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Ooooooooboboooobooooooooooooooooboboooooooboboooonn
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e JO0OUO0O0ODLDLDOUOOLODLDLDOOUOUODLDDLDLDOULOODLDLDDOO
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Monad OO0 DOODOOD0OODOODOODOODODOOODOOOODOmonad O0O0O0DO0O0O
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O00000000O000DO0DO monad transformer 0 O OO

monad 000000 MOOOOOODOO(ODOODO)DDOO0OO0OO (M, unit(M),bind(M))
O000000wnit 0 bind DO0D0O0O0OODOODO:

unit : a— Ma

bind : Ma— (a— Mb)— Mb
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00000 000000 computation 0000 000O0Obind cl Mv.c2 0 computation O

O0O0000000000000 ndDODO0ODOOOOOOOO computation cl OO

OO0, 0000000 o000000000 computationc200 000000000000
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(unita) xk = ka
cxunit = c
ax*x (Az.(bxAy.c)) = (axAx.b)*Ay.c
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unita = |a

binda A\ov.b = a >, b

o0o0b0o0o0oobobb0oooobobboooobbboooobobbooooooboboOoo
O00Omonadic D0 0O0O00O0O00OO0O0OOOOOO computationD D O0D0O00O00O00OO0O
a— b0O00O00000 ea—-MeOOODOUOUOOUOOOO,0000000000DO0DODOO
Jo0o0o0ooob0b00o00o0o0oooobobobobobbb0odddmonad 00 O00O0O0OO,
computatton 1 0 000000 OO0OO0O

O00000OD0O0O0O0OD0D0OO0O0d I:a— ab00computationunit (00 a— Ma) DO
00,00 f:a—b000 g:b—cO00 fog:a— cO, computation f':a— M b0
computation ¢’ :b— M cO 00000 computation:

Aa.ffa >y h'D

goobdad
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0000000000000000000 (evaluator) D00 (term)0 000000000
00000000 (0.2.1)0

0000000000000000000000.220000000000000000
0000000000000000000000000000000000000000
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eval . Term — Int
eval (Numn) = n

eval (Divtu) = (evalt)+ (evalu)

0 21: 0000000000

data Value = Raise String | Return Int
eval . Term — Value

eval (Numn) = Return n

eval (Divtu) = case (eval t)

Raise e — Raise e
| Return a —
case (eval u)
Raise e — Raise e
| Return b —
ifb=0
then Raise " Zero Divide”

else Return (a <+ b)

U222 0000000000000000

O0000000D00000000DO00Db0OD0O00g Computationd00O00O0O00O0O
000000000000 000O0bO0bO0bO0ObO0oDO00bOOobOOoDOooDoOOobDOoDOon

O000000.21000000000000000monad000O0O0O computation O
0000000000000 DOO00D0DbO0O02300monadic00000D0OODODOO0O
OO0, term O M Int 00O computation U0 O OODODOO0OO0O0OO00OO0OOO monadd OO O
000000 computation M a OO0 « OODODOOO0OO

O00.23000000000 state000000D0O0O0OO Computation 000000
MDDODOOOOO (wnit O bind) 000O0OOOODODO.24 O state monad 000 .2.30
monad D0 0000000000000 DOOD state0 000000 DOO0OOOODOOOO
O0monadicO000OO0O0OOOODOODOODOO Computation update O state DO OO f
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type M a = a

unit :a—Ma
unit a = a
bind . Ma—(a— Mb)— Mb
bind a k = ka
eval . Term — M Int
eval (Numn) = [n]
eval (Divtu) = (evalt) >,
(evalu) >0

[v1 + v2]

O 23: monadic OO OOOOO0O

gboboboooobbbooonbo

2.2.3 monad transformer

0000000000000 0C0stateJ000000 monad (00O0DOOOODOO)O
OD0D0OD0O0ODO000000000monad0000000O0O0O0OOOOOO0000000O
Oo0oooO0oO0oOoooooooo

state monad transformer (0.2.5) 0000000 monad 00 OO state monad O O
oooooooooooo

Environment monad transformer (0 .2.6) 0 00 00O O O monad transformer 0 0 0O O

FEzception monad transformer (0 .2.7) 0000000 0O monad transformer 0 0 O O

2.2.4 Lifting

monad transformer DO OO D0OO0O0DO00OOO0OO0OO0ODOOOOOOOOO, monad trans-
former00 000000 monadO0 00000000 Computation (update O rdEnv inEnv
O00)0,000monad 000 0000000000000 O0OOOOOOOOOOOO
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type M a = State — (a, State)

unit : a—Ma
unit a = Az.(a,x)
bind . Ma—(a— Mb)— Mb
bindmk = Mx.let(a,y)=mx
inlet(b,z) =kay
in (b, 2)
update (s> s)—>Ms

update f = As.(fs,s)

O 2.4: State monad

type StateT sma = s—m (s,a)

unit s x = As.[(s,z)|™

bind ck = \Sg.CSp >0 a) ka sy
update f = As.[(fs,8))™

0O 2.5: State Monad Transformer

15



type Envl'rma = r — ma

unit a = Ar.[a]™

bind ck = Armr >"kar
mEnvrm = Arp.mr

rdEnv = Arr]™

O 2.6: Environment Monad Transformer

type M a = Raise Fzception | Return a
unit a = Return a
bindak = casea
Raise e — Raise e
| Return b — kb
err str = (Raise str)
try ¢ = >0 ... [Return e™

| ¢ >>"R2turn a [Return a’]m

O 2.7: Exception Monad Transformer

16



update — state As.update >, [(s, )]
rdEnv —ate As.rdEnv >, [(s,2)]
iNnEnvr ¢ —gae ASinEnvr (cs)

err e > gtate AS.err (e, s)

try x > gtate AStry (x s)

update S Ar.update

rdEnv = . A\rrdEnv
inEnvrec =%, MN'.inEnvr (cr’)
err e — ey AT.ETT €

try x —enw  ATtry (zr)

O 2.8: Lifting Operations

00 monad transformer 000 0000000000000 OO00ODOO (lifting) D0 OO
000000 (0.28000)0
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1 30

Jogoooobobobod

gob,ddgdgoobobboboobbobbobbdooooooooobooboooboon
gobobboogobobooooobobobbooooobobobobobooooobobooa
MLOOOOOODOOOODOObOOOobooboobo

3.1 Uoouooobooood

gobbuogogbbooogooboboboooobbboooobbboooooboobo
gobobbdoooobobtoooduooobbbooooobbobooooobobobooa
gbobbuoooobbbooobbbbouooobboboooobbbod

g31b00d0bbuogbooobbbogbbuodgbboobobuoobbuooobboo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobobogo
gboboboogobboboooobbobod

gbbobuoggbbouooobbbooobobbbooobbbooooboobooo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobobogo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobobogo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobobogo
goo
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User Program

funf(x) =
— x+y*z

123031
VM code 313F 43
— 23 A2 56
23 6E ...

Compiler-defining
Modules

R
"]
Scheme Interpreter

g 31: 00000000040

goooo

3.1.1 0OO0OO0OO0

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbooo b3200b00000bbbo00buogobbuooobbaobooobobbo
gbobobuoooon

e 0000 OUODOOLOUDOOUDOUDOUDOODOLDODOOUDOOGPRPO
gboboobouogogobood

e D UOODOUODLOODLDDLDOODLOUOODLOUUOLDUODLUODLDbOObLUOUObLD
goo

e OOODODODLOOOLOOODODLDDOODODLODLODODLOOLODOOOUOOUOOOOOuuy
goo

e ODOOOOLODLDOOOODLDDOOOOD

bbb obbuodgbbuoobb ogbooobooobooobbboooboogn
gbooboogooo.
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Heap

Closure

SP

args

List

\ 4

FP fptr

return address

Saved Registers

Stack

0 3.2: Memory Management

3.1.2 0000000

gbogbodgbuodbooboobogboboboboobobboboobobobobo
0000000000 0000 Dynamic-Typing00DO00OO0OOOCMLOOOODO (O.3.3
000 34)0000

3.1.3 UUObuooooobogd

ooboooooooooooobobooooooooooOobObobOOoOoOooooDOObo
oboboooooooooboooOooboobobooooooobooOoOobOoOoOooooooOoOObOoO00On
oooooooooo

O.2700000000000000CO0O0O0O0000O0000OCOCOODOOOOOO
00000000000000 (Compiler-defining Modules) 0000000000000
oboooooooooooboooooooobooboboooOoooboooooooooObobon
00000000 (bo0o00)000o0oo0o0o0o0ooO0ooOoooOo0oooO0oo
0000000000000 0000 (0.3.5)0

oboooooooooobobOoooooooOoboOooooooOoOobobOoOoooDObODbo
OO0oo0O000o0oooooo0oooooooooboooooo0oooooooooon
Oo0o0oOooooooooboboOooooooobooOoboOoOooooooooOobobOoOoOn
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<id> € [a-zA-Z] [a-zA-Z0-9_]=*

<number> € [0-9]+

<mod_name> = <sig_name> = <var> = <type> = <id>

<arg> ::= <var>
| <type>:(<arg>,...,<arg>)
| <var> as <type>:(<arg>,...,<arg>)
ooooOd
<fdcl> ::= fun <var> (<arg>,...,<arg>) = <exp>
ooooOd
<vdcl> ::= val <arg> = <exp>
oooo
<dcl> ::= <fdcl> | <vdcl>

oooooodo
<moddec> ::= module <mod_name> : <sig_name> (<var>,...,<var>)

in <dcl>;...;<dcl> end

gbooboogn

<sigdec> ::= signature <sig_name>
in <dsc>;...;<dsc> end
gooo
<op> =+ - x |/ L hl <l <=1>]>]==

0 33: 0000 (1)
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<number>

true

false

<var>

<type>: (<exp>,...,<exp>)

<var>.<var>

<exp> :: <exp>

[]
[<exp>,...,<exp>]
<Lexp>,...,<exp>>

vref <exp> <exp>

<exp> ... <exp>

<exp> ()

let <dcl>;...;<dcl> in <exp> end
letrec <dcl>;...;<dcl> in <exp> end

if <exp> then <exp> else <exp>

<exp> <op> <exp>

begin <exp>;...;<exp> end
fn (<arg>,...,<arg>) => <exp>
(<exp>)

0 34: 0000 (2)
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- ooooood

0o0] SEEEE
0o0ooooo

ooooooo oooo
ooooog pooog

g 35: 0000agn

O000000000000000 (bo000C0O0U00oOO0ooDoDUoooOOoUoooo
0)000000000000000000 computation 0000000000 COOCOO
gbboogobboogbbooobobbuooobbiod computatton OO DO OO0
gbb ooobbbuoooobboooooobn.

gbbobuoggbbouoooobbbooobobobboooboboboooooobooo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gboboboooobbbooobbobbooobbbuooobbbouooobobbogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gooo

00000000000 (0000000000000 00000O0O0O0O0O0O0DODOD)O
gbobbuoogobbbooobbobboooobbbooobbbouoobobobooo
gbobbuoogobbbooobbobboooobbbooobbbouoobobobooo
gbobbuoogobbbooobbobboooobbbooobbbouoobobobooo
gobobogoobbbooobbobboooobobuoooobbbooobobobooo
gobobboooobobooooobobobuoooooobobbo2000gobobooa
goboboooobobbuogobbobboooobobobuoooobbboooobobobooo
goboboooobboboooboboo

0000000000000 00000000O0O0O0O00000ooO (coboooon)
gboboboooobbbooobbobbooobobobuoooobbboooobobobooo

23



Oo0o0ooobooooooboobooboboboobOboobOoobOoobooboobo
OO0oo0ooooboooooboboooooboboooooooboooooooboooon
OOoo0oboobooboooboobobooobooboobooboooooobooo
0000000000000 00O0DoooOOo(C.3.6)

Oo0ooooboooboooboobooboboboobooboobooboobooo
Oo0o0oooboooboooboooboobobobobOboobOooboobooboobo
Oo0o0oooboooooobooboobOobobobOboobOoobOoobooboobo
Oo0o0oooboooooobooboobOobobobOboobOoobOoobooboobo
Oo0o0oooboooooobooboobOobobobOboobOoobOoobooboobo
Oo0o0oooboooooobooboobOobobobOboobOoobOoobooboobo
Oo0o0oooboooooobooboobOobobobOboobOoobOoobooboobo
0000000000 00DOO00DbOOoOoDbOon

O000000000000 Monad OO0 computation D0 D O0O0000OODOO0O
000000000000 DO00DbO00DbOO0ODOO0ODOO0ObODO0O0ODOO0o0ObDOoDODbODbDDbOo
000000000000 DO00DbO00DbOO0ODOO0ODOO0ObODO0O0ODOO0o0ObDOoDODbODbDDbOo
ooooo

000000000000 Db00bO00O00ODOO0ODOOobOOoOobDOoOobOoDODbOooo
O0000000 Monad Transformer 0 000000000 0ODO0DOOODOOOODODOO
000000000000 DbO00DbO00bOO0ODOO0ODOOO0ObODO0O0ObOO0o0ODbDOOoDODbOobODbOo
000000000000 DbO00DbO00bO0ODOO0ODOOO0ObODO0O0ObDO0o0ObDOoOoDbOoDDbOo
O000000D0000000000 Monad Transformer 000 O0000OOOOODO0O
OMonad DO0ODDO0OODOODODODO0ODOO0ODOODOOODDODOODOOODOODOOO
0000000000 00DO00DO00DO0D0O0ODOO0ODO0O0ODO0O0ODO Stated 00O
Environment Monad Transformer OO0 00000000000 O0OO0OODOOOO0OOO
O00 Monad Transformer OO0 0D 0000 0OO0O0OO0OO0ODOODOODOOODOODOODOO
Ooood

gobob3edldodobbboooobbbboooobobbbooouobobbo
00000000 (DOoDoooO0oo0)00000o0ooOoOOoo0OOoOUUoUOoOoooDOoo
0000000U00ooooooooO0UoUOo(booo)ooooooo

e Syntactic Constructs 0 000000000 0ODOODOOOODOOODOODO
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gboboboooobbooooboboboooan

— 0ooo (1d)

— 0o00O0 (Closure)
— 0000 (Application)
— 0000 (Arithmetic)

- b0ognd

(
(
(
(
(Number)
(

— 0000 (Condition)

— 000 (List)
— 0000 (Vector)

e Share O ODDOODODOOODOOODDOODOODODOODDODODO
O 00O Syntactic Constructs U0 000000000 ODOOOOO
- 00000000000 (Frame)

— 0000 (Check)

e Basd U DI DUODODODODODOODOOOODOODODOODOOO
O00 Share0ODOOO0OOO0ODOODOODOOOOODOODODOOODODOO
gogdoooboobbooobbobbbboooooo
— 000000 (Store)

— 000000000 (Register)
— 0DO0O0O00O0O0 (Stack)

— 00000000 (Cell)

— 00000 (Instructions)

— 000000000 (Count)

— 00000000000 (Code Fragment)

e MonadO Monad OO OOODOO

0000000000000 000O000oO00ooo0oooDOoooooooOoooDo
O000000000000000000 Syntactic Constructs 000 Share D00 OO
0000000000000 00000DOoO00oOo0ooOoDOooO0ooDOoDOoOooDog
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Compiler -
-

ooooooo
(oooooooo)

ooooao
gooooooo

ooooooo
ooooo

SchemeO 0000

- Oo0o0o0O0Oooooooo

0 3.6 00000gn

gboboogbodobooboobooboboboboobooboobobobobbo
gboobuogbogbboooosi1gobuoboobooboobbobbodongd
gboboodoboobooboobuooboboboboobooboobobbon

3.2 UO0Ooooooon

O0000 monad transformer 0000000000000 OOOODOOOOODOO O
OOoo00o0booobooobo0obuooboobU0obobU0ob HaskelODOODOOODOOO

0000000000000 ob0ooboobooobooooboonogd computation O
O0000D0000000D0 00000 monad transformer 0 00 00O O O monad O O
O0000D00O00000b0o0ooDbDO0 monad ODOOOOOOODOOOODOOODOOO
Ooogod

g 37ggubobbuotbooouobobobbtbooooobobbuoooouuobboboo
ooooooooo.
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type Register = gpri|gpral|...|gpra

type Memuwval = Inst| Int | Char
type  global = [(label, address)]
type local = [[namel]

type mem = [memuval]

type reg = ([register], [register])
type code = |[(label,[Inst]]

type counter = Int

type inst = [Inst]

type store = [Int]

0370000000

local 0000000 lexical address

reg goobobooon

code gogobobuoooooboboogo
counter UUUO0O0O0OOOOOOONO

inst ggoboood

store goooooooon

global goobobooon

mem gogbobbooobobbboooon
gbobbboooooobobuoooobbbibd computatzon DO DODOUOOO.3.800

00 monad transformer 0000000000000 monad DOOOOOOOO

3.21 0OU0OOoooooo

000000000000 000000000000000000000 (computation)
gobo31000b0bbodooooboobbobuooooobobobboooooobbooboobooa
gooboooon
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type M a =
(EnvT global
(EnvT local
(StaT mem
(StaT reg
(StaT heap
(StaT counter
(StaT inst
(StaT store (ErrT 1d))))))))) a

O 3.8: Monad Transformer 00 0O O

g3l obougugbobuooodgnobouaoan

00 oogd state | OO0

compile O Oo0ooOooOoon

alloc-reg reg Oo0ooOooOoon

free-reg oood reg

rdEnv O0O00000OO00oooooag
inEnv O O ,computation | local

switch 00000000 |heap |O0O0D0O0OOOOODOOODOOO
store-inst HEN inst goodoooooon
inc-counter count | DO OOOOOOO
store-value | DO OO0 store | DO OOOOOO
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3.3 Uoouoooonon

3.3.1 0:(000)

gobobboooooboboboooobobbooooug s9ubouoouobobooboa
gbobbuoooobbbooobbobboooobbbuooobbbouoobobbooo
gbobbuooogbbbuoooobbobooobobobobuooobboboooooobooo

compile " Term — M Register
compile (Numn) = (alloc-reg)
(n)
>, (alloc-store z)
(store-inst (1d r1 GP al) r1)

>>r1
>>a1
compile (Add t u) =  (compile t)
>,1 (compile u)
>0 (store-inst (add r1 r2) r1)
>>r1 (
> {r

free-reg r2)

1)

O 3.9: A Simple Compiler

00 compile DO O Term — M Register OO0 DOODOO0DOOOOOOObind
DoOOoooooooooonogd computatton 00O O0OOOOOODOOO.

00000 000000 (Mumn)000OO0OO0OO0DO0O0OO0OOODOOOOOOOODOOOO
Oooboboob n0O0O00O0 eODOO0O.00D00O0DO0ODODODDOOOO aO
Ooooboobobooog.

oooboobooboboobO0o oobooboooboboobooboboooboooDbo
0000000 (0oooo0)0000o0ooDoOooO0o0UoUOoooDoO.0DDDooooOoOgo
logboooooo.
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1+2+3

(store)

(code) L1:

GP — [01123]

1d
1d
add
1d
add
halt

T€go
regr
T€go
reg
rego

T€ego

GP 2
GP 3

regy

GP 4

Tregr

0 3.10: 00booodgg

U 32 0000000000000 computation O

00 oo 00
set-address gooo 00
compile-count g, 0ddggdob |gogo
current-counter gooooo

3.3.2 0:(000)

gobobbboodggg obobboooooubbibb computationd 0O OO, O 3.2

00 0dd computation OO OOO.

000000000 computation 0000 O 3.11000. 000000000O0O00O0OO
O00oobooodoooooooooooooboog. OO0 computation “set-address”
0000000000 DOO00ooOo0oDoDobOo0oDOo. o000 “compile-count” 00O

goboboooogooboog.
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compile : Term — M Register
compile (If el €2 e3) = compile el)

>0 set-address 71 jump)

>>r2

(
(
>, (compile-count €2 al jump-then)
(set-address r2 bre-neq)

(

>0 compile-count e3 a2 jump-else)

set-address 5 Term — Instruction — M Address
set-address regl inst = alloc-store 'dummy’)
> qadr  (Store-inst (cmpi-eq r1 0))

(
(
>
>0 (store-inst (I1d r2 gptr addr))
>0 (store-inst (inst r2))
>
>
{

> addr)

compile-count . Term — Address — M Register
compile-count exp addr x = current-counter)
> compile exp)

> store addr ((¢2 — cl) + x))

reg)

(
(
>, (current-counter)
(
(re

>_

0 311 d0bouogggn
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1 4[]

Joooobobod

0000000000000000D00000000000000000000000

0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000 SchemedOOOO0O0O00000O000 Scheme O
0000000000000000000000000000000000000000
000(0.4.1)0

4.1 0O0OO0O0OOOO

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbobbuoooobbbooobobbbooooboo

ooooooooo goooogog
(Coooooooooooon) (SchemeD 0O D O)

metamodule add (unit/sig add
compute f (x) (define (f x)
X+y*z (+x(*y2)
....... end goog
gooao
Scheme 00O

0 41: 000000000040
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gbbooooobboooobbboooon

e JO0OODOOOUULOOLOOOOULOOOUOOUOLOOUOUOUOUOOOOuouuyg
HEN

gbuogbobobbobbooboobuoobbobbobboobuooboonoon

goooboobobbbboboobobbbbobbboobbbbbobobobbbbboboobbn
HEN

gbogbodgboobbogbuooboobbobbooboobbuoobaobo
gbouogbouobogbuoobbogboobbuogbboobooboobbaobo
gboboouoooon

gbbouoogobbobuoooobbobooobobobbooobobobobooobooboo
gbobbuoooobbbooobbbbooobbobbuooobbbouoobobobogoo
gobobogogobood

gobbogogbbooooobobobuoooobobboooobbbooooobobo
gbobobobdooboboboobodbooboboobuooboboobuoobonooo
goboboooobbbooobbobboooobobuoooobbboooobobobooo
goboboooobbbooobobod

gobbogogbbooooobobobuoooobobboooobbbooooobobo
goboboooobbbooobbobboooobobuoooobbboooobobobooo
goboboooobbbooobbobboooobobuoooobbboooobobobooo
O (Defining-Language) 00000 (D0 O00)000000O00O0OO

4.1.1 0O00O0O0OOOOOO

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbooooboobbooboobooboobuo420b00booboon
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<pexp>

<mtpt>

<mdcl>

<metamod> :

| <pexp> <pexp>

| <pexp> O
| <pexp> >, <pexp> (unit operator)
| ( <pexp> ) (bind operator)

::= val <var_name> = <pexp>

| fun <fun_name> (<arg>,...,<arg>) -> <pexp>

| val <var_name> (<var>) -> <exp>

| val <name>:(<var>,...,<var>) -> <pexp>
| val <name> (<arg>,...,<arg>) ->
(Kvar>, . ..,<var>)@{<pexp>,...,<pexp>}
1= <dcl>
| compute <name> (<arg>,...,<arg>)

where meta

<mtpt>;...;<mtpt>
in
<fdcl>;...;<fdcl>
end
:= metamodule <mod_name> : <sig_name> (<var>,...,<var>)
meta
<mtpt>;...;<mtpt>
in
<mdcl>;...;<mdcl>
end

042 0000000000000 00
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4.1.2 000O0OOOOODOO

00 <metamod> 00000000000 COOOO0O0O0OOOODODO(DODOOOO
0)000000000D000000000000000000COoOooDooDoDooOooOooOoo
O0O000O<mod_name> U0 0O0O0OO0O0O0O0OO<sig name> DO OO0OO0O0OOOOODOO
O00 var>,... <var>) JO00O00O000O0O0OODOOOOODOOOOOOODOOOOO
gbbbuoooobbbooobbobboooobbbuooobbboduoobbobooo
gbobbuoooobbbuooobbbbouooobboboooobbbod

gbobbouooggbbougooobbobooobobbbooobbobboooooobooo
gbbbuoooobbbooobbobboooobbbuooobbboduoobbobooo
gbbbuoooobbbooobbobboooobbbuooobbboduoobbobooo
0000000000000 0000UU0DUoUoooOD (DooooD)oboD0OoOooooo
gboboboooobbbooobbobboooobobobuoooobbbooobobobouoo
goboboooodoon

OO0 meta 00 in 0000000 (DO0O0DOO0OO)0D000O0OO0ODODOOOOOOOO
gboboboboogoboobobobbbuoooobbboooobobbooooobobobooa
goboboooobbbooobbobbooobobuoooobbboooobobobooo
goboboooobbbooobobobboooobbobuoooobbboooobobobooo
goboboooobbbooobbobbooobobuoooobbboooobobobooo
goboboooobbbooobbobbooobobuoooobbboooobobobooo
gooobad

gobbogoobbooooooboboboooobobboooobbboooooboobo
gobobuoooobbbooobbobboooobobobuoooobbboooobobobouoo
0000000000000 0O0O0000U0O0 (o000 U0ooD)obooooooooo
gbbbuoogobbbooobbobboooobbbuooobbbouoobobbooo
gbbbuoogobbbooobbobboooobbobuooobbbouoobobobogo
gboboboogbobobooobobbbooon

gbbobouoggbbbuoooobbbooobobbbooobbbboooboobooo
gboogdbbuogbboobuoobbbooobbobbuoooboogboooboboo
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4.1.3 O00O0O0OO0OOOOOOO

042000 <«mdcl> 0000000000 0O0ODODOOOOOODOOODOODOO
gbbboooobbbooouooobbboooboboon

e JI0UUD (metaUD in00O0OODODO)000D0OOOO0OOOOOODODODODO
gbobobdoooobbbooooobobuoooobobobooon

— 0000 val <var_name> = <pexp> U OO 0O0O0OO0OO0ODOOOODOOOO
gogobbbobbbuougoooobbbbbbuouoooooobboboo
gobbouoooboboboooobbbod

— 00000000 val <name>:(<var>,...,<var>) -> <exp> U000 0O0O
<name> 0O 00000C0OO0OO0O0OODOCOO

— 0DO0ooooooag
val <name> (<arg>) -> (<var_0>,...,<var_n>)@{<exp_0>,...,<exp_n>}0
O0000 <name> 0 1 000000000000 exp_i00O00OODOOO
000000000000 0D0000DO0DO0O000DO00O0oDoO0DOOo0O0

— 00000000 fun <name> (...) > <exp> UUO0OOO0OOO0OOOOO
000000000 <exp> U000 0O0O0O0O0O0OODODOO0O0OOOODOODO
gboboboogobobbogo

— 0000 fun <name> (...) =<exp> U00O0O0O0O0O0OOO0ODOOOOOOO
goobooogn

e 00000 (in00 end0000000)0000000000000C0O0OOOO
00000000000000000000000000000 compute 01000
00000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000000000000000000 (000000000
0.43000)0

— bboboooobbbuoooobbouooooboo
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K :: Expr — benv — menv — {Base, Meta}

Klezp; ... exp,] p o = Klexp;] po
K[let dcls in exp end] p § = Klexp] pU {var; | K[exp;] = Base}
d U{war; | Klexp;] = Meta}
dcls := val var;=exp; ;...; val var,=ezxp,
K[number] p & = Base
Klvar] p 6 = Base (if var € p)
Meta (otherwise if var € 0)
Klif exp; then expy else exps] p d = Klexps] po
Kleaps op exps] p — Klemi] p 6 A Kleaps] p &

benv OO0 OO0OO0O0OOOmeny OO0O00O0DODOOOODOODOOOODODOO
(MetaN Meta = Meta, Base AN Meta = Meta, Meta N\ Base = Meta, Base N Base = Base)

0 43: Level DO OO K

— 00 compile HUOUOUODOOOUOOOOODOOO
— bbboodobbooobobboobobbooobbuoobbooobbooon

— pboobobbododooooobbobbbbodooooobobobboboboooa
goo

- bbobdoooobbbodoooobbuoooobbbuoooobboooon
— bbboodobbooobobboobobbooobbuoobbooobbooon

— O begin .... end U0 U00O0OOOO0O0OOODOOOO0O0OODOOOO0OO
gbooobog

— bbooooobbuooogbboaoon

OO0 compile DU OUOOOODOUOOOODOOOOOOODODOOO

gobbooogbboooooobobobuoooobobboooobbboooooboobo
goboboooobbbooobbobboooobobobuooobobbboooobobobooo
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414 0000 ((@OO)

gbobogdbooobbodbboobboobboobbuoobbuogbooboboo
044000 0450000000440 0000000000D0O0OOOODDODODO
oohoogboooobooboobbooboobbooboobooob45b00nbbO
gbbbuoooobbbooobbobboooobbobuooobbbouoobobbogo
gbobboooobobboooobbobooooboo

415 000000 (@QOO0)

g4rg4sdpoogoobobuoooobobooobobbooobobobuooooboobo
gboboboooobbooon

val vect:(x,y) —-> make_cell x y;

val vect (x) -> (y,z)0{cell_ref y x O,cell_ref z x 1};

000000000000000000000000000000000000000
00000 (0.4.6)0

compile_vector 00000000000 (00O <1,2,3>) 000000000000
00000000000 (0.4.6)0compile vector 1000 0000000000000
00000000000000000000000000000

0000000000

val addr = alloc_stores len;
val addr2 = alloc_store addr;
val addr3 = alloc_store len;

00000000000 0000000 (addr) 0000000 DODOOODOOOODOO
(addr2)00 0000000000000 000000O00O0O0O0O0O0OOOOOO0OOOO
gobooboogo

fun set_vect (idx,v) -> st:(v,gptr,(addr + idx));

fun alloc_vect () -> vect: (addr2,addr3);

38



metamodule arith : arith_sig (const_sig)
in
compute compile_add (exp as add:(el,e2))
where meta
fun add (el,e2) -> add:(el,e2)
in
fun compile_add (exp as add:(el,e2))
= add (compile el) (compile e2);
end

end;

044 0000000

metamodule const : const_sig ()
in
compute compile_num (exp as num:(n))

where meta

val addr alloc_store n;

val x alloc_reg ();
fun get_num () -> 1d:(x,gptr,addr)
in
fun compile_num (exp as num:(n)) = get_num ()

end

end;

045 0000000
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0000000000 0O0O0O0OD0OD00OD idx0000 vOOOOOOO (storeO) O
gbobboogbobboooobbboogbbboaon
gbboogoobbuoooobbbooobobbbuooobbboodgobooo

fun comp_vect (1lst,n,max) =

if (1st == []) then alloc_vect (O);

else begin
set_vect (max - n) (compile (hd 1lst));
comp_vect (t1 1st) (n - 1) max

end

gbbobouoggbbouooobbobooobobobobuooobbbbooooooboo
gbbbuoooobbbooobbbboooobbbuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
goodbobbobuooogbbbbouooobbobooooobbobuooooobooo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gobobogogobood

000000480 compile_vref 00 000000000000 (DOO vref <1,2,3>
goboboooobbobuoooobbboo

fun ref_vect (y,x) -> 1ld:(y,gptr,x)

U0yUO xUOO0OO0OOOOOOOOOOO0OLOOOOO0OObOOo00obLobobuooooDoDon
gobooo

fun compile_vref (exp as vrf:(vect,index)) =
let val y = compile index
in
begin
let val vect:(sto,len) = compile vect
in

if (len < y) then err ()
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signature vect_sig
meta
val vect:(adr,len);
val vect (x)
in
compute compile_vector;

compute compile_vref

end
[0 4.6: The signature of the Vector Module
else ref_vect y (sto + y)
end
end
end

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gboboboogobobbuooobbbooooboo

O000000o0000ooo00oDoooU0oooo0oooooUoooD (Dooo
00)00000000opooo0oOo0oDoO0oO0oCoOO0UUooooDooOoOO

4.2 0O0O0OO

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbobbuoogobbbooobbbbuooobbbooooboboboogbooboo
gbooooogn

e [] if el then e2 else 3 UUULDUUL e1 DOUUOOOOOOODOOODODOO
gboboodgbouogbobuooobbuodbboodbbertgbboobboogobo
gbobogbobooboobooboboboobobooboboobobagn
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metamodule vector : vect_sig ()

meta

val vect:(x,y) -> make_cell x y;

val vect (x) -> (y,z)0@{cell_ref y x O,cell_ref z x 1};

in

compute

compile_vector (vect:(len,lst))

where meta

val

val

val

fun

fun
in

fun

fun

addr = alloc_stores len;

addr2 = alloc_store addr;

addr3 = alloc_store len;

set_vect (idx,v) -> st:(v,gptr,(addr + idx));
alloc_vect () -> vect: (addr2,addr3) ;
compile_vector (exp as vect:(len,lst))

= comp_vect lst len len;

comp_vect (lst,n,max) =

if (1st == []) then alloc_vect ();

else begin

end

end

end

set_vect (max - n) (compile (hd 1lst));
comp_vect (tl 1st) (n - 1) max

end

047 0000000000DODOCCOO (ODDO)
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metamodule vector : vect_sig ()
meta
val vect:(x,y) -> make_cell x y;
val vect (x) -> (y,z)@{cell_ref y x 0,cell_ref z x 1};

in

compute compile_vref (exp as vrf:(vect,index))

where meta

fun ref_vect (y,x) -> 1d:(y,gptr,x)

in
fun compile_vref (exp as vrf:(vect,index)) =
let val y = compile index
in
begin
let val vect:(sto,len) = compile vect
in
if (len < y) then err ()
else (ref_vect y (sto + y))
end
end
end
end

end;

048 00000000000O0O0CDOODO (ODO)
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gbuogbobobbodbuoobobooobbobbodoboobbooboaobon
gbuogbobodobbuogboogbubooboobbooboobbaobon
gbobobouoooobbooooobbboo

googboboobbooboobuodbuoobooobobobuoobooboooo
gbobobooooobbooooboobboooobobuoooonoon

0 let dcl_1;...;dcl n in e end U OO0 del_il computation 00 0O OOMN
00000 ed0ooooooooonoon

U begin .... endU0O0UOOO computatcon DO O DOOO0OOO0OOO0OOOO
obooboodoboooboobuoobuoobobobooboooo

000000000049 000000(00O000O0O0O0O0O0O0O0O0O SchemeO OOO
O000) 00000 Mind DOOOODOOOOOOOOOOOOOODOOOODODOOOO
OO00OD0 Bund DODODOODOODOODOOOOO

gboogoobboooon

val name = exp

guobgbooboubobotoboubobodobobbobobbddlbd functiont
Oooo0oOoOoOoOoOoO0O0O0O0OCO0O0C0OC0O0OO0O00U0D (DOooDUODOODOoOOoOoOo
O000)0000 exp_i’ Oexp_,i 00000 Scheme DO OOOO

val nameg = expg

val name, = exp,
\
(define (init_functionl x0 ... xm)
(exply >nameo
- Pnamen_1
eTP), S>namen
(inMetaEnv (vector namey ... name,)

(call_functionl x0 ... xm)))
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gbobobouoooobbooooobbboo

fun name (argy, ..., arg,) = exp

O0000000000000000((C0O0 exp’ DexpO0000O0O Scheme OOOOO)O

fun fname (x1,...,xn) = exp
\
(lambda (x1 ... xn)
(rdMetaEnv
>

(letrec ((nameg (vector-ref r 0))

(name,, (vector-ref r n))) exp’)))

O0O0O0b000b000 fname JO0O0OO0O0OOD0ODOO MbhindOOOOODOOODOOO
ooooboooobooboobbooboobbooboobb4900bb00bDDbDO
O Scheme0 O OOOO0OOO0OO0ODOODOODOODOOOOOOOODODO

gbbouooggbbougooobbobuooobobobbooobobobbooooboboo
gbooboooon

04900000000000O0

(compile '(embed exp;) + (embed expy)")

O000000000 (embed <exp>) U0 <exp> 00 O0O0O0O0OODOOOOODOOO
goboboooobbbooobbobboooobobobuoooobbbooobobobooo
goobdad
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T :: Expr — Bbind — Mbind — MetaRep

Tlexp; ... exp,] po

T let dcls in exp end] p 6

T [number] p 6
Tvar] pd

T[if exp; then expy else exps] p §

Tlexp; op exps] p &

= Tlexpm,] po >, ... > i) Texpm,] po
>, (b1...by)
e (free-regs (a; ... ay))
>_ (unit res)
(b; = a; if (K[exp;] = Meta) else b; = T[exp;] p 9)
(1 <m; <ns.t Klezpy] = Meta)
= Tlexpm,] p6>u,, - >0y Texpm,] p o
>y, T [ezp]
p{(vary,, ... ,vary ) — (T [expy, ] po,..., T [expy] p )}
H{(varp, ..., vary,) — (Vmgy ey U )}

e (free-regs (U, - .. U, )) > (unit res)

(dels ::= val vap=ezp; ;...; val var,=exp,,)
(1 <m; <ns.t Klexpn,] = Meta)

(1 <b; <ns.t. Klexpy,] = Base)

= number

= war (if var is bound in p)

| (6 var) (if var is bound in 0)

= (i Tlezp;] p 0 Tlexpe] p 6 Tlexps] p9)
(when the expression is Base)
| (compile 'if (embed 7'[exp;] p 9)
then (embed 7 [ezpz] p 9)
else (embed T [exps] p d)')
(when the expression is Meta)
= (op Tlexps] p 6 Texps] p o)
(when the expression is Base)
| (compile’(embed T'[exp;] p d) op (embed T'[exps] p6)")

(when the expression is Meta)

0 4.9: 0000 7[exp]
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T’ .. expression — lbind — gbind — MetaRep

T'[number] p§ = (compile’number’)
T'var] pé = (var) (if var is bound in p)
| (6 var) (if var is bound in 0)

For the other expressions, 7" is the same as 7 except for its sub-translation 7 is replaced as 7"’

0 4.10: 0000 7'[exp]

47



1 50

Jooooboon

5.1 U0OOOOOOON

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoooobbbooobbobbooobbobooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbobobuoogobbobooobbbooggbbbooobobbod

# JUoooouogogn

load <file—name>

# U000O0O0Og

create <module-name> <layer>

# Jguboobooooboboooobobobooa
# Jggboboboooobobobbooobobobboooon

extend <module-name> [<ext_1>,...,<ext_n>]

# 000000000 (Monad Transformer) OO0O

extend EnvMonad <StateName> <updater-name>
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extend StateMonad <EnvName> <reader-name> <updater>

# JUoogooo

NewSyntax <datatype> <pattern>

# Jubobboooobobobooon

Entry <datatype> <module-name>.<function-name>

gboobogdbooobbodgbboobbuoobbuoobbobbuoobboobboo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbbbuoogobbbooobbbboooobbobuooobbbouoobobobogo
gbboboogobood

5.2 OOODOOO

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbobbuoooobbbuooooboboooobbobooobobbboo

extension <ext-name> : <ext-sig> (<arg>,...,<arg>)

where meta

<mtpt>;...;<mtpt>
in
<mdcl>;...;<mdcl>
end;
OO0 (karg>,...,<arg>) DO 0OO0OOOODODOODOOOOOOOOODOOOO

goboboooobbbooobbobboooobobobuoooobbboooobobobouoo
0000000000000 0000000ooO0O0O0O00 (DooDoooobs1000)0

e U compute OO DOUOODOO extension DU OO OOOOOOOOOOOOODO
gobooooooboboooon
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ooo0ogogoao

oggoooog

ooooo
Decl

oooono
DeclO 00O

Dec2 Dec30 Fun10 0O

goooo
FunlO Decl0O OO

goooo
Funl Dec30 00O

Fun20 Fun10 00O 0 -0ODecl0O0O

S

goo

ooooo
DeclODDOOO
Dec2
Dec3 0 Fun1lO0 00O

ooooo

Funl0 Dec30 00O
0 -0Decl0 OO

Fun20 O Funl0 OO

g s1l: 0000oooo
e 0D compute UODUUDDOUOOOOODDOUOOOODDODOOOODOO
e JO0OUOO0ODLDLDDOOOODLDbDDLDOOODODDODO

— bbobooodobbbuoooobboooobbbuoooon
- 000000000 (DoooO)obooooUooooooo

— bbobbbouoooooobbbbbuouoooooobbbboogoo
gboboooobobooodoaon

- 000000000000 0O0OO0O00D0U0UUOO (boo)ooo

— Jobooboooboooboobon
e OO UOOODLODLDOUOOODLDLDDLDOOODODLDDODO

— pboobboodooooobbobobbbodooooooboboboboboooa
gbooboooobbbuoooobbboooon
- 000000 (0o0)UooOO0oOoO0OO0oO0ooDUODUDUObOOooOoOODOoOoOO

— bDbooggbbogd
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gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
Ooo0oO0o0o0oO00oC0C0OO00OO0OO0OOOO0OCOO00OO0OO (bOoOOboOoDOOoOODO)OO
gbbbuoooobbbooobbobboooobbobuooobbbouoobobbogo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobbogo
gbbbuoooobbbooobbobboooobbobuooobbbouoobobbogo
gbobboooobbbooobbbbooobboboagon

5.3 UOUOOOOO

gbobobuooogbbouooobbbuoooobbobuoooobn.

5.3.1 UUOOOoond

440000 45 0000000000000b0,0b0b00bbOo0bbOo0bDa
gooboooobobbuod. gob,bogdoobbooooobobobooooboo,o
gbooogboboogbooob. oo, ggbobuooboboobobooboboonoboo
godbod,bugbboobboboooboobob,oboobboboboobbon.
gobo,0ggbb,ggobbooooobbuooan

gs30dbb.s4bbboooooooboooobbooobuooobboon, o
gobbuoooobbbooobbobboooobobobuoooobbboooobobobouoo
gbobobobooooobbobuodgbuogbuoboobobobobboobodgbao
gobbbooboooogg39bboougs2iguooooobbbbboodaon
goss000b0000bobooobbbuooobb.siouooobobuogbbbon
gobooo

5.3.2 UUOOOOOOO

gbobbooogboboooooobobobooooboboboooobbboooooboobo
gobobbogoobobooooobbobboooooboboboboboooobobobooa
gobooo

extension cls_ext : cls_with_id_sig ()
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datatype value
compile

compile (Num n)

compile (Add ¢ u)

>>7"1
>q
>>a1

>r1
>r1
>r1
>r2
>0
>r2
>r1

Int | Clos | Vect | List
Term — M value
(alloc-reg)

(allow-tag n)
(store-value x)

(

store-inst (1d r1 GP a1))

compile t)

check-val r1)
store-inst (shr r1))
compile u)

check-val r2)
store-inst (shr r2))
store-inst (add r1 r2))

(
(
(
(
(
(
(
(

store-inst (shl r1))

0.2: 000000 bbObOO0On
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extension object_add : add_sig (check_sig) in
compute compile_add (vect:(len,lst))
where meta
fun add (el,e2) -> add: (el,e2) >, shl:(v);
fun compile (exp) -> compile exp >, check_val v > shr:(v)
end

end;

U s3: 00000oboboagd

extension taged_const : const_sig () in
compute compile_num (exp as num: (n))
where meta
fun get_num () -> 1d:(x,gptr,addr) >, shl:(x)
end

end;

g os4: 00000000000
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1+2+4+3

(store)

(code)

GP —

L1:
1d
shr
excp
shr
excp
add
shl
1d
shr
excp
shr
excp
add
shl
halt

(0224 6]

rego GP 2
regy GP 3
rego

crrego

reg,

crregy

rego Teg:
rego

regy GP 4
rego

crrego

regi

crregy

rego Teg:
rego

T€go

g a5 0000oboobooan
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meta
val cls:(code,parm,id) -> make_4cell code parm id;
val cls (x) -> (y,z,w,v)e{ld: (y,x,0),
1d: (z,x,1),
1d: (w,x,2)}
in
compute compile_closure (exp as cls: (vars,body))
where meta
fun get_closure (x,y) -> cls:(x,y,unique_id );
end

end

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
goboboogobbbooobbobbooobobobuoooobbboooobobobooo

extension app_ext : app_with_id_sig (cache_sig)
in
compute compile_application (exp as app:(rator,rands))
where meta
fun call_cls (code,lst) -> call_closure code lst
in
fun call_closure (rator as cls:(code,parm,id),lst) =
let val res = ref_cache id 1st
in
if res then res else (call_cls rator 1lst)
end
end

end

gogogogbgogbbodgboogoogbuoboooouoooooogoon
gbobobobbouooooobbboobbbooooooooobbbbboboodoo
gbbboogobbbooobboboogbobbbuooobbbooooboo
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5.3.3 0000000 (2)

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbobboooobbboogbboboogobobooobbboooon

metamodule arith : arith_sig ()
in
compute compile_add (exp as add:(el,e2))
where meta
fun add (el,e2) -> add:(el,e2)
in
fun compile_add (exp as add:(el,e2)) =
if (num? el) and (num? e2)
then (el.n + e2.n)
else add (compile el) (compile e2);
end

end;

5.3.4 0000000 (3)

gobbuogogbbooogooboboboooobbboooobbboooooboobo
O((@.5.7,056)000000000000000000000COOOODODOOOOO
gbbobooobobobooobobon
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metamodule arith : arith_sig (list_sig)
in
compute compile_add (exp as add:(el,e2))
where meta
fun add (el,e2) -> add:(el,e2);
fun length (1st) -> get_length 1lst;
fun reverse (lst) -> get_reverse lst;
fun normal (1st) -> allow_normal lst
in

fun compile_add (exp as add:(el,e2)) =

let val vl = reverse (compile el);

val v2 = reverse (compile e2)

in
if (length v1) > (length v2)
then
normal (add_vnum vl v2)
else
normal (add_vnum v2 v1)

end;

fun add_vnum (1stl,1st2) =
if 1st2 == [] then 1lstl
else
add (compile (hd 1st1)) (compile (hd 1st2))
:: add_vnum (tl 1lstl) (tl 1lst2)
end

end;

U0 os6: 00000000000
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metamodule const : const_sig (list_sig)

in
compute compile_num (exp as num:(lst))
where meta
fun comp (n) -> compile_num num: (n)
in
fun compile_num (exp as num:(n)) =
if (1st == [1) then []
else comp (hd n) :: compile_num (tl n)
end
end;

gs700000oboboodn
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1 6l

Jooooobooond

6.1 U0O0OUOoOouobooobooooooogn

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gbooboogg

6.1.1 UOU0OOOOOnd

gbobbooogobbbuoooobbbbooooobobboooobbobobboo
booodbboodbbodbD restrictionJ0OUOO0O006.1 0000000000
0000000000000 00000ooooO (bobox)ooooOoO

gobobbhooogoobobbbuoodobb minval DOO0OOOO6.20000
goboboooobbbooobobobbooobobobuoooobbbooobobobouoo
goboboooobbbooobobobbooobobobuoooobbbooobobobouoo
gbooboogn

6.1.2 O0OO0OOOOOOO

gobbbbobbbuuooooobbbbbbuouoooobbil identifier
gbbboodgbobboooobbbooogo

gestoooodobobobbbouogooodgobbobbobuooooobobooobo
gbbbuoogobbbooobbobboooobbobuooobbbouoobobbooo
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val x 1;

val y 2;
restriction (x)
in
print x;
print y
end;

-—>1

y : unbound variable

061 0000gpboobd

minval limit = 100;

let val limit = 10 in
print limit

end;

--> 100

U 62 000000000

60



minval limitil 100;

minval limit2 100;
val x = 1;

restriction (1limit?2)

in let val limitil 10;

10 in

val 1imit2
print limitl;
print limit2;
print x
end
end;
-->10
-->100

X : unbound variable

0630000000000 (1)

minval limit = 100;
val x = 1;
restriction ()
in let val limit = 10
in
print limit;
print x
end
end;
-->100

X : unbound variable

0640000000000 (2
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gbobbuoooobobbuoooobboboooooobooo
geocbogooddboobobobbouogoooobbbbbodooooobbooboo

gbbobuoogobbbooobbbboooobbobuooobbbouoobobobogo

gbobbuooogbbobuoooobbobooobobbobuooobbobooogoobooo

L. minval OO0 O0O0O0O0O0D0O00O0O0O00O00 minval:(num) OOOO0OO00O0O0O
goo

2. 000bbo0boobboobuoobboobuoobobobobboOobbOooobo
gobooooobboooan

gobe70dgdooobobobbobodoooobbobbbodooooouboboobobo
gobobuoogobbbooobobobbooobobobuoooobbboooobobobooo
goboboooobbbooobbobboooobobobuoooobbboooobobobouoo
gboobooooobooooboon

1. restriction 000 00O0O0OOOOOO0OOOOOO

2.000000oboboboooobobobboooon

. 0ugbboooboobuobbooboobuooboobbobbooboonon
gbobouoooobbooooobbboognoboo

6.1.3 0U0O0OOo0nd

gbobobuoggbbooooobbbooobobobbooobbobbooooboboo
gboboboooobbbooobbbboooobbobuooobbbouoobobobogo
goboboogobbbooobbobbooobobobuoooobbboooobobobooo
goboboogobbbooobbobbooobobobuoooobbboooobobobooo
gobooo

l. JjddddddddddddddUUUUUU DU UUoUOn
goo

62



metamodule identifier : id_sig ()

in
compute compile_id (exp as id:(name))
where meta

val env = rdEnv;

val ladr search name env;

val addr -> alloc_lst name;

fun depth () -> get_depth (O;

fun ref_store (n,dep,off) -> ref_fvar n dep off;

fun search_global (n) -> search: (adr,length n)
in
fun compile_id (exp as id:(name)) =
if ladr then ref_local ladr
else
let val res = ref_global name
in
if res then res
else error ()
end;
fun ref_local (pair:(dep,off)) = ref_store (depth ()) dep off;
fun ref_global (name) = search_global name
end;

end;

U e6s5 000000000000
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extension extl : id_sig (min_sig) in
compute compile_id (exp as id:(name))
where meta
fun ref_lcl (res) -> ref_local res;
fun min? (res) -> check_minval res
in

fun ref_local (res) =

let val resi ref_1lcl res

val res2 = ref_global name
in
if res2 and (min? res2) then
if (resl < res2.num) then res2.num else resi
else resi
end

end

end;

06.6: 0000000 ((@QDOOODO)
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extension ext2 : id_sig () in
compute compile_id (exp as id:(name))
where meta
val genv = rdGEnv;
fun ref_glb (name) -> ref_global name
in
fun ref_global (name) =
let val res = search_name name genv
in
if res then ref_glb name
else false
end
end

end;

067 0000000 (@0WOODOO1L)
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extension extl’ : id_sig () in
compute compile_id (exp as id:(name))
fun ref_lcl (res) -> ref_local res;
fun min? (res) -> check_minval res
in
fun compile_id (exp as id:(name)) =
let val y = ref_global name in
if ladr then
let val x = ref_1lcl ladr in
if y and (min? y) then
if (x < y.num) then y.num else x
else x
end
else
if y then
if (min? y) then y.num else y
else error ()
end

end

068 0000000 @ODOODO 2

2.000bbo0bobooboobboobooobuooboboboobboobon
gboboodgg

. 0boooobobuogoobobboooboboooobbbooooboo

6.14 0U0UOOOOO

00000000 (extilext2)J 00 D0D0OOOOO00ODOOOOOOOODOODOOOO
gbobobh.e3000dobbbuooooobbbbuooobbbooooobbboon
gbobbuoooobbobooobboo
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ext20ext1 U0 0OOOOOO0O0O0O0O0OOUOO0O0O0O0O0ODOOOO0O000OD0 1limitl
0000000000000 00000000ooooooDooooOoOo (Dooo w0000
O0000000)000000000o000U00ooooU0UUooooOoUUooDoooOO
gbbbuoooobbbooobbbboooobbobuooobbbouoobobobooo
O00000000000000000 ext1’(0.6.8)0 ext1(0.66) 000000000
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6.1.6 JUOOOOOOOOOOOO
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gboboboooobbbuooobbbbooobbobuooobbbouoobobogo
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e ext200000000ODOO (ref_global)D 000000000 OOODODOOOODO
00 GenvUODODODDOUOOOODOODOOOOOODOOOOOobDDOO

e J00DOD0DOODODO (ref_local)J0OGEnv OO OOOODO (ref_local: (rdGEnv))
googoboobodbooobooboooobooboobbooboobo
gboogoboobodbooubudbbbilbext2 U0 booboonbO
gboboooodoboboooobbboooon

e compile_id U UUUOODDODOUOOODLDDODDUOGEnv UUOOOODODODOO
gbuogoobdogbogbooobuodbbobbooboobboobaobo
gbobooogg

ool ext20000000O0DO0DODODOOOOOOOOOOOODODODODODOO
goo

1. ref_localUUODOUO0O GEnvUODOOOOOOOOOO

e IO ODODOOOO, ref_local U ref_global HUUUOUOUOOOOODOMO
gboboboooobbobuoooobbboooon

2. compile_id U0D0O0O0 GEnvODOOOOOOODOODO

e DD UUOON, extl’ I compile_id U U ref_global UUDUDODOON
oboooobooobobooboobuooboobooobo

3. compile_id 00 0O0O0ODOO GEnvOUODOOOO
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e UL DbDUOOODLDLDUOOODLDLODOULOUODLDLDODDO

gbobbuooggbbougooobbbooobobbbooobbobooooboobooo
gbobodbobuoobobuagbobuogbobuodboboobobobobonbo
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gbobbuoooobbbooobbobboooobbobuooobbbouoobobobooo
gbobooobobobooobobo

e D OUOODLDDLDOUOOODLDLDDOOOLODLOLDDUOODLDD
e 00O UOOOODLDDLDOOOODLDODO

— bbboooobbuooodgbbbuooobbouooooboboo
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gboboboogoobbbuoogogbon
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e OO OODLDLDOUOODLDDLDOOUOOODLDDLDOUOODLDDOO

gooobobobboboobobbbbbbbdgdduuuuoouodgext2000gy
ext100O0OOO0O0OO0ODODOOO0OOODOOO0OLDODbOOOO0DOn

6.1.7 0O0OOOOOO

1. ext1000Oref_global OO OOOODODOOO0ONO ref_globalUODOOOOOMO
OO0 ext20000000 ref_global: (rdGEnv) OO0 O

fun ref_global: (rdGEnv) (name) =
let val res = search_name name genv
in
if res then (ref_glb name) else false

end;
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2. 0000000000000 ext1 0000000 ref_localJU00O0OOOOONO
goo

J.ext10000000 ref_localJ000ref_globalUO OO OOOOOODOODODO
ref_global OO DOOOOO0ODOO ref_global: (rdGEnv) OO OO

fun ref_local (res) =

let val resi ref_1cl res

val res2 = ref_global name
in
if res2 and (min? res2) then
if (resl < res2.num) then res2.num else resl

else resl

end

4. ext200000000O0OOOOO0O ref_globvalUDOODOODOODOOODOODO
O00000000 ref_global: (prv) JOODODO0OOODOOOOODO ref_local
Ub0b0000dld ref_local2 000

5. ref_global: (rdGEnv) D0 DD UODOODOOO0OODOODOO ref_global DO OO
000 ref_global: (rdGEnv) OO 0O O

fun ref_local2 (res) =
let val resl = ref_1lcl res
val res2 = ref_global: (prv) name
in
if res2 and (min? res2) then
if (resl < res2.num) then res2.num else resl

else resl

6. 00000000 compile_idU00O0O00OUOODODOOOOOOOO0OOOOODO
gboboouogogobood
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6.1.8 O0OOOOOOO
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0000000 (ref_global)DOO00O0ODOOOO

e ref local2 DU UDOOOOOODOOOOLOODLODOODLOODLODOOOOUOUg
000 (ref_global) 00O OOOOOO

e compile_id2 0000000000 DOCOOOOOODOD (DUOO ref_global)d 0O
O0D000000000000 (ref_local) 000 O00O0ODOOOOOODODOOO
guoodadddy

e compile_id:(rdGEnv) DD ODODO0O0O0O0O0OO0O0ODOOODOODOODOOO ref_local2
0000 ref_global: (rdGEnv) U O OO OO

e ref_local: (rdGEnv) U OO UODOOODOODOOODOODODOODODOODLDODOO
00000000 (ref_global: (rdGEnv)) 00O OO OOOO

gbobbouooggbbougooobbobooobobbbooobbbooooboobooo
0000000000000 0000000000DDODODO (oooooooo)0O0d
OOobooobobooobooobooboobobOoobOoobooDogd Monad DD DO
gbbbuoodgobbbooobbobboooobbobuooobbbouoobobobogo
gbobbuooogbbobuoooobbobooooboboobbbuoooobobbooan
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gel:000000bbbouooooon

id compile_id ref_local ref_global
ext2 ref_global: (rdGEnv)
extl ref_local2

OO0 | compile_id ref_local2 ref_global: (rdGEnv)
ext2 ref_global: (rdGEnv)
extl’ | compile_id2 ref_local

OO | compile_id2 ref_local goodd

extl ref_locall

ext2 ref_local: (rdGEnv) | ref_global: (rdGEnv)
HEN compile_id | ref_local: (rdGEnv) | ref_global: (rdGEnv)
extl’ | compile_id2 ref_local

ext2 ref_global: (rdGEnv)
OO0 | compile_id2 ref_local ref_global: (rdGEnv)
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6.2 UUOOOOOO

gbobobuooggbbobuoooobbbooobobbbooobbboboooobooboo
gbobobooggd

gbobbooogobbbuoooobbbbooooobobboooobbobobboo
goboboogobbbooobbobbooobobobuoooobbboooobobobooo
goboboogobbbooobbobbooobobobuoooobbboooobobobooo
goboboooobboboooboboo

signature id_sig2
in
compute compile_id
in
fun compile_id : (rdGEnv) (rdGEnv);
fun ref_variable : (rdGEnv) ();
fun ref_global
end

end
god
fun ref_variable : (rdGEnv) ();

U0 ref_variable UOOOOOUOO rdGEnv UUOOODOODOOOOOOOOODOOO
guodgoooooououooaoooobobbobbbbbbibboooooooooog
gbbbuoooobbbooobbobbooobbobuooobbbouoobobobogo
gbobbuooogb.e2b0000000000

godboggbobobobuobuoooobobobobobuoboooobobbbo

gbogbogbubobobbodbooboobobobobuoobooooboobobo
oobooboooobobooobooboboboobobo.esboooogn Prims
gbbobuoooobbbooobbbbooobbbuoooobbouoobobobogo
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Ue62:000000000O0O0O0O0DLDODOO

alloc-reg oopoooog

free-reg oooooo

rdEnv godd

inEnv godd

switch oo0ooooooog

store-inst goooodg
mmc-counter | dO0QO0QOQOQdnO
store-value | 00 0O00O0O0O0O0O0O0OO

put-io 10-00
get-io 10-00
search oodooooooon

6.3 UUOOoonon

gbobooogobboooobbbooooboo

6.3.1 O0OOOOOOOO

geloboobboobobibouodoooobbbbobbodooooooobboobobooada
(0000000000000 0O0O00U00O0OOO000DUO0DOOOOOoOoDUOobDoOoDO)O
gbobel11dgbbboooobbboooobooo

goboboboboboogooooobbobobbotoooooobbooboobboooaoo
0o0odbuodgobUaeappllogildbdbgboboonboboonoboononoon
gbboobbudibbUapp_log2 D U00OOOOOODOO0OODOO0OOOOOOO0O
gbbbuoogobbbooobbobboooobbobuooobbbouoobobobogo
gbbbuooddbbbdUapplog_sigtldbonooogooon

U0 app_logi DD UOOUO0OOODODOOO0ODODDODOOOOODLDOOOOOOOODOO
gbbobooodbobbuoodbibibdcall_closure JOOOUOOO0OOODOOOO
gbobbuoooobbboooobbboo
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P :: Expr — Bounded — Prims — Primitives

Plexp; ...exp,] pd = Plexpi| A ... NPlexp,]
Plet dels in exp end] p & = Plexp] p A {var; | Klexp;] = Base}
d N{wary | Klexp;] = Meta}
dcls := val var;=exp; ;...; val var,=ezxp,
Pnumber] p o = ¢
Plvar] p o = ¢ (if var € p)

{(6 var)} (otherwise if var is boundedin §)

Plexps] p 6 A Plexpz] p d A Plexps] p 6
Plexp;] p 6 N Plexps] p 0

Pif exp; then expy else exps] p 0

Plexp; op exps] pd

069 000000000000

signature applog_sigl
in
compile_application
in
fun compile_application () (put_io);
fun call_closure : (put_io) O
end

end

U0 app_log2 00 UOO0O0OOODOOOOOODODODOOOOODLOODOOOOOOOOO
uoboboddouibbdddudibll compile_application UU U ODOOOOON
obooodboobooboobuoobonoobo

signature applog_sig?2
in
compile_application
in
fun compile_application : (put_io) (put_io);

fun call_closure : () ()

I0)



extension app_logl : applog_sigl (cls_sig)
in
compute compile_application (exp as app: (rator,rands))
where meta
fun write (num) -> write_num num;
in
fun compile_application (exp as app:(rator,rands)) =
let val cls = compile rator;
val 1st = compile_rands rands
in
write cls.code;
call_closure cls 1st
end;
end

end;

0 6.10: 00O0OO0OO0O (DODOOOOOO)

extension app_log2 : applog_sig2 (cls_sig)

in
compute compile_application (exp as app: (rator,rands))
where meta
fun write (num) -> write_num num;
fun call_cls (cls,lst) -> call_closure cls lst
in
fun call_closure (cls,lst) =
begin
write code;
call_cls cls 1st
end
end
end;
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end

end

gbbobouoooobbooooobbboooboboooooboboo
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0 70

HRERE

gobbuogogbbooogooboboboooobbboooobbboooooboobo
gboobooon

e JOIDOOOUODODUODODUODLOULOOODOOMonad DODOOOOODOODOO
gbbobuooobbouoooobon

gbbobuooogbbouooobbbuoooobboobooon

gbobooooobobooooboboooobobbuoooboboboooooboo

gbobooooobbuoooobbobooooboo

gbouogbobobboobuoobbooobbobbooboobboobaobo
gbobooogoobood

7.1 0OU
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goo

e JOU0ODLDOODLOUUODLUUODLDOODLOUODLUODLOLDbDOLODDbLOObLbOODLDDO
goo

e OUODLOOODLDUODLDODOUOODLOOODLUOLODDLOODLDDLOODLOODLO
gbbooogobbougobbobooobboboadon

gbbouoogobbouooobbobuooobobobobooobobobboooobooboo
gbobboogbobbobooobbboogbbboaon
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gbbbooooobboooobbbboooobbbooon
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gbobbuoooobbbooobbbbooobbobbuooobbbouoobobobogoo
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gbobobuoooobbooooobbbooobobobobooobbo

e JO0IUO0O0ODLDLDDOUOUOLODLDLDOOUOUODLDDLDbDObOULOODLDLDDOO

Oo0o0bO00o0oooboobbooooobobobbooooobobobboOodgd Monadice
Primitive U0 O0O0O0O0O0O0O0O0OO0O0ODOOODODOOODO0OODOOODOO0ODOOOOOOO
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OO0Ooooobbooooooboooooooobobooo0ooonbOMonadic Primitive
gbobbuoooobbbooobbobboooobbobuooobbbouoobobobooo
gbobbuoooobbbooobbobboooobbobuooobbbouoobobobooo
gbooobdao

7.2 0OO0OO

7.2.1 Domain-specific Languages
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gbbouooogbbouoooobbbuoooon

e OO DODODLODODLDLODLDDODLODLDLDDLDDLDDODLODOOOODOOOOOOOOuugy
gubbodgboobbogbuogboobbobbodoboobbuoobaabo
gbobooogoobood

e D OUOODLODLDOUOOODLDLDDOUOOLODLODDUOOODLDD

e JOOOODODLDDOOODDDODLDOOOOOODLOOOOOUOUOUOLOOOOuouug
gbobboooobbooooobobbooooobooo

— b0Dbboodoobo
- 0oooogn

— DobOoboooooooo
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Appendix

A 0O0OOOOOO

module application : app_sig (cls_sig)

in
compute compile_application (exp as app:(rator,rands))
where meta

val regs = used_regs ();

fun build_frame (x,y) -> setup_frame: (regs,x,y);

fun release_frame (x,y) -> reset_frame(x,y);

fun call (x) -> store_inst call: (x);

fun compile_rands (1lst) -> compile_vect vect: (1lst)
in

fun compile_application (exp as app:(rator,rands)) =

let val cls = compile rator;

val 1lst = compile_rands rands
in
call_closure cls 1st

end;

fun call_closure (rator as cls:(code,parm),lst) =
begin
build_frame parm 1lst;

call code;
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release_frame (x,lst)
end
end

end

B 0000O0O0OO0OOOOO

module frame : frm_sig (lst_sig)
meta
val sfrm:(ret,old,args) -> push_list [ret,old,args];
val sfrm (x) -> (ret,old,args)@{ld: (ret,fptr,1),
1d: (old,fptr,2),
1d: (args,fptr,3)}
in
compute setup_frame (args,lst) =
where meta
fun old_link () -> store_inst newframe: ()
in
setup_frame (args,lst) = sfrm:(0,0ld_link (),args::1lst);

end;

compute release_frame (reg,lst) =
where meta
fun get_result () -> pop_val y
in
let val res = get_result ();
in
reload_regs lst;
res

end
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end

end

C ODooooboon

module closure :

meta

in

in

cls_sig O

val cls:(code,parm) -> make_cell code parm;

val cls (x) -> (y,z)e@ld:(y,x,0),1d:(z,x,1);

compute compile_closure (exp as cls:(vars,body))

where meta

in

val
val

val

fun
fun
fun
fun
fun

fun

fun
fun

fun

fun

let

label

depth

env

alloc_symbol (get_newlabel ());

get-depth O;

rdEnv;

switch (c) -> switch_seg c label;

save_regs () -> free_used_regs ();

restore (1st) -> restore_regs (lst);

get_closure (x,y) —> cls: (x,y);

setup_frame (frm:(a,b,c)) -> frm:(mfspt:(a),b,c);

reset_frame (frm:(a,b,c)) -> addi:(sptr,depth + 3)

ret (val) -> push val;

set_avct (val) -> push val;

>_ frm:(a,ld:(x,b,0),c);

extend_env (c,vars) -> inEnv (extend vars env) c

compile_closure (exp as cls:(vars,body)) =

val regs

save_regs ()
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begin

let val code = switch (compile_body exp)

in
restore regs;
let val frm:(ret,old,args) = get_current_frame ()
in

get_closure (code,args)

end

end

end;

fun compile_body (exp as cls:(vars,body)) =
let val frm:(ret,old,args) = get_current_frame ()
in
let val frm:(ret,old,args) = setup_frame (frm)
in
begin
expand-args args;
return (extend_env (compile body) vars)
end
end

end;

fun return (val) =
let val frm:(ret,old,args) = get_current_frame ()
in
let val frm:(ret,old,args) = reset_frame (frm)
in
ret val;

end
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end;

fun expand-args (lst) = callee_frame (depth+1,lst);

fun callee_frame (n,lst) =
if (n == []) then []
else
begin
set_avct (hd 1lst);
callee_frame (n - 1) (tl 1lst)
end
end
end

end
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