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Compiler Architecture

char* s = "hello";

while(putchar(*s++));

SSeq

 (SDecAsg "s"

  (EStrLit "hello there"))

 (SWhile

  (EFunCall "putchar"

   [EDeref (EPostInc (EVar "s"))])

  (SBlock []))

char* s = "hello";

while(putchar(*s++)) {

};

Result {

  ret_val = 0;

  stdout = "hello\0";

}

.LC0:

.string "hello"
main:
pushq %rbx
movl $.LC0, %ebx
.L2:
movq stdout(%rip), %rsi
movsbl (%rbx), %edi
addq $1, %rbx
call putc
testl %eax, %eax
jne .L2
popq %rbx
ret

Parser Printer

Evaluator

Validator

Code
generator
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GHC

where is
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defined?

System.IO
(282,00)
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Compiler Architecture: multi-pass

By P. Teoh on SO, https://stackoverflow.com/a/49081640

https://stackoverflow.com/a/49081640
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source syntax
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source AST

LanguagesValues
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ClosLang:
last language
with closures
(has multi-arg

closures)

Infer types, exit if fail
 

Introduce globals vars,
eliminate modules &
replace constructor 
names with numbers
 

Switch to de Bruijn 
indexed local variables

Track where closure values
flow & inline small functions

Fuse function calls/apps
into multi-arg calls/apps
 
 

Introduce C-style fast
calls wherever possible

Remove deadcode

Annotate closure creations

Perform closure conv.

Inline small functionsBVL: 

Turn pattern matches into
if-then-else decision trees

FlatLang:
a language for 

compiling 
away high-level
lang. features

Global dead code elim. 
 

Lift some Lets to top level
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Inline small functions

Fold constants and
shrink Lets

Split over-sized functions
into many small functions

Compile global vars into a
dynamically resized array

Optimise Let-expressions

Switch to imperative style

Remove deadcode

Combine adjacent
memory allocations

Remove data abstraction

Simplify program

Select target instructions

Perform SSA-like renaming

Force two-reg code (if req.)

 

Reduce caller-saved vars

BVL: 
functional
language 

without
closures

DataLang:
imperative
language

WordLang:
imperative

language with
machine words,

memory and
a GC primitive

Make some functions tail-
recursive using an acc.

BVI:
one global

variable

Common subexp. elim.
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Remove deadcode

Allocate register names

Concretise stack

Implement GC primitive

Turn stack accesses into
memory acceses

Rename registers to match
arch registers/conventions
 
Flatten code

Delete no-ops (Tick, Skip)

Encode program as
concrete machine code
 

y
a GC primitive

StackLang:
imperative
language 

with array-like 
stack and

optional GC

LabLang:
assembly lang.

ARMv6

ARMv8 x86-64 MIPS-64 RISC-V

Silver ISA

Silver CPU
as HOL functions

Silver CPU
in Verilog

Hardware below this line

Proof-producing
Verilog generator

Im
pl

em
en

ts
 

Introduce (raw) calls past 
function preambles
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Nanopass: Parse

char* s = "hello";
while (
putchar(*s++)
);

char* s = "hello";
while (

putchar(*s++)
);
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Nanopass: Type-Check

real_solns :: _ -> _ -> _
real_solns a b c =
let d = b**2 - 4*a*c in
if d >= 0 then
[(-b + sqrt d) / (2*a)
,(-b - sqrt d) / (2*a) ]

else []

real_solns :: Float -> Float -> Float
real_solns a b c =

let d = b**2 - 4*a*c :: Float in
if d >= (0 :: Float) then
[(-b + sqrt d) / (2*a)
,(-b - sqrt d) / (2*a) ]

else []
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for(int i = 0;
i < l.length;
i++) {

do_stuff();
}

int i = 0;
while(i < l.length) {

do_stuff();
i++;

}
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for(int i = 0;
i < l.length;
i++) {

do_stuff();
}

int i = 0;
while(i < l.length) {

do_stuff();
i++;

}
for2while :: AstF → AstW
for2while (For (i,c,n) b) =

i `Seq` While c (b `Seq` n)
for2while (Call f) = Call f
for2while (Var i) = Var i
for2while (Add e1 e2) = Add e1 e2
for2while (Seq e2 e2) = Seq e2 e2
for2while ...
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for(int i = 0;
i < l.length;
i++) {

do_stuff();
}

int i = 0;
while(i < l.length) {

do_stuff();
i++;

}
for2while' = AstFAlg {
for = λ (i,c,n) b →
i `Seq` While c (e `Seq` n);

var = λ i → Var i;
add = λ e1 e2 → Add e1 e2;
seq = λ e1 e2 → Seq e1 e2;
...}
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Nanopass: for → while

for(int i = 0;
i < l.length;
i++) {

do_stuff();
}

int i = 0;
while(i < l.length) {

do_stuff();
i++;

}
for2while' = AstFAlg {
for = λ (i,c,n) b →
i `Seq` While c (e `Seq` n);

var = Var; add = Add; seq = Seq;
...}
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Nanopass: λ → class

int[] squares (int[] l) {

return
sum( map( (x => x*x)

, l
));

}

int[] squares (int[] l) {

return
sum( map( new Lam43()

, l
));

}

class Lam43 : Runnable {
object run (object x) {
return x*x;
}

}
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Nanopass: λ → class

int[] squares (int[] l) {
Logger q = get_logger();
return
sum( map( (x => q.log(x*x))

, l
));

}

int[] squares (int[] l) {
Logger q = get_logger();
return
sum( map( new Lam43(q)

, l
));

}

class Lam43 : Runnable {
object run (object x) {
return q.log(x*x);
}
Logger q;

}
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Nanopass: class → struct

class Player {
uint coins;
int hiscore;

void again(){
if(coins-- > 0) {
int score = play();
hiscore =
max(score, hiscore);

}
}
}

struct Player {
uint coins;
int hiscore;

}
void again(Player* self){
if(self->coins-- > 0){
int score = play();
self->hiscore =
max(score, self->hiscore);

}
}
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Nanopass: Insert Reference-Counting code

void test() {
int[] xs =
list(1,1000000);

int[] ys =
map(xs, inc);

print(ys);

}

void test() {
int[] xs =
list(1,1000000);

int[] ys =
map(xs, inc);

_drop(xs);
print(ys);
_drop(ys);

}

https://www.microsoft.com/en-
us/research/uploads/prod/2020/11/perceus-tr-v1.pdf

https://www.microsoft.com/en-us/research/uploads/prod/2020/11/perceus-tr-v1.pdf
https://www.microsoft.com/en-us/research/uploads/prod/2020/11/perceus-tr-v1.pdf
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float circle_area(float r){
float pi =
calc_pi(5);

return pi * r * r;
}

▶ Not essential

▶ Might improve the code

▶ “Optimisation”

▶ More on Tuesday
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Nanopass: if,while,… → goto

if {
l.length > 7

}
then {
u = insertion_sort(l)

}
else {
u = quick_sort(l)

}

.L0:
l.length > 7
branch .L1 .L2

.L1:
u = insertion_sort(l)
goto .L3

.L2:
u = quick_sort(l)
goto .L3

.L3:
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Nanopass: SSM instructions → x86_64 instructions
global.get __stack_pointer
local.set 3
i32.const 32
local.set 4
local.get 3
local.get 4
i32.sub
local.set 5
local.get 5
global.set __stack_pointer
i32.const 1
local.set 6
local.get 2
local.set 7
local.get 6
local.set 8
local.get 7
local.get 8
i32.gt_u local.set 9
i32.const 1
local.set 10
local.get 9
local.get 10
i32.and
local.set 11
block
...

sub rsp, 88
mov qword ptr [rsp + 8], rdx
mov qword ptr [rsp + 16], rsi
mov qword ptr [rsp + 24], rdi
mov qword ptr [rsp + 32], rdi
cmp rdx, 1
ja .LBB0_2
mov rax, qword ptr [rsp + 32]
mov rcx, qword ptr [rsp + 24]
mov rdx, qword ptr [rsp + 8]
mov rsi, qword ptr [rsp + 16]
mov qword ptr [rcx], rsi
mov qword ptr [rcx + 8], rdx
mov rsi, qword ptr [rip + .L__unnamed_1]
mov rdx, qword ptr [rip + .L__unnamed_1+8]
mov qword ptr [rcx + 32], rsi
mov qword ptr [rcx + 40], rdx
lea rdx, [rip + .L__unnamed_2]
mov qword ptr [rcx + 16], rdx
mov qword ptr [rcx + 24], 0
add rsp, 88
ret
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data Exp1

  = ...

data Exp2

  = ...

data Exp3

  = ...

data Exp4

  = ...

data Exp5

  = ...

data Exp6

  = ...

data ExpN-1

  = ...
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Design 1: Many ASTs ⇒ Repetition

data Exp₃
= For (Exp₃,Exp₃,Exp₃) Exp₃
| While Exp₃ Exp₃
| Call Func
| Var Var
| Add Exp₃ Exp₃
| Seq Exp₃ Exp₃
| ...

data Exp₄

= While Exp₄ Exp₄
| Call Func
| Var Var
| Add Exp₄ Exp₄
| Seq Exp₄ Exp₄
| ...
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Design 1: Many ASTs ⇒ Brittle pass order

Pass 3 Pass 4 Pass 5 Pass 6 Pass nPass 1 Pass 2 ...

data Exp1

  = ...

data Exp2

  = ...

data Exp3

  = ...

data Exp4

  = ...

data Exp5

  = ...

data Exp6

  = ...

data ExpN-1

  = ...
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Design 1: Many ASTs ⇒ Brittle pass order

Pass 3 Pass 4 Pass 5 Pass 6 Pass nPass 1 Pass 2 ...

data Exp1

  = ...

data Exp2

  = ...

data Exp3

  = ...

data Exp4

  = ...

data Exp5

  = ...

data Exp6

  = ...

data ExpN-1

  = ...

Pass 3 Pass 4 Pass 5
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Design 2: One AST

Pass 3 Pass 4 Pass 5 Pass 6 Pass nPass 1 Pass 2 ...

data Exp1
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data Exp2

  = ...

data Exp3

  = ...

data Exp4

  = ...

data Exp5

  = ...

data Exp6

  = ...

data ExpN-1

  = ...



[Faculty of Science
Information and Computing

Sciences]
21

Design 2: One AST

Pass 3 Pass 4 Pass 5 Pass 6 Pass nPass 1 Pass 2 ...

= = = =data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

=



[Faculty of Science
Information and Computing

Sciences]
21

Design 2: One AST

Pass 3 Pass 4 Pass 5 Pass 6 Pass nPass 1 Pass 2 ...

= = = =data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

data Exp

  = ...

=



[Faculty of Science
Information and Computing

Sciences]
21

Design 2: One AST

data Exp
= Raw String
| If Exp Exp Exp
| Goto Label
| Instr SSM.Instr
| Typed Type Exp
| For (Exp,Exp,Exp) Exp
| While Exp Exp
| ...
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Design 2: One AST ⇒ No type safety
for2while :: Exp → Exp
for2while (For (i,c,n) b) =

i `Seq` While c (b `Seq` n)
for2while (Call f) = Call f
for2while (Var i) = Var i
for2while (Add e1 e2) = Add e1 e2
for2while (Seq e2 e2) = Seq e2 e2
for2while ...

<interactive>:10:18: warning: [-Wincomplete-patterns]
Pattern match(es) are non-exhaustive
In an equation for `for2while':

Patterns of type `Exp' not matched:
rawCode :: String -> Exp
goto :: Label -> Exp
instr :: SSM.Instr -> Exp
...
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Design 3: Generics
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Design 3: Generics ⇒ Not Haskell
{-# LANGUAGE TemplateHaskell #-}
import Vaporware.Generics.Library

patch4 :: ΔData
patch4 = \exp ->
[ RemoveConstructor "For" [(exp,exp,exp),exp]
, AddConstructor "While" [exp, exp]
]

data Exp4 = $(patch_datatype Exp3 patch4)

for2while :: Ast3.Exp
for2while (For (i,c,n) b) =

i `Seq` While c (b `Seq` n)
for2while _ = $(generate_fold_boilerplate)
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Design 3: Generics ⇒ Complicated

Minimum contributor

data Exp1 = ...

data Exp2 = ...

data Exp3 = ...

...

skill level

type Exp =

 $(patch_datatype Ast3.Exp patch4)
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Design 3: Generics ⇒ No Types?

▶ Research!

▶ Ornaments
▶ Data type description EDSLs
▶ Container extension
▶ https://personal.cis.strath.ac.uk/conor.mcbride/pub/OAAO

/LitOrn.pdf
▶ https://dl.acm.org/doi/pdf/10.1145/2502409.2502413
▶ https://doi.org/10.1017/S0956796814000069
▶ https://dl.acm.org/doi/pdf/10.1145/2633628.2633631
▶ https://doi.org/10.1017/S0956796816000356
▶ …

https://personal.cis.strath.ac.uk/conor.mcbride/pub/OAAO/LitOrn.pdf
https://personal.cis.strath.ac.uk/conor.mcbride/pub/OAAO/LitOrn.pdf
https://dl.acm.org/doi/pdf/10.1145/2502409.2502413
https://doi.org/10.1017/S0956796814000069
https://dl.acm.org/doi/pdf/10.1145/2633628.2633631
https://doi.org/10.1017/S0956796816000356
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Design 4: One AST, with refinements

{-@ type Exp3 = {e :: Exp | noWhile e && ...} @-}
{-@ type Exp4 = {e :: Exp | noFor e && ...} @-}

{-@ for2while :: Exp3 -> Exp4 @-}
for2while :: Exp -> Exp
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Design 4: One AST, with refinements ⇒ Not Hs98

Minimum contributor

data Exp1 = ...

data Exp2 = ...

data Exp3 = ...

...

setup effort

1. Install Z3

2. Get GHC >= 8.10.7

3. Configure your IDE

...

{-@ type Exp3 = {e :: Exp | noWhile e && ...} @-}

{-@ type Exp4 = {e :: Exp | noFor e && ...} @-}
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Design 5: One AST, with parameters
data Exp
= Raw String
| If Exp Exp Exp
| Goto Label
| Instr SSM.Instr
| Typed Type Exp
| For (Exp,Exp,Exp) Exp
| While Exp Exp
| ...

for2while :: Exp a b c d e for while ...
-> Exp a b c d e Void () ...

printSSMCode :: Exp ⊥ ⊥ () () ⊥ ⊥ ... -> String

Pattern-checker friendly Easy re-ordering

Big Types
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Design 6: One AST, with parameter + type functions

data Exp ζ
= Raw (XRaw ζ) String
| If (XIf ζ) Exp Exp Exp
| Goto (XGoto ζ) Label
| Instr (XInstr ζ) SSM.Instr
| Typed (XTyped ζ) Type Exp
| For (XFor ζ) (Exp,Exp,Exp) Exp
| While (XWhile ζ) Exp Exp
| ...

-- One type per ctr.
type family XRaw ζ
type family XIf ζ
type family XGoto ζ
type family XInstr ζ
type family XTyped ζ
type family XFor ζ
type family XWhile ζ

▶ “Trees That Grow”
▶ In GHC
▶ https://gitlab.haskell.org/ghc/ghc/-/wikis/implementing-

trees-that-grow

https://gitlab.haskell.org/ghc/ghc/-/wikis/implementing-trees-that-grow
https://gitlab.haskell.org/ghc/ghc/-/wikis/implementing-trees-that-grow
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Summary

▶ “Divide & conquer” compiler passes
▶ Risk of O(№ctrs × №passes) repetition:

Exp Constructor P1 P2 P3 P4 … Pn

Raw …
If …
Goto …
Instr …
Typed …
For …
While …
⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮

▶ Motivates advanced data type design


