index variable for class type variables and arguments
index variable for method type variables and arguments
index variable for method parameters and arguments
index variables as arbitrary elements

index variable as upper limit

field identifier

method identifier

parameter identifier

type variable identifier

derived class identifier

raw address identifier



terminals =

class keyword: class declaration
extends keyword: super type declaration
new keyword: object creation

this keyword: current object

null keyword: null value

pure keyword: pure method

impure keyword: non-pure method

syntax: start generics
syntax: end generics
syntax: start block
syntax: end block
syntax: start parameters
syntax: end parameters
; syntax: separator
syntax: selector

~ AN~~~ VvV A

= syntax: assignment
Object name of root class

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

| € containment judgement

| ¢ non-containment jdugement
|k single element judgement
|k multiple element judgement
| separator

| s strict separator

| = maps-to

| OK well-formedness judgement
| strictly OK strict well-formedness judgement
| pure purity judgement

| strictly pure strict purity judgement

| enc encapsulation judgement

|  prg OK programmer well-formedness judgement
| C subclassing

| < subtyping of single type

] <ty ordering of ownership modifiers
| <y argument ordering

| < strict ordering

| <y invariant ordering

| = alias

| # not alias

| = multiple alias

| = option alias

| Fo option not alias

| = optional, multiple alias

| C subset relation

| U append two lists

|V logical or



formula

A
AND
—
null,
any,
root,
lost,

otherwise
Judgement

formulay , ..
(formula)

formula

formula N formula’
formula A formula’

formulay,

formula formula’
formula = formula’
sfml
Tfml

Vf e f. formula
Vie{l...k}. formula
35T, formula

VsT. formula

VSCT. formula

vC, C". formula

VT, formula

Vo € a. formula

Yo e, f € fu. formula
Vi e P(%). formula
Vf € fu. formula

Cid
Object

blassOf(sN)
ClassOf("T)

self
peer
rep
any
lost

om(°N)

=L

logical and
top-level logical and
logical implication
special null address
special any address
special root address
special lost address

formulas

none of the previous rules applied
judgement

sequence

bracketed

negation

logical or

logical and

top-level logical and

implies

static formulas

runtime formulas

for all f in f holds formula

for all 4 in {1...k} holds formula
exists ST such that formula

for all 5T holds formula

for all *CT holds formula

for all C' and C’ holds formula
for all "T holds formula

for all % in % holds formula

for all ¢ in 7 and field f in fv holds formula
for all 7 from % holds formula

for all f in fv holds formula

class name

derived class identifier

name of base class

some class name

class of a static non-variable type
class of a runtime type

ownership modifier

current object

same context

representation context

any context

lost context

some ownership modifier

ownership modifier of non-variable type



gl

5T

S TO

N

SNO

om(°T, I

Uy -y Up

C<sT>

N
X

T [T/X]

T, Ty
5Ty, 5T
SN

X

0

T [T/X]

T
SN,
°I'(x)

SN
T(X)

M

ownership modifier of static type

ownership modifiers
ownership modifier list
notation

class type
generic class type

static type
non-variable type
type variable
some type
substitution of T for X in T

static types
static type list
two static type lists
non-variable type list
variable type list
no static types
some static types
substitution of 57 for X in each type in ST

static type option
lifted static type
non-variable type option
look up parameter type

static types option
lifted static types

non-variable type
definition
some non-variable type

non-variable types
one non-variable type
non-variable type list
no non-variable types
some non-variable types

non-variable type option
lifted non-variable type
look up upper bound of type variable

non-variable types option



>

Is

Cls

Cls

ClsHd

N

X

Yla 7Y’n
0
free(°T)
X

Cls, C, e

class ClsHd { fd md }
class Object {}

Clsy .. Cls,

Cid<TP> extends C<5T>

X extends °N
TPq, .., TP

fl fn
fields(C)

null

x

new T ()

e.f

eo-f = el
60.m<3T>(E)
T e

lifted non-variable types

type variables
one type variable
type variable list
no type variables
some type variables
type variables in 5T

type variables option
lifted type variables

program

class declaration
class declaration
declaration of base class

class declarations
class declaration list

class header
generic class header declaration

type parameters
type variable X has upper bound *N
type parameter list
some unspecified type parameters

field declarations
type *T and field name f
field declaration list
some field declarations

list of field identifiers
field identifier list
recursive fields look-up

expression
null expression
variable read
object construction
field read
field write
method call
cast



€o

ol

ms,

mpd

v

e

€1y -, €k

ms { e}

md
mdy .. md,

p <TP> T m(mpd)

ms[*T [ X]

None

pure
impure

mad
MName(ms)

ST pid

mpdy, .., mpd

pid
this

{*v; 0}

X —°N

q

expression option
lifted expression

expressions
list of expressions
empty list

method declaration
method signature and method body

method declarations
method declaration
method declaration list
some method declarations

method signature
method signature definition
substitution of *T" for X in ms

method signature option
lifted method signature
no method signature defined

method purity modifiers
side-effect free
side effects possible
some purity modifier

method name
method identifier
extract method name from signature

method parameter declarations
type and parameter name
list
some method parameter declarations

parameter name
parameter identifier
name of current object

static environment
composition

static type environment entry
type variable X has upper bound *N



Sép

58,

Y

sfml

87617 . 7Sf}/en
0

pid — 5T

this — N

58,
50¢, _

S S S
8t *Opys -+ 0y,

sT:sT/
Ty="T
ST#ST/
ST=sT'
XcXx
ST esT
c=c'
C+C’
5[1:3[1/
ms=ms’
MSe=oMms,
m=m/
m#m’
e=e'

Clse P

class C<TP>...

Xesr
el
u=u'
uFu
uesT
ugsT
ueu
p=p’

RAId
"I'(this)

epr

static type environment
mapping list
empty type environment

static variable parameter environment
variable pid has static type *T

static variable environment for this
variable this has static type *N

static variable environment
mapping for this
mapping for this and some others
mappings list

static formulas
type alias
type option alias
type not alias
types alias
type variables X subset of X'
type *T contained in list 5T
class name alias
class name not alias
static environment alias
method signature alias
method signature option alias
method name alias
method name not alias
expression alias
class definition in program
partial class definition in program
type variable in static environment
parameter in static environment
ownership modifier alias
ownership modifier not alias
ownership modifiers in types (ignores Xs)
ownership modifiers not in types (ignores Xs)
ownership modifier in set of ownership modifiers
purity alias

address identifier
raw address identifier
currently active object look-up
some address identifier

address identifiers



Vo

S

Lo

%o

|

Oe

L1y .oyl

dom(h)

null,

root,
any,

%

owner(h, )
u o]

owners(h,¢)

A1y o 3%

=L

address identifier list
empty list

some address identifier list
domain of heap

value
address identifier
null value
some value

value option
lifted value
field value look-up
argument value look-up
field value look-up

values
value list
empty list

owner adress
address of the owner
root owner
special any address
some owner address

owner adress option
lifted owner address
look up owner in heap
substitute u using o

owner addresses
owner address list
union of owner address lists
list of address identifiers
empty list
some list of owner addresses
notation

owner addresses option
lifted owner addresses

look up transitive owners in heap

list of owner address identifiers
owner address identifiers list

runtime substitution



"r

s TO

Oo

he

T

U
"T/X

Oely --50en

9 O<r'T>

T
h(e)la
T(X)

r r
T17 R Tn

T
5T [o

fr=uo

.]TUM . 7fvn

;i(b)iz
folf = o]

("7 fv)

=L

substitute % for u
substitute "7 for X

runtime substitutions
list of substitutions

runtime type
definition

runtime type option
lifted runtime type
look up type in heap
look up runtime type of type variable

runtime types
runtime type list
no runtime types
some runtime types

runtime types option
lifted runtime types
apply substitutions o to T

field values
field f has value v
field value list
some field values
look up field values in heap
update existing field f to v

object B
runtime type "I’ and field values fv

object option
lifted object
look up object in heap

heap entry
address ¢ maps to object o

heap
empty heap
add he to h, overwriting existing mappings

runtime environment
composition



Ty = runtime type environment
| Xw='T type variable X has runtime type "1’
[ TP list of mappings
|0 empty type environment
"0p = runtime variable environment parameter entry
|  pid = v variable pid has value v
"oy = runtime variable environment entry for this
|  this— variable this has address ¢
"y = runtime variable environment
| "o mapping for this
| "0, - mapping for this and some others
| 70, "0y - ,"Op, mappings list
Tfml n= runtime formulas
| h=H heap alias
| TT="T" runtime type alias
| "To=,"T) type option alias
| =T’ runtime types alias
| o= T runtime types option alias
| "Te'T type "T contained in list 7T
| o= value alias
| v value not alias
| vo=o0), value option alias
| VoFoUl value option not alias
| et address in addresses
| A addresses not aliased
| ¢ address not in addresses
| a=% owner address alias
| %o=0%0' owner address option alias
| aa owner address not alias
| a=% owner addresses alias
| a=a owner addresses alias
| 070:0070 owner addresses option alias
| % € %, owner address in owner addresses
| %, C o owners option %, contained in %’
|  o=0 object alias
| 0,=00 object option alias
| =" runtime environment alias
| ﬁ:ﬁ/ fields alias
| Xe'T type variable in runtime environment
| ze'l parameter in runtime environment
| f€dom (fT)) field identifier f contained in domain of fv
st_helpers =

10



ucombdef

tcombdef

stsubxing

typerules

wfstatic

FType(C,f) =0 T
FType(®N, f) =, *T,
MSig(C, m) =, ms,
MSig(SN, m,ﬁ) =0 MSo
ClassDom(C) =, X,
ClassBnds(C) =, N,

ClassBnds(*N) =, N,

uwp>u = u
u > ST = 5T
u > ST sT

N > °T =, °T}
SN > T =, 5T,

(N &) [T/X| =

U <iy U

sCT CsCT’

ST b ST < ST
FST <y ST

T EAT <y T
FsT <y ﬁ/
SPFST <: 5T
SP b ST < ST

S'Ee:*T
S e :sT
SI'E e g 5T
S b€ 5T
S 5T OK
S+ sT OK

'+ 5T strictly OK

S ST strictly OK

Cls OK

ST f; OK

SI'F fd OK

I, C'F md OK

SI', C + md OK
SCTFm OK

SCT, C<sT, X>F m OK
" OK

11

look up field f in class C

look up field f in type *N

look up signature of method m in class C

m in *N with method type arguments 57 substitute
look up type variables of class C

look up bounds of class C

look up bounds of type *N

combining two ownership modifiers
ownership modifier - type combination
ownership modifier - types combination

type - type combination
type - types combination

type - types combination and substitution

ordering of ownership modifiers
subclassing

static subtyping

type argument subtyping

strict static subtyping

type argument subtypings
static subtypings

strict static subtypings

expression typing
expression typings
strict expression typing
strict expression typings

well-formed static type
well-formed static types

strictly well-formed static type
strictly well-formed static types
well-formed class declaration
well-formed field declaration
well-formed field declarations
well-formed method declaration
well-formed method declarations
method overriding OK

method overriding OK auxiliary
well-formed static environment



encapsulation

purity

prgok

rt_helpers

rtsubxing

F P OK

'+ e enc
'€ enc

' C F md enc
S, C'+ md enc
Cls enc

F P enc

"'+ e pure
°[" - e strictly pure
' ke strictly pure

' T prg OK
SF7SN// '_ ST <: SN7 SN/
P, SN 5T <: 5N, 5N’
S sT prg OK

Cls prg OK
SI'=5T f; prg OK

ST fd prg OK

' C' = md prg OK
ST, C' F md prg OK

F P prg OK

'+ e prg OK

' +-¢ prg OK

h+o = (K)

hlo.f=v] =, W

FType(h7 va) =0 *To
MSig(h,t,m) =, ms,
MBody(C,m) =, e,
MBody (h,t,m) =, e,
den(ﬁ,h,L,rT,Q) =, T
ClassBnds(h,¢,"T,%) =, T

hb="T <. ™
hbTT < 7T
htwv,: ™

h,'I' v : T
h," T =7 : ST
hottFwv,: °T

dyn(ST7 h’a TF,FL) o rTo

12

well-formed program

encapsulated expression
encapsulated expressions
encapsulated method declaration
encapsulated method declarations
encapsulated class declaration
encapsulated program

pure expression
strictly pure expression
pure expressions

reasonable static type
reasonable static type argument
reasonable static type arguments
reasonable static types
reasonable class declaration
reasonable field declaration
reasonable field declarations
reasonable method declaration
reasonable method declarations
reasonable program

reasonable expression
reasonable expressions

add object o to heap h resulting in heap h’ and fi
field update in heap

look up type of field in heap

look up method signature of method m at ¢

look up most-concrete body of m in class C or a
look up most-concrete body of method m at ¢
simple dynamization of types 5T

upper bounds of type "T" from viewpoint ¢

type "T is a subtype of "I”

runtime subtypings

runtime type "T" assignable to value v,

static type °T assignable to value v (relative to "I
static types ST assignable to values v (relative to
static type °T" assignable to value v, (relative to ¢
dynamization of static type (relative to "I")



semantics

wfruntime

Judgement

user_syntax

dyn(ﬁ, h, TF,OZL) =, T,
h,"T" = *N,5T; (ST /X, 1) =o T

'+ h,e ~ kv
T+ he ~ h,v
FP ~ ho

h, + B 7T, strictly OK
h, « =TT strictly OK
h, T+ T strictly OK
h . OK

h OK

h,"I" : *I'" OK

st_helpers
ucombdef
tcombdef
stsubzing
typerules
wfstatic
encapsulation
purity
prgok
rt_helpers
rtsubxing
semantics
wfruntime

3\3 S T~ T

id

pid

X

Cid
RAId
terminals
formula
C

u

13

dynamization of static types (relative to "I")

validate and create new viewpoint "I"’

big-step operational semantics
sequential big-step operational semantics
big-step operational semantics of a program

strictly well-formed runtime type "7,
strictly well-formed runtime types

strictly well-formed runtime types
well-formed object at an address
well-formed heap

runtime and static environments correspond
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T(sp
T(St
"o

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| fmi

[FType(C, f) =, °T,

look up field f in class C

class Cid<> extends <> { _*T' f;__} €P

SFTC_DEF
FType(Cid, f) =, °T '
’FType(SN,f) =, °T,| look up field f in type N
FType(ClassOf(°N) , f) =, *Th
N> Ty =, °T
SFTN_D
FType(*N, f) =o °T PR
’MSig(C, m) =, ms,| look up signature of method m in class C'
class (Cid<> extends <>{__ms{e}_}€P
MName(ms) =m
SMSC_DEF

MSig(Cid, m) =, ms

MSig(SN, m,ﬁ) =, ms,| m in *N with method type arguments ST substituted

MSig(ClassOf(°*N) ,m) =, p <X extends 5N1l> T m(T} pid )
SN > %l) [ﬁl/yll} — Wl,l (sN > sT) [SiTll/Yll} =, T
N e ) TR = Ty

— . . SMSN_DEF
MSig(SN, m, ST ) =0 p <X extends *N| > sT' m (5T} pid ")
ClassDom(C) =, X,| look up type variables of class C
class (id<X}, extends "> extends <> {_-_}eP
SCD_NVAR

ClassDom(Cid) =, Ykk

SCD_OBJECT
ClassDom(0bject) =, 0

ClassBnds(C) =, N, | look up bounds of class C

15



class (id<X} extends SNkk> extends <>{__}€P
— SCBC_NVAR
ClassBnds(Cid) =, N

SCBC_OBJECT

ClassBnds(Object) =, 0

ClassBnds(*N) =, N, | look up bounds of type N

ClassBnds(ClassOf (*N)) =, *N
SN > Wl =0 SN
— SOBN_DEF
ClassBnds(*N) =, N

"1 combining two ownership modifiers

u>u = u
UCU_SELF
self > u = u
UCU_PEER
peer > peer = peer
UCU_REP
rep > peer = rep
UCU_ANY
u > any = any
otherwise
UCU_LOST
u > u = lost
w > 5T = T'| ownership modifier - type combination
——  UCT_VAR
u>X = X
uw>u = u
— —/
u > ST = 5T
— —— UCT_NVAR
u > u C<ST> = o C<5T >
— — . . .
u > ST = T ownership modifier - types combination

k
u > ST, = ST];

-k
u > STy = STIQ

UCTS_DEF

k

type - type combination

N > 5T =, T

uw > T = T
STy [*T/X]=°T"  ClassDom(C) =, X
— TCT_DEF
u C<ST> > T =, T’

SN > 5T =, ﬁ; type - types combination

k
SN > Ty, =, ST]Q
TCTS_DEF

7]{: [
SN > 5Ty~ =, T}

(SN > ﬁ) [ﬁ, /Y’} =5 ﬁf,’ type - types combination and substitution

16



SN > 5T =0 ﬁ1
ﬁl [ﬁ/ /Y/} :ﬁ//

—  TCTSSUBSTS_DEF

(N > T) [T/X| = °T
ordering of ownership modifiers

———— OMO_TP
self <, peer

—F— X OMO_PL
peer <i;, lost

— X OMO_RL
rep <:, lost

— OMO_UA
U <i, any

———  OMO_REFL
U <ig U

SCT C sCT'| subclassing

ok Ve
class (id<Xj extends _ > extends C'<*T>{ __} €P

— — scl
Cid<X;, > C C'<sT>

class C’<mk>... epP
C<7kk> C C<Tkk>
C<X>LC C<sT>
C1<X1> C C'<T >
C<X>C O'<5T [5T,/X1]>

sc2

sc3

S T <: ST'|  static subtyping

C<X>LC C'<sT1>
w C<ST> > 5Ty =, 5T
ST b O<ST> < u C'<ST'>
u <iy FST <y 5T
ST u O<ST> <: o/ C<5T'>
ST=X V T(X)=,"T
ST X < 8T
S EST < T
T 5Ty <: T
ST F ST <: T

type argument subtyping
u € {u,lost}
FsT < ﬁ/
Fu C<ST> <y o C<T >

/

STl

ST2

ST3

sT4

AsT1

- AST2
FX <y x T

17



SI'F ST <:s ST'| strict static subtyping

T E ST < T
lost ¢°T"
ST+ 5T <:y T

SSTDEF

FsT <y ST type argument subtypings

FST, < T

A ASTS_DEF
FsT ™ <y ST];

SP 5T < T | static subtypings

TF Ty, <: 1]
T < s

STS_DEF

S ST <y ST | strict static subtypings

k
T F Ty, <5 °T]
ST 5T, <y T
expression typing

SI'E e 9T
N1y < °T
I'+=sT OK
SI'F e 5T
self ¢ °T
S'=5T OK
S[" - null : 5T
I'(z)=,"T
S ST
'+ 5T strictly OK
om(*T,°I") € {peer,rep}

SSTS_DEF

TR_SUBSUM

TR_NULL

TR_VAR

R_NEW
ST F new T Q) - °T TR-NE
S €y . SNO
FType(*No, f) =0 °T R READ
S eg. f 25T -
ST ep: Ny FType(*No,f) =o °T
Tras T TR_WRITE
S ey .f=e 5T -
ST - eg : *Np SI 5T, strictly OK
MSig(SNO, m,fnl) —, _ <X extends °N; > °T m (T} pid *)
T ket 5T T <y N
[N = eo.m<@l>(equ) 28T
S'Fe: _
SI 5T OK
TR_CAST

sSE (ST) e ST

18

TR_CALL



expression typings
—k
s e ST
TRM_DEF
S = eg b 25T,
strict expression typing
e °T
lost ¢°T
ST e DPER
SI'Fe:s ST | strict expression typings
———~k
S e, i 5Ty
% STRM_DEF
ST ek o 5T
'+ 5T OK| well-formed static type
Xer
—————— WFT_VAR
s X OK
S =sT OK self ¢sT
ClassBnds(u C<*T>) =, N  ['+ T <: °N
s u C<5T> OK
SI'F T OK| well-formed static types
T T T, OK"
— WFTS_DEF
s' 5Ty, OK
S 5T strictly OK|  strictly well-formed static type
Xer
SWEFT_VAR
s[" = X strictly OK
ST ST strictly OK {self,lost} ¢ u C<5T>
Clasands(u C’<ﬁ>) =, N S 5T <: SN
s[" = u C<ST> strictly OK
SI' ST strictly OK|  strictly well-formed static types
s[" = sTy, strictly OK"
— SWFTS_DEF
s[" = 8Ty, strictly OK
Cls OK| well-formed class declaration
SP— {Xk N, . this — self Cid<X; >, }
I F 3N, © OK self ¢ N, "

SI" =T strictly OK  ClassBnds(self C<3T>) =, SN S RST <y SN

ST fd OK ST, Cid - md OK

WFT_NVAR

SWFT_NVAR

class (Cid<X} extends SNkk> extends C<sT> { fd md } OK

WFC_OBJECT
class Object {} OK

19
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S FE5T f OK‘ well-formed field declaration

S F ST OK
T T [, OK WFFD_DEF
SI'F fd OK| well-formed field declarations
TFT, f;; OK'
- WFFDS_DEF

s 5T; fi; OK

', C+ md OK‘ well-formed method declaration

— 'k — k
= {X,g — SN, ; this > self C<X] >,,}
k — k _—_—
s = {X,; —NT" X N, ; this s self C<X! >, pid — Squ}

I 5N, 5T, ST, 1 OK self ¢ N, '
S F e ST C<X]">+m OK
; ; WFMD_DEF
sI', C'F _<X; extends *N; > 5T m(*T, pid") { e } OK
S, C + md OK| well-formed method declarations
ST, C F md, OK”
- WFMDS_DEF
s[',C'F mdy~ OK
’sC’T Fm OK‘ method overriding OK
VO'<X'>. V5T, (C’<Y> C O'<ST> = O<X>, C'<5T, X>Fm OK)
— OVR_DEF
C<X>Fm OK
SCT,C<sT, X>+ m OK| method overriding OK auxiliary
MSig(C,m) =, ms MSig(C’, m) =, ms),
ms,=,None V (msgzoms’ A ms’[ﬁ/yl]:ms)
— — OVRA_DEF
C<X>, C'<sT, X >+ m OK
well-formed static environment
sP— {Xk =N " XI5 N this o self O<X; >, pid s °T, q}
ClassDom(C) =, Tkk ClassBnds(C) =, ﬁk
S ST, 5NN oK self ¢ N, " N’
T OK SWFE_DEF
F P OK| well-formed program
Cls; OK'
{0 ; this — self C<>} F self C<> OK
{0 ; this — self C<>} Fe:_
VC/, o ((C/<,> CC'<> A C'<>C Cl<,>> — C/:C//)
WFP_DEF

- Cls;', C, e OK

' e enc| encapsulated expression

20



SCF null ; _

[+ null enc PNULL
I'Fax:_
s+ x enc BVAR
S new °T() : _
S[" - new T () enc BNEW
' oeg.f @
' ey enc
S ey.f enc BREAD

I'te.f=e :_
SI'E ey = °Ny ' ey enc ' e; enc
om(®*Np) € {self,peer,rep}

SI'F ey.f =€ enc

E_WRITE

S eg.m<ST>(e) : _
' ey = *Ny ' ey enc ' =€ enc
om(°Ny) € {self,peer,rep} V MSig(*No, m,*T) =, pure <> _ m(.)

— E_CALL
I - eg.m<ST>(€) enc
STE CGT) e
' e enc
E_CAST
s (5T) e enc
encapsulated expressions
—_k
[ e, enc
EM_DEF
sI" e, * enc
' C Fmd enc‘ encapsulated method declaration
S[', '+ p <X extends lel> T m (T, pid ") {e} OK
5= {Xé — SN,’Ck ; this — self C<fék>,,}
spr— {X,; —NTY X N, this o self O<X! >, pid — °T, q}
(p=pure = °I"' I~ ¢ pure) (p=impure = " I e enc)
7 — EMD_DEF
s, C' F p <X, extends °N; > T m(T, pid ") { e } enc
S, C' - md enc| encapsulated method declarations
s, C'F md; enci
; EMDS_DEF
sI',C F md; enc
encapsulated class declaration
class (id<X}, extends SNkk> extends C<sT> { fd md } OK
['= {X,C — stk ; this +— self C’id<7kk>,,} I, Cid + md enc
EC_DEF

class (id<X} extends stk> extends O<ST> { fd md } enc

EC_OBJECT

class Object {} enc

encapsulated program
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F Cls, C, e OK
Clsy, enck
{0 ; this — self C<>} e enc

- Cls, C, e enc
pure expression

EP_DEF

'+ e strictly pure‘ strictly pure expression

' F null : _
S['F null strictly pure
' x:
s[' = x strictly pure
' - new °T() : _
SI" F new $T'() strictly pure

I'Fey.f:_
' F ey strictly pure

SP_NULL

SP_VAR

SP_NEW

: SP_READ
SI" = ey.f strictly pure

ST ey. m<ST>(e) : _
' ey = °Ny ' F ey strictly pure ' F e strictly pure
MSig(sNo, m,ﬁ) =, pure <> _m()
s b eg.m<ST>(€) strictly pure
'E CT) e
' F e strictly pure
S[" = (5T) e strictly pure

SP_CALL

SP_CAST

' e strictly pure| pure expressions

- k
s[" = ey strictly pure

— : PM_DEF
s+ e " strictly pure

"= *T prg OK| reasonable static type

Xer
sI' = X prg OK
SI' = sT prg OK self ¢ u C<sT>
ClassBnds(C) =, N uw C<ST> > SN =, 5N
S u O<3T> F 5T <: W,W/
sI' = u C<5T> prg OK

PWFT_VAR

!/

PWFT_NVAR

S SN” 3T <: N, *N’ ‘ reasonable static type argument

T F ST <: N

ClassDom(C) =, Ykk ClassBnds(C') =, %k

SV = {Mk : this — self C<7kk>,,}

3Ty, (u C<T> > Ty =, T A °I'+ Ty <: *N)
s, u C<ST> F 5T <: SN, SN’

PWFTA_DEF

S SN - 5T <: 5N,5N' | reasonable static type arguments
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k
T, "N" F *T}, <: *N,°N],

A % PWFTAS_DEF
s[” SN - STk <: st 7SN];

k

S+ T prg OK| reasonable static types

sI" = 5Ty, prg OK"
s+ @k prg OK

Cls prg OK| reasonable class declaration

class (id<X}, extends SNkk> extends C<sT> { fd md } OK
S['= {Xk — SNkk : this + self Cid<Ykk>,,}

5T I—%k prg OK lost gé%k
S+ fd prg OK I, Cid F md prg OK

class (id<X} extends SNkk> extends C<sT> { fd md } prg OK

PTS_DEF

PC_DEF

PC_OBJECT

class Object {} prg OK

' 5T f; prg OK| reasonable field declaration

'+ 5T prg OK lost ¢°T

PFD_DEF
s sT f; prg OK
SI' - fd prg OK| reasonable field declarations
TECT s pre oK' PFDS_DEF

SFI—STiﬁ;i prg OK

', C F md prg OK| reasonable method declaration

S[", C' = p <X, extends N> o7 mGT, pid") { e} OK

'= {Wk ; this +— self C’<Y]ék>,,

Sp—= {X,; —NL" X 5 N this o self O<X] >, W&qu}
SF’I—TNZZ,ST,@(I prg OK lostgéﬁl,ﬁq S F e prg OK
p=pure —> (free(ﬁl,ﬁg C0) A any > Wl, @q = Wl, @q)

PMD_DEF

s[". C'F p <X, extends SNll> ST m (5T, pid ") {e} prg OK

SI', C + md prg OK| reasonable method declarations

ST, C F md; prg OK"
[, C & md; " prg OK

F P prg OK| reasonable program

- Cls;', C, e OK
Cls; prg OK'
{0 ; this > self C<P>} F e prg OK

- Cls;', C, e prg OK

PMDS_DEF

PP_DEF
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' e prg OK| reasonable expression

S F null : _
PE_NULL
5" = null prg OK
'Eax
PE_VAR
"+ prg OK

S new T(Q) @ _

PE_NEW
SI" Fnew ST () prg OK
I'Eey.f:_
I eg prg OK B READ

s eg.f prg OK

I'Fey.f=e:_
'+ ey prg OK 't e; prg OK

PE_WRITE
SI'F ey.f =e prg OK
S eo.m<ﬁ>(€) D
' ey prg OK ' e prg OK
— PE_CALL
SI'F eg.m<sT>(e) prg OK
ST CT) e
'+ e prg OK ST 5T prg OK
PE_CAST
s (5T) e prg OK
'€ prg OK‘ reasonable expressions
I e; prg OK'
PEM_DEF

s[' &' prg OK

’ h+o = (I1) ‘ add object o to heap h resulting in heap A’ and fresh address ¢

v ¢ dom(h) h'=h+ (v o)
hto = (W)

HNEW_DEF

(hl.f = o] = I

field update in heap

v=null, V (v=/ A J/e€dom(h))
b= (T.])  fedom()  F=flf oo
ot (15 (7))

HUP_DEF
hlv.f=v] =, W
’FType(h, t,f) =0 °T,| look up type of field in heap
htwv: - C<>  FType(C,f) =, T
RFT_DEF

FType(ha Laf) o ST

’MSig(h, t,m) =, ms,| look up method signature of method m at ¢

hteov: - C<>  MSig(C,m) =, ms
MSig(h,t,m) =, ms

RMS_DEF

’MBody(C , M) =4 €| look up most-concrete body of m in class C or a superclass
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class Cid<>extends <>{__ms{e}_}€P
MName(ms) =m
MBody(Cid, m) =, e

SMBC_FOUND

class Cid<_> extends C1<>{ _ms, { e, } } €EP
MName(ms,) Zm " MBody(Ci,m) =, e
MBody(Cid, m) =, e

SMBC_INH

’MBody(h, L,m) =, €

look up most-concrete body of method m at ¢

h(t)d1 =o- C<>  MBody(C,m) =, ¢

RMB_DEF
MBody(h,t,m) =, €
sdyn(ﬁ, h,t,"T, 07) =, "T'| simple dynamization of types 5T
%" € dom(h) U {root,} %#any, = 9'=%

ClassDom(C) =, X  repesT = owner(h,t) =,%'
sT [%’/peer, t/rep,any,/any,"T /X, %;/lost l} =T

— — — SDYN
sdyn(ST7 hyt,% C<’"T>,OLZ-Z> =, T

ClassBnds(h,t,"T,%) =, "T'| upper bounds of type "I from viewpoint ¢

ClassBnds(ClassOf("T")) =, N sdyn(*N, h,¢,"T,%) =, T

— — RCB_DEF
ClassBnds(h,¢,"T,%) =, T

h=TT <: 7"T" type "T is a subtype of "T"

C<X>C C'<sT> % € {%,any,}
sdyn(ﬁ, h,_% C’<W>,‘7L) =, T

— — RT_DEF
htEoao C<T> < 9 C'<"T>
hTT <: T | runtime subtypings
hb T, < rTh
— — RTS_DEF
hi"T; <: T
runtime type "I’ assignable to value v,
h(LN,l =,"T1 h o< "l
RTT_ADDR

hto: ™T
RTT_NULL

htnull, : T

h,'I' - v : ST‘ static type 5T assignable to value v (relative to "I")

dyn(*T,h,"I",2) =,"T htov: T
ST=self <>= v="T"(this)

RTSTE_DEF
h,I' v : sT

h,'T' =7 : ST | static types *T assignable to values ¥ (relative to "I")

i

h," " - v; : 5T;

h, T 570 5T

RTSTSE_DEF
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h,t v, : 5T | static type T assignable to value v, (relative to ¢)

"T={0; this ¢}
h,'”I' v 5T
hyotbwv: 8T

RTSTA_DEF

dyn(*T, h,"T",%) =, "T,| dynamization of static type (relative to "T")

= {Xl — TTll ; this — L,,} htv: % C<T>
% € dom(h) U {root,} ClassDom(C) =, X
T [%/self,"b/peer, 1/rep,any,/any, T /X, TT;/Xll , % /lost | =,"T"
— DYNE
dyn (ST, bl ) —, T
dyn (ﬁ, h,'T ,O:L) =, "T,| dynamization of static types (relative to "I")
dyn(ST].) h’7 TFaoit’l) —o TTl ) .. ) dyn(STTH h7 TF7ULn) —o TTn
— — DYNSE_DEF
dyn(*Th, ..,5Tn, b, ", %5 . 3%) =0 "T1, ..,"Th
h,"T" = *N,*T; (*T/X,1) =, "T"| validate and create new viewpoint "I’
ST SN OK  ClassDom(ClassOf(*N)) =, X  free(*T) C X, Yll
ayn (T, 'T,0) =, 7T = {X = Ti' 5 this i,
—— NVP_DEF
h,"T" & SN, T (sTl /X ,L) —, T
T+ hye ~ K ,v‘ big-step operational semantics
OS_NULL
"'+ h,null ~~ h,null,
T'(z)=0v
OS_VA
' hyx ~> h,v VAR
dyn(°*T, h,"T",0) =, "T ClassOf("T) =C
(Vf € fields(C) . fo(f) =onull,) h+ ("T, fv) = (k)
OS_NEW
"' h,new ST'() ~ h',1
Tk h,eg ~ R,
Wlto-f) =ov OS_READ
"k hye.f ~~ h',v -
"T'F hyeg ~ ho,to
T+ h0,61 ~ hl,’U
il =] =0 I OS_WRITE
Tk hyey.f =€ ~ h v -
"T'Eh,eg ~ ho, o T ho,eg? > gl
MBody (hg, top, m) =, € MSig(ho, top, m) =, - <X; extends s m(_ pidq)
dyn(siTll,h,TF,@ =, TiTll = {Xl — TTll ; this — 1, pid — qu}
T hi,e ~ A, v
OS_CALL

’Tl—h,eo.m<@l>(67qq) ~ h' v
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T+ hye ~ h,v
B, T'+wv: 5T
'+ h,(5T) e ~ h',v

OS_CAST

"'+ h,e ~ h',T| sequential big-step operational semantics

"T'+ h,e ~» hg,v
T ho, et B

T Ehoe et~ W, Tt

OSS_DEF

OSS_EMPTY

TF b0 ~ h0

big-step operational semantics of a program

Vf € fields(C) . fu(f) =,null,
0+ (root, C<>, fu) = (ho, o)
"To={0; this > 1} To b hg,e ~ h,v

F Cls, C, e ~ h,v
h, + =TT, strictly OK‘ strictly well-formed runtime type "7,

OSP_DEF

. —k
% € dom(h) U {any,, root,} ClassBnds (h, 1,9 C<'TYy, k>, Q)) =0 T,
. _ k
h, 7T, strictly OK hi- T, < T,

h, 1 F 9 O<TTR "> strictly OK

h, v 7T strictly OK| strictly well-formed runtime types

h, L F "T; strictly OK"
h, L TT;" strictly OK

SWFRTSO_DEF

h, T T strictly OK| strictly well-formed runtime types

h, 1; F 7T strictly OK'
h, 7;' F Ti strictly OK

ht 1 OK| well-formed object at an address

h()d1 =o- C<>  h, ¢ F h(1)l1 strictly OK  root, € owners(h,¢)
Vf € fields(C). 3°T. (FType(h,t,f) =0 5T N h,o b h(c.f) @ °T)

SWFRTS_DEF

ht 1 OK
h OK| well-formed heap

Ve € dom(h). h ¢ OK
h OK
’ h,"I":°l OK‘ runtime and static environments correspond

WFH_DEF

"T=49X;—"T; ; this >, pzd»—>qu}

k — k B
T={X =N, X[ = _" ; this — self C<X] >, pid — °T, "}

h OK s OK h, 7T, strictly OK

— —1 — —1

dyn(SNll,h,fF,VJ) — hETT < T

h,T & o self C<X!'> h,'T b w9 : 5T,
h,T ;s OK
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WFA_DEF

WFRSE_DEF



Definition rules: 140 good 0 bad
Definition rule clauses: 361 good 0 bad
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