
k index variable for class type variables and arguments
l index variable for method type variables and arguments
q index variable for method parameters and arguments
i , j index variables as arbitrary elements
n index variable as upper limit
f field identifier
mid method identifier
pid parameter identifier
X type variable identifier
Cid derived class identifier
RAId raw address identifier
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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
| = syntax: assignment
| Object name of root class
| ∈ containment judgement
| /∈ non-containment jdugement
| ⊢ single element judgement
| ⊢ multiple element judgement
| : separator
| :s strict separator
| 7→ 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
| ⊑ subclassing
| <: subtyping of single type
| <:u ordering of ownership modifiers
| <:l argument ordering
| <:s strict ordering
| <:i invariant ordering
| = alias
| 6= not alias
| = multiple alias
| =o option alias
| 6=o option not alias
| =o optional, multiple alias
| ⊆ subset relation
| ∪ append two lists
| ∨ logical or
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| ∧ logical and
| AND top-level logical and
| =⇒ logical implication
| nulla special null address
| anya special any address
| roota special root address
| losta special lost address

formula ::= formulas
| otherwise none of the previous rules applied
| judgement judgement
| formula1 , .. , formulak sequence
| (formula) bracketed
| !formula negation
| formula ∨ formula ′ logical or
| formula ∧ formula ′ logical and
| formula formula ′ top-level logical and
| formula =⇒ formula ′ implies

| sfml static formulas

| rfml runtime formulas

| ∀f ∈ f. formula for all f in f holds formula

| ∀i ∈ {1 . . . k} . formula for all i in {1. . . k} holds formula

| ∃ sT . formula exists sT such that formula

| ∀ sT . formula for all sT holds formula

| ∀sCT . formula for all sCT holds formula

| ∀C ,C ′. formula for all C and C ′ holds formula

| ∀rT . formula for all rT holds formula

| ∀oι ∈ oι. formula for all oι in oι holds formula

| ∀ι ∈ ι, f ∈ fv . formula for all ι in ι and field f in fv holds formula

| ∀ι ∈ P(oι). formula for all ι from oι holds formula

| ∀f ∈ fv . formula for all f in fv holds formula

C ::= class name
| Cid derived class identifier
| Object name of base class
| M some class name
| ClassOf(sN) M class of a static non-variable type
| ClassOf(rT ) M class of a runtime type

u ::= ownership modifier
| self current object
| peer same context
| rep representation context
| any any context
| lost lost context
| M some ownership modifier
| om(sN) M ownership modifier of non-variable type
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| om(sT, sΓ ) M ownership modifier of static type

u ::= ownership modifiers
| u1, .. , un ownership modifier list
| {u} M notation

sCT ::= class type

| C<sT> generic class type

sT ::= static type
| sN non-variable type
| X type variable
| M some type

| sT
[

sT/X
]

M substitution of sT for X in sT

sT ::= static types
| sT1, .. ,

sTn static type list

| sT 1, sT 2 two static type lists

| sN non-variable type list

| X variable type list
| ∅ no static types
| M some static types

| sT
′
[

sT/X
]

M substitution of sT for X in each type in sT
′

sTo ::= static type option
| sT lifted static type
| sNo non-variable type option
| sΓ (x ) M look up parameter type

sT o ::= static types option

| sT lifted static types

sN ::= non-variable type

| u C<sT> definition
| M some non-variable type

sN ::= non-variable types
| sN one non-variable type

| sN1, .. , sNn non-variable type list
| ∅ no non-variable types
| M some non-variable types

sNo ::= non-variable type option
| sN lifted non-variable type
| sΓ (X ) M look up upper bound of type variable

sNo ::= non-variable types option
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| sN lifted non-variable types

X ::= type variables
| X one type variable

| X1, .. , Xn type variable list
| ∅ no type variables
| M some type variables

| free
(

sT
)

M type variables in sT

Xo ::= type variables option

| X lifted type variables

P ::= program

| Cls, C , e

Cls ::= class declaration

| class ClsHd { fd md } class declaration
| class Object {} declaration of base class

Cls ::= class declarations
| Cls1 ..Clsn class declaration list

ClsHd ::= class header

| Cid<TP> extends C<sT> generic class header declaration

TP ::= type parameters
| X extends sN type variable X has upper bound sN

| TP1, .. ,TPk type parameter list
| M some unspecified type parameters

fd ::= field declarations
| sT f ; type sT and field name f

| fd1 .. fdn field declaration list
| M some field declarations

f ::= list of field identifiers
| f1 .. fn field identifier list
| fields(C ) M recursive fields look-up

e ::= expression
| null null expression
| x variable read
| new sT() object construction
| e.f field read
| e0.f = e1 field write

| e0.m<sT>(e) method call
| (sT) e cast
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eo ::= expression option
| e lifted expression

e ::= expressions
| e1, .. , ek list of expressions
| ∅ empty list

md ::= method declaration
| ms { e } method signature and method body

md ::= method declarations
| md method declaration

| md1 ..mdn method declaration list
| M some method declarations

ms ::= method signature

| p <TP> sT m(mpd) method signature definition

| ms[sT/X] M substitution of sT for X in ms

mso ::= method signature option
| ms lifted method signature
| None no method signature defined

p ::= method purity modifiers
| pure side-effect free
| impure side effects possible
| M some purity modifier

m ::= method name
| mid method identifier
| MName(ms) M extract method name from signature

mpd ::= method parameter declarations
| sT pid type and parameter name

| mpd1, .. ,mpdq list

| M some method parameter declarations

x ::= parameter name
| pid parameter identifier
| this name of current object

sΓ ::= static environment
| {sγ ; sδ} composition

sγe ::= static type environment entry
| X 7→ sN type variable X has upper bound sN
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sγ ::= static type environment
| sγe1, .. ,

sγen mapping list
| ∅ empty type environment

sδp ::= static variable parameter environment
| pid 7→ sT variable pid has static type sT

sδt ::= static variable environment for this
| this 7→ sN variable this has static type sN

sδ ::= static variable environment
| sδt mapping for this
| sδt, mapping for this and some others
| sδt,

sδp1, .. ,
sδpq mappings list

sfml ::= static formulas
| sT=sT ′ type alias
| sTo=o

sT type option alias
| sT 6=sT ′ type not alias

| sT=sT
′

types alias

| X ⊆ X
′

type variables X subset of X
′

| sT ∈ sT type sT contained in list sT
| C=C ′ class name alias
| C 6=C ′ class name not alias
| sΓ=sΓ ′ static environment alias
| ms=ms ′ method signature alias
| mso=oms′o method signature option alias
| m=m ′ method name alias
| m 6=m ′ method name not alias
| e=e ′ expression alias
| Cls ∈P class definition in program

| class C<TP> . . . ∈ P partial class definition in program
| X ∈ sΓ type variable in static environment
| x ∈ sΓ parameter in static environment
| u=u ′ ownership modifier alias
| u 6=u ′ ownership modifier not alias

| u∈ sT ownership modifiers in types (ignores Xs)

| u /∈ sT ownership modifiers not in types (ignores Xs)
| u ∈u ownership modifier in set of ownership modifiers
| p=p ′ purity alias

ι ::= address identifier
| RAId raw address identifier
| rΓ (this) M currently active object look-up
| M some address identifier

ι ::= address identifiers
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| ι1, .. , ιn address identifier list
| ∅ empty list
| M some address identifier list
| dom(h) M domain of heap

v ::= value
| ι address identifier
| nulla null value
| M some value

vo ::= value option
| v lifted value
| h(ι.f ) M field value look-up
| rΓ (x ) M argument value look-up

| fv(f ) M field value look-up

v ::= values
| v1, .. , vn value list
| ∅ empty list

oι ::= owner adress
| ι address of the owner
| roota root owner
| anya special any address
| M some owner address

oιo ::= owner adress option
| oι lifted owner address
| owner(h, ι) M look up owner in heap
| u [σ] M substitute u using σ

oι ::= owner addresses
| oι1, .. ,

oιn owner address list
| oι1 ∪ .. ∪ oιn union of owner address lists
| ι list of address identifiers
| ∅ empty list
| M some list of owner addresses
| {oι} notation

oιo ::= owner addresses option
| oι lifted owner addresses
| owners(h, ι) M look up transitive owners in heap

oι ::= list of owner address identifiers
| oι1; .. ;oιn owner address identifiers list

σe ::= runtime substitution
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| oι/u substitute oι for u

| rT/X substitute rT for X

σ ::= runtime substitutions
| σe1, .. , σen list of substitutions

rT ::= runtime type

| oι C<rT> definition

rTo ::= runtime type option
| rT lifted runtime type
| h(ι)↓1 M look up type in heap
| rΓ (X ) M look up runtime type of type variable

rT ::= runtime types
| rT 1, .. ,

rT n runtime type list
| ∅ no runtime types
| M some runtime types

rT o ::= runtime types option

| rT lifted runtime types

| sT [σ] M apply substitutions σ to sT

fv ::= field values
| f 7→ v field f has value v

| fv1, .. , fvn field value list
| M some field values
| h(ι)↓2 M look up field values in heap

| fv [f 7→ v] M update existing field f to v

o ::= object

|
(

rT , fv
)

runtime type rT and field values fv

oo ::= object option
| o lifted object
| h(ι) M look up object in heap

he ::= heap entry
| (ι 7→ o) address ι maps to object o

h ::= heap
| ∅ empty heap
| h + he add he to h, overwriting existing mappings

rΓ ::= runtime environment
| {rγ ; rδ} composition

9



rγ ::= runtime type environment
| X 7→ rT type variable X has runtime type rT
| rγ1, .. ,

rγn list of mappings
| ∅ empty type environment

rδp ::= runtime variable environment parameter entry
| pid 7→ v variable pid has value v

rδt ::= runtime variable environment entry for this
| this 7→ ι variable this has address ι

rδ ::= runtime variable environment
| rδt mapping for this
| rδt, mapping for this and some others
| rδt,

rδp1, .. ,
rδpq mappings list

rfml ::= runtime formulas
| h=h ′ heap alias
| rT=rT ′ runtime type alias
| rTo=o

rT ′

o type option alias

| rT=rT
′

runtime types alias

| rT o=o
rT

′

runtime types option alias

| rT ∈ rT type rT contained in list rT
| v=v′ value alias
| v 6=v′ value not alias
| vo=ov

′

o value option alias
| vo 6=ov

′

o value option not alias
| ι∈ ι address in addresses
| ι 6=ι′ addresses not aliased
| ι /∈ ι address not in addresses
| oι=oι′ owner address alias
| oιo=o

oιo
′ owner address option alias

| oι 6=oι′ owner address not alias

| oι=oι
′

owner addresses alias

| oι=oι
′

owner addresses alias

| oιo=o
oι
′

o owner addresses option alias
| oιo ∈ oιo owner address in owner addresses

| oιo ⊆ oι
′

owners option oιo contained in oι
′

| o=o ′ object alias
| oo=oo

′ object option alias
| rΓ=rΓ ′ runtime environment alias

| fv=fv
′

fields alias
| X ∈ rΓ type variable in runtime environment
| x ∈ rΓ parameter in runtime environment

| f ∈ dom
(

fv
)

field identifier f contained in domain of fv

st helpers ::=
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| FType(C , f ) =o
sTo look up field f in class C

| FType(sN, f ) =o
sTo look up field f in type sN

| MSig(C ,m) =o mso look up signature of method m in class C

| MSig
(

sN,m, sT
)

=o mso m in sN with method type arguments sT substituted

| ClassDom(C ) =o Xo look up type variables of class C

| ClassBnds(C ) =o
sNo look up bounds of class C

| ClassBnds(sN) =o
sNo look up bounds of type sN

ucombdef ::=
| u ⊲ u ′ = u ′′ combining two ownership modifiers
| u ⊲ sT = sT ′ ownership modifier - type combination

| u ⊲ sT = sT
′

ownership modifier - types combination

tcombdef ::=
| sN ⊲ sT =o

sT ′

o type - type combination

| sN ⊲ sT =o
sT

′

o type - types combination

|
(

sN ⊲ sT
)

[

sT
′

/X
′

]

=o
sT

′′

o type - types combination and substitution

stsubxing ::=
| u <:u u ′ ordering of ownership modifiers
| sCT ⊑ sCT ′ subclassing
| sΓ ⊢ sT <: sT ′ static subtyping
| ⊢ sT <:l

sT ′ type argument subtyping
| sΓ ⊢ sT <:s

sT ′ strict static subtyping

| ⊢ sT <:l sT
′

type argument subtypings

| sΓ ⊢ sT <: sT
′

static subtypings

| sΓ ⊢ sT <:s sT
′

strict static subtypings

typerules ::=
| sΓ ⊢ e : sT expression typing

| sΓ ⊢ e : sT expression typings
| sΓ ⊢ e :s

sT strict expression typing

| sΓ ⊢ e :s sT strict expression typings

wfstatic ::=
| sΓ ⊢ sT OK well-formed static type

| sΓ ⊢ sT OK well-formed static types
| sΓ ⊢ sT strictly OK strictly well-formed static type

| sΓ ⊢ sT strictly OK strictly well-formed static types
| Cls OK well-formed class declaration
| sΓ ⊢ sT f ; OK well-formed field declaration

| sΓ ⊢ fd OK well-formed field declarations
| sΓ ,C ⊢ md OK well-formed method declaration

| sΓ ,C ⊢ md OK well-formed method declarations
| sCT ⊢ m OK method overriding OK

| sCT ,C<sT , X> ⊢ m OK method overriding OK auxiliary
| sΓ OK well-formed static environment
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| ⊢ P OK well-formed program

encapsulation ::=
| sΓ ⊢ e enc encapsulated expression
| sΓ ⊢ e enc encapsulated expressions
| sΓ ,C ⊢ md enc encapsulated method declaration

| sΓ ,C ⊢ md enc encapsulated method declarations
| Cls enc encapsulated class declaration
| ⊢ P enc encapsulated program

purity ::=
| sΓ ⊢ e pure pure expression
| sΓ ⊢ e strictly pure strictly pure expression
| sΓ ⊢ e strictly pure pure expressions

prgok ::=
| sΓ ⊢ sT prg OK reasonable static type
| sΓ , sN ′′ ⊢ sT <: sN, sN ′ reasonable static type argument

| sΓ , sN ′′ ⊢ sT <: sN, sN
′

reasonable static type arguments

| sΓ ⊢ sT prg OK reasonable static types
| Cls prg OK reasonable class declaration
| sΓ ⊢ sT f ; prg OK reasonable field declaration

| sΓ ⊢ fd prg OK reasonable field declarations
| sΓ ,C ⊢ md prg OK reasonable method declaration

| sΓ ,C ⊢ md prg OK reasonable method declarations
| ⊢ P prg OK reasonable program
| sΓ ⊢ e prg OK reasonable expression
| sΓ ⊢ e prg OK reasonable expressions

rt helpers ::=
| h + o = (h ′, ι) add object o to heap h resulting in heap h ′ and fresh
| h[ι.f = v] =o h ′ field update in heap
| FType(h, ι, f ) =o

sTo look up type of field in heap
| MSig(h, ι,m) =o mso look up method signature of method m at ι
| MBody(C ,m) =o eo look up most-concrete body of m in class C or a sup
| MBody(h, ι,m) =o eo look up most-concrete body of method m at ι

| sdyn
(

sT , h, ι, rT , oι
)

=o
rT simple dynamization of types sT

| ClassBnds(h, ι, rT , oι) =o
rT upper bounds of type rT from viewpoint ι

rtsubxing ::=
| h ⊢ rT <: rT ′ type rT is a subtype of rT ′

| h ⊢ rT <: rT
′

runtime subtypings
| h ⊢ vo : rT runtime type rT assignable to value vo
| h, rΓ ⊢ v : sT static type sT assignable to value v (relative to rΓ

| h, rΓ ⊢ v : sT static types sT assignable to values v (relative to r

| h, ι ⊢ vo : sT static type sT assignable to value vo (relative to ι)
| dyn(sT, h, rΓ , oι) =o

rTo dynamization of static type (relative to rΓ )
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| dyn
(

sT , h, rΓ , oι
)

=o
rT o dynamization of static types (relative to rΓ )

| h, rΓ ⊢ sN, sT ;
(

sT/X, ι
)

=o
rΓ ′ validate and create new viewpoint rΓ ′

semantics ::=
| rΓ ⊢ h, e  h ′, v big-step operational semantics
| rΓ ⊢ h, e  h ′, v sequential big-step operational semantics
| ⊢ P  h, v big-step operational semantics of a program

wfruntime ::=
| h, ι ⊢ rTo strictly OK strictly well-formed runtime type rTo

| h, ι ⊢ rT strictly OK strictly well-formed runtime types

| h, ι ⊢ rT strictly OK strictly well-formed runtime types
| h ⊢ ι OK well-formed object at an address
| h OK well-formed heap
| h, rΓ : sΓ OK runtime and static environments correspond

judgement ::=
| st helpers

| ucombdef

| tcombdef

| stsubxing

| typerules

| wfstatic

| encapsulation

| purity

| prgok

| rt helpers

| rtsubxing

| semantics

| wfruntime

user syntax ::=
| k

| l

| q

| i

| n

| f

| mid

| pid

| X

| Cid

| RAId

| terminals

| formula

| C

| u
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| u
| sCT

| sT

| sT
| sTo

| sT o

| sN

| sN
| sNo

| sNo

| X

| Xo

| P

| Cls

| Cls

| ClsHd

| TP

| fd

| f
| e

| eo
| e
| md

| md

| ms

| mso
| p

| m

| mpd

| x

| sΓ

| sγe
| sγ
| sδp
| sδt
| sδ

| sfml
| ι
| ι
| v
| vo
| v
| oι
| oιo
| oι
| oιo
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| oι
| σe
| σ
| rT
| rTo

| rT

| rT o

| fv

| o

| oo
| he

| h

| rΓ

| rγ
| rδp
| rδt
| rδ

| rfml

FType(C , f ) =o
sTo look up field f in class C

class Cid< > extends < > { sT f ; } ∈P

FType(Cid , f ) =o
sT

sftc def

FType(sN, f ) =o
sTo look up field f in type sN

FType(ClassOf(sN) , f ) =o
sT1

sN ⊲ sT1 =o
sT

FType(sN, f ) =o
sT

sftn def

MSig(C ,m) =o mso look up signature of method m in class C

class Cid< > extends < > { ms { e } } ∈P

MName(ms)=m

MSig(Cid ,m) =o ms
smsc def

MSig
(

sN,m, sT
)

=o mso m in sN with method type arguments sT substituted

MSig(ClassOf(sN) ,m) =o p <Xl extends sNl
l
> sT m(sT ′

q pid
q
)

(

sN ⊲ sNl
l
) [

sTl
l
/Xl

l
]

=o
sN ′

l

l
(sN ⊲ sT )

[

sTl
l
/Xl

l
]

=o
sT ′

(

sN ⊲ sT ′

q

q
) [

sTl
l
/Xl

l
]

=o
sT ′′

q

q

MSig
(

sN,m, sTl
l
)

=o p <Xl extends sN ′

l

l
> sT ′ m(sT ′′

q pid
q
)

smsn def

ClassDom(C ) =o Xo look up type variables of class C

class Cid<Xk extends
k
> extends < > { } ∈P

ClassDom(Cid) =o Xk
k

scd nvar

ClassDom(Object) =o ∅
scd object

ClassBnds(C ) =o
sNo look up bounds of class C
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class Cid<Xk extends sNk
k
> extends < > { } ∈P

ClassBnds(Cid) =o
sNk

k
scbc nvar

ClassBnds(Object) =o ∅
scbc object

ClassBnds(sN) =o
sNo look up bounds of type sN

ClassBnds(ClassOf(sN)) =o
sN1

sN ⊲ sN1 =o
sN

ClassBnds(sN) =o
sN

scbn def

u ⊲ u ′ = u ′′ combining two ownership modifiers

self ⊲ u = u
ucu self

peer ⊲ peer = peer
ucu peer

rep ⊲ peer = rep
ucu rep

u ⊲ any = any
ucu any

otherwise

u ⊲ u ′ = lost
ucu lost

u ⊲ sT = sT ′ ownership modifier - type combination

u ⊲ X = X
uct var

u ⊲ u ′ = u ′′

u ⊲ sT = sT
′

u ⊲ u ′ C<sT> = u ′′ C<sT
′

>
uct nvar

u ⊲ sT = sT
′

ownership modifier - types combination

u ⊲ sTk = sT ′

k

k

u ⊲ sTk
k

= sT ′

k

k
ucts def

sN ⊲ sT =o
sT ′

o type - type combination

u ⊲ sT = sT1

sT1

[

sT/X
]

=sT ′ ClassDom(C ) =o X

u C<sT> ⊲ sT =o
sT ′

tct def

sN ⊲ sT =o
sT

′

o type - types combination

sN ⊲ sTk =o
sT ′

k

k

sN ⊲ sTk
k

=o
sT ′

k

k
tcts def

(

sN ⊲ sT
)

[

sT
′

/X
′

]

=o
sT

′′

o type - types combination and substitution
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sN ⊲ sT =o
sT 1

sT 1

[

sT
′

/X
′

]

=sT
′′

(

sN ⊲ sT
)

[

sT
′

/X
′

]

=o
sT

′′
tctssubsts def

u <:u u ′ ordering of ownership modifiers

self <:u peer
omo tp

peer <:u lost
omo pl

rep <:u lost
omo rl

u <:u any
omo ua

u <:u u
omo refl

sCT ⊑ sCT ′ subclassing

class Cid<Xk extends
k
> extends C ′<sT> { } ∈P

Cid<Xk
k
> ⊑ C ′<sT>

sc1

class C<Xk extends
k
> . . . ∈ P

C<Xk
k
> ⊑ C<Xk

k
>

sc2

C<X> ⊑ C1<sT 1>

C1<X1> ⊑ C ′<sT
′

>

C<X> ⊑ C ′<sT
′
[

sT 1/X1

]

>
sc3

sΓ ⊢ sT <: sT ′ static subtyping

C<X> ⊑ C ′<sT 1>

u C<sT> ⊲ sT 1 =o
sT

′

sΓ ⊢ u C<sT> <: u C ′<sT
′

>
st1

u <:u u ′ ⊢ sT <:l sT
′

sΓ ⊢ u C<sT> <: u ′ C<sT
′

>
st2

sT=X ∨ sΓ (X )=o
sT

sΓ ⊢ X <: sT
st3

sΓ ⊢ sT <: sT1

sΓ ⊢ sT1 <: sT ′

sΓ ⊢ sT <: sT ′
st4

⊢ sT <:l
sT ′ type argument subtyping

u ′ ∈ {u, lost}

⊢ sT <:l sT
′

⊢ u C<sT> <:l u ′ C<sT
′

>
ast1

⊢ X <:l X
ast2
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sΓ ⊢ sT <:s
sT ′ strict static subtyping

sΓ ⊢ sT <: sT ′

lost /∈ sT ′

sΓ ⊢ sT <:s sT ′
sstdef

⊢ sT <:l sT
′

type argument subtypings

⊢ sTk <:l sT ′

k

k

⊢ sTk
k
<:l sT ′

k

k
asts def

sΓ ⊢ sT <: sT
′

static subtypings

sΓ ⊢ sTk <: sT ′

k

k

sΓ ⊢ sTk
k
<: sT ′

k

k
sts def

sΓ ⊢ sT <:s sT
′

strict static subtypings

sΓ ⊢ sTk <:s sT ′

k

k

sΓ ⊢ sTk
k
<:s sT ′

k

k
ssts def

sΓ ⊢ e : sT expression typing

sΓ ⊢ e : sT1

sΓ ⊢ sT1 <: sT
sΓ ⊢ sT OK

sΓ ⊢ e : sT
tr subsum

self /∈ sT
sΓ ⊢ sT OK

sΓ ⊢ null : sT
tr null

sΓ (x )=o
sT

sΓ ⊢ x : sT
tr var

sΓ ⊢ sT strictly OK

om(sT, sΓ ) ∈ {peer, rep}
sΓ ⊢ new sT() : sT

tr new

sΓ ⊢ e0 : sN0

FType(sN0, f ) =o
sT

sΓ ⊢ e0.f : sT
tr read

sΓ ⊢ e0 : sN0 FType(sN0, f ) =o
sT

sΓ ⊢ e1 :s
sT

sΓ ⊢ e0.f = e1 : sT
tr write

sΓ ⊢ e0 : sN0
sΓ ⊢ sTl

l
strictly OK

MSig
(

sN0,m, sTl
l
)

=o <Xl extends sNl
l
> sT m(sT ′

q pid
q
)

sΓ ⊢ eq
q :s sT ′

q

q sΓ ⊢ sTl
l
<:s sNl

l

sΓ ⊢ e0.m<sTl
l
>(eq

q) : sT
tr call

sΓ ⊢ e :
sΓ ⊢ sT OK

sΓ ⊢ (sT) e : sT
tr cast
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sΓ ⊢ e : sT expression typings

sΓ ⊢ ek : sTk
k

sΓ ⊢ ek
k : sTk

k
trm def

sΓ ⊢ e :s
sT strict expression typing

sΓ ⊢ e : sT
lost /∈ sT
sΓ ⊢ e :s sT

str def

sΓ ⊢ e :s sT strict expression typings

sΓ ⊢ ek :s sTk
k

sΓ ⊢ ek
k :s sTk

k
strm def

sΓ ⊢ sT OK well-formed static type

X ∈ sΓ

sΓ ⊢ X OK
wft var

sΓ ⊢ sT OK self /∈ sT

ClassBnds
(

u C<sT>
)

=o
sN sΓ ⊢ sT <: sN

sΓ ⊢ u C<sT> OK
wft nvar

sΓ ⊢ sT OK well-formed static types

sΓ ⊢ sTk OK
k

sΓ ⊢ sTk
k

OK
wfts def

sΓ ⊢ sT strictly OK strictly well-formed static type

X ∈ sΓ

sΓ ⊢ X strictly OK
swft var

sΓ ⊢ sT strictly OK {self, lost} /∈ u C<sT>

ClassBnds
(

u C<sT>
)

=o
sN sΓ ⊢ sT <:s sN

sΓ ⊢ u C<sT> strictly OK
swft nvar

sΓ ⊢ sT strictly OK strictly well-formed static types

sΓ ⊢ sTk strictly OK
k

sΓ ⊢ sTk
k

strictly OK
swfts def

Cls OK well-formed class declaration

sΓ=
{

Xk 7→ sNk
k
; this 7→ self Cid<Xk

k
>,

}

sΓ ⊢ sNk
k

OK self /∈ sNk
k

sΓ ⊢ sT strictly OK ClassBnds
(

self C<sT>
)

=o
sN

′ sΓ ⊢ sT <:s sN
′

sΓ ⊢ fd OK sΓ ,Cid ⊢ md OK

class Cid<Xk extends sNk
k
> extends C<sT> { fd md } OK

wfc def

class Object {} OK
wfc object

19



sΓ ⊢ sT f ; OK well-formed field declaration

sΓ ⊢ sT OK

sΓ ⊢ sT f ; OK
wffd def

sΓ ⊢ fd OK well-formed field declarations

sΓ ⊢ sTi fi; OK
i

sΓ ⊢ sTi fi;
i

OK
wffds def

sΓ ,C ⊢ md OK well-formed method declaration

sΓ=
{

X ′

k 7→ sN ′

k

k
; this 7→ self C<X ′

k

k
>,

}

sΓ ′=
{

X ′

k 7→ sN ′

k

k
, Xl 7→ sNl

l
; this 7→ self C<X ′

k

k
>, pid 7→ sTq

q
}

sΓ ′ ⊢ sNl
l
, sT, sTq

q
OK self /∈ sNl

l

sΓ ′ ⊢ e : sT C<X ′

k

k
> ⊢ m OK

sΓ ,C ⊢ <Xl extends sNl
l
> sT m(sTq pid

q
) { e } OK

wfmd def

sΓ ,C ⊢ md OK well-formed method declarations

sΓ ,C ⊢ mdk OK
k

sΓ ,C ⊢ mdk
k

OK
wfmds def

sCT ⊢ m OK method overriding OK

∀C ′<X
′

>. ∀ sT .
(

C<X> ⊑ C ′<sT> =⇒ C<X>,C ′<sT , X
′

> ⊢ m OK
)

C<X> ⊢ m OK
ovr def

sCT ,C<sT , X> ⊢ m OK method overriding OK auxiliary

MSig(C ,m) =o ms MSig(C ′,m) =o ms′o

ms′o=oNone ∨
(

ms′o=oms ′ ∧ ms ′[sT/X
′

]=ms
)

C<X>,C ′<sT , X
′

> ⊢ m OK
ovra def

sΓ OK well-formed static environment

sΓ=
{

Xk 7→ sNk
k
, X ′

l 7→
sN ′

l

l
; this 7→ self C<Xk

k
>, pid 7→ sTq

q
}

ClassDom(C ) =o Xk
k

ClassBnds(C ) =o
sNk

k

sΓ ⊢ sTq
q
, sNk

k
, sN ′

l

l
OK self /∈ sNk

k
, sN ′

l

l

sΓ OK
swfe def

⊢ P OK well-formed program

Cls i OK
i

{∅ ; this 7→ self C< >} ⊢ self C< > OK

{∅ ; this 7→ self C< >} ⊢ e :

∀C ′,C ′′. ((C ′< > ⊑ C ′′< > ∧ C ′′< > ⊑ C ′< >) =⇒ C ′=C ′′)

⊢ Cls i
i
, C , e OK

wfp def

sΓ ⊢ e enc encapsulated expression
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sΓ ⊢ null :

sΓ ⊢ null enc
e null

sΓ ⊢ x :

sΓ ⊢ x enc
e var

sΓ ⊢ new sT() :

sΓ ⊢ new sT() enc
e new

sΓ ⊢ e0.f :
sΓ ⊢ e0 enc

sΓ ⊢ e0.f enc
e read

sΓ ⊢ e0.f = e1 :
sΓ ⊢ e0 : sN0

sΓ ⊢ e0 enc sΓ ⊢ e1 enc

om(sN0) ∈ {self, peer, rep}
sΓ ⊢ e0.f = e1 enc

e write

sΓ ⊢ e0.m<sT>(e) :
sΓ ⊢ e0 : sN0

sΓ ⊢ e0 enc sΓ ⊢ e enc

om(sN0) ∈ {self, peer, rep} ∨ MSig
(

sN0,m, sT
)

=o pure < > m( )

sΓ ⊢ e0.m<sT>(e) enc
e call

sΓ ⊢ (sT) e :
sΓ ⊢ e enc

sΓ ⊢ (sT) e enc
e cast

sΓ ⊢ e enc encapsulated expressions

sΓ ⊢ ek enc
k

sΓ ⊢ ek
k enc

em def

sΓ ,C ⊢ md enc encapsulated method declaration

sΓ ,C ⊢ p <Xl extends sNl
l
> sT m(sTq pid

q
) { e } OK

sΓ=
{

X ′

k 7→ sN ′

k

k
; this 7→ self C<X ′

k

k
>,

}

sΓ ′=
{

X ′

k 7→ sN ′

k

k
, Xl 7→ sNl

l
; this 7→ self C<X ′

k

k
>, pid 7→ sTq

q
}

(p=pure =⇒ sΓ ′ ⊢ e pure) (p=impure =⇒ sΓ ′ ⊢ e enc)

sΓ ,C ⊢ p <Xl extends sNl
l
> sT m(sTq pid

q
) { e } enc

emd def

sΓ ,C ⊢ md enc encapsulated method declarations

sΓ ,C ⊢ md i enc
i

sΓ ,C ⊢ md i
i

enc
emds def

Cls enc encapsulated class declaration

class Cid<Xk extends sNk
k
> extends C<sT> { fd md } OK

sΓ=
{

Xk 7→ sNk
k
; this 7→ self Cid<Xk

k
>,

}

sΓ ,Cid ⊢ md enc

class Cid<Xk extends sNk
k
> extends C<sT> { fd md } enc

ec def

class Object {} enc
ec object

⊢ P enc encapsulated program
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⊢ Cls, C , e OK

Clsk enc
k

{∅ ; this 7→ self C< >} ⊢ e enc

⊢ Cls, C , e enc
ep def

sΓ ⊢ e pure pure expression
sΓ ⊢ e strictly pure strictly pure expression

sΓ ⊢ null :

sΓ ⊢ null strictly pure
sp null

sΓ ⊢ x :

sΓ ⊢ x strictly pure
sp var

sΓ ⊢ new sT() :

sΓ ⊢ new sT() strictly pure
sp new

sΓ ⊢ e0.f :
sΓ ⊢ e0 strictly pure

sΓ ⊢ e0.f strictly pure
sp read

sΓ ⊢ e0.m<sT>(e) :
sΓ ⊢ e0 : sN0

sΓ ⊢ e0 strictly pure sΓ ⊢ e strictly pure

MSig
(

sN0,m, sT
)

=o pure < > m( )

sΓ ⊢ e0.m<sT>(e) strictly pure
sp call

sΓ ⊢ (sT) e :
sΓ ⊢ e strictly pure

sΓ ⊢ (sT) e strictly pure
sp cast

sΓ ⊢ e strictly pure pure expressions

sΓ ⊢ ek strictly pure
k

sΓ ⊢ ek
k strictly pure

pm def

sΓ ⊢ sT prg OK reasonable static type

X ∈ sΓ

sΓ ⊢ X prg OK
pwft var

sΓ ⊢ sT prg OK self /∈ u C<sT>

ClassBnds(C ) =o
sN u C<sT> ⊲ sN =o

sN
′

sΓ , u C<sT> ⊢ sT <: sN, sN
′

sΓ ⊢ u C<sT> prg OK
pwft nvar

sΓ , sN ′′ ⊢ sT <: sN, sN ′ reasonable static type argument

sΓ ⊢ sT <: sN ′

ClassDom(C ) =o Xk
k

ClassBnds(C ) =o
sNk

k

sΓ ′=
{

Xk 7→ sNk
k
; this 7→ self C<Xk

k
>,

}

∃ sT0.
(

u C<sT> ⊲ sT0 =o
sT ∧ sΓ ′ ⊢ sT0 <: sN

)

sΓ , u C<sT> ⊢ sT <: sN, sN ′
pwfta def

sΓ , sN ′′ ⊢ sT <: sN, sN
′

reasonable static type arguments
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sΓ , sN ′′ ⊢ sTk <: sNk , sN
′

k

k

sΓ , sN ′′ ⊢ sTk
k
<: sNk

k
, sN ′

k

k
pwftas def

sΓ ⊢ sT prg OK reasonable static types

sΓ ⊢ sTk prg OK
k

sΓ ⊢ sTk
k

prg OK
pts def

Cls prg OK reasonable class declaration

class Cid<Xk extends sNk
k
> extends C<sT> { fd md } OK

sΓ=
{

Xk 7→ sNk
k
; this 7→ self Cid<Xk

k
>,

}

sΓ ⊢ sNk
k

prg OK lost /∈ sNk
k

sΓ ⊢ fd prg OK sΓ ,Cid ⊢ md prg OK

class Cid<Xk extends sNk
k
> extends C<sT> { fd md } prg OK

pc def

class Object {} prg OK
pc object

sΓ ⊢ sT f ; prg OK reasonable field declaration

sΓ ⊢ sT prg OK lost /∈ sT
sΓ ⊢ sT f ; prg OK

pfd def

sΓ ⊢ fd prg OK reasonable field declarations

sΓ ⊢ sTi fi; prg OK
i

sΓ ⊢ sTi fi;
i

prg OK
pfds def

sΓ ,C ⊢ md prg OK reasonable method declaration

sΓ ,C ⊢ p <Xl extends sNl
l
> sT m(sTq pid

q
) { e } OK

sΓ=
{

X ′

k 7→ sN ′

k

k
; this 7→ self C<X ′

k

k
>,

}

sΓ ′=
{

X ′

k 7→ sN ′

k

k
, Xl 7→ sNl

l
; this 7→ self C<X ′

k

k
>, pid 7→ sTq

q
}

sΓ ′ ⊢ sNl
l
, sT, sTq

q
prg OK lost /∈ sNl

l
, sTq

q sΓ ′ ⊢ e prg OK

p=pure =⇒
(

free
(

sNl
l
, sTq

q
)

⊆ ∅ ∧ any ⊲ sNl
l
, sTq

q
= sNl

l
, sTq

q
)

sΓ ,C ⊢ p <Xl extends sNl
l
> sT m(sTq pid

q
) { e } prg OK

pmd def

sΓ ,C ⊢ md prg OK reasonable method declarations

sΓ ,C ⊢ md i prg OK
i

sΓ ,C ⊢ md i
i

prg OK
pmds def

⊢ P prg OK reasonable program

⊢ Cls i
i
, C , e OK

Cls i prg OK
i

{∅ ; this 7→ self C<∅>} ⊢ e prg OK

⊢ Cls i
i
, C , e prg OK

pp def
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sΓ ⊢ e prg OK reasonable expression

sΓ ⊢ null :

sΓ ⊢ null prg OK
pe null

sΓ ⊢ x :

sΓ ⊢ x prg OK
pe var

sΓ ⊢ new sT() :

sΓ ⊢ new sT() prg OK
pe new

sΓ ⊢ e0.f :
sΓ ⊢ e0 prg OK

sΓ ⊢ e0.f prg OK
pe read

sΓ ⊢ e0.f = e1 :
sΓ ⊢ e0 prg OK sΓ ⊢ e1 prg OK

sΓ ⊢ e0.f = e1 prg OK
pe write

sΓ ⊢ e0.m<sT>(e) :
sΓ ⊢ e0 prg OK sΓ ⊢ e prg OK

sΓ ⊢ e0.m<sT>(e) prg OK
pe call

sΓ ⊢ (sT) e :
sΓ ⊢ e prg OK sΓ ⊢ sT prg OK

sΓ ⊢ (sT) e prg OK
pe cast

sΓ ⊢ e prg OK reasonable expressions

sΓ ⊢ ei prg OK
i

sΓ ⊢ ei
i prg OK

pem def

h + o = (h ′, ι) add object o to heap h resulting in heap h ′ and fresh address ι

ι /∈ dom(h) h ′=h + (ι 7→ o)

h + o = (h ′, ι)
hnew def

h[ι.f = v] =o h ′ field update in heap

v=nulla ∨ (v=ι′ ∧ ι′ ∈ dom(h))

h(ι)=o

(

rT , fv
)

f ∈ dom
(

fv
)

fv
′

=fv [f 7→ v]

h ′=h +
(

ι 7→
(

rT , fv
′
))

h[ι.f = v] =o h ′
hup def

FType(h, ι, f ) =o
sTo look up type of field in heap

h ⊢ ι : C< > FType(C , f ) =o
sT

FType(h, ι, f ) =o
sT

rft def

MSig(h, ι,m) =o mso look up method signature of method m at ι

h ⊢ ι : C< > MSig(C ,m) =o ms

MSig(h, ι,m) =o ms
rms def

MBody(C ,m) =o eo 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) =o e
smbc found

class Cid< > extends C1< > { msn { en }
n
} ∈P

MName(msn) 6=m
n

MBody(C1,m) =o e

MBody(Cid ,m) =o e
smbc inh

MBody(h, ι,m) =o eo look up most-concrete body of method m at ι

h(ι)↓1 =o C< > MBody(C ,m) =o e

MBody(h, ι,m) =o e
rmb def

sdyn
(

sT , h, ι, rT , oι
)

=o
rT simple dynamization of types sT

oι′ ∈ dom(h) ∪ {roota}
oι 6=anya =⇒ oι′=oι

ClassDom(C ) =o X rep∈ sT =⇒ owner(h, ι)=o
oι′

sT
[

oι′/peer, ι/rep, anya/any, rT/X, oιi/lost
i
]

=o
rT

′

sdyn
(

sT , h, ι, oι C<rT>, oιi
i
)

=o
rT

′
sdyn

ClassBnds(h, ι, rT , oι) =o
rT upper bounds of type rT from viewpoint ι

ClassBnds(ClassOf(rT )) =o
sN sdyn

(

sN, h, ι, rT , oι
)

=o
rT

ClassBnds(h, ι, rT , oι) =o
rT

rcb def

h ⊢ rT <: rT ′ type rT is a subtype of rT ′

C<X> ⊑ C ′<sT> oι′ ∈ {oι, anya}

sdyn
(

sT , h, , oι C<rT>, oι
)

=o
rT

′

h ⊢ oι C<rT> <: oι′ C ′<rT
′

>
rt def

h ⊢ rT <: rT
′

runtime subtypings

h ⊢ rT i <: rT ′

i

i

h ⊢ rT i
i
<: rT ′

i

i
rts def

h ⊢ vo : rT runtime type rT assignable to value vo

h(ι)↓1 =o
rT 1 h ⊢ rT 1 <: rT

h ⊢ ι : rT
rtt addr

h ⊢ nulla : rT
rtt null

h, rΓ ⊢ v : sT static type sT assignable to value v (relative to rΓ )

dyn(sT, h, rΓ , oι) =o
rT h ⊢ v : rT

sT=self < > =⇒ v=rΓ (this)

h, rΓ ⊢ v : sT
rtste def

h, rΓ ⊢ v : sT static types sT assignable to values v (relative to rΓ )

h, rΓ ⊢ vi : sTi
i

h, rΓ ⊢ vi i : sTi
i

rtstse def
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h, ι ⊢ vo : sT static type sT assignable to value vo (relative to ι)

rΓ= {∅ ; this 7→ ι}
h, rΓ ⊢ v : sT

h, ι ⊢ v : sT
rtsta def

dyn(sT, h, rΓ , oι) =o
rTo dynamization of static type (relative to rΓ )

rΓ=
{

Xl 7→ rT l
l
; this 7→ ι,

}

h ⊢ ι : oι C<rT>
oι∈ dom(h) ∪ {roota} ClassDom(C ) =o X

sT
[

oι/self, oι/peer, ι/rep, anya/any, rT/X, rT l/Xl

l
, oιi/lost

i
]

=o
rT ′

dyn
(

sT, h, rΓ , oιi
i
)

=o
rT ′

dyne

dyn
(

sT , h, rΓ , oι
)

=o
rT o dynamization of static types (relative to rΓ )

dyn(sT1, h,
rΓ , oι1) =o

rT 1 , .. , dyn(sTn , h,
rΓ , oιn) =o

rT n

dyn(sT1, .. , sTn , h, rΓ , oι1; .. ;oιn) =o
rT 1, .. , rT n

dynse def

h, rΓ ⊢ sN, sT ;
(

sT/X, ι
)

=o
rΓ ′ validate and create new viewpoint rΓ ′

sΓ ⊢ sN OK ClassDom(ClassOf(sN)) =o X free(sT ) ⊆ X, Xl
l

dyn
(

sTl
l
, h, rΓ , ∅

)

=o
rT l

l rΓ ′=
{

Xl 7→ rT l
l
; this 7→ ι,

}

h, rΓ ⊢ sN, sT ;
(

sTl
l
/Xl

l
, ι
)

=o
rΓ ′

nvp def

rΓ ⊢ h, e  h ′, v big-step operational semantics

rΓ ⊢ h, null  h, nulla
os null

rΓ (x )=ov
rΓ ⊢ h, x  h, v

os var

dyn(sT, h, rΓ , ∅) =o
rT ClassOf(rT )=C

(

∀f ∈ fields(C ) . fv(f )=onulla
)

h +
(

rT , fv
)

= (h ′, ι)
rΓ ⊢ h, new sT()  h ′, ι

os new

rΓ ⊢ h, e0  h ′, ι0
h ′(ι0.f )=ov

rΓ ⊢ h, e0.f  h ′, v
os read

rΓ ⊢ h, e0  h0, ι0
rΓ ⊢ h0, e1  h1, v
h1[ι0.f = v] =o h ′

rΓ ⊢ h, e0.f = e1  h ′, v
os write

rΓ ⊢ h, e0  h0, ι0
rΓ ⊢ h0, eq

q
 h1, vq

q

MBody(h0, ι0,m) =o e MSig(h0, ι0,m) =o <Xl extends
l
> m( pid

q
)

dyn
(

sTl
l
, h, rΓ , ∅

)

=o
rT l

l rΓ ′=
{

Xl 7→ rT l
l
; this 7→ ι0, pid 7→ vq

q
}

rΓ ′ ⊢ h1, e  h ′, v

rΓ ⊢ h, e0.m<sTl
l
>(eq

q)  h ′, v
os call
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rΓ ⊢ h, e  h ′, v
h ′, rΓ ⊢ v : sT

rΓ ⊢ h, (sT) e  h ′, v
os cast

rΓ ⊢ h, e  h ′, v sequential big-step operational semantics

rΓ ⊢ h, e  h0, v
rΓ ⊢ h0, ei

i
 h ′, vi

i

rΓ ⊢ h, e, ei i  h ′, v, vi i
oss def

rΓ ⊢ h, ∅  h, ∅
oss empty

⊢ P  h, v big-step operational semantics of a program

∀f ∈ fields(C ) . fv(f )=onulla
∅+

(

roota C< >, fv
)

= (h0, ι0)
rΓ 0= {∅ ; this 7→ ι0}

rΓ 0 ⊢ h0, e  h, v

⊢ Cls , C , e  h, v
osp def

h, ι ⊢ rTo strictly OK strictly well-formed runtime type rTo

oι∈ dom(h) ∪ {anya, roota} ClassBnds
(

h, ι, oι C<rT k
k
>, ∅

)

=o
rT ′

k

k

h, ⊢ rT k
k

strictly OK h ⊢ rT k
k
<: rT ′

k

k

h, ι ⊢ oι C<rT k
k
> strictly OK

swfrt def

h, ι ⊢ rT strictly OK strictly well-formed runtime types

h, ι ⊢ rT i strictly OK
i

h, ι ⊢ rT i
i

strictly OK
swfrtso def

h, ι ⊢ rT strictly OK strictly well-formed runtime types

h, ιi ⊢ rT i strictly OK
i

h, ιi i ⊢ rT i
i

strictly OK
swfrts def

h ⊢ ι OK well-formed object at an address

h(ι)↓1 =o C< > h, ι ⊢ h(ι)↓1 strictly OK roota ∈ owners(h, ι)
∀f ∈ fields(C ) . ∃ sT. (FType(h, ι, f ) =o

sT ∧ h, ι ⊢ h(ι.f ) : sT )

h ⊢ ι OK
wfa def

h OK well-formed heap

∀ι ∈ dom(h) . h ⊢ ι OK

h OK
wfh def

h, rΓ : sΓ OK runtime and static environments correspond

rΓ=
{

Xl 7→ rT l
l
; this 7→ ι, pid 7→ vq

q
}

sΓ=
{

Xl 7→ sNl
l
, X ′

k 7→
k
; this 7→ self C<X ′

k

k
>, pid 7→ sTq

q
}

h OK sΓ OK h, ι ⊢ rT l
l
strictly OK

dyn
(

sNl
l
, h, rΓ , ∅

)

=o
rT ′

l

l
h ⊢ rT l

l
<: rT ′

l

l

h, rΓ ⊢ ι : self C<X ′

k

k
> h, rΓ ⊢ vq

q : sTq
q

h, rΓ : sΓ OK
wfrse def
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Definition rules: 140 good 0 bad

Definition rule clauses: 361 good 0 bad
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