c
op(er, ... en)

if e then es else eg
let x = €1 in ey

T

letrecxzy; ... Yyp = €1 in ey

€eel ... Ep
(e1,...,€en)
let (1,...,2,) = €1 in ey

Array.create e €3

61.(62)

61.(62) — €3

expression

constant

primitive operation

conditional

variable declaration

variable reference

declaration of recursive function
function call

creation of a tuple

pattern matching agains a tuple
creation of an array

array element dereference
assignment to an array element

1: MinCam] DR (HIZHHE)

Abstract syntax of MinCaml

T n= type
71' primitive type
n —...— 1, —r functional type
TLX oo X Th tuple type
T array array tYPe .
o type variable (for type inference)

2: MinCaml D

MinCaml types




expression
constant
primitive operation
conditional
variable declaration
variable reference
declaration of recursive function
function call
creation of a tuple
pattern matching agains a tuple
creation of an array
array element dereference
assignment to an array element


Abstract syntax of MinCaml

MinCaml types

type
primitive type
functional type
tuple type
array type
type variable (for type inference)


op is a primitive operation that takes values

c is a constant whose types are 11, ..., in and gives a value of i type

of the mitype I'tey:my ... T'ke,:m,

clx m MDEH oplEmy, ..., mp, MOEZEZ T > T 7 BOEZRT 7Y 27 4 7HHE
Pkce:m I'Fopler,...,en):m

I'kei:bool T'key:7m I'keg:T I'tey:m Tox:mbe:m (z)=r71
I'if e; then ey elsees: T I'Fletz=¢; iney : m a7
Tx:m— ... 5T = T,Y1 i Tl Yn Tl €1:T 'te:mm—...—>7, —> 7T

e:m—...> 1, —7TkFey: 7 I'ter:mm ... T'ke,:m,
I'Fletreczy; ... yp =€1 ineg: 7/ I'Fee ...e,: T

I'tey:mm ... The,:m, I'tFep:mx...xm Toxy:im,...,xn:Thbea: T
Pk(e1, . epn):T1 X .. X Ty 't let (z1,...,2,) =€; ines: T

I'kFey:int T'key: 7

I' F Array.create e; ey : 7 array

I'Fey:7array T'Fes:int I'Fey:7array T'Fey:int T'heg:7

F'kei(ex): 7 I'Fep.(ez) < e3:unit

3: MinCaml OHEI-D 13 HiHI

MinCaml's typing rule

c
op(T1,.- ., Tn)

if x =y then e¢; else ey
if x <y then e; else ey

let x = €1 in ey

T
letreczy; ... Yy, = €1 in eg
TYL - Yn

(T1,...,Zn)

let (x1,...,2,) =y ine
z.(y)

z.(y) < z

X 4: MinCaml @ K [IERE (SREECH] « S850 B Bow H 124 1)

MinCaml's K normal form (external arrays and
external function calls are not included)



c is a constant
of the π type

op is a primitive operation that takes values
whose types are π1, ..., πn and gives a value of π type

MinCaml's typing rule

MinCaml's K normal form (external arrays and external function calls are not included)


K : Syntax.t — KNormal.t

c) = c

K(if e then false else true)

=)
o
ot
)

S~—
Il

K(if e; = es then true else false) when op is not a logical

IC(if e1 < es then true else :Ealse) nor comparison operator
op(e,...,en)) = let z1 =K(e1) in ... let z, = K(e,) in op(z1,..., %)

op D3wBLEHEL - LIS D B h

)
~—~ Y~~~
(9] (9]
= —
IA
D D
no DN
~
I

KC(if not e; then e; else e3) = K(if e; then e3 else e3)
K(if e = eg then e else ey) = let 2 =K(e1) in let y = K(ez2) in
if x =y then K(e3) else K(eq)
KC(if e; < e then e3 else e4) = let x =K(e1) in let y = K(ez) in
if # <y then K(e3) else K(e4) when e1 is not a logical/
K(if e; then es else e3) = K(if e; = false then e3 else eg) comparison operator
ey DYEMERIEE - Dt D 56
K(let z = e in e3) = let z =K(e1) in K(ez)
K(zx) = =z
K(letreczy; ... yp=e1ines) = letreczys ... Yy, =K(er) in K(e2)
Kleer ... ep) = let z=K(e) in let y; = K(e1) in ... let y, = K(e,) in
TYL -+ Yn
K(et,. .., en) = letz; =K(e1) in ... let z, = K(e,) in (z1,...,2,)
K(1let (z1,...,2n) =€ in e3) = let y=K(e1) in let (z1,...,2,) =y in K(ez)
K(Array.create e eg) = 1let z =K(e1) in let y = K(e2) in create_array z y
K(e1.(e2)) = let z=K(e1) in let y = K(ez2) in z.(y)
K(er.(e2) < e3) = let 2 =K(e1) in let y = K(e2) in let z = K(e3) in

z.(y) « 2

5. K IEHUL GREEOEEAL L . insert let T X A LIz EME) . A B L T T B
LTWRWEHIX, $XTH LW (fresh) &7 5,

K normal for (conversion of logical values to numbers and oplimization using insert_let is
abbreviated). A variable that occurs in RHS but not in LHS should be considered a new/
fresh.


when op is not a logical nor comparison operator

when e1 is not a logical/comparison operator

K normal for (conversion of logical values to numbers and oplimization using insert_let is abbreviated).  A variable that occurs in RHS but not in LHS should be considered a new/fresh.


a:Id.t M.t — KNormal.t — KNormal.t

EC)

ac(op(xq,. ..

Q

7xn))

a-(if =y then e; else e2)

Q

c(let x =€ in ey)

Q

Q

()

(

(

(

<(if © <y then e; else e3)
(

(

as(let rec x yy

... Yp = €1 in eg)

a (T Y1 ... Yn)
ac((z1,...,2n))

(let (z1,...,2,) =y ine)
(

(

Q

()
(y) < 2)

Q

c(x.
ae(x.

op(e(x1), ..., e(xn))
if e(x) = ( ) then ac(e1) else ac(e2)
if e(x) < e(y) then ac(e1) else a(e2)

let o’ = Oég(el) in oe g (62)

£(x)

letrecz' 4| ... 4y, = ezl gy oynys, (€1) 1D
ae,x»—»x/(ez)

() e(yr) ... e(yn)

(e(z1),...,e(zn))

let (z,...,2))
e(@).(e(y))
g(x).(e(y)) < e(2)

€(y) in as,zln—»x’l ..... Tl (6)

6: a BHE, 3 o BHFTOEE A Z T - T, o BHBOERZIETER, HLICHEL TQuTEdIc

HEL T uEH (o 28) 13,

IR fresh £ 35,

a conversion: € is a mapping that takes a variable name and gives its a-converted name.
A name that occurs only in RHS should be considers new/fresh name.

B :Id.t M.t — KNormal.t — KNormal.t

Be(c)
Be(op(1, ..., 20))
B:(if x =y then e; else es)

B:(if x <y then e; else e3)

(
(
(
(
O-(let = e in ey)
B:(let © = e; in e9)
Be(x)
B-(let recx ¥y ... yn = €1 in ey)
Be(x 11 Yn)
ﬁa((ﬂ?h Tn))
B-(let (acl, .,Ty) =y ine)
Be(z.(y))
Be(z.(y) < 2)

7 BRI, e 13 B fERIET %
B, e(z) =z LAET,

e ZIT - T, RO E IR T EA,

op(e(z1),...,e(zn))

if e(z) = ( ) then (:(e1) else (.(e2)

if e(z) < e(y) then [.(e1) else [B:(e2)

[ (@) B:(e1) is a variable "y"
let z = f-(e1) in Be(e2) Be(e1) 1isnota Varlable
e(x)

let rec z Y1 ... yn = Be(e1) in SBc(ea)

() e(y1) - €(yn)

(e(z1),...,e(zn))

let (21,...,2y,) =e(y) in B:(e)

e(x).(e(y))

e(x).(e(y)) < &(2)

e(a) BEBSNTOLRVE

B reduction: € is a mapping that takes a variable name and gives its 3-converted name.

We consider g(x)

= X when ¢ is not defined for x.



α conversion: ε is a mapping that takes a variable name and gives its α-converted name.  A name that occurs only in RHS should be considers new/fresh name.

β reduction: ε is a mapping that takes a variable name and gives its β-converted name.  We consider ε(x) = x when ε is not defined for x.

is not a variable

is a variable "y"


A : KNormal.t — KNormal.t

Alc) = ¢

Alop(z1,...,2)) = op(xT1,...,Tpn)

A(if x = y then e else e3) = if x =y then A(e;) else A(ez)

A(if x <y then e; else eg) = if <y then A(e;) else A(ez)

A(let z =e; in e3) = let ... in let z = ¢} in A(es)
A(el) has a form let ... in e' (let ...
is a sequence of one or more
let's) and e1'is not a let form.

A(x) = x

A(letreczy; ... ypo=€1 iney) = letreczyy ... yp =.Ae1) in A(es)

Al yr .. yn) = Ty ... Yn

A((z1,. .., x0)) = (21,...,2y)

A(let (z1,...,2,) =y ine) = 1let (z1,...,2,) =y in A(e)

Alz.(y)) = z.(y)

Alz.(y) < 2) = z(y) —=

s: Reduction of nested let's



Reduction of nested let's

A(e1) has a form let ... in e' (let ... is a sequence of one or more let's) and e1' is not a let form.


Z:(Id.t list x KNormal.t) M.t — KNormal.t — KNormal.t

7.
7
7.
7.
Z.(let x = €1 in ey)
Z.(x)

Z-(let rec x y1 ...

c)

op(z1, ..

™

S Tn))

m

m

if =y then e; else e2)

Ul

™

(U]

(
(
(
(if z <y then e else e3)
(
(
( Yn = €1 in eg)

Z.(let rec Yy ... Yo = €1 in e9)

Z(zy1 - Yn)

Z(x y1 .- Yn)

(21, ..y 2n))

Z.(1let (z1,...,x,) =y ine)
Ze(z-(y)

Ze(z.(y) < 2)

size(c)

size(op(x1,...,2Tn))

size(if x =y then e; else es)
size(if <y then e; else eg)

size(let x = €1 in e9)

size(x)

size(let recxz y; ... Yy, = €1 in 62)
size(T Y1 ... Yn)

size((x1,...,2n))

. Ty) =y ine)

(
(
(
(
(
(
ze(
(
(
(
(
(

Inline expansion: € is a mapping that takes the name of a smaller-sized function and gives

c

op(x1,...,Tn)

if x =y then Z.(e1) else Z.(e2)

if o <y then Z.(e1) else Z.(e3)

let z =Z.(e1) in Z.(e2)

x

e =e,x— ((y1,---,yn)e1) £ LT

oo Yn =Zo(e1) in T/ (e2)

size(ey) < th

yn = Zc(e1) in Z.(e2)
size(ey) > th

() = ((21,---,2n),€)

e(x) is undefined

let rec x 1

let recz y; ...

()

Qy1—21,..,yn—=2n (e)
LY --- Yn
(T1,...,Zn)
let (2q,...
z.(y)

z.(y) — 2

,&p) =y in Z (e)

1

1

1+ size(ey) + size(es)
1+ size(er) + size(ea)
1+ size(ey) + size(ea)
1

1+ size(er) + size(ea)
1

1

1+ size(e)

1

1

its formal arguments and body. "th" is a user-specified threshold, that specifies the
maximum function size that can be expanded.



Inline expansion: ε is a mapping that takes the name of a smaller-sized function and gives its formal arguments and body.  "th" is a user-specified threshold, that specifies the maximum function size that can be expanded.

is undefined


F :KNormal.t M.t — KNormal.t — KNormal.t X @i%m when X
Fe(c) = ¢ ZNUHNDIZE: otherwise
Felop(zy,...,xp)) = ¢ op(a(xl),...,a(xn)) =c DY
Felop(zy,...,xp)) = op(w1,...,7p) ZnpPSNoGE
F.(if © = y then e; else ey) = F(e1) e(z) & e(y) are the same constants
Fe(if x = y then e; else e3) = F(e2) e(x) & e(y) are different constants
F.(if z =y then e; else e3) = if x =y then F.(e1) else F.(e2) znPstoGE
Fo(if <y then e; else e3) = F(e1) e(x) & e(y) : constants & e(z) < e(y) DB
F.(if z <y then e; else e3) = F.(ea) e(z) & e(y) : constants & £(z) > e(y) DEHHE
F.(if x <y then e; else e3) = if x <y then F.(e1) else F.(e2) zZnpNoGE
F-(let 2 = €7 in ey) = e} =F(e1) ELT
let =€) in F 4.c (€2)
Fe(x) = x
F.(letreczy; ... yp=e1 iney) = letreczy; ... Yo = Feler) in F(e2)
Fe(zyr - yn) = TYL - Yn
Fe((z1,...,zpn)) = (21,...,24)
Fe(let (x1,...,2,) =y ine) = letxz; =y in ... let z, =y, in F(e)
e) = (W1, yn) DG
F.(let (z1,...,2,) =y ine) = let (z1,...,2,) =y in Fc(e)
Fe(z.(y)) = z.(y)
Fe(z.(y) — 2) = z.(y) — =2
its associated expression
Constant folding: € is a mapping that takes a variable i .



X の場合:    when X
それ以外の場合: otherwise

are the same constants

are different constants

Constant folding: ε is a mapping that takes a variable and gives a constant.

: constants &

: constants &

its associated expression


€ :KNormal.t — KNormal.t

E(c)
E(op(x1,...,2n))
E(if © =y then e; else ey)

let x =e; in e3)

let x = e; in e3)

letrecz Yy ... Yo = €1 in e3)
let rec z y

)

. Yn = €1 in e3)

effect : KNormal.t — bool

c "X DIFE" (X no baai): "when X"
op(x1,...,2,) "ENLINDIZE" (sore |ga| no baai):
if © =y then E(e1) else E(eq) "otherwise"
if © <y then E(e1) else E(eq)

E(e2) effect(E(er)) = false > x & FV(E(e2)) DHH
let z = E(e1) in E(e2) ZnbstogG
x

E(e2) z ¢ FV(E(e2)) Dty
let rec z Y1 ... yn = E(e1) in E(e2) znblst oG
TYL - Yn

(X1, 0y Tp)

E(e) {z1,.. ., 2} NFV(E(e)) = 0 DEHY
let (z1,...,2,) =y in E(e) zZnbst oG
z.(y)

z.(y) — 2

effect(c) false
effect(op(x1,...,2n)) = false

effect(if © = y then ey else es) = effect(er) V effect(es)
effect(if z <y then e; else e2) = effect(er) V effect(es)
effect(let © = ey in eg) = effect(er) V effect(ez)
effect(x) = false

effect(let recx y; ... y, =ej iney) = effect(ea)

effect(z y1 ... yn) = true
effect((z1,...,xn)) = false

effect(let (xl, .oy Xp) =y ine) = effect(e)

effect(z.(y)) = false

effect(z.(y) « 2) true

11: AEUEEHAIFR (1/2)

Elimination of redundant definition



"X の場合" (X no baai): "when X"
"それ以外の場合" (sore igai no baai):
"otherwise"

Elimination of redundant definition


FV :KNormal.t — S.t
FV(c) =0
FV(op(x1,...,25)) = {z1,...,2,}
FV(if x = y then e; else e3) = {z,y}UFV(e1)UFV(eq)
FV(if x <y then e; else e3) = {z,y}UFV(e1)UFV(eq)
FV(let z = e in e3) = FV(e1)U(FV(e2)\ {x})
FV(z) = {z}
FV(letreczys ... yp =€1 ines) = ((FV(er)\{y1,---,yn}) U FV(e2))\ {2z}
FV(zyi ... Yn) = {z,y1,--,Un}
FV((xl,.. Zn)) = {z1,...,2,}
FV(let (1,...,2n) =y ine) = {ytU(FV(e)\{z1,...,zn})
FV(z.(y)) = {z.y}
FV(z.(y) < z) = {z,y,2}
12: ANEGEFRHAIRR (2/2)
Elimination of redundant definition
P = The whole program
({D1,...,Dp},e) Definitions of the top-level functions and the main routine
D = Definitions of the top-level functions
(Y1,---,Ym)(21,...,2n) =€ Function: label/formal arguments/free variables/body

e
c
op(T1,...,2Tn)
if x = y then e; else ey
if x <y then e else ey

let x =¢€1 in eo

X

make_closure © = (L, (y1,...,yn)) in e Closure creation

apply-closure(z,y1, ..., yn) Function call using a closure
apply-direct(Lz, Y1, - - -, Yn) Function call without using a closure
(T1,...,Tn) (for known functions)

let (1,...,2,) =y ine

z.(y)

x.(y) «— 2

13: The closure language



Elimination of redundant definition

The whole program
Definitions of the top-level functions and the main routine
Definitions of the top-level functions
Function: label/formal arguments/free variables/body

Closure creation
Function call using a closure
Function call without using a closure
(for known functions)

The closure language


C : KNormal.t — Closure.t

C(c) = ¢

Clop(x1,...,2n)) = op(x1,...,2n)

C(if x =y then e; else e3) = if x =y then C(e;) else C(eq)

C(if x <y then e; else e3) = if & <y then C(e;) else C(e2)

C(let x =e; in e2) = 1let 2 =C(e1) in C(e2)

C(x) = =z

Cletrecxyy ... yp =€1ines) = DITLo(y1,---Yn)(21,. .-, 2m) =€) ZMZ,

make_closure © = (L, (21,...,2m)) in eh Z iR T
72721 e) =C(ey), e = C(ez),
FVE {201 ) = {210 2m)

Clxyr ... Yn) apply_closure(x,y1, ..., Yn)

C(z1,...,2n)) = (T1,...,7p)

C(let (xl,...,xn):yin e) = let (z1,...,2,) =y in C(e)

Clz-(y)) = z.(y)

Ce.(y) — 2) = () 2

FV :Closure.t — S.t

FV(e) 0
FV(op(zx1,...,zy)) = {x1,...,2n}
FV(if x =y then e; else e3) = {z,y} UFV(e1) U FV(e2)
FV(if x <y then e; else e3) = {z,y}UFV(e1) U FV(e2)
FV(let x =€ in ey) = FV(e1)U(FV(e2)\ {z})
V() _—
FV (make_closure x = (L, (y1,..-,9n)) ine) = {y1,...,yn} U(FV(e)\ {z})
FV (apply-closure(z,y1,...,Yn)) = {z,y1,-.-,Yn}
FV (apply-direct(Lo, Y1, - -,Yn)) = {y1,---,yn}
FV((z1,...,zy,)) = {x1,...,2n}
FV(let (x1,...,2,) =y ine) = {ytUFV(ie)\{z1,...,2n})
FV(x.(y)) = {z.y}
FV(x.(y) < 2) = {z,y,2}

14: B < %\ Closure 2
EH

24 C(e)

Dby 7L NVBEBERDELSZHEL T LD T =)L

10




C:S.t — KNormal.t — Closure.t

Cs(letrecw 4y ... yn=e€1 ines) = DI Lo(y1,..-,yn)() =€) ZMZ,
make_closure © = (L, () in ehb Z X ¢
72720 €} =Cy(e1), ey =Cy(e2), s = sU{x},
FV(ED)\{y1,.--,yn} =0 DHE
Cs(letrecz 4y ... yn=e€1 ines) = DITLa(y1,--,Un)(21,---,2m) =€) ZIMA.
make_closure © = (Ly, (21,...,2m)) in e4 Z KT
72721 €} =Cs(e1), €y, = Cs(e2),
FV(ED) \ Ay, yn} # 0,
FV(E)\{z,v1,--sun} = {21, -, 2m} DEGH
Cs(xyr .. Yn) = apply_closure(x,y1,...,Yn) x & s DEH
Cs(xy1 -+ Yn) = apply_direct(Ly, y1, -+, Yn) x € s D

15: 2 RE W Closure Z# Cy(e), s FHMEED RV E D> T LEBDAFTIDES,

C:S.t — KNormal.t — Closure.t

Cs(letrecw 4y ... yn=e€1 ines) = DITLy(y1,.--,yn)() =€) ZIMZ,
make_closure © = (L, ()) in ef Z X ¢

7272L ef =Cy(e1), €, =Cy(e2), s’ =sU{z},

FV(E)\ {yns-. - gm) =080 @ € FV(ch) Dt
Cs(letrecw 4y ... yn=e€1ines) = DITLy(y1,..-,yn)) =€) ZMZ b ZiRT

72720 €} =Cy(e1), €y = Cy(e2), s = sU {x},

FV(E)\{y1,---,un} =0 DDz & FV(cy) DG
Cs(letrecz Yy ... yn=e1ines) = DITLa(y1,.- ,Yn) (21, 2m) =€) ZMA

make_closure x* = (Lg, (21, ..., 2m)) in eh 2K T
72721 €] =Cs(e1), €y = Cs(e2),
FV(e)\{y1,-- -, yn} # 0,
FVED\{z,y1,-- s ynt = {21, -, 2m} DGR
Cs(xyr - yn) = apply_closure(x,y1,. .., Yn) z & s DGE
Cs(xy1 - Yn) = apply_direct(Ly, Y1, - - Yn) x € s DLGE

16: b > £ B\ Closure ZH#i Cy(e)

11




D =
Lo(y1,..,yn) = F
E = Dyl
r—ekl RA
e IR AiE
e = =
HiHi&
L. 7 )b
op(T1,...,Tn) ELATVE R

if £ =y then E; else Fy g &7l

if 2 <y then E; else By R &35

x mov e
apply_closure(z,y1,...,yn) 27 B— % ZH07EEFIH L
apply_direct (Lo, y1,...,yn) 72— % ZH0RWEBIFOH L

z.(y) n—F

z.(y) «— 2 A+T

save(z,y) B x DiEZRRZ v 7B y ISREET 5
restore(y) AEy LBy o fEZRENT %

17 v v a— PO

12




V : Closure.prog — SparcAsm.prog
V({D1, ..., Dn}e)) = (VD). V(Dn)}, V(e))

V : Closure.fundef — SparcAsm.fundef
V(Le(y1, - yn) (21,5 20) =€) = L.(y1,---,Yn) = 21 < Ro.(4);...;2, < Ro.(4n); V(e)

V : Closure.t — SparcAsm.t

V(c) = ¢

V(op(z1,...,2n)) = op(x1,...,2,)

V(if x = y then e; else e3) = if x =y then V(e;) else V(es)

V(if < y then e; else e3) = if x <y then V(e;) else V(e2)

V(let z =e; in eg) = x— V(e1);V(ea)

V() = =z

V(make_closure © = (Ly, (Y1,-.-,Yn)) in€) = & < Ryp;Rup < Rup +4(n+1);2 — Ly;2.(0) «— 2;
x.(4) —y1;...;2.(4n) — yn; V(e)

V(apply_closure(x,y1, ..., Yn)) = apply_closure(z,y1,...,Yn)

V(apply_direct(Ly, Y1y - -3 Yn)) = apply_direct(Ly, Y1, .-, Yn)

V((z1,...,20)) = Y < Rup;Rup < Rup + 413
y(0) — 13- .5y.(4(n — 1)) — znjy

V(let (z1,...,%,) =y ine) = A{z1,...,2,}NFV(e) ={wiy,..., x5, } ELT
iy (40— 1)); 5w, Y (4(im — 1)) V(e)

V(z.(y)) = ¢y —4dxyr(y)

V(z.(y) < 2) = Yy —dxyr(y) —=z

18 kil v a— FAER V(P), V(D) 8XLU V(e), AICHBLL THEDIZHBL 2 WEEKIR fresh
EF 2, Ryp BE=T KA VY (HHLYRY), erje0 135 I —DEE 2 120 T x «— e;en DL
T BBy ld, By = (v < e15...5mn —epze) E LT, o1 < €15...5Ty — ;0 — e; By DR,
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FV :S.t — SparcAsm.t — S.t
FVy(x «— e E)
FV(e)

FV :S.t — SparcAsm.exp — S.t
c)

L)
op(T1,...,Zn))

if © =y then F; else E»)
if © <y then F; else E»)

Vs(
Vs(
Vis(
V(i
Vs(
Vs(x)
Vs(
Vs(
Vs(
Vs(
Vs(
Vs(

apply_closure(x,y1,...,Yn))
apply_direct(Ly, y1, -+, Yn))
z.(y))

z.(y) < 2)

save(z,y))

restore(y))

19: i H DI E & LU0 e

s = FVy(E)\ {z} £ LT FV,(e)

{z1,...,2,}Us
{2y} UFV(E) U
{z,y} UFV(Er) U
{z}Us
{z,y1,.- ., yn} Us
{yl,...,yn}Us
{z,ytUs
{z,y,2} Us
{z}Us

S

FV 4 (B,)
FV,(B»)

CBOTESTOIERDEL FV(E)BLV FV,(e). s E® e DET

fEbN 2 LBOES, DED FV(E) 1 FVy(E) D%,
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R : SparcAsm.prog — SparcAsm.prog
R(({Dr; ., Dy}, E)) = ({R(D1), ., R(DW}L Ry(E, 2, () 135S =0 fresh 4%

‘R : SparcAsm.fundef — SparcAsm.fundef
R(Lz(Y1,---,yn) = E) = Ly(Ri,...,Rn) = RaRo,y1—R1,...,yn—hn (£ Ro, Ro)

R :Id.t M.t — SparcAsm.t X Id.t X SparcAsm.t — SparcAsm.t X Id.t M.t
R€(<x — € E)vzdesta Econt) = Eéont = (Zdest — E7 Econt)7
RE(67 1.7 E/ ) = (E/7€/)7

cont

r&{e'(y) |y € FV(Elon)}

Ret pr(E, Zaest Feont) = (E,€") £ LT

((THE/;E”)J:'N) T WL RAY TGS
Rs((T — € E),Zdest; Econt) = Eéont = (Zdest — F; Econt)a

Re(er, Egone) = (B, €),

Rer (E, 2aest, Bcont) = (E",€") £ LT

((r— E';E"),e")
Re(e,, Econt) = Re(e,z,Econt) (RIX£HH)

20: HiffiZe L P A ZED BT R(P), R(D) B XU RAE, Zaests Feont)o € FEBDPE LI AT ANDE
B, Zgess 13 E DFERZ XY M T BB Feony 13 E DBRICETEINZ2@ADI, Ro(E, 2, Econe) DIED
EXL Y AZED LTSN BDINE &, EDBRDOLIAZEINDYBT2RTEHR S O, [7 74V
reghlloc.notarget-nospill.ml S
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R :I1Id.t M.t — SparcAsm.exp X Id.t X SparcAsm.t — SparcAsm.t X Id.t M.t

e(Cy Zdest cont)
€ L ; Zdest s cont)

(
(
E(Op(xl, .. In) Zdest Econt)
(if =y then F; else F5, zgest; Fcont)

NAAA

R:(if x <y then E; else E3, 24est, Fcont)
RE (xa Zdest s Econt)
Re(apply_closure(x,y1, . . .

9 yn)7 Zdest Econ‘c)

€ apply dZT@Ct( zy YLy e - - 7yn)a Zdesty Econt)
€ LC( ) ZdestaEcont)

Re(
Re(
'R,E(JS ( ) —Zz ZdeshEcom:)
Re(
Re(

e save(J; y) ZdestaEcont)

€ reStOre( ) Zdest7Econt)

B 21 Bl L 2 2 5D 2T R (e, 2aest, Beont)o
WV, R.(e) =
[7 7 4 )V regAlloc.notarget-nospill.ml £ ]

Re(z < restore(z);

(¢.e)

(Lz,€)

(op(e(z1), ... e(xn)), €)
R:(E1, 2dest, Econt) = (E1,€1),
RE(E27zdest>Econt) = (Eév‘€2)7

e ={z—rle1(z) = ea(2) =1},
{z1,...,2n} =
(FV(Econt) \ {zdest } \ dom(e’")) Ndom(e) £ LT

((save(e(z1),21);...;save(e(zn), 2n);

if e(z) < e(y) then E| else E}),¢’)
[k
(e(x), )
{#1,. ., 2n} = (FV(Econt) \ {Zaest}) N dom(e) £ LT
((save(e(z1),21);-- -3

apply_closure(e(x),
Ik
(e(z).(e()), €)
(e(x).(e(y)) —e(2),¢)
(save(e(z),y),¢€)
(restore(y),¢)

save(e(zn), zn);

1), ---:e(yn))), 0)

Re(e) DFHUTE 2 DV YA e(x) WEHRINT

&) LT 2, HELLYAY ricowTlihe(r) =r £F 3,
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7T :1d.t — SparcAsm.t X Id.t — bool X S.t

T.((y < €; E), Zaest) = T.(e,y) = (c1,81) ELT, BL 15 1F (true, 1)
Z ) TRIFINE T, (E, 2aest) = (c2,82) & LT (ca,51 Usa)
7;(67 Zdest) = 7—1(6, Zdest)

7T :Id.t — SparcAsm.exp X Id.t — bool X S.t

T, (T, 2dest) = (false,{2aest })

T.(if y = z then E; else E9, 24est) = 7o(E1, Zaest) = (c1,51),
T.(E2, zgest) = (c2,82) E LT

((31 A Co, S1 U 82)

T.(if y < z then E; else Fs, z4est) = AL
= (apply_closure(yYo, y1,- - -, Yn), Zdest) = (true,{R; |z =y;})
7. (apply_direct(Ly, y1, ..., Yn), Zdest) A I
T (e, Zaest) = (false,0) ZnLSN OB G

22: B x ICHIDBTEL YRS r Zi#S L ZITfH ) targeting T, (F, 24est) B L To(e, 2aest )0 E P e
THEMOH LD >l ) R c L, 2 Z2FD YU TEERVL T RATDES s O ZIRT,
HiZKD Te WL PR TROEAE ] IZBWT, T.(El ., 2aest) = (¢,8) E LT, TENULres &9 5,
[7 7 4 )L regAlloc.target-nospill.ml 2]

R :Id.t M.t — SparcAsm.t X Id.t X SparcAsm.t — SparcAsm.t x Id.t M.t

Ra((m — € E), Zdest7Econt) - Ecl:ont - (Zdest — E, Econt)v
R5(6,$7Eéont) = (EI’EI)7
Y€ FV(Eéont)v

R\ {yme ()} aroe’ () (B Zaests Eeont) = (E”,€") £ LT
((save(e(y),y);e'(y) « E'sE"),e") y € dom(e) DEF
{ ((e'(y) « E"; E"),€") y & dom(e) D& Z
rBL P RYTiRL,
r@{e'(y) |y € FV(ELy)} %% r B0igHA

23: spilling 2§ % LY 2 FE) YT R(E, 2gest, Econt) |7 7 A )V reghlloc.target-latespill.ml
iﬁﬁﬁ']

=N
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S : SparcAsm.prog — string
S(({D1,..., Dy}, E)) = .section ".text"
S(Dy)
S(Dy)
.global min_caml_start
min_caml_start:
save %sp, -112, Y%sp
S(E,%g0)
ret

restore

S : SparcAsm.fundef — string

SLa(yrs---yyn) =E) =
S(EvRO)
retl

nop

S : SparcAsm.t X Id.t — string

8((1‘ — e;E)aZdest) = S(eyx)
S(E7 Zdest)
S(e, Zdest) = S(e; Zdest)

24: BT v 7V K S(P), S(D) # & 0 S(E, 248t
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S : SparcAsm.exp X Id.t — string

S(c, Zgest) = set ¢, Zgest
S(Ly; Zaest) = set L, Zgest
S(op(x1,...,%n), 2dest) = 0P T1,...,Tn,Zdest
S(if z =y then E; else Fy, 24est) = cmp 2,y
bne b;
nop
S(Eh, Zaest)
b by
nop
by:
S(EQ, Zdest)
by :
S(if z <y then E; else Eo, 24est) = AR
S(x, Zgest) = IOV Z, Zdest
S(apply_closure(z,y1, ..., Yn), Zaest) = shuffle((z,y1,-..,Yn), RosR1,...,Rn))
St Rra, [Ret + 4#¢]
1d [Ro],Rnt1
call R4

add R, 4(#e + 1),Rgt ! delay slot
sub RSt) 4(#5 + 1), RSt
1d [Rst + 4#6], Rra

mov RO ) Zdest

S(apply_direct(Ly, y1,---,Yn), 2dest) = shuffle((y1,---,Yn)s Ri,-..,Rn))
St Rya, [Rst + 47€]
call z

add Ret, 4(#e + 1),Rst ! delay slot
sub R’S‘t7 4(#5 + ].), R‘St
1d [Rst + 4#6], Rra

mov Ro, Zgest

S(x.(y); 2aest) = 1d [ + Y], Zaest

S(2.(y) < 2, Zaest) = stz [z+y]

S(save(x,y), 2gest) = bLydgdom(e) %5 el yrs d#e ZMAT
st @, [Ret + £(y)]

S(restore(y), Zdest) = 1d [Rst + £(¥)], Zdest

25: Hiffize 72 v 7V B S(e, 2aest)o € VEAY v ZHEZGIET 2 70— NVEBL, #e e DEFED
a8, shuffle((x1, ..., 20), (r1, ..., rn)) E 21, ooy 2 & 71, oo, 1 (STEY)RNEF BT % 64,
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S :S.t — SparcAsm.t X Id.t — S.t X string

Sé((x A e;E)azdest) = 83(6,1‘) = (S/,S),
Ss’(EaZdest) = (3//; S/) LLT
(S/I7 SS/)

Ss (67 Zdest)

Ss (67 Zdest)

S :S.t — SparcAsm.exp X Id.t — S.t X string
Ss(if =y then F; else Es, zgest) = Ss(F1,2gest) = (51,51),
Ss(Ea, 2gest) = (82,52) £ LT
(s1 N sa,
cmp x,y
bne by
nop
S1
b by
nop
by:
Sa
by :)
S;(if * <y then F; else Fa, 2gest) = [HIER
Ss(save(x,y), Zdest) = (s,nop) y € s DEGH
Ss(save(z,y), Zdest) = bLygdom(e) %5 ell yrs d#e ZMAT
(sU{y}, st z, Rt +£(y)]) y & s DLt
= (s, DA & [FER) UYL Ty

Ss (67 Zdest) —

26: L7 save #EHMET 2 71 v 7V AR S, (F, 24est) B £ U Ss(e, 2gest )0 8 13T TIT save SNAZE
BOUH DL, LUHTD S(E, 240st) 13 Sp(E, 2aest) = (8,9) & LTS DIKHLE T 5,
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S : SparcAsm.fundef — string
SLa(y1,--- yn) = E) = Sy(E,tail) = (s,5) £ LT
x:

S

S:S.t — SparcAsm.exp X Id.t — S.t X string
Ss(if z =y then F; else Es,tail) = Sg(E1,tail) = (s1,51),

Ss(Fa,tail) = (s9,5) & LT

(0,

cmp z, Yy

bne b

nop

S1

b:

S2)
S;(if ¥ <y then F; else F»,tail) = [Akk
Ss(apply_closure(z,y1,- .., yn), tail) = (0,

shuffle((z,y1,.-.,Yn), (Ro,R1,...,Rp))

1d [Ro), Rnt1

Jmp Ryt

20p)
Ss(apply_direct(Ly, y1, - - -, yn), tail) = (0,

shuffle((y1,---Yn); R1,---,Rn))

bz

20p)
Ss(e, tail) = Ss(e,Rg) =(s,5) &L T

(0,

S

retl

nop) AN D

27: REMOH LRELE § 2 72 Y 7 ) A Sy (D) 8 X T S,(e, 2aest)o 2aest = tail DEEDIRIE,
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