A Examples in Scripting Languages

This appendix presents translations of the examples in section 3 into real-world
scripting languages.

Example 1

Prototype inheritance:

let Rect = { "area": func(self:?) . self["x"] * self["y"], "parent": null } in
let Cuboid = { "parent": Rect,
"vol": func(self) . self["area"] (self) * self("z"] } in
let shape = { "x": 2, "y": 5, "z": 10: "parent": Cuboid } in
let vol = shape["vol"] (shape) // vol is 100

JavaScript Here is the equivalent program in JavaScript. Note that the this
argument is implicit:

var Rect = { area: function() { return this.x * this.y; },
__proto__: null };

var Cuboid = { __proto__: Rect,
vol: function() { return this.area() * this.z; } };

var shape = { x: 2, y: 5, z: 10, __proto__: Cuboid };

var vol = shape.vol(); // vol is 100

var f = vol;

var vol = £(); // ERROR: this.area is undefined

Lua This program can be written in Lua using metatables, which allow assigning
a parent-like field:

Rect = { area = function(self) return self.x * self.y end }

Cuboid = { vol = function(self) return self.area(self) * self.z end }
setmetatable(Cuboid, {__index = Rect})

shape = { x=2, y=5, z=10 }

setmetatable(shape, {__index = Cuboid})

vol = shape.vol(shape)

f = shape.vol

vol2 = £() // ERROR: attempt to index local self (a nil value)

Example 2
Extracting methods:

let ArrParent = { "slice": func(self:?,begin:?,end:?). --- , --- } in

let arrl = { "0": 3, "1": 20, "2": 59, "length": 3, "parent": ArrParent }

let nodelList = { "0": htmlElementA, "1": htmlElementB, "2": htmlElementC,
"len": 3, "parent": HTMLNodeListParent } in

let eltArray = ArrParent["slice"] (nodelist,0,1)

// returns an array containing htmlElementA and htmlElementB
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JavaScript This version of slice is built-in. We use DOM-manipulation functions
to fetch array-like objects.

var ArrParent = Array.prototype;

var arrl = [3, 20, 59]; // JavaScript desugars to an Array object
// Get all the links on a page:

var nodelList = document.getElementsByTagName("a");

// Using .call on a function allows us to provide the this arg
var eltArray = ArrParent.slice.call(nodelist, 0, 1)

// eltArray contains the first two elements in the list

Lua Lua objects allow trivial method extraction—Lua has similar array behavior
to JavaScript as well, and any number-indexed dictionary can be used by library
methods.

arr = {123, 45, 6}

table.sort (arr)

-— arr is now {1 = 6, 2 = 45, 3 = 123}

not_arr = {foo = "bar"}

not_arr([1] 6

not_arr[2] 5

not_arr([3] = 4

table.sort(not_arr)

-- not_arr is now {1 =4, 2 =5, 3 =6, foo = "bar"}

Example 3

Bound methods:

let Rect = { "area": func(self:?) . self["x"] * self["y"], "parent": null } in
let Cuboid = { "parent": Rect,
"vol": func(self) . self["area"] (self) * self["z"] } in

let rec shape2 = {

"x": 2, "y": 5, "z": 10",

"_class_": Cuboid,

"parent": {

"vol": func() . shape2["_class_"]["vol"] (shape2)

}
} in
let £ = shape2["vol"]
let vol2 = £() // vol2 is still 100, f closes over shape2

Python In Python, we can see this effect with classes:
class Rect(object):

def area(self): return self.x * self.y
class Cuboid(Rect):
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def vol(self): return self.area() * self.z
shape2 = Cuboid()
shape2.x = 2; shape2.y = 5; shape2.z = 10
f = shape2.vol
vol2 = £() # vol2 is 100

Ruby In Ruby, we use obj.method(:methname) to access the method, and
method.call to invoke it:

class Rect
def area; self.x * self.y; end
end
class Cuboid < Rect
def vol; self.area() * self.z; end
end
shape2 = Cuboid.new
def shape2.x; 2; end
def shape2.y; 5; end
def shape2.z; 10; end
f = shape2.method(:vol)
vol2 = f.call() # vol2 is 100

Example 4

Ad hoc private fields:

let safeGetField = Aa <: 7.func(obj:?,fieldName:?,default:?).
if (fieldName matches "_.*_") default
else if (obj hasfield fieldName) obj[fieldName] else default in
safeGetField(?) ({ "_private_": 42, "pub": 23, "parent": null },
"_private_", 0) // returns O

JavaScript In JavaScript, this check could be performed with a regex. For
a real-world example, see reject name in ADsafe at https://github.com/
douglascrockford/ADsafe/blob/master/adsafe. js#L254.

function safeGetField(obj, field, default) {

if(/_(.*x)_/.test(field)) return default
else {
if (obj.hasOwnProperty(field)) return obj[field];
else return default;
}

23


https://github.com/douglascrockford/ADsafe/blob/master/adsafe.js#L254
https://github.com/douglascrockford/ADsafe/blob/master/adsafe.js#L254

Python A similar check works in Python. Note that variations on this pattern
are found in production code inside Django, for example: https://github.com/
django/django/blob/master/django/db/models/base.py#L157.

def safeGetField(obj, field, default):
rx = re.compile(r"_(.*)_")
if rx.match(field) is not None: return default

else:
if hasattr(obj, field): return getattr(obj, field)
else: return default

Ruby Note that several variations on this pattern are found in production code
inside Ruby on Rails, for example: https://github.com/rails/rails/blob/
master/activerecord/lib/active_record/base.rb#L1725.

def safeGetField(obj, field, default)
return default unless /_(.*)_/.match(field).nil?
return default unless obj.respond_to?(field)
return obj.send(field.intern)

end

Example 5

Safe dictionary lookup:

let safeAssign = Aa <: 7.func(dict:?,word:Str,value:?) .dict["w_" + word = valuel
let safeLookup = Aa <: ?.func(dict:?,world:Str,default:?) .

let lookup = "w_" + word in

if (dict hasfield lookup) dict[lookup]

else default

JavaScript While JavaScript does not have type abstraction, implementation of
the core functionality is trivial:

function safeAssign(dict, word, value) { dict["w_" + word] = value; }
function safeLookup(dict, word, default) {

var lookup = "w_" + word;

if (dict.hasOwnProperty (word)) return dict[lookup] ;

return default;

}

Such an implementation is necessary in JavaScript when objects are used as
dicitonaries, because of the presence of the __proto__ field in major browsers.

Python Python and Ruby both support dictionary-like objects natively, and
don’t need to use this pattern.

24


https://github.com/django/django/blob/master/django/db/models/base.py#L157
https://github.com/django/django/blob/master/django/db/models/base.py#L157
https://github.com/rails/rails/blob/master/activerecord/lib/active_record/base.rb#L1725
https://github.com/rails/rails/blob/master/activerecord/lib/active_record/base.rb#L1725

B Definitions

Notation In these proofs, we write func(z:T) { e } instead of func(z:T) . e.

Definition 1 (Type Equivalence) We define a relation on types =r.

MAQLA LAQMA VZ,,]L,LQM]#@#SZ:TT]/\]),L:(]J

Vi'a(j17 e 7jk)LL g Ule(.jl,"',jk) Ml VJH(ZI, st 7Zk')'MZ g Ule(il,”',ik) Ll
Equiv-0Obj

{L 2 Sy, LB : S, Ly :abs} = {M{" : Ty,---, M% : T,,, M4 : abs}

The other cases of =1 are trivial; to define them we lift Equiv-Obj in the
natural way over the other types. =7 describes an equivalence class of types—
we use Ty =p Ty and Ty = Ty interchangeably in this document, and types
represented by the same letter are assumed to be related by =r.

Definition 2 (Subtyping) The generating function,

ST:P(I'xTXxT+pxp) =PI xXTXT+pxp)

is defined co-inductively by the subtyping judgments. We define subtyping as
r'eS<:T,if (IS, T) e vST and p <: q, iff (p,q) € vST.

Definition 3 (Transitivity) For RCP(I' xT xT +p X p)

U{(z,2) | Vz,z € p,Iy € p,(z,y), (y,2) € R}

Definition 4 (Top-down Subexpressions) S is a top-down subexpression of
T, written S T T, if (S,T) is in pT D, defined as follows:

S,Tl — Tg) | (S,Tl) c R}
S, T1 — TQ) | (S, TQ) c R}
S,Va <:UT) | (S,U) € R}
S,\Ya <:UT) | (S,T) € R}
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Definition 5 (Bottom-Up Subexpressions) S is a bottom-up subexpression
of T, written S < T, if (S,T) is in uBU, defined as follows:

BU(R

) T,7)| T is a finite type }

(

(S, {LP :T,rest---}) | (S,T) € R}
(S,{LP :T,rest---} | (S, {rest}) € R}
(S,{LP:T})|(S,T) € R}

(S,RefT) | (S,T) € R}

(S T — Tg) | (S, Tl) € R}

(S T1 — TQ) | (S, Tg) € R}

(S,Ya <:UT) | (S,U) € R}
(S,Ya<:UT) | (S,T) € R}

(Sl T), .T) | (5,T) € R)

A A A P Ay A A A A Ay

cccccccccacl

Definition 6 (Active Expressions) Active expressions, ae, are defined as fol-

lows:

ae = vx (1}2)

fix (f:17).e

v1+v2

ref v

deref v

V1 = VU2

vy [v2]

vy [v2 = w3l

delete vy [v2]

if (v1) { e} else {e3?
v1 hasfield v2

v1 matches vs

fieldin { s1:v1, s2:v2 -} init ve. do vy

C Auxilliary Lemmas

Lemma 2 For all T, 7'% C 7';

Proof This is exactly the same argument as Pierce [19]. |

Lemma 3 The set of top-down subexpressions, 7? ={S| (S, T) € uTD}, is

finite for all T.

Proof By lemma 2, 7'7{’ - ’TYT for all T', and by lemma 4, 7'TT is finite for all 7', so

T+ is finite for all 7.

Lemma 4 The set of bottom-up subexpressions, 7'TT ={S| (5, T) € uBU} is

finite for all T.
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Proof The second position in the each right-hand clause in BU is smaller than
the left.

Lemma 5 If (S,T[z/U)) € ’T;[I/U], then either (S,U) € TJ or S = S'[x/U] for
some (S',T) € T;.

Proof By case analysis on T

D Subtyping
Lemma 6 If:
S:PI'XTXT+pxp) =PI XTXxT+pxp)

is a monotone function, and for all R, TR(S(R)) € S(TR(R)), then vS is
transitive.

Proof: This definition is from Gapayev, et al., and reproduced in Pierce’s
text. Its relation to transitivity is discussed there—we use it as a goal and defer
to their explanation to complete the proof [19, Lemma 21.3.6].

Lemma 7 (Subtyping is Transitive) TR(vST) C vST

Proof:

For arbitrary R, we consider both field annotations in (p, q), and subtyping
judgments (I, S, T):

Let (p,q) € TR(ST(R)). By definition of TR, there exists a p’ such that
(p,p'), (p',q) € ST(R). By case analysis of the p <: p rules, it follows trivially
that (p,q) € ST(TR(R)).

Let (IS, T) € TR(ST(R)). By definition of TR, there exists a U such that
(I,S,U),(IU,T) € ST(R). We will show that (I,S,T) € ST(TR(R)), so that
by lemma 6, vS7T is transitive.

By case-analysis on the possible shapes of U (eliding the trivial cases where
T="T):

—U={Ly:Uy, -+, LPr :U,, Ly : abs}.
Since (I, S,U), (IU,T) € ST(R), by cases of ST,
(1) S={K{": 81, -, K" : 5, K4 : abs}, and
(2) T={M{ :Ty,---,MZ» : T,,, M4 : abs}.
By hypothesis, (I, S,U) € ST(R), which must be by S-Object. By hypoth-
esis of S-Object:
(3) Vi, . if K;N L, * () then (Sz', U]) € R and (Oi,pj) € R,
(4) Ui L €Uy " K U Ka,
(4") La C Ka,
(5) Vi.if Ly N K4 # () then (p; = o or p; =1),
(6) Vi. if p; =1 then (I, inherit(S, L;),U;) € R.
S

imilarly,
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) V’L,j if L; N Mj 7é () then (Ui,Tj) € R and (pi,qj) €R,
) Uy My S U iU L,
)
)

<~

My C LAv

Vj. if MjNLa # 0 then (g; = o or ¢; =1),
) Vj. if gj =1 then (I, inherit(U, M;),T;) € R.
Our goal is to show that (I,S,T) € ST(TR(R)), by constructing a proof
of S-Object using the above hypotheses and the definition of ST and TR.
Informally, we need to find support for the hypotheses of S-Object for S and
T among the elements of TR(R). In particular, we show that:

a. UMy C Uy Kn UK
Proof: By (4), (4°), (8), (8), and transitivity of subset inclusion.

b. Yh,j. if K N M; # 0 then (op,q;) € TR(R) and (I',S,T) € TR(R)
Proof: Let € K; N M;, thus € K} and = € M;. By (8), there are
two cases:

i. 2 € Ly — In this case, M; N Ly # 0. Since Ly C K4 by (8),
x € K4. But by the well-formedness of object types, object types’
fields are partitioned, and this is a contradiction, since x € Kj. This
case cannot occur.

ii. x € L; for some ¢ — In this case, we have that z € L; and x € Mj,
so by (7), (U;,T;) € R and (p;,q;) € R. We also have that = € L;
and x € Kp, so by (3), (Sk,U;) € R and (op, p;) € R. This completes
item b., as by definition of T'R, (op,p;) € R, (pi,q;) € R = (on,q;) €
TR(R), and (S, U;) € R, (U;,T;) € R= (Sy,Tj) € TR(R).

c. ViM;NKys#0= (gj =o0orqg; =1)

Proof: For each non-vacuous case of j, there is some = with z € M; and
x € K4. By (8), there are two cases:

i. & € M;NL; for some ¢ — In this case, L; N K4 # (), so by (5) p; = o
or p; =T. Only p—Refl applies, so item c. is complete.

ii. x € M; N Lg — This case follows directly from (9).

d. Vj. if ¢; =1 then (I, inherit(S, M;),T;) € TR(R).

Proof: By (10), Vj. if g; =1 then (I inherit(U, M;),T;) € R. By as-
sumption, we have that (I, S,U) € R (or, equivalently, I' - S <: U). Re-
call from (1) that S = {K7* : S1,---, K" : Sp, K4 : abs}. By lemma 12,
since I' H S <: U,M; C Mj, it must be that I' & inherit(S, M;) <:
inherit(U, M;) for each j. Now we have that (I, inherit(S, M;), inherit(U, M;)) €
R and (I, inherit(U, M;),T;) € R for each j, which is sufficient to show
that (I, inherit(S, M;),T;) € TR(R) for each j, which completes the
proof.
— U = b Only S-b applies, so S and T' must both be b, and are therefore in R.
— Case U = L. Only case S-Str applies for S <: U and U <: T'. Thus, S = L,
and T = Ly, with Ly C L,, C L. Thus § <: T follows by transitivity of the
subset relation.
— Case U = Ref U’'. Only case S-Ref applies, thus S = Ref S’ and T =
Ref TV, with (S',U"),(U’,S"), (U, T"),(T",U’) € R. By definition of TR,
(8", 7,(T",5") € TR(R). Thus, (Ref S’,Ref T") € ST(TR(R)).
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Case U = a. There are three possibilities, depending on uses of S-VR and
S-VTR:
e S=aqand T =q,so ([,S,T) € TR(R) by S-VR.
e S=0,8#a, (f<:a)el,and (a <:T) € I'. In this case, (I,5,T) €
TR(R) by S-VTR.

e S=aand (o« <:T) € I'. In this case, (I,S,T) € TR(R) by S-VTR.
Case U = Va <: U;.Us. The only rule that applies is S-Kern, so it must be
that:

e S =Va<:U;.5,

° ((F, o <@ Ul), SQ, U2) S ST(R),

o T'=Va<: U, Ty,

. ((F,Oz <: Ul), U2,T2) S ST(R)

By the definition of TR, (I« <: U1),S,T) € TR(R).
— U = po.T This case is addressed in [19, chapter 21].
— U =U; — Uy See [19, page 288]

Lemma 8 (Subtyping is Reflexive) For all T € T, (T,T) € vST, and for
al FeF, (F,F)evST.

Proof: By case analysis on the subtyping rules.
Lemma 9 ST is Invertible

Proof: The corresponding support function is well-defined. By inspection of the
subtyping rules, for a given pair of expressions, only one typing rule applies.

Theorem 3 For all types S and T, S <: T is decidable.

Proof: Since S and T are finite u-types, the set reachabless(S,T) is fi-
nite [19, Proposition 21.9.11]. Thus, the algorithm g¢fpgs [19, Definition 21.5.5]
terminates [19, Theorem 21.5.12]. |

Lemma 10 ForallI,T,L, M, inheritr (T, L)Uinherit - (T, M) = inherit p (T, LU

Proof: By induction on the syntactic size of T" and by definition of the join
operator.

Note that in the definition of inherit, the condition in both cases requires that
for some Lg, Lo C Le. L & Lo and M T L¢ hold if the left-hand side of the
equality are defined. However, LI M C L holds only because LUM = LU M.

|

Lemma 11 If Lo € Mg C ;"™ M; and Vi, j.E; N M; # 0 = I'F S] <: T
then

1---n 1--m
| [{SIITHLonLi # 0} < | | {T] | T+ Mg 0 M; # 0}

J
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Proof: Tt is sufficient to show that for all S} on the left-hand side, there exists a
T} such that I' - 5] <: T}.

For any S/, since L; N Lo # 0, 3str.str € L; N Lg. Since Lo C |JM;,
intersecting on the left-hand side we have L; N Lo C |JM;. Thus str € [J{M; |
qj #°}. Therefore, 3M;.str € M;, hence L; " M; # ) andso I' = S} <:T7. W

Lemma 12 For all IS, T, Lg, Mg, if:

Hi. I'FS<:T,

H2. I' Lo € Mo,

HS. inheritp(S,Lg) = S', and
Hy. inheritp(T,Mg) =T,

then I' =S <: T".

Proof: By double induction on syntactic size of S’ and T”, followed by case
analysis of inherit in H3 and H4. We thus have four cases. In all cases, by
inversion of (H1) and the definition of inherit, we have:

S={L":8]--- Lt : S/ Lu:abs}
T={M":T]---M%Z :T) My :abs}

We thus have available the hypotheses of S-Object:

I1. Vz,leﬂMJ 7$®:>p1 <Z(]j/\F|‘SZ/» <ZTJ{,

12. J;"" M; CU;"" Lj U La,

13. MaC La,

4. Vjif g; =1 then g; =1 AI' b inherit(S, M;) <: T}, and
I5. Vj.if M; N La # 0 then ¢; =° or ¢; =1

Case 1. Base case, where "parent" of both S and T are elided.
By definition of inherit, the goal is:

1--n 1--m
e | {SiITHLonLi # 0y < | | {T] | T+ Mg 0 M; # 0}
i J

The condition on both applications of inherit are Lo C (J{L; | p; # o} and
Mg CU{M; | q; # o}. Therefore, Mg C |JM; and lemma 11 applies.

Case 2. Inductive case, where "parent" of both .S and T are references to objects.

H5. 3L;."parent" € L; A S; = Ref Sp,
H5. Lo CU; ™ L;iU La,
H6. 3M;."parent" € M; AT/ = Ref Tp, and
HE'. Mg C U™ M; U Ma.
HInd. YLy, M{,, Sp, Tp.|Sp| < |S|A|Tp| < |T|ATF Ly C MGAT = Sp <: Tp =
(inheritp(Sp, L) = Sp A inheritp(Tp, M) = Tp = I'+= Sp <: Tp).
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The goal thus reduces to:

I'E{S}| 't Lo N L; # 0} Winherit(S,, £) <: | {T} | I' = Mg N M; # 0} U inherit(T,, M)
where £ = Lo N (LaUJ{L;|pi = o}) and M = Mg N (M4 UU{M,|q; = o})

We define the set of inherited fields of 7T" that are looked up by Mg and are
absent on S:

LY =LnUN

L~ =LNnUN

Using lemma 10, we rewrite the goal to:

I+ L{S}| '+ LgNL; #0} UWinherit(S,, LNUN) U inherit(S,, LN JN)
< | HT] | '+ Mgn M; # 0} Uinherit(T,, M)

We prove the goal by breaking it into the following subcases:

a. FFU{S;|FFLQQL1¢®} <2|_|{T]{|FFMQQMJ'7£@}
We cannot apply lemma 11 directly because Mg C | M; UM, whereas the
hypothesis of the lemma requires Mg C (J M;.
However, note that since L4 N L; = @ (by well-formedness of types), we have
LoNLy * 0 iff LQ\LA N L;. Similarly, Mg N M; #+ 0 iff MQ\MA NM;. We
can therefore rewrite the subgoal to I' - | |{S! | I' = Lo\La N L; # 0} <:
LT} | I'= Mg\Ma N M; # 0}. Lemma 11 now applies.
b. ' F inherit(S,, LN UN) <: inherit(T,, M)
By induction (HInd). The following cases allow us to apply HInd.
o |Sp| < |S] and |Tp| < |T| are trivial.
e We show that I' - Sp <: Tp. By H5 and H6, "parent" € Lp, Mp thus
Lp N Mp # (. Therefore, I' - Ref Sp <: Ref Tp by I1. By (S-Ref), it
follows that I' + Sp <: Tp.
e We show that I' - £ N W C M. It is sufficient to show that Va.I"
reLNUN=TFzeM.
By definition of £, x € Lg, thus by (H2), z € M.
By (H6”), x € MU U;m M;. If & € My, we are done. So, consider the
case where 3j.z € M;.
By definition of £, either € L4 or x € |J{L;|p; = o}. If © € L4, then
by I5 ¢; = o. If « € |J{L;|p; = o}, since x € L; N M;, p; <: g, and by
p-Refl, ¢; = o.
Therefore, € M since it is in both sets.
c. I'inherit(S,, LOUN) <: | {T} | I' = Mg n M; # 0}.
Rewrite the left-hand side by expanding the definition of A/, distributing the
intersection over the union, and applying lemma 10:

I | [inherit(S,, £LnM;) | MgnM;NLa # OAq; =1} <:| {T] | '+ MonM; # 0}
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It is sufficient to show that for all elements of the left-hand side, there exists
a supertype on the right-hand side. For each inherit(S,, £ N M;) on the left-
hand side, the associated T]{ is on the right-hand side by definition of N'. We
now show that
I+ inherit(Sy, LN M;) <: T}

Since M; N La # 0 and g¢; =T, 14 applies and I" I inherit(S, M;) <: T}.
By lemma 10 inherit(S, M;) = inherit(S, £L N M;) U inherit(S, L N M;), so
I' + inherit(S, £ N M;) <: T; by the definition of joins. Further, by the
definition of inherit,

'+ inherit(S, £0 M) = inherit(Sp, L0 M; N La| J{Li | pi =o})U...

and by the definition of £, LNM;NL 4 J{L; | p; = o} is the same as LN M.
By the definition of joins:

I'F inheritp(Sp, LN M;) <: T
which, when applied for each j, completes Case 2.

Case 3. Impossible case, where the "parent" field is on the right-hand side type,
but is elided on the left-hand side type.

By well-formedness of types, if Ji."parent" € M; then ¢; ='. But by 12,
"parent" € Ujln L; U Ly, which is a contradiction.
Case 4. Inductive case, where the "parent" field is on the left-hand side type,
but is elided on the right-hand side type.

HLP. 3Lp."parent" € Lp A S} = Ref Sp,
H6. Lo C Ul ™" LiULa,
HRP. If —ElMpi"parent" € Mp, and
H8. Mo € U; " {Mi | ¢ #°}.
By HRP, since ~3Mp."parent" € Mp. The goal is therefore:

1--n 1---m

I+ |_| {Si | '+ LoNLi # OYinherit(Sp, LoN(LaU| J{Lilp: = o})) <: |_| {T/| T+ MqnM; # 0}

J

The first part of the join is satisfied by lemma 11. For part 2, using lemma 10
rewrite:

1---m

I+ inherit(Sp, Lo N (La U J{Lilpi = o})) <: | | {T}] | I'+ Mg n M, # 0}

J

to:

1---m
r+ mherit(Sp,LQOLA)I_ImheTit(Sp,LQDU{Li\pi =o}) <: |_| {Tj | I' = MonM; # 0}

J

There are two cases.
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— Consider str € Lo N L. This case follows by the same argument as in item
c. of Case 2.

— Consider str € Lg N L;, where p; = o. By H2, str € Mg. By HS8, there exists
an Mj, such that str € M; and ¢; #°. By 11, since str € L;, M}, it must be
that p; <: g;. By inspection of the definition of the p <: ¢ relation, we have
a contradiction.

Lemma 13 If{Ly: Fy -+ Ly : Fo} <t {My: Gy My, : Gy}, then ;™ {M; |
Gy =T} CU; ™ML | F =T

Proof: By contradiction. _
Assume there exists some string x with = € U;]{M] | G; = Tt} and
e ¢ Ul " {Li | F; = T*}. By assumption of S-Object, Ujlm M; C U™ Li, so
it must be that there is some L; that contains x, but either has type T° or abs.
That is, there must be an M; with z € M; and an L; with = € L; with G; = T+
and either F; = abs or F; = T'°. This violates S-Object, which asserts that
since L; N M; # 0, it must be that F; <: G, which cannot happen since possibly
absent and definitely absent fields cannot subtype definitely present fields.
|

E Typing

r'cv:S--- I'(fy=1L Yia<:L,f:abkex:T L'=LNna I'kes:T

T-IfHasField1 ST Fif (str:v--- ¥ hasfield f) es else e3: 1T
I'(o)={--L°:S--} Xilo:{---strt:S,L°:S -} rey:T
L' =Ln{str} Ikes:T
X I'Eif (o hasfield str) es else es : T

T-IfHasField2

I'Fv:S--. XiI'kes: T stro ¢ str---

T-IfHasFieldFal
askieldFalse— s o e Y hasfield sira) e else o3 1 T

XiI'kes: T

T-IfFal
ST TR (false) eo else e : T

Fig. 6. Auxiliary Typing Rules for If-Splitting

Lemma 14 (Canonical Forms) If ;T v: T and if T is:
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T-IfHasField

T-IfHasField1l T-HasField2

T-IfHasFieldFalse

|

T-IfFalse T-If

Fig. 7. Usage of Auxiliary Typing Rules by Substitution

— {8 Sy LPm o S} then v = {stri: vi-- 3, X0 Fvg-ovy s Uy Uy,
ST Fw:{stri :Uy---strh . Uy, {stry---str,} : abs} and {str : Uy - - - str}, :
Up,{stri---strp,} :abs} <: {LY™ : Sy ---Lbr : S, },

— Ref S, then v = loc and X (loc) <: S,

- S—T, thenv="func(@) { e }

— L thenv =str and I' - str <: L

Proof: By induction on the typing derivation.

Lemma 15 (Inversion) If:

— YT Astrov---}:T then X; T Fv: S and I'F {str¥:S-..} <: T

— X' eites : T then X1 ey, eq <: Strand I' =T <: Str.

— XD fix (f:S).e:T then X f:SFe<:Sand 'S <:T.

— XiI'tref e:T then X;I'Fe: S and Ref S=T

- X IEL:T then ¥(1) =T

— X I'tderef e: T, then X;I'Fe: Ref S with S <: T,

— X'k e =ex: T, then ;' ey : RefS, ;' ey : U, U <: S, and
Ref S <: T,

- X'kt esle--) T, then Z;T Fep : S =T, X e: S, and
T <:T.

— X & eoleg] + T, then ;I F e, = {LV* :+ Sy---}, 5T + ef : L,
inherit({LY* < Sy -}, L) =T, and T' <: T.

— X I'Feoley =e,J:T then ;T e, : {LP :S--- Ly :abs}, ;I ef:
L', X;I'te,:UVLifLNL #0 thenU <: S, and ' - {LP : S--- Lu:
abs} <:T.

— XTI + delete e leg] : T, then X1 e : {LY* : Sy---}, X5 eyt L,
VLﬁLi#w.Fi#T%FI—{LIfl251"'}<ZT

— X' b ey hasfield ez : Bool, then X; 't ey : {Ly : Fy---L, : F,}, 2; Tk
GQIL.

— X I'F e matches P : Bool, then ;1" e : L.

— X if (v1) {ex Felse {eg }:T, then X;I' vy : Bool, ;1 ey : T,
and X, e3:T.
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— X I fieldin v,y init vaee do vy : T, then X1 vy : {LP:S---}, 2+
Vaee : T, and X Fop : (Str—T) =T

Lemma 16 (Type Substitution) If Y;a <: S;I'te: T and ' F U <: S
then X Ia/U| F e[a/U] : Ta/U].

Proof: By induction on the typing derivation. |

Lemma 17 (Substitution) If X2 : S,I' - e : T and X;I' b v : S, then
it elx/v]: T.

Proof: By induction on the typing derivation. The only interesting case is sub-
stituting the identifiers in if (o hasfield f) e; else e; when it is typed by T-
IfHasField. The resulting expressions require the auxiliary typing rules in fig-
ure 6.

— The expression is typed by T-HasField and = = 0. The resulting expression is
typable by T-IfHasFieldl as follows. By canonical forms, v = {str:v---} and
XY, I' ' 1. By induction, X;I'a <: L, f : aeafx/v] and X5 I - es[z/v].
The remaining antecents of T-IfHasFieldl are those of T-HasField.

— The expression is typed by T-HasField and x = f. The resulting expression
is typable by T-IfHasField2 as follows. By canonical forms, v = str, ;1"
v : str, and I' F str <: L. By type substitution followed by induction,
Yo {--strt : S,L'° : S---} I ey : T. The remaining antecedents of
T-IfHasField2 are those of T-HasField.

— The expression is typed by T-IfHasFieldl and « = f. The resulting expres-
sion has the form:

if ({ str: v'--- } hasfield str’) ey else es
There are two cases.

e If str’ € str--- then by type substitution and induction, X; I a <:
L f : ab e : Tla/str][f/v] = X;T b ex[f/v] : T. By induction,
X'+ es[f/v] : T. Finally, the conditional has type Bool. Thus the
expression is typable by T-If.

o If str’ ¢ str--- then the term is trivally typable by T-IfHasFieldFalse.

— The expression is typed by T-IfHasField2 and = o. The resulting expression
has the form:

if ({ str: v'--- } hasfield str’) ey else es

There are two cases.
o If str’ € str--- then the result is trivially typable by T-If.
o If str’ ¢ str--- then the term is trivally typable by T-IfHasFieldFalse.

Lemma 18 (Main Preservation) If ¥y;-+ ae: T, X1 b o1, and o1 E{ae) —
oo E{ea) then there exists a Yo, such that:

1. Xy 2 Xy,
1. Yo oo, and
1. Moy Feg: T.
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Proof: By case-analysis on ae, using inversion (lemma 15) where specified:

— o1 E{(func (z:9) { e P W) — o1E{e[z/v]).

By inversion, Xy;-Fv: S, -FS <8, Y Ske: T, and - T <: T.
By substitution (lemma 17), Xy;- F ez/v] : T.

— o1 E{fix (z:S. e) = o1E{e[z/fix (z:S5).€]).
By inversion, X1;-Fe: S, Yy;x:Ske: S, and - S <: T. By substitution
(lemma 17), Xy;- F e[z /fix (z:S). ¢ : T.

— oE((Aa <: S.e)(U)) — oE(e[a/U])
By type substitution (lemma 16).

— oE(ref v) — o, (I,v)E(l) where [ ¢ dom(o). By inversion, X;- F v : S and
Ref S <:T. Let Yy =1:5,%;. By T-Loc, Xo;-F1: Ref S.

— oE(deref I) — cE(c(l))

By inversion, X; ' 1 : Ref S and I' - S <: T. By inversion, X(I) = S. Thus
by T-Loc and T-Sub X '=1:T.

— oE(setref | v) — o[l := v]E(l) where | € dom(o).

By inversion (T-SetRef), X; "'+ 1:Ref S, X;I"'+v:S,and Ref S=T. By
inversion (T-Loc), X(I) =T thus X' o[l :=v]. by T-Loc, 2, I"'F1:T.

— oE{ - -str: v--- }strl) > cE(v). By inversion, Xy;- F str : L, Xy;- F
{vstryiv--}: 8, X1 - Fo: T, T <:inherit.(S,L), and inherit.(S, L) <:
T. By inversion, {---strt :T"...} <: S. Thus - = T" <: T.

By lemma 12, inherit.({---str¥ : T'---}, str) <: inherit.(S,L). By [REF],
inherit.({--- strt . T'-- -}, str) =T".

— oE{{ --- "parent": | }[str]l) — ocE((deref I) [str]), where str & - - -.

By inversion of the left-hand side, Xy;- & str : L, X1;- F {---"parent" :
Tp} : S, and inherit.(S,L) <: T. By lemma 12, inherit.({ - "parent"} :
Tp}, str) <: inherit.(S, L). By inversion, Xy;- 1 : Ref Sp = Tp. Since str ¢
- and by definition of inherit, inherit.({-- "parent"* : Ref Sp},str) =
inherit...(Sp, str), which is a subtype of T.
Type right-hand side with T-Sub and T-GetField, using Xy;- F str : str,
inherit...(Sp, str) <: T, and X1;- -(deref 1): Sp. This holds since Xy : - -1 :
Ref Sp above.

—oE{ ---striv--- Ystr = 0']) 5 oE{ ---str:iv’ -0 })
By inversion (T-Update), ;' {---}:{L:S---}, '-{L:S---} < T,
and X; "'+ v : U'. By inversion (T-Object), X; ' b {---str:v---} : {--- str:
U--Yand ' {---str:U---} <: {L:S---}. Thus by inversion (T-Update),
I' - U’ <: U. The resulting expression is typable by S-Object, thus by S-Sub,
'e{str:U---}y<A{--str:U---} <T.

— oE{{ --- Ystr = v'1) » oE{({ --- }) where str ¢ ---
By inversion of T-Update, ;' F {---str:v---}: Sand I' - S <: T.

— oE(delete { ---str:v--- Y[str]l) > ocE{({ ------ })
Similar to to E-UpdateField case above.

— oE(delete { --- }[str]) — cE{delete { --- }) where str ¢ ---
Similar to to E-UpdateField case above.

— oE(fieldin { s:v,rest--- } init vee do vy) — oE(fieldin { stro:ve -+ } init vy (str1) (Vaee) do vy)
By inversion, X;I"' F veee : T and X;I" F vy @ (Str — T') — T'. The double
application can by typed by T-App, and the resulting expression will by
typable by T-FieldIn.
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— oFE(fieldin { s:v} init veee do vs) = TE(v5(8) (Vace))
Similar to E-FieldIn above.
The remaining cases are conventional and straightforward. (if is standard,
and in the rest, both the left-hand side and the right-hand side have type
Bool.)
— oE(if(true) { e1 } else { ex }) = cE(e1)
— oE(if(false) { e; } else { ez }) = oE(ez)
— oBE{({ - -str:v--- } hasfield str) — oFE(true)
E{{ --- } hasfield str) — oFE(false) where str ¢ - --
— oE(str matches P) — oE(true)
(
(

I
q

— oE(str matches P) — oE/(false)
— oE(str1 + stra) — oE(stristra)

Lemma 19 (Preservation) If X1 ke : T, X1 F 01, and o01e1 — o1ea, then
there exists a X5, such that:

1. Xoj-Fey: T,
1. Yo b oo, and
1wi. X C Y.

Proof: By case-analysis of the reduction rules, there exists an evaluation context,
E, an active expression, ae, and an expression, e, such that e; = E{ae) and
es = E(e'). There thus exists a subdeduction X;- F ae : S of the original
typing derivation. Lemma 18 now applies, so we have Xy C Xy, Y5 F 09, and
Yo;- €' 1 S. Replacing the original subdeduction, we have Xo;- = E(e/) : T. B

Theorem 4 (Typed Progress) If ¥ F o and X;-F e : T then either e € v or
there exist o’ and €' such that ce — o’e’.

Proof: By case-analysis of the reduction rules, either e € v, e = FE(ae), or
e = E{err). By inspection of the typing relation, err is untypable. We therefore
consider the case where e = E(ae) by case-analysis on the definition of active
expressions.

— The cases where ae is of the form vy (v2), ref v, deref v, vy = vo, andif (v1) { ex } else { e3 }
are routine.
— Consider ae = vy [v2]. By inversion, X+ & vy : {L8* : Ty --- LP» : T,,} and
Y;- F vy ¢ Lg. By canonical forms, vy = {str; : wy---str, : wy,} and
{stri : Sy---strb « Sy, {stry - strm}} <: {L¥* : Ty --- L~ : T,,}. Also by
canonical forms, vy = strg and strg <: Lq.
If strg € {stry--- stry, }, then E-GetField applies.
If strq ¢ {stri---strp}, then we show that "parent" € {stry---stry,} so
that E-Inherit applies. This holds by the 2nd case of inherit, which requires
that "parent" exist if strg ¢ {stry--- str.,}.
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Consider ae = vy [v2 = v3]. By inversion, X;- b vy : {LP : S---} and X;- +
vg : Lg. By canonical forms, v1 = {str : w---} and vy = strg. Thus either
E-Create or E-Update apply.

Consider ae = delete v; [v2]. By inversion, X;- F v; : {LP : S---} and
Y- F vy : Lg. By canonical forms, v1 = {str : w---} and ve = strg. Thus
either E-Delete or E-Delete-None apply.

Consider ae = v, hasfield v;. By inversion, X;- F vy @ {LP : S---} and
Y- F vy : Lg. By canonical forms, v1 = {str : w---} and vy = strg. Thus
either E-HasField or E-HasNotField apply.

Consider ae = v matches P. By inversion and canonical forms, v = sir.
Thus either E-Matches or E-NoMatch apply.

Consider ae = fieldin { s1:v1, s2:v2 -} init veee do vy. By inversion,
Y- Fwp {LP:S---}. By canonical forms, vy = {str : w---}. Thus either
E-FieldIn or E-FieldIn-End apply.

Consider ae = w1+ v2. By inversion and canonical forms, v; = str; and
vg = stro. Thus E-Str+ applies.

Consider ae = fix (f:5). e. E-Fix applies trivially.
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