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Abstract Grammar for Static Semantics:

Subsequent to the work presented in Sound and Complete Type Unf. Constraints
Inference in BitC, we introduced by-reference parametatsdis- Unf. Constraint Sets

T=7|K=3x|d

p|{ut|jcuc|cuc

covered that the definition of mutability described in thepart Substitutions = Olla—7][k— |00
was insufficient. The language specification was updatedye h Binding Environment = 0T z—o
path-wise notion of mutability. At the same timecanst meta- Store Typing = 0| LT

constructor was introduced into the language to strip ehathu-

I~ 19U Definition 1 (Mutability
tability (up to the ref boundary) from existing types.

ormalization in Composite Types)

Grammar for Dynamic Semantics:

shorthand for v(71) = ¥(72

m
M(7) | Immut(7) = L
The following type rules reflect the modifications to the lan- M(a) = L
guage associated with that change. M(Ta) = L
M(¥bool ) = )
M(@unit) = )
M(¥(r1 —72)) = ()
M(Ufr) = ()

B Language grammar: M(U(r1 x 72)) = M(71) o M(72)
Identifiers  z:=  y|z].. M“/fp(alp) = [la—Wp] o M(¥p)
Booleans b= true|false I\(AI alp) - {

Indices in= 1|2 (alp) = [a—¥A| k. B

Opt.Const  ex= e |e] Definition 2 (Normalization of Const Types)

Values vi= ()|b|Az.e|(v,v) | £ N(o) = «

Syn.Value wv:i= wlz|l|(v,v) N(le)) = |

Left Expr lu= x|l]e | L N(bool ) = bool

Expressions e:= wvl|ee|l:= e|if ethen eelse e N(|bool |) = bool

[dup(e)| € [(e, e) |e.i N(unit) = unit
[let “z=ein e N(lunit]) = unit

Let-kinds s u= -|k|0]V N(t1 —72) = N(71) — N(72)

Locations L= |4 N(|71 —= 72]) = N(m1) — N(72)

Types grammar: N(fr) = 1N(7)

: _ N(Inr]) = AN(7)

Type Variables a= alfB|y|d]e]... N(Ur) = WUN(r)

M-Vars si= ella N(ur)) = N(|r])

Types.1 p= alunit |bool |7—7T|TXxT N(r1 x 72) = N(r1) x N(r2)
Ref/Pointer Kixs N([r1 x 72]) = [N(71)] x [N(72)]
Mutable, const | Up | |7] N(alp) = a|N(¥p)

Types.2 0i= plalp N(lalp)) = |aIN(Zp)]

%B?Scheme T @ || gvl_p \D N(slp) = <IN(p)

o= T Q. T =
Poly. Constraints d:=  *Z(7) N(lsle]) [<IN(p)]
Poly. Constraint Sets D= (| {d} | DUD Definition 3 (Notational convenience) We write 71 < 72 as

), T1 = 72 for (1) = v(r2), and

Stack Su= 0[S, I—w 1 =712 for 9(71) = 9(r2)

Heap Hi= 0|H {—w Definition 4 (Const-ness Requirement)

Selection Path p:= i|p.p Ple, 7) = true

Ivalues L= 1| |Lp|l. p P(lel), |7]) = true

Redex R:= -|Re|vR|£L=R P(e, |7]) (otherwise) = false
|if Rthen eelse e|R" Ple, 7) = 1

| dup(R) | dup([R]) | (R, €)
[(v,R) |R.illet “z=Rin e

P

(Le)s 7) kdl



Rule Pre-conditions Evaluation Step
E-Rval S() =v S;H; 1= S;H;v
E-# S;Hie= S H; ¢ S; H;R[e] = S H'; R[€']
E-App | ¢ dom(S) S;H;Az.e v =S, I+ v; H; e[ll z]
E-If by =true by =false S; H;if b;then e;else ex; = S;H;e;
E-.i S; H;(v1, v2). i =S;H;u;
E-Dup ¢ ¢ dom(H) S;H;dup(v) = S;H, 0 +— v; £
EL-"# S;He= S H; ¢ S;H;e” = S H; "
E-" H)=v S;H; " = S;H;v
E-=# S;H:l=S;H: U S;Hl:= e=S;H:l':=¢
E-:=Stack S, I—w;H; 1= v =S, = v H; ()
E-:=Heap S;H L= v 0= v = S;H, L0 ()
E-=Sp wv;=vy S, I—uv;HLp:= v S, I— (v, v2);H; L i. pi= v}

=S, l—viiH; () =S, I (01, v3) ; H; ()
E-:=H.p v, =vi SiH v 00 pi= v, S;H L (v, v2); L. i.pi= v

= S;H,l— v () =S;H,0— (01, v5); ()
E-Let-M | ¢ dom(S) S;H;let ¥ z=v1in e2 =S, l— vi; H; exl/z]
E-Let-P S;H;let Yz =wviin e = S;H;ealvi/1]

Figure 1. Small Step Operational Semantics



T A7) v(r) A(7) v(r) 9(7) () {r[}
a Yo a Yo a « a {a}
unit Yunit unit Yunit unit unit unit 0
bool Whool bool Whool bool bool bool 0
T1 — T2 \I’(T1—>7'2) T1 — T2 \11(7'1—>7'2) T1 — T2 T1 — T2 T1 — T2 {|7'1|}U{|7'2[}
fi7 Upr fi7 T fi7 0 13(7) i1t
Wp Ap) v(p) A(p) ¥(p) Z(p) 3(p) {lol}
T1 X Ta2 U(A(T1) X A(12)) | V(T1) X (72) | Y(r1 X 72) | 71 X 72 | ¥(71) X ©(72) | I(71) x I(72) | {m1[} U {72}
alp A(p) v(p) A(p) ¥(p) ¥ (p) 3(p) {alp} U{lpl
slp A(p) v(p) A@Q)Lp v()lp ¥ (0) I(p) {slot U{plt
7] A(r) L7] v|7) 7] 9() 13(0)] ([
T Mut(7) Immut(7) Const(7) 0(t)
« false false false Tif[a— 7] € 0, elsea.
unit false true true unit
bool false true true bool
T1 — T2 false true true 0(t1) — 6(r2)
I Mut(7) Immut(7) true 10(r)
Tp true false false To{p)
T1 X T2 Mut(71) V Mut(72) | Immut(71) A Immut(72) | Const(r1) A Const(72) 0(T1) x 6(r2)
alp Mut(¥(p)) false false o |0(p) if 0{c) =’
p'if 0a) =p' # o
slp Mut(s) V Mut(s/(p)) false false ' 10(p)if 0(c) =<
0if 0(c) =0 #¢
| 7] false Immut(/(7)) true [0(T)]
T O(7) CI(7) ©(7) N(7) M(T)
@ false false false @ ()
unit true true true unit ()
bool true true true bool ()
T1 — T2 true true true N(71) — N(72) M(71) o M(72)
I O(7) true true TN(7) M(T)
Up O(p) Cl(p) Bl(p) WN(p) M(p)
T1 X T2 O(t1) AO(72) | O(m1) AC(72) | B(r1) AB(72) | N(71) x N(72) M(71) o M(72)
alp O(p) B(p) false a|N(p) M(p)
slp H(p) B(p) false sIN(p) M(p) o [a— Ap)]if ¢ =Va
andC(p); M(p) otherwise
Ed O(r) C(r) true V() if B(7) M(7)
| 7| otherwise
Meanings of Operators
A Add mutability up to the ref/function boundary.
v Remove mutability up to the ref/function boundary.
A Add top-most mutability.
v Remove top-most mutability.
\V4 Remove mutability and const up to the ref/function boundary
J Remove mutability deeply up to the function boundary.
1B Constraint Collection
Mut Is the typeobservably mutable?
Immut | Is the typeeffectively deeply immutable?
Const | Is the typeeffectively const?
0() Substitution.
O Is the typeconcretizable? (i.e. can be made invariable
by a substitutioronly for mutability-variables?)
CJ Is the typeconcretizable up to a reference boundary?
© Is this type concrete enough to drop an enclosing const?
N Partially normalized form of const types, when a const weapp
can be dropped (exbool | =bool )
m Produce a substitution to normalizép types.
(ex: Ya|bool = Thool )
M Produce a substitution to propagate mutability inwards int
composite types (or fail with an error).
N Normalized form of const types, where const only appearsrato
variable or constrained types.

Figure 2. Operations and Predicates on Types



S-Refl S-Trans S-Mut S-Pair S-MT1 S-MT2

TodiTi 11 <79 p<:p T1<i7T) ToLiTh Y(p) < T T < A(p)

T T To <@ To Up < Wy T1 X 7o <IT] X Th alp<iT T<lalp
S-MF1 S-MF2 S-MF3 S-Constl S-Const2
Vip) QT alp D pf 7 < A(p) 7 < v(r) v(r) <7
alp<iT Valp < Uy Tdiglp T <7 [r] <: 7

Figure 3. Copy Coercion Rules

T-Unit T-Bool T-Id
I'(z) =Va.r\D I+ {r, D} dom(6) = {a}
0;T; X F () : unit 0:T; X F b:bool 0Dy, T, Fz:0(r)
T-Hloc T-Sloc T-Lambda
S0 =71 ) =7 Dil,z—7,YFe:Te Ti=7, To=7h Pz, 1)
IR Y YR T D;T;XFAze:7) — 1%
T-App T-Set
Dy, TEFe1 <itqg— 7 Do T X Fer <ivy(ra) A(rr) i DI Up Dy T EFeip
Di1UDy; I X Feres: T D1 UD2; T X F1:= e:unit
T-If T-Deref
DT ke <:bool Do YkFexs<it D3I Zkes<:rT 7 <7 D;T; Xk e< 1
DiUDUDs; I; XFif epthen eselse ez :7’ D;I;XFe 7
T-Pair T-Sel
Dy T;% ke iry Dy TNk ea<lire 7171 757 D;T;Ske:7 N(T) =71 X 79
D1 UDy T2 F (er, e2) 1 7h X 75 DI;YFe.i:T;
T-Dup T-Let-M
DY Fe<it 7/ <7 Ple, 7) D;IYkFer ity 771 Pz, 71) Dyla—=1iEFeximo
D;T; S Fdup(e): i DiUDs TSk (let Yz=e1in e2): 7o
T-Let-MP

Dy INEkv<diTy 7<di7y Pz, 1) D=D1U k(1)) {a} =ftv(r, D)\ ftv(l, ¥)
Dy, T,z —Var\D;Zke:m2 &, 0
DBI@UDs; T; S (let “z=vin €)7o

Figure 4. Declarative Type Rules



I-Unit 1-Bool I-1d
I'(z)=vVar\D 0=[a — 8] k.8

CXEQ:unit [0 ;X Eb:bool |0 Y kz:0(r)[0(D)
I-Hloc I-Sloc I-Lambda
() =T =71 Iz—Pz, Bla);Ske:T|C E, aBBvYd
YR ]0 YR 7]0 Y E Aze:fla—yld|CU{r=~]d}
I-App I-Deref
I'Yhker:im|C Ti¥kex:T2|Ca |, aBB vy 0 IYke:7|C [, aB
Yherexiely|CiUC U {1 =al(B'18 —717), T2=0]8} Yk e ta|CU{r=35]fa}
I-If

F;E}T€1:T1|Cl F;Z}TEQIT2|CQ F;ZIT6317'3|63 Ewaﬂyde
T;2Eif eithen eselse es:ely|[CiUC2UC3U{r1=albool , 72 =53]y, T3 =0]v}

|-Set I-Dup
DYElim|C T 8keiT2|Co B, afy 'Yheir|C 7 =Ple alB) k., aby
;YR l:=equnit [CiUCU{ri=Wa)ls, m2=v]0} ;X Edup(e): i [CU{r=~]5}
I-Pair I-Sel
IYkerim1|Ci T8 kes:i72|Ca [, ad' B8 D;Yke:7|C mi=alB 12=79l0 [k, afyde
'Y E(er, e2) taly x Blo[C1UC2U{T1=d"]y, T2=3]d} Y he i [CU{T=¢|(r1 x T2)}
I-Let-Exp

I'E¥beir:mi|C e1#v Tiz—Plz, alB);Zhe:m2|Co [, afyk
TYXElet "z=ei1in ex:r2 [C1U{r1=~]8, k=¢} UC2

I-Let-Val
S koim |C Ch=CiU{ri =718} UC)=(Du,6) D=D,U{*(r)}
T=P(z, 0(618)) {a}=ftv(r, D)\ ftv(O(I'), (X)) T, z—Var\D;Xke:72|C2 k., Byiek
[ YElet "z=vin e:72|Ci[ela] UCa

Figure 5. Type Inference Algorithm



U-Empty
U-Refl
U-Sym
U-Var

U-Fn
U-Ref
U-Mut
U-Pair
U-Constl
U-Const2

U-Ctl
U-Ct2
U-Ct3
U-Ct4
U-Ct5

U-K
U-Oml
U-Opl
U-Om2

U-Op2

U-Error

Uu)

U{T=7}UC)

U({T1 :TQ}UC)
U{a=1}UC)|aé¢T

U({Ta = Tr =74 = T} UC)
U1 =972} UC)
U{Wp1 =Tp2} U C)

U{T1 X T2 =71 x 15} U C)

U{[T1] = [m2]} v C)
U({[T1] =72} UC)
whereN(71) # 71

U{alpi =Blp2} UC)
U{alp=p"}UC)
U({alpr =clp2} UC)
U{Talp =T8]p2} WU C)
U({slp=0}UC)

U({r =2} 1 C)

UK (1), K (T2)} L C)
U({k ()} u C) | O(r)
UKz (7)} W C) | Mut(T)

UK (T1), K5 (T2)} UC)
whereld({r1 =12} UC)= L

UcUC)|cgCyUCsUC,

(0. ()

U

Z/{({TQ :7'1} UC)

(D, 0, 086,) whereb, =[a — 7] and
UN(0a(C))) = (D, bu)

UCU{Te=Th Tr=7.})

UC U{T1=72})

(D, 6, 00,,) whereM(0,(r1)) =6, and
UC U{p1=p2})=(D, 0.)

UCU{T1 =71, T2=T5})

UC U {71 = T2})

U(C U {N(T1) :7'2})

UC U {p1 = p2, a=p})
Ucu{p=p, a=p'})
UC U {p1 = p2, a=¢})
UC U{p1 = p2, a=p})
UCU{p=o s=0})

(D, 0y o 60,) wheredy, =[x — »]and
UOx(C)) =(D, 0.)

(DUO{kY (1), k¥ (T2)}, ) where
UCU{T1=T72})=(D, )

(D UB{kI(7)}, ) where
UCU{r=3(n}H=(D,0)

(D, 6 o 6,) whered, =[x — 1] and
UOK({KZ(T)FUC)) = (D, 0u)

(D, 6 0 6,) whereb,, =[x — V] and
UOK({ K5 (T1), K3(T2)} UC))=(D, 0.)

1

Co=Va,¢,p7,7 |ag¢gt {r=7, a=7", 7' =a, olp=7, T=alp, slp=7, T=¢|p}
Cs=Vp,p,m, 711,71 A7 —1i=1" =711, tr=07, p=Vp', 7] =[7"]}

Cp=Vua, k7,7 | -Mut(r').{k =12, *¥ (1), *X(T/), * (1)}

Figure 6. Unification Algorithm



