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This document defines an extension to Featherweight Java (FJ) [4] that formalizes our approach
to modularly typesafe interface dispatch in JPred [5]. To this end, we augment FJ to include
interfaces, and we allow methods to have JPred-style when clauses. To make it easier to find all the
methods in the same “method family,” the syntax groups all methods of the same name in each
class as a single declaration. The order of each method implementation is still irrelevant.

1 Syntax

TD class C extends C implements I {T f; K M}

interface I extends I {MH}

K C(T £) {super(f); this.f = f;}
M ::= T m(T X) when P {return t;}
MH ::= T m(T X);
P,Q,R ::= true | x@T | =P | PAP | PVP
S,T,U ::= C| I
t = x| t.f|t.m(®) | new C(®) | (T) t
v ::= mnew C(V)

Figure 1: The syntax of FJPred.

Figure 1 gives the syntax of FJPred. It augments FJ to have interfaces and to support method
predicates. For uniformity, all methods have a predicate; a method with the predicate true has the
same semantics as a regular Java method. Predicates include type tests on formals and conjunctions,
disjunctions, and negations of such tests. JPred supports several other kinds of predicates, including
type tests on fields and linear arithmetic, but these constructs do not interact in interesting ways
with interface dispatch, which is the focus of our formalization.

Technically, to be a legal Java program any class that implements some interface must make
the implementations of the associated methods public. We assume that all methods are implicitly
declared public in FJPred.

We have analogous notational conventions and sanity conditions to those in F.J, namely:

e The metavariables C, D, and E range over class names, I and J over interface names, £ and g
over field names, m and n method names, x and y over parameter names, s and t over term
names, u and v over value names.



e We assume that this is a special variable name that is never used as the name of an argument
to a method.

e We use the D shorthand as a sequence of elements from domain D, using the appropriate
separator for each domain. We sometimes treat a sequence as a set. The empty sequence is
denoted e.

We also extend this shorthand as in Featherweight Java to larger syntactic fragments (e.g., T
f). A new shorthand of this form is T m(T X) when P {return t;}, which abbreviates the
following method declaration:

T m(Ty %1, -+ Tp xp)
when P; {return t;;}

when P,, {return t,;}

e We assume that a class’s fields have distinct names from one another and from inherited
fields. We also assume that the methods declared in a class or interface have distinct names
from one another (but not necessarily from inherited methods). Finally, we assume that a
method’s formal names are distinct.

e A type table T'T is a mapping from type (class or interface) names to their declarations. We
sometimes consider a type table as a sequence of pairs, denoted (T,TD). A program is a pair
of a type table and a term. The rules assume a fixed global type table TT'; it is sometimes
shadowed by an explicit type table in the context of a few judgments.

e Every type table T'T is assumed to satisfy a few conditions. First, TT(C) = class C ...
for every C € dom(7TT) and TT(I) = interface I ... for every I € dom(7T7T). Second,
Object ¢ dom(7T'T). Third, every type name except Object that appears anywhere in 77 is
in dom(7'T"). Finally, there are no nontrivial cycles in the subtyping relation induced by 1T’
this relation is defined next.

2 Subtyping

The subtyping relation among types is standard and is defined by the following rules:

TTFT<:T (S-REF)
TTFTi<:T TT FT3<:T

L3 i (S-TRANS)

TT FTi<:Tq

TT(C) =class C extends D ...

(S-CEXT)

TT FC<:D

TT(C) = class C extends D implements I ...

(S-CImp)

TT FC<:I;

TT(I) = interface I extends I ...

(S-IEXT)

TT FI<:I;



3 Evaluating and Reasoning About Predicates

These rules formalize the evaluation of predicates, and they also formalize the ways in which
the automatic theorem prover statically reasons about predicates. The first judgment below is
straightforward and represents predicate evaluation. As usual, a type environment I" is a mapping
from variables to types, written X:T.

TT;T | true (P-TRUE)
x:Del TT FD<:T
(P-SPEC)
TT;T |= x@T
TT;T =P
71# (P-Nor)
TT;I' =P
TT;I' =P TT;I' =P
kel =P (P-AND)
TT;T ): PiAPo
TT;I' =P
EP (P-OR1)
Tr,r ': P1VPo
TT;T =P
TTiU =Py (P-OR2)
TT;T ): P1VPy

It is beyond the scope of this formalization, and would be quite difficult, to formally model
the ways in which an automatic theorem prover manipulates predicates in order to prove them
valid. Instead, we formalize the consequence of such manipulation by providing a formal notion of
predicate validity. This is represented by the judgment X |= P, defined below.

The function restrict(TT,P) is used in the formalization of validity and is defined below. It
creates a type table that only includes types mentioned in P and supertypes of these types. In the
JPred implementation, it is only these types that the theorem prover is given axioms about. If the
predicate is proven given only these axioms, the consequence is that the predicate will evaluate to
true in any program that includes these types, for any possible actual arguments. That property
is formalized in the rule below by the quantification over all 7T’ and all D.

An important point about the use of restrict is that it makes the predicate reasoning modular:
the theorem prover is only given information about types that are mentioned in the given predicate
or are depended upon by such types. In particular, the theorem prover does not have access to
all subtypes of a particular type mentioned in the predicate. And more to the point, the theorem
prover therefore must always assume that a pair of interfaces (or one interface and one class) could
have a common subtype. As a result, the notion of validity is stronger than it otherwise would be,
applying to all possible programs that include the accessible types, rather than just the program
TT.

XEP



for all TT" D restrict(TT,P),
for all D C dom(7T'T") of the same length as X,
TT;x:DEP

XEP

(VALID)

‘ restrict(TT,P) =TT’ ‘

neededTypes(P) = T

: — = (RESTRICT)
restrict(TT,P) = (T,TT(T))

Below we use a form of comprehension to simplify rules. The notation [A | condition] denotes a
sequence of all elements A such that the associated condition holds.

needed Types(P) = T

needed Types(true) = o

T=|[T|TTFS<:T]
needed Types(x@S) =T

needed Types(—P) = needed Types(P)

needed Types(P1) = S needed Types(Po) =T
needed Types(P1APy) = S,T

needed Types(P1) = S needed Types(P2) = T
needed Types(P1VPy) =S, T

4 Dynamic Semantics

The evaluation rules are identical to those of FJ, except that they user our slightly modified
syntax (e.g., the use of types instead of classes) and they use predicate dispatch for the invocation
semantics.

[t1— %]

fields(C) =T £

(new C(¥)).f; — v;

(E-PROINEW)

T =new D(...) mbody(m, C,D) = (X, to)

— — — — — (E-INVKNEW)
(new C(¥)).m(@W) — [X — T, this — new C(W)]ty

TT FC<:T
(T) (new C(¥)) — new C(¥)

(E-CASTNEW)

ti— 1t
e (E-FIELD)
t1.f — to.f
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t1 — to
t1.m(t) — to.m(%)

(E-INVK-RECV)

t1 — to

(E-INVK-ARG)
v.m(v,t1,8) — v.m(¥v,t9,s)

t1 — to
— — — — (E-NEW-ARQG)
new C(v,t1,58) — new C(¥v,t9,8)
t1 — to
(E-CasT)

(Mt — (Dto

These rules rely on the following auxiliary rules, which are again similar to those of FJ except for
the addition of predicate dispatch (via the mbody function). In the rule defining the overridesIfAp-
plicable function, P;=Py holds if the two predicates refer to the same textual predicate declaration
from the program. The notation Py <5P2 denotes that Py =¢P2 and PoAxP1.

The rules implement the semantics analogous to so-called “encapsulated” multimethods [2, 1].
Namely, all methods in a class are considered to be more specific than inherited methods from
superclasses. Another popular semantics is the so-called “symmetric” style [3], in which the receiver
dispatch is not treated specially from the rest of the predicate. It would be a minor change of the
rules to use this semantics, and it would not affect any of our results.

fields(C) =T £

fields(Object) = o (F-OBJ)

TT(C) = class C extends D implements I {T f; K M}
fields(D) =S g
fields(C) =S g, T

z (F-CLs)

mbody(m,C,D) = (X,t)

TT(C) = class C extends E implements I {T f; K M}
S m(S X) when P {return t;} €M
TT;%:D = P; overridesIfApplicable(P;,P,X,D)
mbody(m,C,D) = (X, t;)

(MBobY1)

TT(C) = class C extends E implements I
S m(S X) when P {return t;} €
there is no P; such that TT;%:D |

)

mbody(m, C,D) = mbody(m, E,D

{T £; K M}
M
P;

(MBoDY2)

TT(C) = class C extends E implements I {T f; K M}
m is not defined in M

mbody(m,C,D) = mbody(m, E,D)

(MBoDpY3)

overridesIfApplicable(P,P2,%,C)




P1#Py and TT;X:D |= Py implies P;<5Ps

; , = (OVERAPP)
overridesIfApplicable(Py,Py,%,D)
We use P;=-P5 to denote the predicate —P;VPs.
X =P1=Po
):7 (MORESPECIFIC)
Py =5 Py

5 Static Semantics

The rules for the static semantics make use of the fields auxiliary function defined for the dynamic
semantics above.

The rules for typechecking terms are identical to those of FJ except for the slight update in
syntax.

x:Tel

A (T-VAR)
F'Ft:C  fields(C)=T £
I (T-F1ELD)
Al 2 (2
T'Fty:To mtype(m, Tg) = T—T
I'Ft:S TT -8<:T (T-1 )
-INvK
I'ttyg.m(%) : T
fields(C)=T £ TF%:8 TTHFS<:T
T-NEwW
I'Fnew C(%) : C ( )
I'Ht:8 TT 8<:T
TE Mo T (T-UCasT)
I't:s TT FT<:S T#S
(T-DCasrT)
'E(Mt:T
'Ft:s TTF8¢:T TT FTY¢:S
stupid warnin,
b g (T-SCasT)

'E@Mt:T

These rules rely on the following auxiliary rules for mtype, which extend the rules used in FJ to
allow for getting the type of a method from an interface. Note that the rules allow a method’s type
to be nondeterministically found by looking in any superinterface of an interface. Other rules will
ensure that all these interfaces agree on the type of each method name that they have in common.
Note also that we need not search the superinterfaces of a class, since other rules will guarantee
that the class declares or inherits at least one implementation of the method.



mtype(m,Tg) = T—T

TT(C) = class C extends D implements I {T f; K M}
S m(S %) when P {return t;}l eM
{ — ) (MTypre-C1)
mtype(m, C) = S—S
TT(C) = class C extends D implements I {T f; K M}
m is not defined in M mtype(m,D) = S—S
— (MTypPE-C2)
mtype(m, C) = S—S
TT(I) = interface I extends I {MH}
S m(S x); € MH
— (MTvypE-I1)
mtype(m, I) = S—S
TT(I) = interface I extends I {MH}
m is not defined in MH mtype(m, I;) = S—S
ype(m, L) (MTYPE-12)

mtype(m,I) = S—8S

Next we have rules for typechecking predicates. These rules ensure that only variables in scope
(i.e., the method’s formal parameters) are referred to.

X true OK (P-TRUE)
XEX
_— (P-TEsT)
X - x@S 0K
X P 0K
— (P-Nor)
X F —P 0K
X+ Py OK X Py OK
1_ 2 (P-AND)
X F P1APy OK
X+ Py OK X Py OK
L 2 (P-OR)

X F P1VPy OK

Next we have rules for typechecking methods. These rules augment the rule for typechecking
methods in FJ to typecheck predicates and to ensure that a class’s methods have the same type
signatures as those of the same name that it inherits from interfaces.

Notice that we typecheck the body of a method using the declared static types of the formals.
It would be safe to sometimes narrow these types based on the type tests in the method’s predicate.
The full JPred language does so, but we have elided it for simplicity.

M OK in C



X P OK X:T,this:CFT:S TT -8<:T
unambiguous(P1,P,X,P) - - - unambiguous(P,,, P, X, P)
T m(T X) when P {return t;} OK in C

(T-METH)

The rules for typechecking methods rely on the following rule, which implements pairwise am-
biguity checking of methods. The notation \/P denotes the disjunction of all predicates in P. We
define \/ e as the predicate —true. The rule first ensures that the two given predicates are not
equivalent unless they are the same textual predicate. Finally, the rule requires that whenever
both predicates are satisfied, then at least one predicate that is more specific than both of them is
also satisfied.

There are two common cases of this last requirement that are worth noting. First, if Py is
strictly more specific than Ps, then Py is always satisfied whenever both are, so the methods are
unambiguous (and similarly for the symmetric case). Second, if P; and Ps are disjoint, meaning
that they cannot be simultaneously true, then the requirement holds vacuously.

unambiguous(P1,Ps, X, P)

P1 ji P2 and P2 ji P1 implies P1 = P2
Q=[P |P &P andP =% P; and P <5 Py
X ): (Pl/\P2)=>\/G

unambiguous(P1,Ps, X, P)

(UNAMB)

Finally we present the rules for typechecking classes and interfaces. The rule for classes is as
in FJ, with the addition of exhaustiveness checking for all methods that should be implemented or
inherited by the class.

K=C(S g, Tf) {super(g); this.f = f;}
fieldsD)=S g M OK in C
allMethodNames(C) = m
override(m, C) exhaustive(m, C)
class C extends D implements I {T f; K M} OK

(T-Crass)

allMethodNames(I1) = m override(m, I)
interface I extends I {MH} OK

(T-INT)

These rules find all method names in a given class and all supertypes.

allMethodNames(T) = m ‘

TT(C) = class C extends D implements I {T f; K M}
mname(M) =M allMethodNames(D) = mg
allMethodNames(11) =y - - - allMethodNames(1,) = m,

allMethodNames(C) = m,mg, Wy, . .., W,

(MNAMES-CLS)

TT(I) = interface I extends I {MH}
mname(MH) = @
allMethodNames(I1) =y - - - allMethodNames(1,) = m,
allMethodNames(1) = @, 7, ..., &,

(MNAMES-INT)



override(m,T)
TT(C) = class C extends D implements I {T f; K M}
mtype(m, C) = S—S mformals(m,C) = X
override(m, I,S—8)

(OVER-CLS)

override(m,D,S—8, X)
override(m, C)

TT(I) = interface I extends I {MH}
miype(m, I) = S—S override(m, I,S—S
ype(o, 1) ‘ ( ) (OVER-INT)
override(m, I)

The above rules rely on the following rule, which is analogous to the one from FJ but additionally
requires method implementations to have the same formal parameter names as the method imple-

mentations they override. The condition simplifies the rules for exhaustiveness checking. Interface
methods are not required to obey this condition, so they have a separate rule defined subsequently.

override(m, C, T—Tp,X)

mtype(m,C) = S—Sp implies S =T and Sy = Ty
mformals(m,C) = § implies X = §
! ( = ) y DI x =y (T-OVERCLS)
override(m,C, T—Tg,X)

override(m, I, T—Tg)

mtype(m,I) = S—Sp implies S=T and Sp =T

ype(n, 1) 0 TP 00 (T-OVERINT)
override(m, I, T—T)
‘ mformals(m,T) = i‘
TT(C) = class C extends D implements I {T f; K M}
S m(S X) when P {return t;} €M
— (MFORMALS1)
mformals(m,C) = X
TT(C) = class C extends D implements I {T f; K M}
mformals(m,D) = X
(MFORMALS2)

m is not defined in M
mformals(m,C) = X

exhaustive(m,C) ‘
A method implementation is exhaustive if the disjunction of all predicates is valid.

Is(m,C) =% X P
mformals(m,C) = X TEV (T-Exavst)

exhaustive(m, C)

mpreds(m,C) =P

mpreds(m,C) = P




This judgment is used to collect up all the predicates in implementations of a given method.
mpreds(m,Object) = o (MPREDSs1)
TT(C) = class C extends D implements

I
S m(S %) when P {return t;} €
mpreds(m,D) = Q

(TE; KW
H

mpreds(m,C) = P,Q (MPREDS2)
‘ mname(M) = m‘
mname(T m(T X)) =m (MNAME-CLS)
‘ mname(MH) = m‘
mname(T m(T X);) =m (MNAME-INT)

6 Type Soundness

We prove type soundness in the standard “progress and preservation” style. Preservation is pretty
much standard; progress must reason about exhaustiveness and ambiguity checking in order to
show that method lookup always succeeds at run time.

Analogous with FJ, we assume that TD 0K holds for each type declaration TD in the range of
TT.

6.1 Type Preservation

Lemma 6.1 If 7T - T<:C, then T is a class.
Proof By induction on the depth of the derivation of TT FT<:C. Case analysis of the last rule in
the derivation.

e Case S-REF: Then T = C and the result follows.

e Case S-TRANS: Then TT FT<:Tg and TT F Tp<:C. By induction Ty is a class, and by induc-
tion again so is T.

Case S-CEXT: Then we are given that T is a class.

Case S-CIMP: Then C is an interface, contradicting our initial assumption.

Case S-IEXT: Then C is an interface, contradicting our initial assumption.

Lemma 6.2 If TT -D<:C and fields(C) = T £, then fields(C) C fields(D).
Proof By induction on the depth of the derivation of 7' - D<:C. Case analysis of the last rule in
the derivation.

e Case S-REF: Then D = C and the result follows.
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Case S-TRANS: Then TT FD<:T and TT FT<:C. By Lemma 6.1 we have that T is some class
E. Then by induction we have fields(C) C fields(E), and by induction again we have fields(E)
C fields(D). Then by transitivity of C the result follows.

Case S-CEXT: Then TT(D) = class D extends C implements I {S g; ...}. By F-CLs
we have fields(D) =T £, S g, so the result follows.

Case S-CIMP: Then C is an interface, contradicting our initial assumption.

Case S-IEXT: Then C is an interface, contradicting our initial assumption.

Lemma 6.3 If mtype(m,T) = S—8 and allMethodNames(T) = @, then m € @.
Proof By induction on the depth of the derivation of mtype(m,T) = S—S. Case analysis of the last
rule in the derivation.

e Case  MTypE-CI. Then T is a class C and TT(C) =
class C extends D implements I {T f; K M} and S m(S X) when P {return t;}
€ M. Since allMethodNames(T) = m, by MNAMES-CLS we have mname(M) C @, and by
MNAME-CLS that means m € m.

e Case  MTyYPE-C2. Then T is a class C and TT7(C) =
class C extends D implements I {T f; K M} and mtype(m,D) = S—S. By T-CLASS
we have that allMethodNames(D) = my, so by induction we have m € my. Then by
MNAMES-CLS also m € m.

e Case MTYPE-I1. Then T is an interface I and T7(I) = interface I extends I {MH} and
S m(S %) ; € MH. Since allMethodNames(T) = m, by MNAMES-INT we have mname(MH) C ,
and by MNAME-INT that means m € m.

e Case MTYPE-I2. Then T is an interface I and T7(I) = interface I extends I {MH} and
mtype(m,I;) = S—S. By T-INT we have that allMethodNames(I;) = mgy, so by induction we
have m € my. Then by MNAMES-INT also m € m.

O

Lemma 6.4 If TT +8'<:S and mtype(m,S) = T—T, then mtype(m,8’) = T—T.
Proof By induction on the depth of the derivation of TT F8'<:S. Case analysis of the last rule
in the derivation.

e Case S-REF: Then S’ = S and the result follows.

e Case S-TRANS: Then TT F8'<:Sy and TT +8p<:S. By induction we have mtype(m,Sg) =
T—T, and by induction again we have mtype(m,S’) = T—T.

e Case S-CEXT: Then 8’ is a class C and S is a class D and T7T(C) = class C extends D
implements I {---}. By T-CLASS we have allMethodNames(C) = @ and allMethodNames(D)
= mp. Then by Lemma 6.3 we have m € @, and by MNAMES-CLS also m € m. Then
by T-CLAsS we have override(m,C), so by OVER-CLS we have mitype(m,C) = S—S; and
override(m,D,S—8¢,%). Finally, by T-OVERCLS we have that T = S and T = Sy, so the
result follows.
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Case S-CIMP: Then S’ is a class C and S is an interface I; and T7(C) = class C extends D
implements I {---}. By T-CLAss we have allMethodNames(C) = m, and by T-INT we have
allMethodNames(I;) = my. Then by Lemma 6.3 we have m € @y, and by MNAMES-CLS also m
€ m. Then by T-CLASS we have override(m,C), so by OVER-CLS we have mtype(m, C) = S—Sg
and override(m,I;,S—8g). Finally, by T-OVERINT we have that T = S and T = Sy, so the
result follows.

Case S-TEXT: Then 8§’ is an interface I and S is an interface I; and TT(I) =
interface I extends implements I {---}. By T-INT we have allMethodNames(I) =@ and
allMethodNames(I;) = mg. Then by Lemma 6.3 we have m € mp, and by MNAMES-INT also
m € m. Then by T-INT we have override(m,I), so by OVER-INT we have mtype(m, I) = S—S
and override(m,I;,S—8Sp). Finally, by T-OVERINT we have that T = S and T = Sy, so the
result follows.

O

Lemma 6.5 (Substitution) If I',x:THt:Tand '-5:S and TT FS<:T, then '+ [X — §]t:S
for some TT FS<:T.

Proof By induction on the depth of the derivation of I',X: T+ t : T. Case analysis of the last rule
in the derivation.

Case T-VAR: Then t has the form x and x:T € I',x:T. If x ¢ X then we have x:T € T, so
by T-VAR we have I' - x : T. Since x ¢ X, we have [X — §]|x = x, and by S-REF we know
TT FT<:T, so the result follows. On the other hand, if x € X then x has the form x; and T =
T; and [X — §]x = s;. We're given that I' - s; : S; and TT + S;<:T;, so the result follows.

Case T-Fi1ELD: Then t has the form s.f; and T has the form U; and I',%:T - s : C and
fields(C) = U £. By induction we have I' - [X — §]s: Cp and TT I Cy<:C. By Lemma 6.2
we have fields(C) C fields(Cy), so by T-FI1ELD also I' - [X +— §]s.f; : T;, and by S-REF we
have TT F T;<:T;.

Case T-INVK: Then t has the form tg.m(t) and I',X:T F tg : Top and mtype(m,Ty) = U—T
and I',X:T F T : Uy and TT FUp<:U. By induction we have I' - [X — §ltg : T} and
TTFT,<:Tp. By Lemma 6.4 we have mtype(m,T[) = U—T. Also by induction we have
I'F [X ~ §]T:U)and TT FU)<:Tp. Then by S-TRANS we have TT +U,<:T. So by T-INVK
we have '+ [X — 8§]tg.m(%) : T, and by S-REF we have TT F T<:T.

Case T-NEW: Then t has the form new C(t) and T = Cand fields(C) =U fandI',x:THt: U
and TT FUyp<:U. By induction we have I' - [X — §]%T : U_6 and TT I—U_6<:U_0. Then by
S-TRANS we have TT Uj<:U. So by T-NEW we have I' - [X + Slnew C(%) : C, and by
S-REF we have TT |- C<:C.

Case T-UCAST: Then t has the form (T)tg and I',X:T F tg : Tg and T7T FTop<:T. By
induction we have I' - [X +— S]tg: T6 and TT I—T6<:T0. By S-TrANS also TT I—T6<:T7 SO
by T-UCAST we have I' - [X — 8] (T)tg: T. Finally, by S-REF we have TT - T<:T.

Case T-DCAST: Then t has the form (T)tg and I',X:TF tg : To and TT FT<:Tg and T #
To. By induction we have I' - [X +— §lto : Tj and 7T FT(<:Tp. If TT FTy<:T, then by
T-UCAST we have I' - [X — 8] (T)t( : T. Otherwise if 77 - T<:T, then by T-DCAST we
have I' F [X — S]1(T)t : T. Otherwise we have T'T FT{¢: T and TT F T¢: T, so by T-SCAST
we have I' - [X +— S]1(T)tg : T and a stupid warning is generated. Finally, by S-REF we
have TT FT<:T.
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Case T-SCAST: Then t has the form (T)tg and I',X:T F to : Tg and TT FTp¢:T and
TT FT¢:Tp. By induction we have I' F [X +— §ltg : Tj and TT FT(<:To. If TT FT)<:T,
then by T-UCAST we have I' F [X +— §](T)tg : T. Otherwise if 7T - T<:T, then by
S-TRANS we have T'T F T<:Tg, which contradicts the fact that T - T<: Ty, so it is not possible
that 7T +T<:T(. Otherwise we have TT FTy¢:T and TT - T¢: T}, so by T-SCAST we have
' [ — s1(T)tg:T. Finally, by S-REF we have TT - T<:T.

O

Lemma 6.6 (Weakening) If 't : T and x € dom(T"), then I',x:SFt : T.
Proof By induction on the depth of the derivation of I' - t : T. Case analysis of the last rule in
the derivation.

Case T-VAR: Then t has the form y and y: T € T'. Since x ¢ dom(I"), we have that x # y, so
also y:T € I',x:S. Therefore by T-VAR we have [',x:SF y: T.

Case T-FIELD: Then t has the form s.f; and T has the form T; and I' F s : C and fields(C)
=T f. By induction we have I',x:S+ s : C, so by T-FIELD also I',x:S+ s.f; : T;.

Case T-INVK: Then t has the form to.m(%) and I' F to : Tp and mitype(m,Tg) = T—T and
'+t :8S and TT FS<:T. By induction we have I',x:SF tg: Top and I',x:SF t : S, so by
T-INvK also I',x:SF tg.m(%) : T.

Case T-NEW: Then t has the form new C(t) and T = C and fields(C) =T fand '+t : S and
TT +S<:T. By induction we have I',x:S+ t : S, so by T-NEW also I',x:S - new C(%) : C.

Case T-UCAST: Then t has the form (T)tg and I' - tg : To and T7T FTp<:T. By induction
we have I',x:SF tg : Tp, so by T-UCAST also I',x:SF (T)tg: T.

Case T-DCAST: Then t has the form (T)tgand I' - tg: Tg and 77T FT<:Tg and T # Ty. By
induction we have I',x:S F tg : Tg, so by T-DCAsT also I',x:SF (T)tg: T.

Case T-SCAST: Then t has the form (T)tgand '+ to: Tg and TT FTo¢: T and TT +T¥: T
and a stupid warning is generated. By induction we have I',x:S F tg : Tg, so by T-SCAST
also I',x:SF (T)tp : T.

O

Lemma 6.7 If mbody(m,C,D) = (X, t) then there exist T and T such that mtype(m,C) = T—T.
Proof By induction on the depth of the derivation of mbody(m,C,D) = (X, t). Case analysis of the
last rule in the derivation.

Case MBoDY1l: Then TT(C) = class C extends E implements I {S f; K M} and
U m(U X) when P {return T;} € M, and the result follows by MTYPE-C1.

Case MBoDY2: Then TT(C) = class C extends E implements I {S f; K M} and
U m(U X) when P {return t;} € M, and the result follows by MTYPE-C1.

Case MBoODY3: Then TT(C) = class C extends E implements I {S f; K M} and m is
not defined in M and mbody(m,C.D) = mbody(m,E,D). By induction there exist T and T such
that mtype(m,E) = T—T, and the result follows by MTYPE-C2.

O
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Lemma 6.8 If mbody(m,CD) = (%, t) and mtype(m,C) = T—T, then there exists a class D and a
type S such that 7T FC<:D and TT +8<:T and X:T,this:DF t : S.

Proof By induction on the depth of the derivation of mbody(m,C,D) = (X, t). Case analysis of the
last rule in the derivation.

e Case MBoDY1: Then t = t; and T7(C) = class C extends E implements I {S f; K M}
and U m(U X) when P {return t;} € M. Since mtype(m,C) = T—T, by MTYPE-C1 we have
that U=Tand U=T. By T-CLASS we have M 0K in C, so by T-METH we have X:T,this:C
t:S8 and T7T FS<:T. Finally, by S-REF we have TT I C<:C.

e Case MBoDY2: Then TT(C) = class C extends E implements I {S f; K M} and
U m(U X) when P {return T;} € M and mbody(m,C.D) = mbody(m,E,D). Since mitype(m,C)
= T—T, by MTYPE-C1 we have that U =T and U = T. By Lemma 6.7 there exist Tg and Ty
such that mtype(m,E) = Top—Tp. By S-CEXT we have TT | C<:E, so by Lemma 6.4 we have
Tg = T and To = T. Therefore, by induction there exists a class D and a type S such that
TT FE<:Dand TT FS<:T and X:T,this:DF t : S. By S-TRANS we have T'T I C<:D, so the
result follows.

e Case MBoDY3: Then TT(C) = class C extends E implements I {S f; K M} and m is
not defined in M and mbody(m,C,D) = mbody(m,E,D). Since mtype(m,C) = T—T, by MTYPE-C2
we have that mtype(m,E) = T—T as well. Therefore, by induction there exists a class D and a
type S such that TT FE<:D and T7T +8<:T and X:T,this:DF t : S. By S-TRANS we have
TT +-C<:D, so the result follows.

O

Theorem 6.1 (Subject Reduction) If ' - t : T and t — s, then there exists some type S such
that '-s:Sand T7T FS<:T.

Proof By induction on the depth of the derivation of t — s. Case analysis of the last rule in
the derivation.

e Case E-PROJNEW: Then t has the form (new C(¥)) .f; and s has the form v; and fields(C) =
T f. Since ' -t : T, by T-FIELD and T-NEW we have that ' new C(¥) : Cand '+ v; : S;
and TT F8;<:T; and T = T;, so the result follows.

e Case E-INVKNEW: Then t has the form new C(¥).m(@) and s has the form
[X — U,this — new C(¥]ty and W = new D(...) and mbody(m,C,D) = (X, tg). Since
't : T, by T-INVK we have I I new C(¥) : S’ and miype(m,S’) = T>T and ' -1 : S
and TT FS<:T. By T-NEW we have that ' = C. Therefore by Lemma 6.8 there exists a
class D and a type U such that TT FC<:D and T7 +U<:T and X:T,this:D F t¢ : U. Then
by Lemma 6.5 we have that e - [X +— @,this — new C(¥V)]tg : S, where 7T F8<:U. Then
by Lemma 6.6 also I' F [X +— uU,this — new C(¥)]to : S. Finally, by S-TRANS we have
TT FS<:T.

e Case E-CASTNEW: Then t has the form (Ty) (new C(¥)) and s has the form new C(¥)
and TT FC<:To. There are three subcases, depending on the last rule in the derivation of
I't:T.

— Case T-UCAST: Then I' Fnew C(¥) : Sp and TT F8p<:Tp and T = Ty.
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— Case T-DCAST: ThenI' F new C(¥) : Sgand 17T  Typ<:8g and Ty # Sp and T = Ty. Then
by T-NEW we have that Sg = C, but then T'T' F Ty<:C and Tg # C, which contradicts the
fact that TT F C<:Ty (by the assumption that the subtyping relation has no nontrivial
cycles). Therefore, T-DCAST cannot be the last rule used in the derivation.

— Case T-SCAST: ThenI' F new C(¥) : Sgand TT FSg¢:Tp and TT + Tog¥:Sp and T = Tj.
Then by T-NEwW we have that So = C, but then T7T - C¢: T, which contradicts the fact
that TT' FC<:Tg. Therefore, T-SCAST cannot be the last rule used in the derivation.

Case E-Fi1ELD: Then t has the form t;.f and s has the form to.f and t; — tg. Since
'+t :T, by T-FIELD we have that £ has the form f; and T has the form T; and '+ t; : C
and fields(C) = T £. By induction, there exists some type To such that I' - ty : Tg and
TT +Tp<:C. Then by Lemma 6.1 T is some class D, and by Lemma 6.2 we have fields(C) C
fields(D). Then by T-FIELD we have I' - to.f : T and by S-REF we have TT F T<:T.

Case E-INVK-RECV: Then t has the form s;.m(t) and s has the form so.m(t) and s; — ss.
Since ' - t : T, by T-INVK we have I'  s1 : S’ and mtype(m,8') = T—T and I' - T : S and
TT FS<:T. By induction we have I' - so : 8" and TT 8"<:8’. Then by Lemma 6.4 we
have mtype(m,8”) = T—T. Then by T-INVK we have I' - so.m(%) : T and by S-REF we have
TT FT<:T.

Case E-INVK-ARG: Then t has the form v.m(¥,s1,8g) and s has the form v.m(v,s5,5g)
and s; — sg. Since I' - t : T, by T-INVK we have I' - v : 8’ and mtype(m,8’) = T—T and
v,s1,50 =t and ' - £ : S and TT FS<:T. Assume that s; is the ith element of T. By
induction we have that I' - sy : 8} and T'T I-8/<:S;. Then by S-TRANS also TT' I 8/<:T;, so
by T-INVK we have I' - v.m(¥,s2,80) : T and by S-REF we have TT FT<:T.

Case E-NEW-ARG: Then t has the form new C(¥,s1,5p) and s has the form new C(¥,s5,80)
and s; — sg. Since I' F t : T, by T-NEW we have fields(C) = T f and ¥,s1,5) = t and
IP'Ft:Sand TT FS<:T and T = C. Assume that s is the ith element of €. By induction we
have that I' - sy : S} and 7T - 8/<:8;. Then by S-TRANS also TT FS/<:T;, so by T-NEW we
have I' F new C(¥,s2,8p) : C and by S-REF we have T7T - C<:C.

Case E-CAsST: Then t has the form (Tgp)s; and s has the form (Tg)ss s1 — s9. There are
three subcases, depending on the last rule in the derivation of I' -t : T.

— Case T-UCAST: Then I' Fs1 : 8g and TT +8y<:Tg and T = Ty. By induction we have
'k s9: 8 and TT FS)<:Sp. Then by S-TRANS also TT F S(<:Tg, so by T-UCAST we
have I' - (Tg) s2 : Tg and by S-REF we have TT F To<: Ty.

— Case T-DCAST: Then I' - 81 : Sg and TT FTp<:Sg and Tg # Sg and and T = Ty. By
induction we have I' b sy : 8{ and TT +8(<:8g. If TT FS(<:Ty then by T-UCAST
we have I' = (Tg)sy : Tg. Otherwise, if TT F To<:S then by T-DCAST we have I' -
(To)s2 : Tp. Otherwise we have TT F S(¢:Tp and TT F To¥:Sj,, so by T-SCAST we have
I' - (Tg)se : Tg along with the generation of a stupid warning. Finally, by S-REF we
have TT F Tog<:Ty.

— Case T-SCAST: Then I' F s1 : Sg and TT FSo¥: Ty and TT FTo¢:Sg and a stupid
warning is generated and T = T¢. By induction we have I' - s9 : 8 and T'T I S{<:Sp.
If TT +8)<:Ty then by T-UCAST we have I' - (T¢) sy : To. Otherwise, if 77 - Tp<: S,
then by S-TRANS also TT FTp<:Sp, contradicting the fact that T7T - Tg¢:Sg, so it is
not possible that 77T - To<:8{. Otherwise we have TT F S,¢:To and TT F To¥¢:S{, so by
T-SCAST we have I' - (Tg) s : Tg. Finally, by S-REF we have TT + Tg<:Tg.
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6.2 Progress
Definition 6.1 We say that a class C covers D for m via (P,P,X) if the following conditions hold:
1. TT(C) = class C --- {--- M}
2. Sm(S X) when P {---} €M
3.PeP
4. TT;X:DEP

Lemma 6.9 TT D restrict(TT,P)
Proof By RESTRICT restrict(TT,P) has the form (T,TT(T)), so the result follows. O

Lemma 6.10 If 77;%:D |= \/ P then there is some P € P such that 77;%:D |= P.
Proof By induction on the length of P.

e Case the length of P is 0. Then P = e, so by definition \/P is —true. Since TT;%:D | \/P,
by P-NoOT we have TT;%:D [~ true. But by P-TRUE also TT;%:D |= true, so we have a
contradiction. Therefore, the length of P cannot be 0.

e Case the length of P is 1. Then P is some predicate P, and also \/ P is P. Since TT;%:D = \/ P,
we have T'T;%:D = P, so the result follows.

e Case the length of P is some integer d > 1. Then P can be expressed as Q,Q where Q is non-
empty, and \/ P can be expressed as Q V \/ Q. Since TT;%:D = \/ P, by P-Or1 and P-OR2
we have that either TT;%:D = Q or TT;%:D |= \/Q. If the former, then the result follows
with P = Q. If the latter, then by induction there is some P € Q such that TT;%:D = P. Then
also P € P, so the result follows.

O

Lemma 6.11 If mpreds(m,C) = Q and P € Q, then there exists a class D such that 7T - C<:D and
TT(D) =class D --- {--- M} and S m(S §) when P {---} € Mand P € P.

Proof By induction on the depth of the derivation of mpreds(m,C) = Q. Case analysis of the last
rule used in the derivation.

e Case MPREDS1. Then Q = e, contradicting the fact that P € Q, so MPREDS1 cannot be the
last rule in the derivation.

e Case MPREDS2. Then Q = Q1,Qs. Since P € Q, there are two subcases.

— Case P € Q. By MPREDS2 we have TT(C) = class C --- {--- M} and
S m(S y) when Q; {---} € M. Finally, by S-REF we have TT }C<:C. Therefore the
result follows.

— Case P € Qu. By MPREDS2 we have TT(C) = class C extends E --- {---} and
mpreds(m,E) = Q2. By induction there exists a class D such that 7T FE<:D and TT(D)
= class D --- {--- M} and S m(S §) when P {---} € Mand P € P. Since TT(C) =
class C extends E --- {---}, by S-CEXT we have T'T I~ C<:E. Then by S-TRANS also
TT +-C<:D, so the result follows.
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Lemma 6.12 If mformals(m,C) = X and allMethodNames(C) = m, then m € m.
Proof By induction on the depth of the derivation of mformals(m,C) = x. Case analysis of the last
rule in the derivation.

e Case MFORMALS1. Then TT(C) = class C extends D implements I {T f; K M} and
S m(S X) when P {return t;} € M. Since allMethodNames(C) = m, by MNAMES-CLS we
have mname(M) C m, and by MNAME-CLS that means m € .

e Case MFORMALS2. Then TT(C) = class C extends D implements I {T f; K M} and
mformals(m,D) = X. By T-CLASS we have that allMethodNames(D) = mg, so by induction we
have m € mg. Then by MNAMES-CLS also m € .

O

Lemma 6.13 If 7T - C<:D and mformals(m,D) = X, then mformals(m,C) = X.
Proof By induction on the depth of the derivation of 7T F C<:D. Case analysis of the last rule in
the derivation.

e Case S-REF. Then C = D, so the result follows.

e Case S-TRANS. Then TT C<:T and TT FT<:D. Then by Lemma 6.1 T is some class C'.
Then by induction we have mformals(m,C’) = X, and by induction again we have mformals(m,C)

= X.

e Case S-CEXT. Then TT(C) = class C extends D implements I {T f; K M}. Since
mformals(m,D) = X, if m is not defined in M then by M-FORMALS2 also mformals(m,C) = X, so
the result follows. Otherwise m is defined in M, so by M-FORMALS1 there exists some ¥ such
that mformals(m,C) = §. By T-CLASS we have allMethodNames(C) = i, so by Lemma 6.12
we have m € m. Then also by T-CLASS we have override(m,C), so by OVER-CLS we have
override(m,D,S—8,7y). Finally, by T-OVERCLS we have that X = ¥, so the result follows.

O

Lemma 6.14 If mtype(m,C) = T—T, then there exists X of the same length as T such that
mformals(m,C) = X.

Proof By induction on the depth of the derivation of mtype(m,C) = T—T. Case analysis of the last
rule in the derivation.

class C extends D implements I {T f; K M} and

e Case MTYPE-C1. Then TT(C) =
} € M. Then the result follows by MFORMALS1.

S m(S X) when P {return t;

e Case MTYPE-C2. Then TT(C) = class C extends D implements I {T f; K M} and m is
not defined in M and mtype(m,D) = T—T. By induction there exists X of the same length as T
such that mformals(m,D) = X, and the result follows by MFORMALS2.

(|
Lemma 6.15 (Exhaustiveness) If mtype(m,C) = T—T and mformals(m,C) = X and D has the same
length as ¥ and D C dom(7'T"), then there exist D, P, and P such that 7T - C<:D and D covers D for

m via (P,P,X).
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Proof Since mtype(m,C) = T—T, by MTYPE-C1 and MTYPE-C2 we have that C € dom(7T).
Then by T-CLASS we have allMethodNames(C) = @ and ezhaustive(m,C). By Lemma 6.3 we have
m € @, so by T-EXHAUST we have mpreds(m,C) = Q and ¥ E \/ Q. By Lemma 6.9 we know
TT D restrict(TT,\/ Q), and we are given that D C dom(7'T"), so by VALID we have TT;%:D = \/ Q.
Then by Lemma 6.10 there is some P € Q such that T7T;%:D = P. Then by Lemma 6.11 there exists
a class D such that TT +-C<:D and TT(D) = class D --- {--- M} and S m(S §) when P {---} €
M and P € P. Then by MFORMALS1 we have mformals(m,D) = ¥, and by Lemma 6.13 we have X =
y. Finally, by Definition 6.1 we have shown that D covers D for m via (P,P,X). O

Lemma 6.16 T7";T =P = P
Proof By definition of = we must prove that T7T’;T" = =P V P. We have two subcases.

e Case TT";T = P. Then the result follows by P-OR2.

e Case TT";T }£ P. Then by P-NoT also TT’;T' = =P, and the result follows by P-OR1.

Lemma 6.17 f TT";T =P = Qand TT';' = Q = R, then TT;T =P = R.
Proof By definition of = we have TT';T" = =P vV Q and TT";T = —Q V R, and we must prove that
TT:T' = =P V R. Since TT";T = =P V Q, by P-OR1 and P-OR2 we have two subcases.

e Case TT';T" = —P. Then by P-OR1 also TT';T" = =P V R.
e Case TT";T' = Q. Since TT';T' = —Q V R, by P-OR1 and P-OR2 we have two subcases.

— Case TT";T E —Q. Then by P-NoT also TT";T }~ Q, so we have a contradiction.
— Case TT";T = R. Then by P-OR2 also TT’;T' = =P V R.

Lemma 6.18 If P=5Q and Q=xR, then P=xR.

Proof By MORESPECIFIC we have X = P=-Q and X = Q="R. Then by VALID we have that for all
TT' D restrict(TT,P), for all D C dom(TT") of the same length as X, TT’;X:D = P=-Q. Similarly,
for all TT" 2 restrict(TT,P), for all D C dom(TT") of the same length as X, TT';x:D = Q=-R.
Consider some TT" D restrict(TT,P) and D C dom(T7T’) of the same length as X. So we have
TT';x:D | P=-Q and T7";x:D = Q=R. Then by Lemma 6.17 also TT";x:D = P=R. Therefore
we have shown that for all TT" O restrict(T'T,P), for all D C dom(TT’) of the same length as %,
TT';%:D = P=R, so by VALID we have X |= P=-R. Finally, the result follows by MORESPECIFIC. [J

Lemma 6.19 (Unambiguity) If D C dom(7'T) and D covers D for m via (P,P,X) then there exists Q
€ P such that T'T; x:D |= Q and overridesIfApplicable(Q,P,%,D).

Proof By Definition 6.1 we have TT(D) = class D --- {--- M} and S m(S %) when P {---} € M
and P € P and TT; X:D = P. We prove this lemma by induction on the number of predicates P’ €
P such that T7T; x:D = P’ and P#£gzP'.

e Case there are zero such predicates. By Lemma 6.16 we have TT’;T' =P = P for all TT’
and I'. Then by VALID we have X |= P = P, so by MORESPECIFIC also P=<xP. Therefore by
definition of < also PAgP. Since T'T; X:D |= P, we have found a Q, namely P itself, such that
TT; x:D = Q and PA%Q. Therefore we have a contradiction.
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e Case there is one such predicate. As shown above P is such a predicate, so it must be
the only one. Therefore, for each other predicate P’ € P, it must be the case that either
TT; x:D [~ P’ or P<gP’. Therefore by OVERAPP we have overridesIfApplicable(P,P’ X,D).
Since P=P, by OVERAPP also overridesIfApplicable(P,P,x,D). So we have shown that
overridesIfApplicable(P,P,x,D). Therefore the result follows with P = Q.

e Case there are ¢ > 1 such predicates. Then there exists a predicate R such that R#P and 1T
%:D |= R and P#£zR. By definition of < we have that either PAgR or R=%P, so there are a few
subcases.

— Case P<gR and R<gP. By T-CLASs and T-METH we have unambiguous(P,R,X,P). There-
fore by UNAMB we have P=R. We saw above that R#P, so we have a contradiction.

— Case PAgR. By T-Crass and T-METH we have unambiguous(P,R,x,P). Therefore by
UNAMB we have Q = [Q | Q € P and Q <5 P and Q =5 R] and X = (PAR)=\/Q. By
Lemma 6.9 we have TT 2D restrict(TT,P), so by VALID we have TT; x:D = (PAR)=\/Q.
By the definition of = we have T'T; x:D = —~(PAR)V\/Q. By P-Or1 and P-OR2 this
means that either T'T; :D = = (PAR) or TT; x:D = \/Q. If the former, then by P-NoT
we have T'T; x:D £ PAR, and by P-AND this means that either TT; :D £ P or TT;
%:D [~ R. But we've already shown that T'T; X:D = P and TT; X:D = R, so we have a
contradiction.

Therefore, it must be the case that T'T; x:D = \/Q, and by Lemma 6.10 there is some
Py € Q such that TT;%:D |= Py. By Definition 6.1 we have D covers D for m via (Pg,P,X),
so the result follows by induction if we can show that the number j of predicates P’ € P
such that T'T; x:D |= P’ and PoAxP’ is smaller than ¢. First we show that j < i. Consider
some P’ € P such that TT; x:D = P’ and PyAxP’. Then we will show that also PAzP’.
Suppose not, so P<gP’. Therefore P<P’ and P'A5P. Since P € Q, we have Py<%P, and
since P<gP’, by Lemma 6.18 we have Pg=<gP’. Also, since Py<gP and P'AxP then we
have P'A%Py (since if P'<¢Py then by Lemma 6.18 also P’<%P, which is a contradiction).
Therefore we have Po=<%P’ and P'A5Py, so Pg<xP’, and we have a contradiction.

As shown above, every predicate of the appropriate form for Py is also of the appropriate
form for P. To end the proof, we show that converse does not hold. We saw earlier that
TT; x:D |= P, and as argued in the first case of the proof, we have P£%P. Therefore, P
is one of the predicates of the appropriate form for P. We're done if we can show that
Po=<xP, since this means that P is not one of the predicates of the appropriate form for Py.
Since P € Q, we have Pg=%P and Pp<zR. We assumed above that PAgR, so also PA%P
(since if P=%Py then by Lemma 6.18 also P<%R, which is a contradiction). Therefore we
have shown that Po=%P and PZAxPg, so Pog=<xP.

O

Lemma 6.20 If C € dom(77T) and TT +C<:D and D C dom(7'T") and D covers D for m via (P,P,X),
then there exists t such that mbody(m,C,D) = (X, t).

Proof We prove this lemma by induction on the number of classes E such that TT FC<:E and
TT FE<:D.

e Case there are zero such classes. By S-REF we have 1T - C<:C, and we are given 77T F C<:D,
so C is such a class and we have a contradiction.

e Case there is one such class. Since by S-REF we have T7T FC<:C and TT' -D<:D, and since
we are given 7T F C<:D, we know that both C and D are such classes. Therefore it must be
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the case that C = D. Since D covers D for m via (P,P,X), by Definition 6.1 we have TT(C) =
class C -+ {--- M} and S m(S X) when P {---} € Mand P € P and TT; X:D = P. Also,
by Lemma 6.19 there exists Q € P such that T'T; x:D = Q and overridesIfApplicable(Q,P,x,D).
Then the result follows by MBoDY1.

e Case there are ¢ > 1 such classes. Then there is some E such that E # C and TT F C<:E and
TT FE<:D. Therefore also C # D, or else we would have a nontrivial cycle in the subtyping
relation. There are two subcases.

— Case there exist Py and P such that C covers D for m via (Py,Pg,%). Then by Definition 6.1
we have TT(C) = class C --- {--- M} and S m(S X) when Py {---} € Mand Py € Py
and TT; X:D = Py. Also, by Lemma 6.19 there exists Q € Py such that TT; x:D = Q
and overridesIfApplicable(Q,Po,%,D). Then the result follows by MBoDY1.

— Case there does not exist Pg and Py such that C covers D for m via (P,Pg,X). Since C €
dom(7'T), we have that TT(C) = class C extends Co --- {--- M}. Since C # D and
TT t-C<:D, it must be the case that TT Cyp<:D as well. Further, there are strictly
fewer than i classes E such that T FCy<:E and 1T HE<:D. Therefore by induction
there exists t such that mbody(m,Co,D) = (%, t). Since there does not exist Py and Py
such that C covers D for m via (Pg,Pg,X), by Definition 6.1, there are several subcases.

* C & dom(T'T). But we are given that C € dom(7'T), so we have a contradiction.

« TT(C) = class C extends Cy --- {--- M} but m is not defined in M. Then the
result follows by MBoDY3.

x TT(C) = class C extends Cy -+ {--- M} and S m(S X) when P {---} € ¥, but
there is no P; such that T7T;%:D = P;. Then the result follows by MBoDY2.

O

Theorem 6.2 (Progress) If @ - t : T, then either t is a value, t contains a subexpression of the
form (U) (new C(W)) where TT - C«:U, or there exists some term s such that t — s.

Proof By induction on the depth of the derivation of e - t : T. Case analysis of the last rule in
the derivation.

e Case T-VAR: Then t has the form x and x:T € e, which is a contradiction. Therefore, T-VAR
cannot be the last rule in the derivation.

e Case T-FIELD: Then t has the form tg.f; and T has the form T; and e - t( : Cy and fields(Cp)
=T f. By induction, there are three subcases.

— Case tg is a value. Then t( has the form new Dy (¥). Since e F tg : Cg, by T-NEW Dy is
Co and ¥ has the same length as f. Then by E-PROJNEW we have to.f; — v;.

— Case t( contains a subexpression of the form (U) (new C(@)) where 7T FC¢:U. Then
also t contains a subexpression of the form (U) (new C(@)) where TT FC4¢:U.

— Case there exists some term sg such that tg — sg. Then by E-FIELD we have ty.f; —
So . £;.

e Case T-INVK: Then t has the form to.m(¥) and e F tg : Tp and mtype(m,Tg) = T—T and
et :Sand TT I-S<:T. By induction, there are three subcases.

— Case t is a value. Then t( has the form new Cy(¥). Since o F ty : Tg, by T-NEW Ty is
Co. By induction, there are three subcases.
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x Case all terms in T are values. Then t has the form new D(...), and by the sanity
conditions we know that D C dom(7'T). Since mtype(m,Co) = T—T, by Lemma 6.14
there exists X of the same length as T such that mformals(m,Co) = X. Therefore, X
also has the same length as D. Then by Lemma 6.15 there exist D, P, and P such
that TT FCp<:D and D covers D for m via (P,P,X). Also since mtype(m,Co) = T—T, by
MTyYPE-C1 and MTYPE-C2 we have Cy € dom(7T"). Then by Lemma 6.20 there
exists a term sg such that mbody(m,Co,D) = (X, s¢). Then by E-INVKNEW we have
tg.m(t) — [X — T, this — new Co(¥)]so.

x Case some term in t contains a subexpression of the form (U) (new C(@)) where
TT C4:U. Then also t contains a subexpression of the form (U) (new C(i)) where
TT C4:U.

x Case no term in t contains a subexpression of the form (U) (new C(@)) where
TT FC4:U. Further, there is some t; € t for which there exists a term s; such
that t; — s;. Further, all t; such that 1 < j < ¢ are values. Then by E-INVK-ARG
we have tg.m(t) — tg.m(tqy,...,t;_1, SirsTit1s.-- stn).

— Case t( contains a subexpression of the form (U) (new C(1)) where TT' FC¥¢:U. Then
also t contains a subexpression of the form (U) (new C(@)) where TT FC4:U.

— Case there exists some term sg such that tg — s¢. Then by E-INVK-RECV we have
to.m(t) — s¢.m(%).

e Case T-NEw: Then t has the form new Co(t) and T is Co and fields(Co) =T f and et : S
and TT FS<:T. By induction, there are three subcases.

— Case all terms in T are values. Then also t is a value.

— Case some term in t contains a subexpression of the form (U) (new C(@)) where
TT FC4:U. Then also t contains a subexpression of the form (U) (new C(@)) where
TT C4:U.

— (Case no term in t contains a subexpression of the form (U) (new C(w)) where 7T - C<:U.
Further, there is some t; € t for which there exists a term s; such that t; — s;. Further,
all t; such that 1 < j < i are values. Then by E-NEW-ARG we have new Co(t) —
new Co(ty,...,ti—1,8i,ti+1,--.,tn).

e Case T-UCAST: Then t has the form (T)ty and e - tg : S and 77" F8<:T. By induction,
there are three subcases.

— Case tg is a value. Then tg has the form new Cy(¥) and by T-NEW S is Cy. Then by
E-CASTNEW we have (T)ty — to.

— Case t( contains a subexpression of the form (U) (new C(@)) where 7T FC¢:U. Then
also t contains a subexpression of the form (U) (new C(@)) where TT - C¢:U.

— Case there exists some term sg such that tg — sg. Then by E-CAST we have (T)tg —
(T) S0.

e Case T-DCAST: Then t has the form (T)ty and e - tg : S and TT FT<:S and T # S. By
induction, there are three subcases.

— Case tg is a value. Then t¢ has the form new Cy(¥) and by T-NEwW Sis Cy. If TT'FCg<:T
then by E-CASTNEW we have (T)tg — tg. Otherwise T7T Cy¥:T, so t contains a
subexpression of the form (U) (new C(uw)) where TT I~ C¢:U.
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— Case t( contains a subexpression of the form (U) (new C(@)) where TT FC¢:U. Then
also t contains a subexpression of the form (U) (new C(@)) where TT FC4:U.

— Case there exists some term sg such that tg — sg. Then by E-CAST we have (T)tg —
(T) So.

e Case T-SCAST: Then t has the form (T)tp and e - tg : S and TT FS¢:T and TT FT¢:S
and a stupid warning is generated. By induction, there are three subcases.

— Case tg is a value. Then tg has the form new Cy(¥) and by T-NEw S is Cy. Then t
contains a subexpression of the form (U) (new C(w)) where 77T - C¢:U.

— Case t( contains a subexpression of the form (U) (new C(@)) where 7T FC«:U. Then
also t contains a subexpression of the form (U) (new C(@)) where TT FC4:U.

— Case there exists some term sg such that tg — sg. Then by E-CAST we have (T)tg —
(T) So.

O
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