = M M  do stmt while e = Mo "
MEFe=>n

M + read @ = M[xz — n] M | print e = M
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Semantics Rules

MEWw=1

MEFe=ny
Mbtx=«x M + zle]l = (a,n1)

M(w) = (a’n2)70 <ni < n2

MbElv=1 MtEe1 = ni M & e2 = n2
MEn=n MbE = M() ME e +ez = ni+ns
MbEFe1 = ni M|—82=>n2n £0 MEFe=n
Mt e1/ ez = ni/n2 2 MFE-e = —n
MFEer = ny M e2 = n2 ME el = ny M e2 = no
ny = n2 ni1 7Z n2
MEe ==ex =1 MEes ==e2 =0
ME el = ni Ml—e2=>n2n >n ME el = ny Ml—e2=>n2n <n
MFei>es = 1 ron2 MFei>ez =0 t=n2

MEF el = ny M e2 = no
MbFeillex=1

MEF el = ni M F e2 = n2
MEFei && ez =1
MEFe=0 MEe=>n

0

Mrles>1 Mrleso "7
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Runtime Errors in S

Runtime errors = undefined semantics.
o Type errors, e.g.,
» int [-10] a;
» int[10] a; int i; i[a]l = O;
» int[10] a; if (a) { ... }
» int i; int[10] a; print(a); print(a+i);
o Divide-by-zero, e.g.,
» int i; i = 10;
while (i > 0) {
i=1i-1;
}
print(5 / i);
o Buffer-overrun, e.g.,
» int[10] a; int i;
while (i < 10) {
i=1i+1;

}
ali] = 0;
These errors will be detected by a semantic analyzer.
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Syntax of T

program
LabeledInstruction

Instruction

bop

uop
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LabeledInstruction™
Label X Instruction

skip

x = alloc(n)
x =1y bop z
x =y bopn

T = uopy
=1y

r=mn

goto L

if @ goto L
ifFalse « goto L
z = yli]

z[i] =y

read x

write

halt

= x> =< <= ==& ]|l
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Semantics

l € Loc

v € Value
Offset
Size

m € Mem
a € Addr

Var + Addr x Offset
N+ Addr x Size

N

N

Loc — Value

Address
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M | skip = M

1,0),...,(,s—1) & Dom(M)
M F x = alloc(n) = Mz — (I,s),(1,0) — 0,(,1) — 1,...,(,s —1) — 0]

Mt ax=ybop z= Mz +— M(y) bop M(z)]

MbEx =1y bopn= Ml[x— M(y) bop n]

Mt x=uopy= M[x+— uop M(y)]

Mbtax=y= Mz— M(y)] MbExz=n= Mz — n]

Mt goto L => M Mt if @ goto L = M M | ifFalse x goto L = M

M(y) = (,s) M) =n 0<nANn<s
M b x = yli] = Mz — M((,n))]

M(x) = (,s) M(i) =n 0<nANn<s
M+ z[i] = y = M[(l,n) — M(y)]

M(z)=n
M + read € = M[x +— n] M F write @ = M
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Execution of a T Program

@ Set instr to the first instruction of the program.
Q@ M = \x.0
© Repeat:

@ If instr is HALT, terminate the execution.

® Update M by M’ such that M + instr = M’
@ Update instr by the next instruction.

* When the current instruction is goto L, if x goto L, or ifFalse x
goto L, the next instruction is L.
* Otherwise, the next instruction is what immediately follows.
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Translation of Expressions

Examples:
@ 2 =t = 2, where t holds the value of the expression (label is
omitted)
o x=1t =X
o x[1] = t1 =1, t2 = x[t1]
@243 = tl1 =2, t2 = 3, t3 = t1 + t2
@ 5=1t1 =5, t2 = -t1
°

t6=t3+t5
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(x+1)+y[2] = t1=x, t2=1, t3=t1+t2, t4=2, tb=y[t4],
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Translation of Expressions

trans, : e — Var X LabeledInstruction™

trans.(n) = (¢, [t =n]) ceenew t
transe(z) = (&, [t = z]) ---new t
trans.(z[e]) = let (¢1, code) = trans.(e)
in (t2, code@[ta= x[t1]]) --enew to
trans.(e; + e2) = let (t1, code;) = transc(e1)
let (t2, codesy) = trans.(e2)
in (t3, code;@codes@tz = t1 + ta]) ---new t3
trans.(—e) = let (¢1, code;) = trans.(e)

in (t2, code1@[ta = —t41]) <. new ty
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Translation of Statements

Examples:
0 x=1+2 = t; = 15t = 25 =11 + 1o
o x[1]1=2 = t; = 15t2 = 2;x[t1] = t2
@ if (1) x=1; else x=2; =
@ while (x<10) x++; =
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Translation of Statements

trans, : stmt — LabeledInstruction™

transs(x = e) = let (t1, code1) = transc(e)
code1Q[x = t4]
transg(xz[e1] = e2) = let (t1, code1) = trans.(eq)

let (t2, codes) = trans.(ez)
in code1@code2@[x[t1] = t2]
transg(read ) = [read z]
transg(print e) = let (t1, codei) = trans.(e)
in code1@[urite t]
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Translation of Statements

transg(if e stmty stmity) =

let (t1, code1) = trans.(e)
let code; = transg(stmtq)
let codey = trans,(stmtz)
in code;@
[if t1 goto lt]@
[goto lf]@
[(l¢, skip)]@
code;@
[goto Iz]@
[(Iy,skip)]@
code ;@
[goto l;]@
[(lz, skip)]

ceenew by, Ly, 1,
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Translation of Statements

transg(while e stmt) =

let (t1, codei) = transc(e)
let codep, = transg(stmt)
in [(le, skip)]@ ceonew e, lg
code1 @
[ifFalse t1 [;]@
codep@
[goto l]@

[(l, skip)]

transg(do stmt while e) =
trans,(stmt)@Qtranss(while e stmt)
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Others

Declarations:

|
B
|

transg(int x) 0]
transg(int[n] ) = [z = alloc(n)]

Blocks:

transy(d1,...,dp S1y...y8m) =
transgy(d,1)@ - - - @Qtransy(d,,)@trans,(s1)@ - - - @trans,(s,,)
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Summary

e Translation from source language (.S) to target language (T').

o Every automatic translation from language S to T is done recursively
on the structure of the source language S, while preserving some
invariant during the translation.
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