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Various forms of language implementation

e interpreter: interprets and executes programs (takes a
program and an input; and computes the output)

e translator: translates programs into another language (e.g.,
C)
» e.g. translate OpenMP (parallel extension to C) to C (+
Pthreads)

e compiler: translates programs into a machine (assembly) code
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Why do you want to build a language, today?

@ new hardware

>

>

>

C/C++ for GPUs (CUDA, OpenACC, OpenMP)
new instruction set (e.g., SIMD) of the processor
quantum computers, quantum annealers

e new general purpose languages

>

Scala, Julia, Go, Rust, etc.

@ new extension

>

| 4

>

parallel processing (ex: OpenMP, CUDA, OpenACC, Cilk)
vector/SIMD processing
type system extension for safety (ex: PyPy, TypeScript)

e new special purpose (domain specific) languages

| 4

>

>

>

>

statistics (R, MatLab, etc.)

data processing (SQL, NoSQL, SPARQL, etc.)

deep learning

constraint solving, proof assistance (Coq, Isabelle, etc.)
macro (Visual Basic (MS Office), Emacs Lisp (Emacs),

Javascript (web browser), etc.) 681
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High level language vs. machine code

high-level (e.g., C)

machine

control
expression

the number of
local variables
lifetime of

a local variable

for, while, if, ...
arbitrary nest
arbitrary

during the function
call that defined it

~ jump (“go to”) only

~ C = A op B only

=~ only a fixed

number of registers

~ some registers live only
up to the next function call

e compiler’s main job is to fill those gaps

@ https://www.felixcloutier.com/x86/index.html

@ https://wiki.cdot.senecacollege.ca/wiki/X86_64_
Register_and_Instruction_Quick_Start
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double sq(double c, long n) {
double x = c;
for (long i = 0; i < n; i++) {
x=x/2+c/ (x+x);
}
return x;
}
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Code generation by hand — introspecting
“human compiler”

@ ex: how to convert the following (which finds /¢ by the

QLD G e

Newton method) into machine language

double sq(double c, long n) {
double x = c;
for (long i = 0; i < n; i++) {
x=x/2+c/ (x+x);
}
return x;

}
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AT 71— &% goto 72T

1 | double sq(double c, long n) {
2 double x = c;
1 | double sq(double c, long n) { 3 long i = 0;
2 double x = c; 4 if (i >= n) goto Lend;
3 for (long i = 0; i < n; i++) { 5 | Lstart:
4 x=x/2+c/ (x+x); = x=x/2+c/ (2 % x);
5 ¥ 7 it++;
6 return x; 8 if (i < n) goto Lstart;
71} 9 | Lend:
10 return x;
11 |}
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Step 1 — make all controls “goto”s

1 | double sq(double c, long n) {
2 double x = c;
1 | double sq(double c, long n) { 3 long i = 0;
2 double x = c; 4 if (i >= n) goto Lend;
3 for (long i = 0; i < n; i++) { 5 | Lstart:
4 x=x/2+c/ (x+x); = x=x/2+c/ (2 % x);
5 ¥ 7 it++;
6 return x; 8 if (i < n) goto Lstart;
71} 9 | Lend:
10 return x;
11 |}
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1 | double sq3(double c, long n) {
2 double x = c;
1 | double sq(double c, long n) { 3 long i = 0;
2 double x = c; 4 if (!1(i < n)) goto Lend;
3 long i = 0; 5 | Lstart:
4 if (i >= n) goto Lend; 6 double t0 = 2;
5 | Lstart: 7 double t1 = x / t0;
6 x=x/2+c/ (2% x); =3 double t2 = t0 * x;
7 i++; 9 double t3 = ¢ / t2;
8 if (i < n) goto Lstart; 10 x = tl + t3;
9 | Lend: 11 i=1i+1;
10 return x; 12 if (i < n) goto Lstart;
11 |} 13 Lend:
14 return x;
15 |}
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Step 2 — flatten all nested expressions to “C = A
op B”

1 | double sq3(double c, long n) {
2 double x = c;
1 | double sq(double c, long n) { 3 long i = 0;
2 double x = c; 4 if (1(i < n)) goto Lend;
3 long i = 0; 5 | Lstart:
4 if (i >= n) goto Lend; 6 double t0 = 2;
5 | Lstart: 7 double t1 = x / t0;
6 x=x/2+c/ (2 % x); =3 double t2 = t0 * x;
7 i++; 9 double t3 = ¢ / t2;
8 if (i < n) goto Lstart; 10 x = t1 + t3;
9 | Lend: 11 i=1i+1;
10 return x; 12 if (i < n) goto Lstart;
11 |} 13 | Lend:
14 return x;
15 |}
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o VE: FHI/NIUGRE D BRI ar A IZIFE 1T B/ cannot
embed floating point constants in instructions

L

1 |/* ¢ : xmmO, n : rdi */

2 | double sq3(double c, long n) {

3 double x = c; /* x : xmml */
4 long i = 0; /* i : rsi %/

5 if (!(i < n)) goto Lend;

6 Lstart:

7 double t0 = 2; /* t0 : xmm2 */
8 double t1 = x / t0; /* tl1 : xmm3 */
9 double t2 = t0 * x; /* t2 : xmm4 */
10 double t3 = ¢ / t2; /* t3 : xmmb5 */
11 x = tl + t3;

12 i=1i+1;

13 if (i < n) goto Lstart;

14 Lend:

15 return x;

16 |}
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Step 3 —assign “machine variables” (registers or

memory) to variables

@ note: cannot write floating point constants in instructions

1 |/* ¢ : xmmO, n : rdi */

2 | double sq3(double c, long n) {

3 double x = c; /* x : xmml */
4 long i = 0; /* i : rsi x/

5 if (!(i < n)) goto Lend;

6 Lstart:

7 double t0 = 2; /* t0 : xmm2 */
8 double t1 = x / t0; /* t1 : xmm3 */
9 double t2 = t0 * x; /* t2 : xmm4 */
10 double t3 = ¢ / t2; /* t3 : xmmb5 */
11 x = tl + t3;

12 i=1i+1;

13 if (i < n) goto Lstart;

14 Lend:

15 return Xx;

16 |}
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AT T4 I

15

17
18

/* ¢ : xmmO, n : rdi */

double sq3(double c, long n) {

# double x = c; /*x:xmmlx*/
movasd %xmmO, %xmm1

# long i = 0; /*i:rsix/
movq $0,%rsi
.Lstart:

# if (' (i < n)) goto Lend;
cmpq %rdi,%rsi #n - i
jle .Lend

# double t0 = 2;
movasd .L2(%rip),%xmm2
# double t1 = x / tO; /*tl:xmm3*/
movasd %xmm1,%xmm3

divq %xmm2,%xmm3

# double t2 = t0 * x; /*t2:xmmd*/
movasd %xmmO, %xmm4

mulsd xmm2,%xmm4

/*t0: xmm2* /

NS N IS N R S

N
R S

15

16

# double t3 = c/t2; /*t3:xmmb*/
movasd %xmmO,%xmm5

divsd %xmm4,%xmm5

# x =1tl + t3;

movasd %xmm3,%xmml

addsd %xmm5, %xmm1
#i=1+1;

addq $1,%rsi

# if (i < n) goto Lstart;
cmpq %rdi,%rsi #n - i
jl .Lstart

.Lend:

# return x;
movq %xmm1,%xmmO
ret
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Step 4 — convert them to machine instructions

15

17
18

/* ¢ : xmmO, n : rdi */

double sq3(double c, long n) {

# double x = c; /*x:xmmlx*/
movasd %xmmO, %xmm1

# long i = 0; /*i:rsix/
movq $0,%rsi
.Lstart:

# if (' (i < n)) goto Lend;
cmpq %rdi,%rsi #n - i
jle .Lend

# double t0 = 2;
movasd .L2(%rip),%xmm2
# double t1 = x / tO; /*tl:xmm3*/
movasd %xmm1,%xmm3

divq %xmm2,%xmm3

# double t2 = t0 * x; /*t2:xmmd*/
movasd %xmmO, %xmm4

mulsd xmm2,%xmm4

/*t0: xmm2* /

NS N IS N R S

N
R S
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16

# double t3 = c/t2; /*t3:xmmb*/
movasd %xmmO,%xmm5

divsd %xmm4,%xmm5

# x =1tl + t3;

movasd %xmm3,%xmml

addsd %xmm5, %xmm1
#i=1+1;

addq $1,%rsi

# if (i < n) goto Lstart;
cmpq %rdi,%rsi #n - i
jl .Lstart

.Lend:

# return x;
movq %xmm1,%xmmO
ret
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double x = c; /* x : xmml */
Lstart:

if (!(i < n)) goto Lend;

double t0 = 2; /* t0 : xmm2 */

double t1 = x / t0; /* t1 : xmm3 */
double t2 = t0 * x; /* t2 : xmmd */
double t3 = c / t2; /* t3 : xmm5 */
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o LYARIFREY B RDIENEHNL N

0 ZXDVYARIFEBEIH L %2 7205 LiEIND

o TRTVYRVIAZAPPEINTVSMTE DD (e.g., B
) FOMEBRENL Yorax, %ordx = Y%rax, Yordx 13E D H % £ 72
D LHHEIND)

o METIFAEY (AZ Y ZHHR) LS BHEADH B
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Things are more complex in general .. .

e we've liberally assign registers to intermediate results, but . ..

1 double x = c; /* x : xmml */
2 Lstart:

3 if (!(i < n)) goto Lend;

4 double t0 = 2; /* t0 : xmm2 */
5 double t1 = x / t0; /* tl1 : xmm3 */
6 double t2 = t0 * x; /* t2 : xmm4 */
7 double t3 = ¢ / t2; /* t3 : xmmb */

@ registers are finite (may run out)
e some registers are destroyed (i.e., values on them are lost)
across a function call

e some instructions demand operands to be on specific registers
(e.g., dividend of integer division must be on rax and rdx =
rax and rdx are destroyed across an integer division)

e — you must use memory (“stack” region) as well

22 /84



BB B2 N —RI 7R (3281 Z1245)
I — NAERR DR

o RHHERIZ—MUTITAEY (A& Y ZH) &5 BENH D
= [HIZ1 A& 7% 65 OHHH

%rsp —t

23 /84



A simplest general strategy for code generation by
a compiler

@ in general, memory (stack) must be used to hold intermediate
results = simply, “always” use stack

e a register is used only “temporarily” (to read an operand
from memory, which is immediately used by an instruction)

Y%rsp——t
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LY A & FTEH (ABI)

B RA VA OE 1-6 518 rdi, rsi, rdx, rex, r8; 19

PREINSRE O B 80U, xmm0, xmml1, ...

B RA VBZDIR DA : rax

rsp : BABUEIHT AR Y 7 D& R U, T ZIZIXR Y HHIAFE

MINTND

o callee-save LY A& rbx, rbp, r12, r13, r14, r15 (BAEWIEUH
Uz E72000 TRAE —» RO S N ZBERZNG 25 5
BIFRFELTHHMD)

o TOMDL Y ALK caller-save (BIEIE L %2 £ /2035726
HEhd ERELTI— N2ERK)

@ https://wiki.cdot.senecacollege.ca/wiki/X86_64_

Register_and_Instruction_Quick_Start “general-purpose

registers” % 2

® 6 o6 o
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Register usage conventions (ABI)

the first six integer /pointers arguments : rdi, rsi, rdx,
rcx, r8, r9

floating point number arguments : xmm0O, xmm1,

an integer /pointer return value : rax

rsp : points the end of the stack upon function entry, which
holds the return address

callee-save registers: rbx, rbp, ri12, ri13, ri14, ri5
(preserved across function calls — a function must save them
before using (setting a value to) them)

other registers are caller-save (a function must assume they
are destroyed across function calls)

see “general-purpose” registers in
https://wiki.cdot.senecacollege.ca/wiki/X86_64_
Register_and_Instruction_Quick_Start
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BB O U IR DB &

e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
o call g SEBATIERY rdi=1, rsi=2, rdx=3, rex=4, 18=5, 19=6

%rsp—st 7
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e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
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What happens upon function calls

e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
o during f

%rsp——t
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What happens upon function calls

e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
e right before “call g” rdi=1, rsi=2, rdx=3, rcx=4, r8=5, r9=6

%rsp—st 7
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What happens upon function calls

e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
@ right after “call g” (when g started)

~ 00

%rsp —— RYEML)
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What happens upon function calls

e long £fO { ... g(1,2,3,4,5,6,7,8);
e save callee-save registers g uses

S

7
callee-savef®7F

(BEBEG) i‘igpﬁ(u

%rsp —t %rbx

}
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What happens upon function calls

e long £fO { ... g(1,2,3,4,5,6,7,8); ... }
e during g
8
/
callee-savef®7F
BB o] )
| Y%rbp
| %rbx
TRPREE
FRPRERT
LY ZHIURES RN
outgoing3|#k
%rsp —st
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double integ(long n) {
double x = 0;
double dx = 1 / (double)n;
double s = 0;
for (long i = 0; i < n; i++) {

s += £(x);
x += dx;

}

return s * dx;
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Code generation including function calls

1 | double integ(long n) {

2 double x = 0;

3 double dx = 1 / (double)n;

4 double s = 0;

5 for (long i = 0; i < n; i++) {
6 s += f(x);

7 x += dx;

8 }

9 return s * dx;

10 |}
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“ooto” fb & “C = A op B” 1k
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double integ3(long n) {

double x = 0;

double t0 = 1;

double t1 (double)n;
double dx = t0 / t1;
double s = 0;

long i = 0O;

if (!(i < n)) goto Lend;
Lstart:

double t2 = f(x);

s += t2;

x += dx;

i+=1;

if (i < n) goto Lstart;
Lend:

double t3 = s * dx;
return t3;

/%
/%
/%
/%
/*

/%

/%

/%

t0
t1

t2

t3

0(%rsp)
8(%rsp)

: 16 (%rsp)
: 24(Yrsp)
dx :
¢ 40(%rsp)
: 48(%rsp)

32 (%rsp)

: 56 (%rsp)

64 (%rsp)

*/
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converting to “goto”s and “C = A op B”s

® N D G e e

I -
o XN L~ O O

double integ3(long n) {

double x = 0;

double t0 = 1;

double t1 (double)n;
double dx = t0 / t1;
double s = 0;

long i = 0O;

if (!(i < n)) goto Lend;
Lstart:

double t2 = f(x);

s += t2;

x += dx;

i+=1;

if (i < n) goto Lstart;
Lend:

double t3 = s * dx;
return t3;

/%
/%
/%
/%
/*

/%

/%

/%

t0
t1

t2

t3

0(%rsp)
8(%rsp)

: 16 (%rsp)
: 24(Yrsp)
dx :
¢ 40(%rsp)
: 48(%rsp)

32 (%rsp)

: 56 (%rsp)

64 (%rsp)

*/
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FEMEE / Machine code
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double integ3(long n) {
/* n : 0(%rsp) */
movq %rdi,0(%rsp)
# double x = 0;
/* x : 8(rsp)*/
movsd .LO(%rip),%xmmO
movsd %xmm0, 8 (%rsp)
# double tO = 1;
/* t0 : 16(%rsp)*/
movq $1,16(%rsp)
# double t1 = (double)n;
/* t1 : 24(Y%rsp)*/
cvtsi2sdq 0(%rsp) , %xmmO
movsd %xmm0,24 (%rsp)
# double dx = t0 / ti;
/* dx : 32(%rsp) */
movsd 16 (%rsp) ,%xmm0
divsd 24 (%rsp) ,%xmm0
movsd %xmmO0,32(%rsp)
# double s = 0;
/* s : 40(%rsp) */
movsd .LO(%rip),%xmmO
movsd %xmm0,40 (%rsp)

~
N QO O 0 N N W e~

I T S O U G,
S T T WL R

# long i = O;
/* i : 48(%rsp) */
movq $0,48(%rsp)
# if (1 (i < n)) goto Lend;
movqg O(%rsp),%rdi
cmpq 48(%rsp),drdi # n - i
jle .Lend

.Lstart:
# double t2 = f(x);
/* t2 : 56(%rsp) */
movq 8(%rsp) ,%rdi
call f
movq %rax,56(%rsp)
# s += t2;
movq 40 (Yrsp) ,%xmm0
addsd 56 (%rsp) ,%xmmO
movq %xmmO,40 (%rsp)
# x += dx;
movsd 8(%rsp) ,%xmmO
addsd 32(%rsp) ,%xmm0
movsd %xmmO,8(%rsp)
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FEMEE / Machine code

1 # 1 +=1;

2 movq 48(%rsp) ,%rdi

3 addq $1,%rdi

4 movq %rdi,48(%rsp)

5 # if (i < n) goto Lstart;
6 movq 0(%rsp),’%rdi

7 cmpq 48(%rsp),%rdi # n - i
8 jg .Lstart

9 | .Lend:

10 movsd 40(%rsp) , %xmm0

11 addsd 32(%rsp) ,%xmm0

12 addsd %xmm0,64 (%rsp)

18 # return t3;

14 addsd 64 (%rsp) ,%xmmO

15 ret

16 |}
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Code generator — scope of the exercise

e all data types are long (8 byte integers)

» no typedefs
» no ints, floating point numbers, or pointers
» everything is long, so type checks are unnecessary

@ no global variables =
» a program = list of function definitions
e supported complex statements are if, while and compound
statement ({ ... }) only

e all variable definitions must come at the beginning of a block
and initializes (long = = expr) are not supported

e they are expressed in token definitions (cc_lex.mll), and
grammar definitions (cc_parse.mly)

37/84
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cc_parse.mly — SR RE £
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Structure of the program

® 6 o6 o

your work in this exercise will be mostly done in cc_cogen.ml

cc_ast.ml — abstract syntax tree (AST) definition
cc_parse.mly — grammar definition

cc_lex.mll — lexer definition

cc_cogen.ml — code generation from AST

cc.ml — main driver
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X AREZ (ccast.ml) — PIRE

o C DBIBIEZEDHI

long f (long x, long y) {
return x + y;

}

1
2

o = BHRUE ZDMSURDE &

1
2

type definition =
FUN_DEF of (type_expr * string * (type_expr * string) list * stmt)
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AST (cc_ast.ml) — function definition

e an example C function definition

long f (long x, long y) {
2 return x + y;

}

e = AST definition for function definition

1 | type definition =
2 FUN_DEF of (type_expr * string * (type_expr * string) list * stmt)
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FEXRDERE — X

e if X

1 (if (x <y) { x++; return x; } else return y;

=

1 (STMT_IF of (expr * stmt * stmt)

o HEX

1 ({ long r; if (x < y) r = 10; else r = 20; }

=

1 (STMT_CDMPDUND of ((type_expr * string) list * stmt list)
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AST — statements

o if statement

1 (if (x <y) { x++; return x; } else return y;

=

1 (STMT_IF of (expr * stmt * stmt)

@ blocks

1 [{ long r; if (x < y) r = 10; else r = 20; 1}

=

1 [STMT_CUMPDUND of ((type_expr * string) list * stmt list)
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FEXRDERE — X

e while X

1 [while (1 < n) { foo(i); i++; |

=

1 [STMT_WHILE of (expr * stmt)

o = (X ELD) XDHEIARDESH

type stmt =

© o~

© X XD«

STMT_EMPTY

STMT_CONTINUE

STMT_BREAK

STMT_RETURN of expr (* e.g., return 123; *)

STMT_EXPR of expr (x e.g., £(x); *)

STMT_COMPOUND of ((type_expr * string) list * stmt list)
STMT_IF of (expr * stmt * stmt)

STMT_WHILE of (expr * stmt)
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AST — statements

@ while X

1 [while (1 < n) { foo(i); i++; |

=

1 [STMT_WHILE of (expr * stmt)

e = (putting them together) AST definition for statements

type stmt =

STMT_EMPTY

STMT_CONTINUE

STMT_BREAK

STMT_RETURN of expr (* e.g., return 123; *)

STMT_EXPR of expr (* e.g., £(x); %)

STMT_COMPOUND of ((type_expr * string) list * stmt list)
STMT_IF of (expr * stmt * stmt)

STMT_WHILE of (expr * stmt)

© % QD G A W e~

45/84



FEXARDER — I\

o 2 IHHEA

1[ x+y+1

=

1 [EXPR_BIN_DP of bin op * expr * expr
R (2 = b) £ 2IEEEO—FE (C ORAE, XTREA
<R

o BHEUIFUHIL

1[ oo f(x L,y 2, 2z 4 3) L.

=

1 [EXPR_CALL of (string * expr list)

46 /84



AST — expressions

e binary operations

1[ x+y+1

=

1 [EXPR_BIN_UP of bin op * expr * expr

Note: assignment (a = b) is a kind of binary operation (C’s
assignment is not a statement but an expression)

e function call

1[ oo f(x 1,y 2, 2+ 3) L.

=

1 [EXPR_CALL of (string * expr list)
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FEXARDER — I\

o = (#x L) ADHXKDEH

1 | type expr =
2 EXPR_NUM of int (*x e.g., 3 %)

3 | | EXPR_VAR of string (* e.g., x *)

4 | | EXPR_BIN_OP of bin_op * expr * expr

5 | | EXPR_UN_OP of un_op * expr (x e.g., —f(x) *)
6 | | EXPR_CALL of (string * expr list)
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AST — expressions

e = (putting them together) AST definitions for expressions

1 | type expr =

2 EXPR_NUM of int (*x e.g., 3 %)
3 EXPR_VAR of string (* e.g., x *)
5

4 EXPR_BIN_OP of bin_op * expr * expr
EXPR_UN_OP of un_op * expr (* e.g., —-f(x) *)
EXPR_CALL of (string * expr list)

SN
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d— RARK (cc_cogen.ml) — FEARAX A

o MESUR (AST) 232 FHLY | )9 S BEbkas ( [araw] DV A
N) &Y

o HDIEXARIZH T DHEMEEDAERK ~ T DR B IZX T 51
BEE 2 YR D

o 0T A&AR (program) — BAREZ (definition) — X
(stmt) — 2 (expr)

o I— RAEMMDOTOT I LADRZEIE, 8D (1) HEXRIZH
T BN =23 F (match) & (2) T/ — RIZTKY 2 FIGITE
U
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Code generation (cc_cogen.ml) — basic
structure

e takes a parse tree (AST) and returns machine code (a list of
instructions)

e generating machine code for an AST ~ arrange machine code
for its components

e the program (program) — function definition (definition)
— statement (stmt) — expression (expr)

e code generator has lots of (1) pattern matching (match)
against AST and (2) recursive calls to child trees
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77 AIVEARD VIS

o ~ MBIIZa Y INA N L TZE D% EkE

file "a.c"
long f() { text N
" : 21— K
} :
1 | let cogen_program defs ... =
long 90) { 2 (gen_header ...)
0 3 @ List.concat (List.map (fun def ->
} 19 cogen_def def ...) defs)
4 (gen_trailer ...)
long h() { "
e &< ETHEAOBLTH T
. LEEY OB TR TEN (27
Do TUENIT R
.ident "MCC"
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Compiling an entire file

@ = concatenate compilation of individual function definitions

It will look like . ..

let cogen_program defs ... =
(gen_header ...)
@ List.concat (List.map (fun def ->
cogen_def def ...) defs)
(gen_trailer ...)

file "a.c"
long f() { text
}"' f:
long g() {

}... H 9
long h() {
r o

.ident "MCC"

Note: the above is an outline for the
illustration purpose you do not have
to (should not) stick to
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BBERD I N1V

o XEIAVNAINULAZEDDHIZIZ, 7O —T (AZ Y I %
HIET, ete.), TEO—2 (AX Y 7 %&b D, ret, etc.) & D
7%

long f() { f:

grow stack

~

let cogen_def def ... =
\Save ares 2 match def with FUN_DEF(ret_type, f, params
. ::: , body) -
(gen_prologue def)
@ (cogen_stmt body ...)
@ (gen_epilogue def)

[SIE V)

shrink stack

ret
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Compiling a function definition

e ~ compile the body (statement); put prologue (grow the
stack, etc.) and epilogue (shrink the stack, ret, etc.)

long f() { f:

grow stack 1 let cogen_def def ... =

\save args 2 match def with FUN_DEF(ret_type, f, params

¥ , body) =
3 (gen_prologue def)
4 @ (cogen_stmt body ...)
5 @ (gen_epilogue def)

shrink stack
ret
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XD N )b (] while 3X)

o ~ M, RMEZ AV ISANUAEEDZUTDO LD IZHE.
V=T O HIEI—RE DT 2

jmp Lc

Ls:

cmpq $0,...

jne Ls

QN W v~

S © S NS>

12
13
14

let rec cogen_stmt stmt ... =
match stmt with

| Cc_ast.STMT_WHILE(cond, body) ->
let cond_op,cond_insns = cogen_expr cond
. in
let body_insns = cogen_stmt stmt ... in
let ... in
[ jmp Lc;
Ls ]
body_insns
Le ]
cond_insns @
cmpq $0,cond_op;
jne Ls ]
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Compiling a statement (e.g., while statement)

e =~ place compilation of the condition expression and the body
as follows. add a conditional to determine if the loop

continues

jmp Lc

Ls:

cmpq $0,...

jne Ls

R Y

© o X >

10
11
12
13
14

let rec cogen_stmt stmt ... =
match stmt with

| Cc_ast.STMT_WHILE(cond, body) ->

let cond_op,cond_insns = cogen_expr cond

. in

let body_insns = cogen_stmt stmt ...

let ... in

[ jmp Lc;

Ls ]

body_insns

Le ]

cond_insns @
cmpq $0,cond_op;
jne Ls ]

in
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KD 381 (B

)

)

o ~ Bl TNTNT VNAI; HEMS

1

2

3

4

5

6

+ movq ..., XX(%rsp) 7
L] :
9

10

i

12

13

let rec cogen_expr expr ... =

match expr with

| Cc_ast.EXPR_BIN_OP(op, €0, el) ->
let insnsl,opl = cogen_expr el ...
let insns0O,op0 = cogen_expr e0 ...
let m = A4Y7 EOABY K in
((insns1

@ [ movq opl,m ]

Q@ insnsO

@ [ op myopO0 1), (* opO = opO op m *)
op0)

in
in

@ E: movq XX(%rsp),... I3E—ART VU ROIEREZ AR Y ZITHMNL, B
ARGV ROFHEFHICEI NG Z AR NESIZLTVS

o REBMASTA = TRTOHRFREZ AZY ZITHNT S IZho/

Jis
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Compiling an expression (arithmetic)

e ~ compile the arguments; an arithmetic instruction

L movq ..., XX(%rsp)

addq XX(%rsp),...

@ Remark: movq XX(%rsp),...

SR TS NN SN

[
W W =~ o ©

let rec cogen_expr expr ... =
match expr with

| Cc_ast.EXPR_BIN_OP(op, €0, el) ->

let insnsl,opl = cogen_expr el ... in
let insns0,op0 = cogen_expr e0 ... in
let m = a slot on the stack in

((insns1

@ [ movqg opl,m ]

@ insnsO

@ [ op m,op0 1), (* op0 = op0 op m *)
op0)

saves the first operand, ensuring it won'’t

be destroyed during the evaluation of the second

@ remember we are following the simplest strategy = “save all
intermediate results on the stack”
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AD I VISV (IR

o A< BIZ,
» A<BZ5IK1
» A>=B K510
WS fHZ RO
o AN INDEEDGATIIHND 5 Z LITHER
rz=x<y, x<y) +zfx<1) OESIBRRLHEIND
(if X°> while DZMHHT IR D L IFBRS 20
o TRVT)EHETINEERT DMHIL?
Q FMarik
Q Mo X set g, Hl:

1 | movq $0,%rax
2 | cmpq Y%rdi,%rsi
3 | setle %al

T, %rsi - %rdi < 0 (less-than-or-equal) 22 51, %al (%rax
DK 8 bit) IZ 18y hINhd
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Compiling an expression (comparison)

e A < B is an expression that evaluates to
» 1ifA< B

» 0if A>=B
@ no single instruction exactly does this
e note that they can appear anywhere expression can

»z=x <y, (x<y)+z and £(x < 1) are allowed (they

do not necessarily appear in condition expression of if or
while)

@ how to do it in assembly code?
@ conditional branch
@ conditional set instruction. e.g.,

1 | movq $0,%rax
2 | cmpq %rdi,%rsi
3 | setle %al

will set %al (the lowest 8 bits of %rax) to 1 when %rsi -
%rdi < 0 (less-than-or-equal)
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AD 3V INA )V (KR
o ~ < DEEZTNTNIT YV ISA I, Bl SfFAF % set

< movq ..., XX(%rsp)

movq ...,YY(%rsp)
movq $0,%rax
movq YY(%rsp),...
cmpq XX(%rsp),...
setl %al

B N

© XY«

10

12
13
14
15
16
17
18
19

let rec cogen_expr expr ... =

match expr with

| Cc_ast.EXPR_CMP_OP(op, €0, el) ->
let insnsl,opl = cogen_expr el ...
let insns0,op0 = cogen_expr e0 ...

let m0 = AZYZ7 EOATY K in
let ml = AXYZ EOATY K in

((insns1
@ [ movqg opl,ml ]
@ insnsO
@ [ movqg opO,m0;
movqg $0,%rax;
movq m0,op0;
cmpq mil,op0;
setop rax ]
op0)

in
in
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Compiling an expression (comparison)

e ~ compile the arguments; compare; conditional set

< movq ..., XX(%rsp)

movq ...,YY(%rsp)
movq $0,%rax
movq YY(%rsp),...
cmpq XX(%rsp),...
setl %al

B N

© XY«

10

12
13
14
15
16
17
18
19

let rec cogen_expr expr ... =
match expr with

| Cc_ast.EXPR_CMP_OP(op, €0, el) ->
let insnsl,opl = cogen_expr el ... in
let insns0O,op0 = cogen_expr e0 ... in
let mO = a slot on the stack in
let m1 = a slot on the stack in

((insns1
@ [ movqg opl,ml ]
@ insnsO
@ [ movqg opO,m0;
movqg $0,%rax;
movq m0,op0;
cmpq mil,op0;
setop rax ]
op0)
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R3SV (BBUEOH L)

o ~ Bl ETNTNID Y INA)V; BIEUE T E DALIE TN B

call 4

...... %rsp

LIl 1 |let rec cogen_expr expr ... =
T e 2 match expr with
4 | Cc_ast.EXPR_CALL(f, args) ->
,,,,,, orsp) 5 let insns,arg_vars = cogen_exprs args
env var_idx in
Vg . (9%Tep) 6 ((insns @ (make_call f arg_vars)), rax)

movq ...,%rdi
movq ... %rsi
movq ... %rdx
movq ... %rcx
call q
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Compiling an expression (function call)

e ~ compile all arguments; put them to positions specified by

ABI; a call instruction

movq

...... %rsp

callq

movq ...,
movq ...
movq ...
movq ...

Yordi
%rsi
Yordx
Yrcx

G L~

let rec cogen_expr expr ... =
match expr with

| Cc_ast.EXPR_CALL(f, args) ->
let insns,arg_vars = cogen_exprs
args env var_idx in
((insns @ (make_call f arg_vars)),
rax)
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R Z U T & 3

o [ER/NDfE) > [LEDE] 2 RFL THE SGFRDORD S

o UUTD XX DikdF

+ movq ..., XX(%rsp)

addq XX(%rsp),...
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Details we have been leaving out

@ how to determine locations to save values of subexpressions

and variables

e that is, how to determine XX below

7

mov( ...,XX(%rsp)

addg XX(%rsp), ...
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87> RDfE ] DAL R DPLD

e cogen expr |J, %% IFIMDEIHZ /RI 514 (v) 2T
HIk: (cogen_expr E v...) (&, F Z§Hiid % v w5l & 4K
TS (%rsp + v) AEDT R ADAZMD (BIHET D)

o — |Al + [Blo@m &5t T, [ BlD#E R v (%rsp) IZfR-AF

o [Aldv+8 LM

let rec cogen_expr expr v =
match expr with

| Cc_ast.EXPR_BIN_OP(op, €0, el) ->
let insnsi,opl cogen_expr el v ... in
let insnsO,op0 = cogen_expr e0 (v _+ 8)

+D/ N
7 let m = v(Yrsp) in

SN T S

8 ((insns1
9 @ [ movq opl,m ]
10 @ insnsO
11 @ [ opm,op0 1), (* op0 = op0 op m *)

12 op0)
13 | ...
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Determining where to save subexpressions

@ cogen_expr receives a value (v) pointing to the free space
spec: cogen_expr I v ...generates instructions that evaluate
E using (destroying) only addresses above (%rsp + v)

e — when evaluating + , save at v(%rsp)

o let use v + 8 and higher addresses

D G A W =

<

L movq ..., XX(%rsp)
10

addq XX(%rsp), ... 11

12
13

let rec cogen_expr expr v =
match expr with

| Cc_ast.EXPR_BIN_OP(op, €0, el) ->

let insnsi,opl cogen_expr el v ... in

let insnsO,op0 = cogen_expr e0 (v _+ 8)
. in

let m = v(rsp) in

((insns1

@ [ movqg opl,m ]

@ insnsO

@ [ op m,op0 ]), (* op0O = op0 op m *)

op0)
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[ DME ] DRGSR

o fi:

if (..0) Ao

long a, b, c;

N o

}

o Zfa, b, cEAZY T LIZIRINT ZHEND D
o M RO £ IFIER U RE
e — cogen stmt I, ZEFFHIMDEIHZ R IHI B v 2T

EIK: cogen_stmt S v ... 1%, S &FETIdmHsE LR TN
& (%rsp + v) AEDT RV ADAZM DS (ET D)

o — fHlZiXa— v(rsp), b v+ 8(%rsp), c — v+ 16(%rsp)
(RGN
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Locations to hold variables

AN e

ex:

if (...0) o

long a, b, c;

}

we need to hold a, b, c on the stack

the problem is almost identical to saving values of
subexpressions

— cogen_stmt also takes v pointing to the beginning of the
free space

spec: cogen_stmt S v ...generates instructions to execute S
they use (destroy) only addresses above (%rsp + v)

— e.g., hold a — v(%rsp), b — v+ 8(lrsp),
c— v+ 16(C%rsp)
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BRET: ZAR D&M AT DT

o [ZEHOMEOMMILGHT &, RICEBAHB L 2Bz 2 hE I

D BEND D
» Bl x + 1 23UV T BT, x OMKNGATZ D BE

o ¥ — MG OEHEZEMT LT —AHE (RIE) %
fEY | cogen_stmt, cogen_expr (FTNZEZITEND LDIZT D

o AN ({...}) DEBHTEBES AT ONIGIZ, BEIZH
ARANCERE TP eyl

o BRIEIE, HAHY A N (List.assoc) # FHHWTHIBIZEND
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Environment: records where variables are held

e when a variable occurs in an expression, we need to get the
location that holds the variable

» ex: to compile x + 1, we need to know where x is held

e make a data structure that holds a mapping “variable —
location” (environment) and pass it to cogen_stmt and
cogen_expr

e when new variables are declared at the beginning of a
compound statement ({ ...}), add new mappings to it

@ an environment can be easily built with association list
(List.assoc)
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cogen expr (FERIE 2 52 1T HL S

1 | let rec cogen_expr expr env v =

2 match expr with

4 | Cc_ast.EXPR_VAR(x) ->

5 let loc = env_lookup x env in
6 ([ movq loc,... 1, ...)

7 | ...

e env_lookup z env I&, BRI env HD 6 x ORMANALE = FE S
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cogen _expr recelves an environment

1 | let rec cogen_expr expr env v =

2 match expr with

3 o

4 | Cc_ast.EXPR_VAR(x) ->

5 let loc = env_lookup x env in
6 ([ movq loc,... 1, ...)

7 [

e env_lookup z env searches environment env for z and returns
its location
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cogen stmt & EREE %2 52 TH S

D Gt A W v~

let rec cogen_stmt expr env v =
match expr with

| Cc_ast.STMT_COMPOUND(decls, stmts) ->
let env’,v’ = env_extend decls env v in
cogen_stmts stmts env’ v’ ...

@ env_extend decls env v 1,

» ZHET decls TEE I N/ ZBUTKANG T 2 EY) 24T (v,
V48, v416,...),

» TN ZIEREE env I8 HR

» U WEREE eny’ & 48 X 4HIK o % KT
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cogen _stmt recelves an environment too

1 | let rec cogen_stmt expr env v =

2 match expr with

4 | Cc_ast.STMT_COMPOUND(decls, stmts) ->

5 let env’,v’ = env_extend decls env v in
6 cogen_stmts stmts env’ v’

7 |

@ env_extend decls env v

» assign locations (v, v 4+ 8, v+ 16, ...) to variables declared
in decls

» register them in env

» return the new environment env’ and the new free space v’
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BRI 0D 5246

o BBIIE (B4, MANEFT) DU A
@ loc = env_lookup = env

Bl env (2B WT, 28z ORI loc %2R (cf.
List.assoc)

@ env’ = env_add x loc env
env \Z, x +— loc WHBHI I NW/ZERBE env” Z23RY ((x,
loc) : : env)

o ZN%JIZ env_extend decls env v & ES DX EME
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Implementing environment

@ an environment is a list of (variable name, location)
@ [oc = env_lookup = env

returns z’s location in environment env (cf. List.assoc)
@ env’= env_add x loc env

returns a new environment env’ which has a new mapping
x + loc in addition to env ((z, loc)::env)

implementing env_extend decls env v based on this is your
exercise

79 /84



@ 2 /%1 FDf:HE / What do compilers do basically?
© LV MDEE / More general cases

@ EUNRD C A5 M a— R4S/ Implementing a minimum C
compiler

Q 11555/ Intermediate Representation
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EF.FEﬁIZIDIII ( )

o FEHHIZIE THESUR, BREE) »oEHET Y 7 EfE T2

EHABEED, a2 BT, TR TY
UiE> ftPFﬁaaE

B TH B2
(Intermediate Representation; IR)] %@

Z &N
o IR vs. 7%?7‘)
IR LG
il E b ~ go to 7Z1F ~ go to 7Z 1)
= ~C=AopBZlJ |~C=AopBZXEl}
R DE | W< 5 TH ~ VYARET
[ D F5an | BBEEATH ~ BEBITFOH L £ T
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Intermediate representation (IR)

e while it is in theory possible to directly emit assembly code
from a pair (AST, environment), most compilers first emit
“Intermediate Representation; IR” which are similar to but
different from the assembly code

o IR vs. assembly

IR assembly
control ~ go to ~ go to
expression ~C=AopBonly | ®C=A opB only
the number of arbitrary ~ only a fixed
local variables number of registers
lifetime of during the function | = some registers live only
a local variable | call that defined it up to the next function call
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HR S 38 (IR) OFEEH

o AJ1 — IR D&% H UL $ 25 (EEMD, FHa» e O H
Uik E7200 28 % FHWREICT D)

o BBMDANGREDELEZABZIZT S — C, C++, Java, etc. T
ANEFE — IR st E

o BT UV I NDEKEESIZT S — Intel, ARM, etc. T,
IR — BEWGE DASMEILE

o muift — TIR — IR OZH] F/213 TIR — FEHEEDZ
T~ D il % KRB

Rilft, TOMDEH (Lowering)

O Intel

ARM

NVIDIA

< +
o +
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Why IR?

simplify program — IR conversion (allow arbitrary number of
local variables, live across function calls)

make it easy to implement multiple input languages — C,
C++, Java, etc. can share everything but input — IR

make it easy to target multiple processors — Intel, ARM, etc.
can share everything but IR — machine code

optimization — represent various optimizations as “IR —
IR” or “IR — machine code” transformation

BB, ZOthDZER: (Lowering)

O
-
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