var, x, y, 2
label
mdex, i, j, k, n

vliabel, 1

mlabel, m

clabel, L.

alabel, L,

tm, t

path, p

constr, ¢

def

gamma, T’

Variable
Label

label

label

label.,.

label,

x
t: T
valz = newc;t

t.l

tmt

()

[t/z]t

elt]

fun(z: T)T'¢
apptt’

bind z in ¢
bind z in t

S
M
M

bind z in t

Value label

Method Label

class label

abstract type label

Value
variable
widening

Term
value
widening
new instance

value selection
method invocation

Path

Constructor

Definition

Environment



store, s

tlabel, L

tp, T, S, U, V, W

tpc) TC7 SC

decl, D

decls, D

ctr, e

terminals

S, T+ ¢

label,.
label,

p.L

T{z = D}
TANT
TV T

pLe
T{z= D}
T.NT

(T¢)
[t/x]Te

bind z in D

£ L

Store

Type label

Type
type selection
refinement
intersection type
union type
top type
bottom type

Concrete Type

Declaration
type declaration
value declaration
method declaration

Context



formula

Job

—>3—>d—><—|||m5~TTwm:|——|><¢;il¢
bS]

Judgement
def is def’
Tr+—c €S
x: T el
z & (T)
formulay, .. formula,

vl

s F

T.s

MR
W »®»W »®» »W »w » »w »w »

vl | v Ty v
v.m (V') | Az' .t o 8
— t'| s
Fp —p P
FT=T
Ft: T
Ft>D

- T <,D
FS<: T
FD<:D
-D<:D
F Twf

F Dwf

- Dwf

Remove Widening

Propagate Widening for Value Selections
Propagate Widening for Method Invocations
Reduction

Path Reduction

Type Equality

Type Assignment

Membership

Expansion

Subtyping

Declaration subsumption

Well-formed types
Well-formed declarations



| T,skF Twfe Well-formed and expanding types
| T Es Consistent Context

Judgement

Job

user_syntaz =

var
label
ndex
vlabel
mlabel
clabel
alabel

v

tm
path
constr
def
gamma
store
tlabel
tp

tpc

decl
decls
ctr
terminals
formula

v | | Remove Widening

NOWID_VAR
x|z
vl x
——F  NOWID_WID
v: T | x

’ s F w.l]v 1, v"| Propagate Widening for Value Selections

s F £E.l|U/ , o UP_VALUE_VAR

l,skF(v:T)>1:T
sk (v:T)l|v Ty (v: T

UP_VALUE_WID

’ s Fom(v') | A2t 1, t”|  Propagate Widening for Method Invocations

UP_METHOD_VAR
s B az.m(v) | Ag! ' Ty, ([0 2]¢)

sk (@:T)y>m:8 =T
st (v:T)m(v) | Ae"t" T (([(v" 2 S7)/2!]t") : T")

UP_METHOD_WID

’ t|s — t'|s’| Reduction




RED_NEW
valz = newc;t|s — t]|s,z+— ¢

T {defi'} € s

def;isl = v’

vl

s E ol Ty 0"

vlls — v"]|s

RED_VSEL

> T{defi'} € s
defiism(z) =t

vl x

s B om(v) | Azt T t7

RED_MSEL
vmv'|s — t']s

tls — t'|s
elt]|s — elt']|s’

RED_CTX

I''stkp —p p'| Path Reduction

z—T{defi'} € s
def;isl = v’

vl

o' |

s vl —, 2/

PATH_RED_BASE

PATH_RED_WID
LiskEp:T — p

Iskp —p p
Iys = pl —p pll

PATH_RED_REC

I's+ T=1T| Type Equality

sk T<: T
st T < T
Tsk =1 oA
I',s t:T| Type Assignment
x:T el
e — P_VA
TsFo.T AR
I'skHt>1:T
TsFol.T o osEb
skt >m:8 =T,
F,Sl_tQZTQ
sk Th =5
TYP_MSEL
sk timty: T4
Iys = t:T
sk T < T
TYP_WID
I'skHt:T:T



z & (T)

I's - T.wfe

Ts b Ty=p L S0, It T m s Vi — W,
Fx:T.ysHt: T

T,z:T.,s F S5 <: Uj’

T,z:Tos - ol 10"

I'z:T.,s F T,’CET_kk

T,z:1,,s - V,wfe' _

F,.’EZTC,ZL’ii VZ‘,S H ti 2‘ Wilz

T,o:To,s - W =W,

Iys + valz = new T { [, = vkk, mi(z;) = tii};t: T

I''sk+t> D| Membership

I'skFp:T
I,st T=<,D;'
MEM_PATH
F,S + p> [p/Z]DZ
z & I(T)
I'skEt:T _
s+ T=<,D;'
T s 15D, MEM_TERM
9 1
I''s - T <, D| Expansion
I,sk-T<,D
EXP_RFN

I's+ T{z=D}<,DAD

F,S F T ‘<zﬁl
I's Ty <2E2

— — EXP_AND
I's bt ThANTy <, D1 N Do
I's+ Ty <, El
I's b Ty <, Dy
— — EXP_OR
I'st Thv Ty <, DV Dy
IskEp>L:S.U
I''skU<,D
— EXP_SEL
I's+pL<,D
EXP_TOP
TsFT<:{} '
—— EXP_BOT
I''skH1<,D,
I''s H S<:T| Subtyping
— — SUB_REFL
sk T<:T
sk S<:T
I''skH 8 <, D
Iz:5 sk D' <:D
SUB_RFN_R

s - S<:T{z= D}

6

TYP_NEW



sk T<: T

— SUB_RFN_L
I''st T{z= D} <: T
I'skp>L:S.U
sk S<:U
sk S <8
Tosk § <ipl  OPTELR
Iskp>L:S.U
sk S<:U
st U< U
SUB_TSEL_L
I''spL<: U’
st T<:Ty
sk T<: Ty
SUB_AND_
TsbF T< TAAT, —oANPR
sk T, < T
SUB_AND_L
sk ThnTy<: T
s - T <: T;
SUB_OR_R
sk T<:TyVv T,
sk Ty <:T
I'st To<: T
SUB_OR_L
sk ThvTy<: T
Tosh T< T >ootor
Dsk L1 °0PPOT

LisEpr —p
T's T <:p2.L
I''skHT<:pm.L

I's D <: D'"| Declaration subsumption
sk S <8
sk U< U
sk L:S.U<:L:58.U
O,skHT<: T
ToskHI:T<:1:T
sk S8 <8
sk T<: T
'stm:S—-T<:m:5 —= T
I,s+-D<:D
Well-formed types

I's F Twfe
[,z: T{z= D},s - Dwf

SUB_PATH_RED

DECL_SUB_TYPE

DECL_SUB_VALUE

DECL_SUB_METHOD

I,s b T{z = D} wf

WF_RFN



I'skEp>L:S5.U
I's - Swfe
I's - Uwfe

I's F p.Lwf
I'N'sFp>L:1.U
I's - p.Lwf
I'.s - Twfe
I's - T'wfe
I's = T AT wf
I's F Twfe
I's - T'wfe
I's TV T wf

WF_TSEL1

WF_TSEL2

WF_AND

WF_OR

Tsr Lwf P07

—— WF_TOP
I's v Twf 5

I''s - Dwf| Well-formed declarations

I's - Swfe
I'.s - Uwfe
I'sk L:S.Uwf DECL-WE-TYPE

I',s T wfe
_ _VA
Ts 1 Twt DECL_WF_VALUE

I's - Swfe
I's - Twfe
F,S Fm:S > Twt DECL_WF_METHOD

I' s - Dwf

I's F Twfe| Well-formed and expanding types

I's v Twf
sk T<,D
I'.s - Twfe WEE-ARNY

Consistent Context

Definition rules: 53 good 0 bad
Definition rule clauses: 141 good 0 bad



