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n Constant int
b Constant bool
cstr Constant string
id Identifiers
cid Class identifiers
7, k, m Index
typ = Types
| bot bottom
|  bool bool
| int int
| ref reference
| ref? nullable
ref n= References
| string string
| cid class
\ typ [ ] array
unop = Unary operators
\ - unary signed negation
\ ! unary logical negation
\ ~ unary bitwise negation
binop n= Binary operators
\ + binary signed addition
| binary signed multiplication
\ - binary signed subtraction
| == binary equality
| = binary inequality
\ < binary signed less-than
\ <= binary signed less-than or equals
| > binary signed greater-than
\ >= binary signed greater-than or equals
| & binary bool bitwise and
| binary bool bitwise or
\ [&] binary int bitwise and



const

path

call

lhs_or_call

lhs

erp

E€TPopt

nat

<<
>>
>>>

null

cstr

this .id
lhs_or_call . id

id ( e:rpjj )
super .1id ( e:cpjj )
path ( expjj )

lhs
call

id
path
lhs_or_call [ exp]

const

this

new [exp;] ( funid—>exps)
new cid (‘ezp;’ )

lhs_or_call

binop expy expo

UNOP exp

None
Some exrp

exp

{Witjj61“m }

binary int bitwise or

binary shift left

binary logical shift right
binary arithmetic shift right

Constants
null
bool
int
string

Paths
identifiers in this class
path identifiers, e.g, a.b.f().c

Calls
global functions
super methods
path methods, e.g. a.f().b.g()

Left-hand sides or calls
left-hand sides
calls

Left-hand sides
variables
paths
array index

Expressions
constant
this
new
constructor
left-hand sides or calls
binarith
unarith

Optional expressions
none
some

Initializer
exp
array



vdecl

vdecls

stmt

stmtopt

block

args

rtyp

efdecl

fdecl

cinits

ctor

typ id=1nit;

€
vdecl vdecls

lhs=exp;

call;

fail (exp) ;

if (exp) stmt stmiops

1£? (ref id=exp) stmt stmiyp,
cast (cid id=exp) stmt stmiyp,
while (exp) stmt

for (vdecls; expopt; stmiop.) stmt
{block}

None
Some stmt

vdecls stmit; 7

€
typ id, args

unit
typ

rtyp id (args) extern

typ id (args) {block return exp; }
unit id (args) {block return; }

€
this .id=init; cinits

Variable declarations

A list of variable declarations
nil
cons

Statements
assignments
call
fail
if
if null
cast
while
for
block

Optional statements
none
some

Blocks

A list of arguments

Return types
unit
types

External function declarations

Function declarations

A list of field initialization
nil
cons

Constructors



| new (args) (ijj ) cinits{block}

Cilegt n= Optional extensions
| None base
| <:cid extension
fields n= A list of field declarations
| e nil
| typ id; fields cons
fdecls n= A list of function declarations
| € nil
| fdecl fdecls cons
cdecl = Classes
| class cid cidey{fields ctor fdecls};
gdecl n= Global declarations
| wdecl constants
| fdecl function declarations
| efdecl external function declarations
| cdecl class declarations
prog BES Programs
| e
| gdecl prog
~ n= Variable contexts
|- empty
| v, id: typ cons
r ES A stack of variable contexts
| empty
| Ty cons
ftyp = , Function types
| Ctypy” ) —>rtyp
ptyp = Path types
| typ
| ftyp
A = Function contexts
|- empty
| Aid: ftyp cons



Cidopt

LYPopt

ftyp()pt

O, 1id: ftyp

D, id: typ

Method contexts
empty
cons

Field contexts
empty

cons

Class signatures

| _ empty
| %, cid cideg: {P; typjj ; ©} cons
= Optional class
| Some cid some in the scope of class cid
| None none, otherwise
= Optional typ, the return of hasField
| None none
|  Some typ some
= Optional ftyp, the return of hasMethod
| None none
| Some ftyp some
) shows that typ is well-formed.
— TYP_BOOL
Y F bool
—— TYP.LINT
Y int
TYP_REF
>+ ref
Y b, ref
——— TYP_NULLABLE
Y Foref?
Y. shows that ref is well-formed.
————— REF_STRING
Yk, string

cid cidey {®; Typ;” ; O} € ¥

REF_CLASS

Y, cid



Y F typ

—  — REF_ARRAY
Yk typ ]

Y F typ1<:typa| X shows that typ; is a subtype of typs.

ST_BOOL
Y Fbool<:bool

—————— ST_INT
Y Fint<:int

Y b, refi<:refy ST REF
Y Forefi<:refy -

Y by refi<:refo
ST_NULLABLE
Y Erefi?<:irefo?

Y b refi<:refo
ST_REF_NULLABLE
Y refi<:refs?

————————  ST_.NULL_NULLABLE
Y Fbot<:ref?

’ Yk, refi<:refo ‘ >’ shows that ref; is a sub-reference of refs.

, , SR_STRING
Yk, string<:string

Y e cidi<: cido SR_CLASS
Y b, cidi<:cidy -

SR_ARRAY
Y typ[1<:typl]

Y ke Cid1< : Cidg

> shows that cid; is a sub-class of cids.

cid cideg: {P; typjj ; O € X

4

_REF
S . cid<: cid 5¢

- SC_INHERITANCE
Y1, cidy <:cido{®; Typ;” ; O}, o b cidi<: cidy

Yk, cidi<:cidy X b, cidy<:cidg

" ; SC_TRANS
Y b, cidi<:cids




hasFieldX cid . id=typoy: \ Check if cid has a field 4d.

cid cidegt {®; typjj ;0 eX dd:ityp € D
hasFieldX cid.id=Some typ

HASFIELD_BASE_SOME

cid None{®; @j ;0 eX idgd

: - " HASFIELD_BASE_NONE
hasFieldX cid.id=None

cidy <: cidy{®; Typ,” ; ©} € £ id ¢ ® hasField cidy.id=typop:

; ; " HASFIELD_INHERITANCE
hasFieldX cid; . id=typop:

hasMethod X cid . id=ftypop: ‘ Check if cid has a method id.

cid cide {®; Typ;” ; O} € © id:ftyp € O

- - HASMETHOD_BASE_SOME
hasMethod X cid . id=Some ftyp

cidNone{®; typjj ;0 eX idgo
hasMethod X cid . id=None

HASMETHOD_BASE_NONE

cidy <: cidy{®; Typ,” ; ©} € © id ¢ © hasMethodX cidy . id=ftypop:
hasMethod X cid; . id=ftypop:

F const:typ | const has type typ.

HASMETHOD _INHERITANCE

————— —  CONST_BOT
Fnull:bot
———— CONST_BOOL
Fb:bool
— CONST.INT
Fn:int

——  — CONST_STRING
F cstr:string

binop: ftyp |  binop is of type ftyp.

- , - BINTYP_PLUS
+: (int int)->int



BINTYP_TIMES

*: (int int)->int

BINTYP_MINUS

: (int int) —>int

BINTYP_EQ
==: (typ typ) —>bool
BINTYP_NEQ
!'=: (typ typ) —>bool
, - BINTYP_LT
<:(int int)->bool
, - BINTYP_LTE
<=:(int int)->bool
- , BINTYP_GE
>: (int int)->bool
- - BINTYP_GTE
>=: (int int)->bool
- , - BINTYP_IAND
[&]: (int int)->int

unop: ftyp | wunop is of type ftyp.

BINTYP_AND
&: (boolbool)—>bool
- y . BINTYP_IOR
[|1: (int int)->int
BINTYP_OR
|: (boolbool)->bool
, - , BINTYP_SHL
<<: (int int)->int
, , - BINTYP_SHR
>>: (int int) ->int
BINTYP_SAR

>>>: (int int)->int



, , UTYP_NEG
—:(int)->int

UTYP_LOGNOT

!': (bool)—>bool

- - UTYP_NOT
~ : (int)—->int

Y; A; T cidopt Fp path:ptyp | X, A, I' and cid,p: show that path has type ptyp.

hasFieldX cid.id=Some typ hasMethodX cid.id=None

P_THIS_FIELD
¥; A; T'; Some cid by, this .id: typ

hasMethod X cid . id=Some ftyp hasFieldX cid.id=None
¥; A; T'; Some cid -, this .id: ftyp

P_THIS_METHOD

X; A; T cidope i ths_or_call : cid
hasFieldX cid.id=Some typ hasMethodX cid.id=None
X; A; T cidopt bp ths_or_call . id : typ

P_PATH_FIELD

X; A; T cidope i ths_or_call : cid
hasMethod X cid . id=Some ftyp hasFieldX cid.id=None

P_PATH_METHOD
¥ A; T cidopt Fp ths_or_call . id : ftyp

X; A; T cidope - ocall:rtyp | X, A, T"and cid,p: show that call has type rtyp.

id: (typjj)7>rtyp e A X; A;T; cidope ea:pj<:typjj
X A; T cidope Fid ( ea:pjj ) :rtyp

CALL_FUNC

:(typjj)
X; A; T cidope - id ( exp]-j ) :Ttyp

id & A id =>rtyp  X; A; T cidope - expj<:typjj

CALL_BUILTIN

— % L
cidy <:cidp{®; typ;, ; O} € ¥ hasMethodX cidp.id=Some ( typ;” ) —>rtyp
X A; T cidope E ea:pj<:typjj

- - - CALL_SUPER_METHOD
¥; A; T'; Some cidy - super .id (exp;’ ) : rtyp

¥; A; T cidopt Fp path: ( typjj ) —>rtyp  X; A; T cidope F e:vpj<:typjj

- - CALL_PATH_METHOD
Y; A; T cidope - path (€xp;? ) :rtyp

X; A; T cidope by ths_or_call s typ | X, A, I'' and cid,yp: show that [hs_or_call has type typ.




X; A; T cidope - ths: typ
¥ A; T cidope By ths: typ

LC_LHS

Y; A; T cidope = call : typ
X A; T cidope i call : typ

LC_CALL

X; A; T cidope F lhs:typ | X, A, T and cid,p: show that s has type typ.

id:typ € T
X; A; T cidope - id s typ

LHS_VAR

X A; T cidope Fp path:typ
Y; A; T cidope - path: typ

LHS_PATH

X; A; T cidope Fi ths_or_call : typ [1 X; A; T'; cidope - exp:int
X; A; T cidope b lhs_or_call [exp] : typ

LHS_INDEX

Y; A; T cidope Foexpityp| X, A, I'and cidoy: show that ezp has type typ.

F const : typ
X; A; T cidopy - const : typ

EXP_CONST

EXP_THIS

¥; A; T'; Somecid - this:cid

Y; A; T cidope Fexpraint X; A; (I'; (4d: int) ) ; cidop: b expo: typ
X; A; T'; cidope - new [expr] ( funid—>exps) :typ (]

EXP_NEW

cid cidegt {P; typjj ;O € X X, A; T cidope - eapj<: typjj

. : : : EXP_CTOR
X; A; T'; cidope - new cid (exp;’ ) : cid

X; A; T cidope i ths_or_call : typ
3 A; T cidopt F lhs_or_call : typ

EXP_LHS_OR_CALL

X; A; T cidope Fexpri<:typr X; A; T cidopy - expa<:typs  binop: (typr typa) —>typ
X; A; T cidope F binop expy exps : typ

EXP_BINARITH

Y; A; T cidope - exp<:typr  unop: (typi) —>typ
X; A; T cidope = unop exp : typ

EXP_UNARITH

X; A; T cidopt - expope i typ | X, A, I and cid,p: show that exp,p: is well-formed.
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- OPT_EXP_NONE
X; A; T'; cidopt - None:bool

X; A; T cidope - exp:bool
3; A; T'; cidopt F Some exp :bool

OPT_EXP_SOME

X; A; T cidope - exp<:typ| X, A, I'and cidop: show that ezp has a subtype of typ.

E; A; T cidopy Fexpityp’ X F typ'<:typ
X; A; T cidope F exp<:typ

EXPSUB_INTRO

X; A; T cidope i indt s typ | 3, A, T and cid,p: show that init has type typ.

Y; A; T cidope - exp: typ
X; A; T cidope i exp :typ

INIT_EXP

X A; T cidopy i indt; - L‘ypjja”m V ijj@--m —typ
S A; T cidop i { it <™ Yetyp 1]

INIT_ARRAY

X; A; T cidopy Fimit<:typ | X, A, I and cid,p, show that init has a subtype of typ.

2; A; T cidopy By init i typ” X b typ’<:typ
X; A; T cidope Foinit<:typ

SINIT_INTRO

Y; A; T; cidopy F vdecls : TV vdecls are well-formed under ¥, A, T' and cid,,;, and extend the context to be I".

- VDECLS_NIL
; A; T cidope Fe:T

X; A; (I y); cidope Findt<:typ X+ typ
id ¢ Aandy X; A; (T'; (v,id: typ) ) ; cidops - vdecls : T
; A; (I y); cidope b typ id=init; vdecls:I"

VDECLS_CONS

X; A; T cidope - stmt: ok ‘ Y, A, T" and cid,,; show that stmt is well-formed.

X; A; T cidope Flhs:typ 3; A; T cidopt F exp:typ
X; A; T cidope - lhs=exp; : ok

STMT_ASSIGN

X; A; T cidope F call:unit
X; A; T cidope - call; = ok

STMT_CALL

X; A; T cidopy - exp:string
X; A; T cidope  £ail (exp); : ok

STMT_FAIL

11



X, A; T
3, A; T

4

i cidopy = exp:bool
i Cidopy - stmt: ok X; A; I'; cidope - stmiope : ok
X; A; T cidope E 1E (exp) stmt stmitop: : ok

4

STMT_IF

i cidopy - exp:ref?
I; (id: ref)) ; cidope - stmt: ok X; A; T'; cidopy - stmiope : ok
¥ A; T cidope B 12 (ref id=exp) stmt stmiop: : ok

STMT_IFNULL

Y; A; T cidopy F expicid X F cid<:cid’
Y; A; (I; (dd:cid) ) ; cidope - stmt: ok X; A; I'; cidope B stmiop : ok
- T STMT_CAST
¥ A; T'; cidopt F cast (cid id=exp) stmt stmi,pe : ok
;A (T; ) cidope F vdecls :TV X; A TV cidopt - expopt : ool
2 A TY; cidops F stmitope: ok X5 A; IV cidope F stmt: ok
STMT_FOR

X A; T cidope F for (vdecls; expopt; stmiop:) stmt: ok

X; A; T cidope - exp:bool  X; A; I'; cidop: - stmt: ok
X; A; T'; cidope - while (exp) stmt: ok

STMT_WHILE

3 A; T'; cidope F block : ok
X; A; T cidopy F {block}: ok

STMT_BLOCK

3; A; T cidope F block: ok | X, A, T and cid,,: show that block is well-formed.

S A; (T +); cidoy b vdecls : T 5; A; IV cidgyy b stmi; : ok’

b BLOCK_INTRO
¥; A; T cidope - vdecls stmt;” : ok

X; A; T cidope - stmitope: ok | X, A, I"and cid,p: show that op_stmt is well-formed.

- OPT_STMT_NONE
¥; A; T cidope F None: ok

X; A; T cidope - stmt: ok
X; A; T'; cidopy - Some stmit : ok

OPT_STMT_SOME

¥; A; Tk args: TV args are well-formed under X, A and T, and extend the context to be I,

S;A;TEe:n AROSNIE

id ¢ Aandy X Ftyp X; A; (T; v,id: typ) - args: T’ ARGS_CONS
X; A; (T ) F typid, args: T -

12



X; A; T cidope - fdecl: ok ‘ Y, A, I"and cid,p; show that fdecl is well-formed.

3; A; (I; -) Foargs:TY E;'A; (I"; -); cidopy - vdecls : T
X; A; T7; cidopy - stm; ok’ ¥ A;TV; Cidopy F exp<:typ X typ

- FDECL_FUNC
; A; T; cidopt - typ id (args) {vdecls stmt;” return exp; }: ok
¥; A; (I; -) Foargs: TV i A; (I"; -); cidopy - vdecls : T
X; A; T cidope - stmt; ok’
- FDECL_PROC

Y; A; T cidop F unit id (args) {vdecls s7fmtjJ return; }: ok

’ Y Fid: ftyp can override cideg ‘ 32 shows that id with type ftyp can override parent class cidey;.

OR_OBJECT

Y+ 4d: ftyp can override None

hasMethod X cid . td=None
Yt id: ftyp canoverride <:cid

OR_NOMETHOD

hasMethod X cid . id=Some ( typj’-] ) —>typ’ U+ typi<: typjj Y typ<: typ’
OR_FUNC

Ykad:( typjj ) =>typ can override <:cid

hasMethodX cid . id=Some ( typjfj )—>unit Xk typjf< : typj]

- OR_PROC
Y Fid: (Typ;” ) —>unit canoverride <: cid

Cidegs; @ & fields: @'

Extending ® to be ®’ by adding field declarations with parent class cid.;.

—— GENF.NIL
Cidezr; PHe: P

id & ® None; ®,id: typ & fields: ®’

GENF_BASE
None; @ & typid; fields: P’

id ¢ ® hasFieldX cid.id=None <:cid; ®,id: typ & fields:®’

<:cid; ®F typid; fields: P’ GENF_INHERITANCE

Y Cidegi; ©; O F fdecls: ©'

Extending © to be ©’ by adding method declaratons with parent class cidey;.

GENM_NIL
Y Cidegr; P; OF€:0

13



id ¢ ®and® X cidey; ®; O©,id: (Typ; ) ~>typ b fdecls: ©

7 - GENM_TYP
Y; cideg; ®; O F typid (typ; id;”) {vdecls stmty, ~ return exp; } fdecls:©’

id ¢ ®and© X cidey; ®; O,id: (Typ;’ ) —>unit + fdecls: O’
Y; cidest; P; © Funit id (typ; idjj) {wvdecls stmly, k¥ return ; }fdecls:©'

Y F fields: ok | X shows that fields is well-formed.

GENM_UNIT

——  WFF.NIL
YFe:ok

YFityp X F fields: ok

WFF_CONS
Y+ typid; fields: ok

¥; A; T cid b fdecl: ok ‘ A method fdecl of class cid is well-formed.

3; A; T'; Some cid & typ id (typ; idjj) {vdecls stmty, ¥ return exp; }: ok
cid cideyy € X X Fid: ( typj] ) =>typ can override cidey

7 - WEM_TYP
X; A; T cid = typ id (typ; id; ") {vdecls stmly, ~ returnezp; }: ok

Y; A; T'; Some cid F unit id (typ, z'djj) {wvdecls stmiy, * return i }:ok

cid clideg € X 2 Fid: ( typjj ) —>unit canoverride cideg
WFM_UNIT

¥; A; T'; cid Funitid (typ; idjj) {vdecls stmly, * return ; }iok

Y¥; A; T'; cid F cinits: ok Y, A and T" show that cinits is well-formed.

CINITS_NIL
Y; A;T; cidFe: ok

cid cidey {P; typjj ;0 eX dd:typ € @
¥; A; T'; None b anit<:typ X; A; I'; cid F cinits: ok
¥; A; T; cid - this .id=init; cinits: ok

CINITS_CONS

¥; A; T'; cid - ctor: ok ctor is well-formed.

i A (I )+ typ; idjj:F’
¥; A; TV; cid F this. _name=cid; cinits: ok X; A; T'; Some cid F block : ok

X; A; T; cid - new (typ; idjj) () cinits{block}: ok

CTOR_BASE

14



X;A; (I ) F typs idjj:F’ cidy <: cida{®; typjj ;0 e X
% k
cidy cidezo{P2; typ, + ©2} € ¥ X; A; IV; None & expy<: typ,
Y; A; TV; cidi - this. _name=cid;; cinits: ok X; A; IV; Some cidy - block : ok

¥; A; T'; cidy - new (typ; idjj) (expr * ) cinits{block} : ok

¥; A; T'F cdecl : ok‘ cdecl is well-formed.

Y+ fields: ok X; A; T'; cid b ctor: ok X; A; T'; cid F fdecly, : oklc
¥; A; Tk class cid cideg {fields ctor fdecly, k}; : ok

Y; Ak prog: Y ; A’

Extending contexts by adding function and class declarations.

S AF iy, A OPNSDNIL

Y; Ak prog:X; A

GENSD _VDECL
>; AF vdecl prog:%'; A/

cid € X cideyr € X Cidegr; - fields : @ X; cideye; P - }—fdeclk.k:G)
Y, cid cideg {P; Mj ; ©}; Ak prog:%'; A

Y; At class cid cidey{fields new (typ, z'djj) (expm ™) cinits{block} fdecly, k}; prog:/; A/

id ¢ A S; Aid: (Typ;” ) —>rtyp - prog: X' ; A
? yp]j b T prog GENSD _EFUNC
Y; AF rtypid (typ;id; ") externprog:X'; A’

id € A X; Aid: (ijj)7>tprpmg:E’; A/

X; AF typid (typ, idjj) {wvdecls stmity, " return exp; }prog:3'; A

id € A X; Aid: (typjj)—>unit Fprog:3'; A’
Y; At unitid (typ; idj] ) {vdecls stmy, ¥ return i tprog:¥'; A

¥; A; T'F prog: ok ‘ 3, A and T show that prog is well-formed.

PROG_NIL
¥; A;T'He: ok

YXktyp X; -; -; Nonetlb init<:typ id & Aandl X; A; v,id: typ b prog: ok
3; A; v E typ id=init; prog: ok

¥; A; T'; None - fdecl: ok X; A; T'F prog: ok

PROG_FDECL
¥; A; Tk fdecl prog : ok
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CTOR_INHERITANCE

CDECL_INTRO

GENSD_CDECL

GENSD_FUNC_TYP

GENSD_FUNC_UNIT

PROG_VDECL



¥; A; T'F cdecl: ok X; A; T'F prog: ok
3; A; T'F cdecl prog : ok

F prog: ok | prog is well-formed.

Object None {_name: String; €; get_name: () ->String}; - - prog:¥; A
3; A; - prog: ok

PROG_CDECL

WF_INTRO
F prog: ok
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