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A Type- and Control-Flow Analysis for System F
Technical Report

Matthew Fluet

Computer Science Department
Rochester Institute of Technology, Rochester NY 14623
mtf@cs.rit.edu

Abstract. We present a monovariant flow analysis for System F (with
recursion). The flow analysis yields both control-flow information, ap-
proximating the A- and A-expressions that may be bound to variables,
and type-flow information, approximating the type expressions that may
instantiate type variables. Moreover, the two flows are mutually bene-
ficial: the control flow determines which A-expressions may be applied
to which type expressions (and, hence, which type expressions may in-
stantiate which type variables), while the type flow filters the A- and
A-expressions that may be bound to variables (by rejecting expressions
with static types that are incompatible with the static type of the vari-
able under the type flow). As is typical for a monovariant control-flow
analysis, control-flow information is expressed as an abstract environ-
ment mapping variables to sets of (syntactic) A- and A-expressions that
occur in the program under analysis. Similarly, type-flow information is
expressed as an abstract environment mapping type variables to sets of
(syntactic) types that occur in the program under analysis. Compatibil-
ity of static types (with free type variables) under a type flow is decided
by interpreting the abstract environment as productions for a regular-tree
grammar and querying if the languages generated by taking the types in
question as starting terms have a non-empty intersection.

This is a companion technical report, providing additional commentary
and proof details, to a paper [I1] appearing in Implementation and Appli-
cation of Functional Languages: 24th International Symposium (IFL’12).

1 Introduction

Control-flow analysis is an important enabling technology for the compilation
and optimization of functional languages. Because functional languages have
first-class functions, the control flow of a functional program is not syntactically
apparent: in an application expression, the function can itself be the result of
a computation and may not be available until run time. Indeed, during the
execution of a program, many different functions may be applied at the same
(source-program) application expression. A control-flow analysis [2TJ48/4734127]
approximates, at compile time, the flow of first-class functions in a program:
which first-class functions might be bound to a given variable or returned by a
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given expression at run time. This approximate control-flow information can be
used to enable optimizations of a functional language.

Control-flow analyses have typically been formulated for dynamically- or
simply-typed functional languagesﬂ However, most statically-typed functional
languages have rich type systems that include polymorphic types. Indeed, Sys-
tem F [I3/41], the polymorphic lambda calculus, and extensions thereof are
commonly used as typed intermediate languages in compilers for functional lan-
guages [52I36/50]. Typed intermediate languages provide a number of benefits.
First, explicit type information can support type-dependent optimizations, such
as using a specialized representation for known types rather than a universal
representation. Second, explicit type information can support validation of opti-
mizations, by detecting when an optimization transforms a well-typed program
to an ill-typed program. Since optimizations are performed on a typed inter-
mediate language and optimizations are enabled by control-flow analyses, it is
natural to seek a control-flow analysis that is formulated for System F.

While one could naively adopt an existing control-flow analysis that is formu-
lated for a dynamically- or simply-typed functional language and ignore the Sys-
tem F features of type abstraction and type application, such an approach fails
to take advantage of the static information provided by a well-typed program.
Intuitively, a control-flow analysis for System F should exploit the well-typedness
of the program under analysis in order to obtain more precise control-flow in-
formation. For instance, if a control-flow analysis asserts that a variable x might
be bound to a function of type int — int, a function of type bool — bool, and a
function of type string — string (and no other functions), but the static type of x
is int — int, then the type soundness of the language guarantees that x will only
be bound to functions of type int — int at run time and the control-flow result
may be soundly refined to assert that x might only be bound to the function of
type int — int. However, if the static type of x is @ — « (where the type vari-
able « is bound by a type abstraction in the program under analysis), then it is
unclear whether or not the control-flow result may be soundly refined, because
the type variable o may be soundly instantiated at any type.

Given additional information that asserts that the type variable o might be
instantiated at the type int and the type bool (and no other types), then the
control-flow result may be soundly refined to assert that x might only be bound
to the function of type int — int and the function of type bool — bool. This ad-
ditional information may be obtained by a type-flow analysis that approximates,
at compile time, the flow of types in a program: which types might instantiate
a given type variable at run time. As demonstrated by the example above, this
approximate type-flow information can be used to increase the precision of a
control-flow analysis. Furthermore, this approximate type-flow information can
be used to enable type-dependent optimizations, such as guiding the specializa-

! Although there are many type-based [35] control-flow analyses, where the analyses
are expressed as a sophisticated type systems (e.g., type-and-effect systems [9I33I19],
type systems with polymorphic types [39], type systems with union/intersection
types [64I31]), the language under analysis is typically a simply-typed language.
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tion of a polymorphic function that is used at a small number of distinct types or
eliminating type operations in a language with intensional polymorphism [14].
Just as a control-flow analysis yields useful information because, for a given
program, it is unlikely that a given variable is bound to every function during
execution, a type-flow analysis yields useful information because it is unlikely
that a given type variable is instantiated at every type during execution.

Although type-flow information and control-flow information might be ob-
tained by independent analyses, the two kinds of information can be mutually
beneficial, particularly for the higher-rank impredicative polymorphism of Sys-
tem F. Control-flow analysis supports type-flow analysis by yielding information
about the type abstractions that may be applied at type applications and, hence,
about the types at which type variables may be instantiated. The type-flow in-
formation soundly refines the control-flow information by rejecting flows that
are incompatible with the static typing of the program under analysis; because
the static typing may be expressed in terms of syntactic types with free type
variables, the type-flow information is used to determine the compatibility of
types. When the type-flow information refines the control-flow information by
rejecting the flow of a type abstraction, the type-flow information itself may
be refined because the type abstraction may be applied at fewer type applica-
tions, and, hence, there may be fewer types at which the type variable may be
instantiated Pl

In a combined type- and control-flow analysis, the type-flow information
soundly refines the control-flow information by determining when types are in-
compatible. In the presence of recursion and higher-rank impredicative poly-
morphism, the type-flow information must approximate complex relationships
between type variables and types and the compatibility or incompatibility of
types under the type-flow information may not be obvious. Indeed, during the
execution of a program that is well-typed in System F with recursion, a type
variable may be instantiated at an infinite number of types. In order to obtain
a computable analysis, the type-flow information must use a finite representa-
tion that approximates the (potentially infinite) set of closed types that may
instantiate a type variable and the compatibility of types under the type-flow
information must be a decidable property.

Most control-flow analyses approximate the (potentially infinite) set of first-
class functions that might be bound to a variable at run time by a (necessarily
finite) set of function expressions (possibly with free variables) that occur in
the program under analysis. Similarly, a type-flow analysis may approximate
the (potentially infinite) set of closed types that may instantiate a type vari-
able at run time by a (necessarily finite) set of type expressions (possibly with
free type variables) that occur in the program under analysis. For instance, if
a type-flow analysis asserts that a type variable o might be instantiated at the
type expression int — int and the type expression int — « (and no other type

2 In practice, though, a flow analysis is computed by adding information that is con-
sistent with existing information (i.e., ascending a lattice) rather than removing
information that is inconsistent with existing information (i.e., descending a lattice).
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expressions), then, by interpreting the type-flow information as productions for
a reqular-tree grammar [122[7], the type-flow analysis may be seen to be assert-
ing that the type variable o might be instantiated at the infinite set of closed
types {int — int, int — int — int, int — int — int — int, ...}. Furthermore, if the type-
flow analysis asserts that a type variable § might be instantiated at the type
expression int — bool and the type expression int — 8 (and no other type ex-
pressions) and a control-flow analysis asserts that a variable x might be bound
to a function of type int — int, a function of type bool — int, a function of type
string — int, a function of type int — «, and a function of type int — § (and
no other functions), but the static type of x is «, then the control-flow result
may be soundly refined to assert that x might only be bound to the function
of type int — int and the function of type int — «, because the types of these
two functions are compatible with the type « (under the type-flow information),
while the types of the other three functions are incompatible with the type a.

Two types are compatible (under the type-flow information) if there exists
a closed type that is a member of the sets of closed types at which the types
might be instantiated; conversely, two types are incompatible if there does not
exist a closed type that is a member of the sets of closed types at which the
types might be instantiated. The type soundness of the language guarantees
that a variable will only be bound to a well-typed closed function of a closed
type at run time; hence, if there is no closed type at which both the static type
of a variable and the static type of a function might be instantiated, then that
variable will never be bound to that function at run time. For example, the types
int — a and « are compatible because the type int — «, interpreted as a starting
term for the regular-tree grammar corresponding to the type-flow information,
represents the infinite set of closed types {int — int — int, int — int — int — int, ...},
which has a non-empty intersection with the infinite set of closed types that
might instantiate the type variable « (given above). Similarly, the types int — 3
and « are incompatible because the type int —  represents the infinite set
of closed types {int — int — bool, int — int — int — bool, ...}, which has an empty
intersection with the infinite set of closed types that might instantiate the type
variable «. Since regular-tree grammars are closed under intersection and the
emptiness of a regular-tree grammar is decidable, the compatibility of types
under the type-flow information is a decidable property.

Overview We present a monovariantﬁ type- and control-flow analysis for Sys-
tem F extended with recursive functions. Our flow analysis is a variation on
0CFA, the classic monovariant control-flow analysis [34]. For a given program,
the flow analysis computes an abstract environment that maps variables to (fi-
nite) sets of A- and A-expressions that occur in the program and maps type
variables to (finite) sets of type expressions that occur in the program.

Our formulation of the type- and control-flow analysis as a refinement of
the syntax-directed constraint-based formulation of 0CFA establishes that the

3 i.e., context insensitive



A Type- and Control-Flow Analysis for System F 5

Types Type 57 =7 > T | | Va. 7
Type variables TyVar > o, f,...

FExpressions Ezp>e =z |letxz:T, =bine
Binds Bnd 3 b = uf:mp.Az:7..6 | X5 Ta |

uf:ts. AB. ey | 5 [7al
Variables Var > x,y,2, f,9,...

-] = Exp — Var
2] ==
|let z:7¢ = b ine] = |e]

Fig. 1. Syntax of ANF System F

combined type- and control-flow analysis can be more precise than 0CFA. Al-
though not as precise as a type-directed polyvariantﬂ control-flow analysis [20],
our monovariant type- and control-flow analysis nonetheless rejects some similar
classes of spurious flows and, furthermore, has the benefits of handling full (i.e.,
impredicative) System F and terminating for all well-typed programs.
Soundness of the analysis is proven with respect to an operational seman-
tics for System F given in the style of the administrative-normal-form (ANF)
environment- and continuation-based C, EK abstract machine [I0], where the
(concrete) environment component of the abstract machine maps variables to clo-
sures (pairs of A- or A-expressions and an environment, which captures the free
variables and type variables of the A- or A-expression) and maps type variables to
type closures (pairs of type expressions and an environment, which captures the
free type variables of the type expression). A sound flow analysis computes an
abstract environment that approximates every concrete environment that arises
during evaluation. We present the analysis-time type-compatibility predicate as
a judgment; this yields a declarative specification of type compatibility, for which
the regular-tree-grammar interpretation gives an algorithmic implementation.

2 Language and Semantics

Our source language is a variant of System F, extended with recursive functions
and presented in (a restriction of) administrative normal form (ANF). The op-
erational semantics of the language is presented as an abstract machine. The
static semantics of the language is entirely standard, but given for completeness.

2.1 Syntax
The syntax of our ANF variant of System F is given in Figure

4 i.e., context sensitive
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Types include function types, type variables, and universal types; in the
universal type Va. 7y, the type variable « is bound in the type 7. Type equality
is syntactic identity (up to a-conversion of bound type variables).

Expressions include variables, let-bindings of recursive functions, let-
bindings of non-tail function applications, let-bindings of recursive type ab-
stractions, and let-bindings of non-tail type applications. In the let-binding
expression let z:7, = b in e, the variable x is bound in e; in the recursive
function pf:7¢.\z:7,.ep, the variables f and z are bound in the expression e
and in the recursive type abstraction pf: 7. A8 ep, the variable f and the type
variable § are bound in the expression e,. Programs are (closed, well-typed)
expressions. Finally, we define a function |-] on expressions, which extracts the
variable that yields the expression’s value.

The language is Church-style, in which every bound variable is annotated
with its type. In contrast to some presentations of ANF-like languages [42810]
but in concert with some others [51J30/534], we restrict the constituents of func-
tion applications and type applications to variables, rather than allowing a larger
class of “trivial” expressions, and we restrict function applications and type ap-
plications to non-tail calls, rather than allowing tail calls. Neither restriction is
essential for the forthcoming type- and control-flow analysis; we adopt them sim-
ply to reduce the number of inference rules and helper functionsn the operational
semantics, static semantics, and flow analysis.

We do not assume that all 1et-, u-, and A-bound variables and all A-bound
type variables in a program are distinct, although the static semantics will pro-
hibit shadowing of variables and type variables within the same scope.

2.2 Operational Semantics

The operational semantics for our ANF-variant of System F is presented as
an adaptation of the environment- and continuation-based C, EK machine [10]
(and is similar in some ways to the A;}” abstract machine [30]) and is given in
Figure [2|

A machine state ¢ has four components: a control expression, a run-time type
environment, a run-time value environment, and a continuation.

A run-time type environment ¢ is a map from type variables to run-time
types and a run-time value environment p is a map from variables to run-time
values. A run-time type 7 is a “type closure”: a pair of a (possibly open) type and
a run-time type environment; the run-time type environment captures the free
type variables of the type. A run-time value w is a “function closure” or a “type-
abstraction closure”: a triple of a (possibly open) value (a recursive function or a
recursive type abstraction), a run-time type environment (that captures the free
type variables of the value), and a run-time value environment (that captures
the free variables of the value).

A continuation « is a stack of frames, each of the form (x; 7; @; p; €), where x
is the variable receiving the result w of a non-tail function application or non-tail
type application, 7, is the (static, syntactic) type of z, and e is the expression to
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Run-time types RType > w ::= (T; )

Run-time type environments RTEnv> ¢ i=e | p,ar— 7

Run-time values RValue > w == (uf:7p. Az: 72 . ep; ¢; p) |
(uf:rs . AB.ev; 5 p)

Run-time value environments RVEnv > p i=e | p,x— w

Continuations Kont 3 k == o | (x;7Tz;€; 95 )11k

States State 3 ¢ = {e; ¢; p; k)

S —>g

pr(zr) = wr

(75 brs prs (25 25 €5 85 p) k) —> (€505 p, 2 > Wri K)

wy = (uf 7. Az:T €05 05 p) wy = (uf 7. AB . ey; ¢; p)
(let x:7p = pf:75.A2:7-.€p in €; ¢; p; K) (let x:7p = uf:75.AB €y in €;¢; p; k)
— (e3¢ p, T > Wi K) — (e3¢5 p, T > WriK)

pley) =wy  wy={ufirr.Az:72.e0;0805)  p(Ta) = wa
(let w:7y = 5 ®q in €;¢;p5 k) — (ev; b5; pf, [ > Wy, 2 7 Wa; (X5 Tus €5 G5 p)iik)

pley) =wy  wp={uf:1r.AB.ev; bp;05)  Ta = (Ta; @)
(let z:7% =z [7a] in e;¢;p; ) — (ev; @5, B = Ta; py, f = wy; (T Tas € 5 p) 1K)

Fig. 2. Operational Semantics of ANF System F

be evaluated in the environments ¢ and p extended with  bound to w to yield
the result of the frame.

The machine transition rules are straightforward. The first rule returns a re-
sult to the top-most frame of the continuation when the control expression has
been reduced to a variable. The second and third rules create function closures
and type-abstraction closures. The fourth and fifth rules extract the expression
body, run-time type environment, and run-time value environment from an ap-
plied function closure or type-abstraction closure, extend the closure’s run-time
value environment with f bound to the closure (making the recursive function or
recursive type-abstraction available to the expression body), extend the closure’s
run-time value environment with the run-time value argument (in the case of
a function application) or extend the closure’s run-time type environment with
the run-time type argument (in the case of a type application), and push a frame
onto the continuation to receive the result of the function application or type
application. Note that the machine transitions are syntax directed and deter-
ministic.
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Type-variable contexts TCtrt 3 A = e | A aix
Variable contexts VCtet > I' n=e | I, z:T

FA

FA a ¢ dom(A)

Fe FA a*
AbFT
A1, AT FA Ala) = * A ax b1
A1, — 1 AF « AFVYa. 1

AFT

AET AT x ¢ dom(I")

Al e AT xr
A Tk-err
AFRT I'z)=71 AF 1, A TEb: T, Ty = Tr AN xme e T
A x:T A;M'Fletz:i7p, =bine: T

A bt

AT Al 1y AF T, AL firp,zim. Fey iy

Tf =Ta — Tb Ty = Ta

AT pfire AziTe.e 1 Ta = T

ART A}—Tf A,ﬂi*;F,finl—eblTb
Tf:V/J). Tb
AT Epfire . AB ey 1 VB T

AT I'(zf)=7a — 7T I'(za) = 7a AT I'(zy) =Va. 1 Al 1
AT Ry ag:m AT Eaxy [16] : [a— Ta]me

Fig. 3. Static Semantics of ANF System F

2.3 Static Semantics

The standard static semantics for System F, adapted to our ANF variant, is
given in Figure [8] A type-variable context A records free type variables, the
judgment F A asserts that the type-variable context A is well-formed (all type
variables are distinct), and the judgment A 7 asserts that the type 7 is well-
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formed in A. A variable context I' records free variables and their types, the
judgment Ak I' asserts that the variable context I' is well-formed in A (all
variables are distinct and all types are well-formed in A), and the judgments
A;I'Fe:7and A;I'F b: 7 assert that the expression e and bind b have the
type 7 in A and I'; in the rule for type applications, we write [a — 7,]7, for the
capture-avoiding substitution of 7, for free occurrences of a in 7,. All judgments
are designed to require, directly or indirectly, that their type-variable contexts
and variable contexts are well-formed.

2.4 Type Soundness

A syntactic proof [55] of type soundness, using entirely standard Progress and
Preservation theorems, is given in Appendix [A]

Theorem 1 (Type Soundness).
Ife;e-e: 7 and (e;e;0;0) —* ¢/,
then either there exists «', ¢', and p’ such that ' = (z';¢'; p'; 0)
or there exists ¢’ such that ¢ — ¢’.

In addition to the judgments of Figure [3] we introduce judgments that assert
the “well-typedness” of run-time types (7 = 7), run-time type environments
(F ¢ :0), run-time values ( F w : 7), run-time value environments ( - p : I'), con-
tinuations (7~ k: 7), and states (¢ : 7); see Figure |§| in Appendix |A]l Of
note is the judgment + ¢ : 6 that asserts that the run-time type environment ¢
corresponds to a substitution €; the domains of ¢ and 8 are equal, but whereas
¢ maps a type variable to a run-time type (a pair of a (possibly open) type and
a (closing) run-time type environment), § maps a type variable to a closed type
obtained by (recursively) expanding the (possibly open) type by its (closing)
run-time type environment.

3 Type- And Control-Flow Analysis

Our type- and control-flow analysis is presented as an adaptation of the syntax-
directed OCFA, the classic monovariant control-flow analysis [34] Section 3.3],
and is given in Figure [4

The result of our type- and control-flow analysis is a pair of abstract envi-
ronments. An abstract type environment qg is a map from type variables to sets
of abstract types, where an abstract type is simply a (possibly open) typeﬂ An
abstract value environment p is a map from variables to sets of abstract val-
ues, where an abstract value is simply a (possibly open) recursive function or

® We introduce abstract types in preparation for future extensions of the analysis; for
example, we may wish to introduce a T abstract type to represent an unknown type
coming from outside the scope of the analysis.
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Abstract types AType > & =7
Sets of abstract types P(AType) > IT
Abstract type environments ATEnv > ¢ € TyVar — P(AType)
Abstract values AValue 5 W == pf:1s. Az:mo.ep | pf:15. AB e
Sets of abstract values P(AValue) 5 W
Abstract value environments AVEnw > p € Var — P(AValue)
(2)1 C A2 d:Cf Yo TyVaT.<Z)1 (a) - ég(a) ﬁl C ﬁg d:Cf Vz € V(l?".ﬁl (x) - ﬁg(ﬂ?)
~ def ~ ~ def
(l—liel ¢Z) (@) = Uses @ila) (I—leI pi) (@) = Uies #i(@)
~ def ~ ~ def ~
(l—liel 1) (a) = ﬂzEI bi(c) (Hlel pi) (z) = mie] pi(z)
~ def N def
pi(a) = {} po(x) = {}
o7 () def AType pT(z) ©f AValue

p;pFe
GipEb~~W,  {r €W, | @kt N} Cix) dipFe
quS;ﬁIZm é;ﬁ#letm:n=bine
$ipEb- W
{ufirp Aaima} ) dipke {ufirp AB.e} CA(f)  dibFe
{pufirp Azim.ep} CW {puf:rr.AB.es} CW
(Z);ﬁ)zﬂf:Tf.)\z:Tz.ebWW (j;;ﬁtiuf:Tf.A/j’.ebWW

- (100 € plaa) | [$F MR} € o) A olles)) € W)

$ipEas xa > W

/\p.fITf SAzZiIT, L ep €D

/\ufiff-/‘ﬁ-ebeﬁ(xf) ({Ta} < é(ﬁ) Aﬁ(LebJ) = W>
é»ﬁ E Ty [Ta] ~ W

Fig. 4. Type- and Control-Flow Analysis of ANF System F
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recursive type abstractionﬁ Pairs of abstract type and value environments form
complete lattices with the usual partial orders for pairs, functions, and power
sets.

The judgments g?); pEeand (;3; PEDL~ W assert that a pair of abstract envi-
ronments dg and p is an acceptable type- and control-flow analysis of the expres-
sion e and bind b, respectively. An acceptable type- and control-flow analysis is
one that soundly approximates the run-time behavior of the program, in a sense
made precise by Theorem [2} intuitively, acceptable abstract type and value envi-
ronments must describe every run-time type and value environment that arises
during the evaluation of the program. The judgment quS; PEDL~ 144 additionally
asserts that the bind b is approximated by the set of abstract values w.

Ignoring the shaded terms, the constraints asserted by the rules are standard
for a monovariant control-flow analysis. The rule for a let-binding expression
let x:7, = b in e asserts that the abstract environments are acceptable for the
bind b and the expression e and that the set of abstract values that approximate
the bind b are included in the set of abstract values mapped from the variable z.
The rules for values (recursive functions and recursive type abstractions) assert
that the value itself is included in both the set of abstract values approximating
the bind and the set of abstract values mapped from the p-bound variable f
(corresponding to the f — wy binding in the operational semantics making the
recursive function or recursive type-application available to the expression body)
and that the abstract environments are acceptable for the body expression. The
rule for a non-tail function application asserts that, for all functions in the set of
abstract values mapped from the variable x ¢, the abstract values mapped from
the actual argument x, flow to the formal argument z and the abstract values
from the function result |ep | flow to the set of abstract values approximating the
function application. Similarly, the rule for a non-tail type application asserts
that, for all type abstractions in the set of abstract values mapped from the
variable x ¢, the actual type argument 7, flows to the formal type argument 3
and the abstract values from the function result |e;] flow to the set of abstract
values approximating the type application.

Now consider the shaded terms in the rules for a let-binding expression
and a non-tail function application and the judgments and rules in Figure |5} In
essence, the shaded terms perform a kind of analysis-time type checking at the
point where there is a non-local flow of abstract values. The judgment dro T
asserts that (the abstract type of) the abstract value  is compatible with the
abstract type m under (ﬁ Thus, in the rule for a let-binding expression, each
abstract result w, € WT that flows from the bind to the receiving variable x
must have an abstract type that is compatible with 7., the static type of the
receiving variable. Similarly, in the rule for non-tail function applications, each

5 Again, we introduce abstract values in preparation for future extensions of the anal-
ysis; for example, we may wish to introduce a T abstract value to represent an
unknown value coming from outside the scope of the analysis [49128] or we may
wish to introduce [m, n] abstract values to incorporate an interval/range data-flow
analysis [BIT5].
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prTy AT oA
()Zgl_/,bf:Tf.)\Z:Tz.eb NT (Z)l_/,bf:Tf.Aﬂ.eb N7

A;(E)}—Tar»ﬂ; A;é"’]’b:}ﬂ; FA Ala) = *
A;(Z)l—Ta—>Tb:‘>T,;—>Té A;qz%—oc:}a
Ak d b =T FA a ¢ dom(A) 7 € ¢(a) ©dFi =T
A;gz%—Va.n:»Va.nﬁ AipFa=T

Fig. 5. Analysis-time Type Compatibility

abstract argument W, € p(x,) that flows from the actual argument to the formal
argument z must have an abstract type that is compatible with 7., the static
type of formal argument.

The rules for the judgment q§ F @ & & simply form the abstract type of the
recursive function or recursive type abstraction from the (static, syntactic) type
of the p-bound variable. The judgment él— 71 & o asserts that the abstract
types 71 and 7o are compatible under (;Aﬁ, by asserting that 7; and 72 expand
to a common closed type. Finally, the judgment A; (,ZAS F 7 => 7 asserts that the
abstract type 7 expands under ngS to the type 7 (which is well-formed in A). The
first rule expands a function type by recursively expanding its argument and
result types. The second rule expands a V-bound type variable to itself, while
the third rule expands a universal type by recursively expanding its result type
(in a type-variable context extended with «). The fourth rule expands a A-bound
type variable to an abstract type according to the abstract type environment (;3
and recursively expands the abstract type; the abstract type is expanded under
the empty type-variable context, because it is not in the scope of the V-bound
type variables appearing in A. Note that, when used in the context of the type
compatibility judgment é F 71 & 7o, this rule must “guess” a satisfying abstract
type from among the set of abstract types mapped from the type variable.
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3.1 Flow Soundness

We show that, with respect to a given program, every acceptable pair of abstract
environments soundly approximates the run-time behavior of the program. To
formalize the approximation, we introduce “shallow” abstraction functions that
take run-time types and values to abstract types and values and that take run-
time type and value environments to abstract type and value environmentsﬂ

| -] = RType — AType | - RValue — AValue

| =
[(T;0)| =T pfirmp Az esd5p) | = pf:iTp. Azi7y e
[(f i AB . ey; &5 p)| =uf 5. AB ey
|-| = RTEnv — ATEnv |-] = RVEnv — AVEnv

{3 ifa¢dom(e) {1 ifo ¢ dom(p)
9l(e) = {{ﬂ} it o) — ol = {{|w|} i plz) = w

A proof of flow soundness for well-typed programs, using a Preservation (aka,
subject reduction) theorem, is given in Appendix

Theorem 2 (Flow Soundness).
Ife;ele:m, ¢;pF e, and (e;e;0;0) —* (e/;¢'; p's ), then (|¢/], |p']) E (¢, 0)-

In addition to the judgments of Figure[d] we introduce judgments that assert the
acceptability of abstract environments with respect to run-time types (qb E ),
run-time type environments (¢ E ¢), run-time values (¢; p £ w), run-time value
environments (¢; p E p), continuations (¢; p E W ~» /<a) and states (¢; p E <); see
Figure [7] in Appendix The judgments (;3 E ¢ and ¢, p E p assert that the ab-
stract environments are “deep” abstractions of the run-time environments.

A key lemma is the following, which establishes that two abstract types may
be judged compatible if their expansions (induced by run-time type environments
for which the abstract type environment is acceptable) are syntactically equal:

Lemma 3 (Syntactic Equality implies Analysis-Time Type Compatibility)
If Fgr:61, 0F ¢1, o 01(71), oz, ¢F ¢o, @b b2(72),
and 01(m1) = O2(72), then o F 71 & T2

In the Preservation proof, the necessary preconditions for this lemma are ob-
tained from the well-typedness of the machine state undergoing transition.

3.2 Existence of Minimum, Finite Flows

Although presented in constraint form, our type- and control-flow analysis can
be presented in an equivalent fixpoint form [6]. It is straightforward to read the

" These abstraction functions are “shallow” in the sense that they do not abstract

and join the embedded run-time type and value environments of run-time types and
values.
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analysis of Figure [d] as defining a monotone function from pairs of abstract envi-
ronments to pairs of abstract environments; the “input” abstract environments
are used for terms of the form @ € p(x) and (;AS F @ & 7, while the “output” ab-
stract type environment is formed from the “input” abstract type environment
joined with ¢ [ — II] for terms of the form IT C ¢(8) and the “output” ab-
stract value environment is formed from the “input” abstract value environment
joined with ¢ [ — W] for terms of the form W C p(x) For a given program,
fixed points of this monotone function are acceptable pairs of abstract environ-
ments. Since pairs of abstract environments form complete lattices, Tarski’s fixed
point theorem establishes that:

Theorem 4 (Minimum Flows Exist).
For all expressions e, there exist minimum abstract environments ¢min and Pmin
such that ¢min; Pmin F €.

Furthermore, for a given program e, the minimum abstract type environment
must be an element of ATEnv® = TyVar® — P(AType®) (where TyVar® is the
set of A-bound type variables that occur in the program and AType® is the
set of (syntactic) types that occur in the program) and the minimum abstract
value environment must be an element of AEnv® = Var® — P(AValue®) (where
Var® is the set of let-, u-, and A-bound variables that occur in the program
and AValue® is the set of (syntactic) values (recursive functions and recursive
type abstractions) that occur in the program). These abstract environments
are “finite”, in the sense that they map finite domains to finite sets, and form
complete lattices.

3.3 Decidability and Computability of Flows

While Theorems 2] and [4] establish that, for every program, there is a “best” pair
of abstract environments that soundly approximates the run-time behavior of
the program, we would like this pair of abstract environments to be computable.
The key concern is the decidability of the QAH— 1 & 7o judgment. Even simply
verifying that a pair of abstract environments is acceptable for a given program
requires showing that constraints of the form {@, € p(z4) | ¢ F e & 7.} C p(2)
are satisfied; this, in turn, requires showing, for each abstract value w, that is an
element of p(x,) but is not an element of p(z), that the judgment ¢ - 0, =
is not derivable

Due to “recursion” in the abstract type environment, whereby a type variable
may be mapped to a set of abstract types in which the type variable itself occurs
free, we cannot simply enumerate the (potentially infinite sets of) closed types 7
and 7 such that e; qg F @1 =7 and e; qAﬁ F 75 =» 75 in order to decide whether
or not the judgment é F 71 & 7o is derivable (via types 71 and 7o such that

8 Note, however, that this does not require showing, for each abstract value t, that
is an element of both p(z.) and p(z), that the judgment ¢ - W, N 7. is derivable;
the constraint is satisfied whether or not the judgment is derivable.
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o (ﬁ F = T, .;é F 7o = 79, and 71 = 7») To address this issue, we take in-
spiration from the theory and implementation of regular-tree grammars [12lJ2l[7],
which has been used extensively for flow analysis [2322JI7J16] (including type
inference [29)3]), but whereas previous work has applied regular-tree grammars
to the analysis of values, we apply regular-tree grammars to the analysis of types.

Given a finite abstract type environment g@, we interpret it as a regular-tree
grammar as follows: the set of non-terminals is dom(¢A>) and the set of productions
is{a=7%|ac dom(ngS) AT € q@(a)} The language generated by the grammar ¢
for the starting term # is £;(%) e {7 € Type | ®;¢ F # = 7'}; a derivation of
o é F @ = 7/ is exactly a parse tree witnessing the derivation of 7/ from # by (5

Consider deciding whether or not q@ex Fint — 8 & « is derivable, where
dex(a) = {int — int,int — a} and ¢e(8) = {int — bool, int — B}. Intuitively, it
is not derivable because

Ly, (int = B) = {int — int — bool,int — int — int — bool, ...}
L, (a) = {int = int,int — int — int,int — int — int — int,...}

and quex(int = p)Nn Eiex(a) = (J; there is no (closed) type that is generated by
éex from both int — 8 and «a. Simply unfolding definitions establishes that:

Theorem 5 (Analysis-Time Type Compatibility iff Languages Intersect).
¢ & 71 & 7o if and only if L4(71) N Ly(72) # 0.

An immediate corollary of Theorem [f] is the decidability of type compati-
bility (under a finite abstract type environment), since regular-tree grammars
are closed under intersection and the emptiness of a regular-tree grammar is
decidable [12]29]. In turn, we have that the acceptability of a pair of finite ab-
stract environments for a given program is decidable. Finally, we have that the
minimum acceptable pair of abstract environments for a given program is com-
putable, either by enumerating the finite abstract environments for the program
and checking acceptability or by defining the analysis as a monotone function
from pairs of abstract environments to pairs of abstract environmentsnd using
a standard least fixed-point computation.

We briefly sketch implementations of testing emptiness and intersection of
regular-tree grammars, based on those given by Aiken and Murphy [2]; both op-
erations are (worst-case) quadratic time in the size of the regular-tree grammar.
Recall that, for a given program e, it suffices to consider finite abstract type
environments ¢¢ € ATEnv®, interpreted as (finite) regular-tree grammars.

To decide the emptiness of a language, we define the function ¥ as follows:

U AEnv — (TyVar — B)

~

¥(¢) =lip F
where F = (TyVar —» B) — (TyVar — B)
PO a) = {I 1£ 3 e 9(a). V8 € FTV(7:T). »(B) - T
if Vi € d(). 3B € FTV(7). ¥(B) = L
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where B = {T, L} with the usual partial order (L C T); L (resp. T) denotes
an empty (resp. non-empty) language. The language £;(#) is non-empty if and

only if V5 € FTV(#). W(qg)(ﬂ) — T.If ¢ is a finite abstract type environment,

then ¥(¢) is computable using a standard least fixed-point computation.

In order to intersect the languages generated by the regular-tree grammar dg
for the starting terms 7, and 7o, we extend QAS with finitely many additional non-
terminals and productions to obtain gZ;* and generate a starting term 7* such that
Ly(#1) N Ly(R2) = L. (7). The idea is that each new non-terminal represents

~

the intersection of a type variable in dom(¢) and a type; a global mapping from
pairs of type variables and types to new non-terminals is maintained to ensure
that the same new non-terminal is used whenever the same pair is encountered.

To illustrate the technique, consider intersecting the languages generated
by (;Abex for the starting terms int — 8 and «. First, extend the grammar with
a new non-terminal Z and no productions (i.e., extend qgex with the mapping
Z — {}); the non-terminal Z will serve as the starting term for an empty lan-
guage. We are trying to intersect int — 8 and «; since « is a non-terminal,
generate a new non-terminal Ag mapped from the pair (int — 3;a), add the
triple (Ag; {int — 8}; dex(a)) to a work list, and return Ay as the result of
intersecting int — 8 and «. The work list contains new non-terminals whose
productions should be generated by intersecting all pairs of elements from the
two sets. Therefore, add productions corresponding to Ag = int — 8 @® int — int
and Ag = int = S @®int — «. Intersecting int — § and int — int generates a
new non-terminal A; mapped from (3;int), adds (A;; cz;ex(ﬂ); {int}) to the
work list, and returns int — A;. Intersecting int — 5 and int — « gener-
ates a new non-terminal A, mapped from (8;a), adds (A1; dex(83); Pex(cv))
to the work list, and returns int — A,. Therefore, extend with the mapping
Ag — {int &> A1} U {int — As}. Returning to the work list, add productions
corresponding to A; = int — bool ® int and A; = int — § ® int. Intersecting
int = bool and int returns Z (since clearly the intersection of the languages gen-
erated from these two starting terms is empty), as does intersecting int — 8 and
int; therefore, extend with the mapping 4; — {Z} U {Z}. Returning to the work
list, add productions corresponding to A = int — bool ® int — int (returning
Z), Ay = int — bool ® int — «a (generating a new non-terminal A3z mapped from
(bool; @), adding (As; {bool}; dex(cx)) to the work list, and returning int — As),
As = int » S ®int — int (returning int — A;, using the global map), and
As = int —» B ®int — « (returning int — As, using the global map); therefore,
extend with the mapping As — {Z} U {int = A3} U {int — A1} U {int — Az}
Finally, add productions corresponding to Az = bool ® int — int (returning Z)
and Az = bool ®int — « (returning Z); therefore, extend with the mapping
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As — {Z} U{Z}. In summary, we have

Global map New productions
(int = B;a) = Ag Ag — {int = A1} U {int = Ay}
(B;int) — Ay A= A{Z}yU{Z}
</6;Ol> F—)AQ A2 r—){Z}U{intHAg}U{int%Al}U{intﬁAQ}
(bool; ) — As As = {Z}Yu{Z}
Z = {}

To conclude, return g?)gx equal to g?)ex extended with the new productions
and #* equal to Ag. Finally, note that W(¢%)(#*) = L, confirming that
L (int = B)N Ly (a) =0 and that Gex I int — B &« is not derivable.

We conclude with a crude upper-bound on the time complexity of our type-
and control-flow analysis. Consider a program of size n and the analysis defined
in fixedpoint form. The two abstract environments are lattices of height O(n?).
Each (naive) iteration of the monotone function is syntax directed (O(n)) and
dominated by the function-application bind, which loops over all of the elements
of p(xf) (O(n)), loops over all of the elements of p(z,) (O(n)), and computes type
compatibility via a regular-tree grammar intersection (O(n?)) and emptiness
test (O((n?)?), because the regular-tree grammar representing the intersection
may be of size O(n?)). Hence, our analysis is computable in polynomial time:
O((n? +n?) * (n*xn*nx* (n?+n?)) = O(n?). Further considerations regarding
implementations of our type and control-flow analysis are given in Section [f]

4 Related Work

There is surprisingly little work on control-flow analyses for statically-typed
languages with polymorphic types. Control-flow analyses have typically been
formulated for dynamically- or simply-typed languagesﬂ Production implemen-
tations of control-flow analyses for Standard ML, a language with rank-1 poly-
morphism (i.e., “let”-polymorphism), typically handle the polymorphism either
by monomorphisation [4] (explicitly eliminating polymorphism before analysis)
or by polyvariance [I6] (implicitly eliminating polymorphism during analysis).
The most closely related work is the “Type-Directed Flow Analysis for Typed
Intermediate Languages” of Jagannathan, Weeks, and Wright [20], which de-
scribes a framework for polyvariant flow analyses of A;, the predicative subset of
System F extended with recursive functions. A specific analysis called Sk uses
types to control polyvariance; essentially, Szt introduces a distinct polyvariance
context for each closed type at which a polymorphic function is applied, yielding
an analysis more precise than our type- and control-flow analysis. Furthermore,
SwrT respects types, meaning that if & € F(x) (the abstract value ¥ is assigned
to z by the analysis) and x : o (the type scheme o is assigned to x by the type
system), then [0] C [o], where [-] denotes a set of values. Unfortunately, Sg7

9 Again, we draw a distinction between flow analyses expressed as sophisticated type
systems and flow analyses of languages with sophisticated type systems.
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does not terminate on programs that use polymorphic recursion [32JI824]; such
programs may instantiate a polymorphic function at an infinite number of closed
types during execution. In contrast, our type- and control-flow analysis is com-
putable for all programs in (impredicative) System F extended with recursive
functions.

Another closely related work is the “Type-sensitive Control-Flow Analysis” of
Reppy [40], which describes an extension of Serrano’s version of 0CFA [46] that
uses a program’s type information to compute more precise results. Serrano’s
and Reppy’s analyses are modular and use an abstract value T to denote an
unknown value; variables bound outside the unit of analysis are assigned T, as
are the parameters of functions that escape the unit of analysis. Reppy’s insight is
that values of an abstract type can only be created within their defining module;
hence, “unknown” values of the abstract type can be soundly approximated by
the known set of escaping values of the abstract type (a subset of the set of
values of the abstract type created within the defining module). This leads to a
type-indexed family of abstract values for unknown values, in addition to the T
abstract value. Reppy’s analysis is formulated for a simply-typed language with
top-level abstract types; he suggests extending the analysis to a language with
polymorphism by mapping type variables to the T abstract value. Our type-
and control-flow analysis is a whole-program analysis, but has a more precise
treatment of type variables.

5 Future Work

There are many directions for future work.

While we have established the computability of the minimum, finite accept-
able pair of abstract environments for every program, we would like our type- and
control-flow analysis to be efficiently computable. A popular approach for com-
puting control-flow analyses is as a constraint-based analysis [I]; an initial phase
generates constraints that a solution to the analysis must satisfy, while a subse-
quent phase solves the constraintsm The syntax-directed 0CFA that we adapt
for our type- and control-flow analysis has an O(n?) algorithm following this ap-
proach [34, Section 3.4]. However, algorithms for solving a set of constraints are
sensitive to the syntax of constraints; the filtering of sets by type compatibility
may prove problematic, since the derivability of a type-compatibility judgment
depends upon the abstract type environment, itself being solved for.

Independent of the overall approach, it seems clear that we will need to
efficiently decide the derivability of a type-compatibility judgment under an ab-
stract type environments. We have established that this decision can be made by
intersecting and testing the emptiness of regular-tree grammars. Aiken and Mur-
phy [2| Section 4] suggest maintaining a regular-tree grammar with an invariant
that makes testing the emptiness (of a non-terminal) constant time. Aiken and
Murphy [2], Section 5.3] also suggest that the algorithm given previously, which

10 More sophisticated approaches exist where additional constraints are generated dur-
ing the solving phase.
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generates only the intersections necessary to express the result, performs well
in the typical case. We further observe that, for a fixed abstract type environ-
ment, we can maintain the global map from pairs of type variables and types
to new non-terminals (where each new non-terminal represents the intersection
of the expansions of the type variable under the abstract type environment and
the type) across decisions of the derivability of type-compatibility. Hence, the
(worst-case) quartic time can be amortized over all queries under a given ab-
stract type environment, not each query, and improves our crude upper-bound to
O(n®). We may also be able to exploit the fact that we are only interested in the
emptiness of an intersection of regular-tree grammars, and not the intersection
itself.

Another direction of future work is to extend the type- and control-flow anal-
ysis to handle unknown and escaping values [49)28] and types [40]. It should be
straightforward to introduce a T abstract type and a T abstract value; conserva-
tively, the T abstract type should be judged compatible with any other abstract
type. A more interesting direction is to consider primitives that make essential
use of higher-rank polymorphism, such as Haskell’s runST [2526].

Yet another direction is to extend the monovariant type- and control-flow
analysis to a polyvariant analysis.

Finally, we would like to extend type- and control-flow analysis to languages
with even more sophisticated type systems. Of particular interest is System F
with guarded algebraic data types (GADTs), as we would like to combine the
flow-directed defunctionalization of Cejtin, Jagannathan, and Weeks [4] with the
polymorphic typed defunctionalization of Pottier and Gauthier [37I38]. Also of
interest is System F,, the higher-order polymorphic lambda-calculus: System F,
has been used as a target language for the elaboration of a full-featured, higher-
order ML-like module language [45] and System F,, extended with type equality
coercions [B0] is used as a typed intermediate language in the Glasgow Haskell
Compiler (GHC).
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A Type Soundness

FT~kT

Type substitutions TSubst> 0 ::=e|0,a — T

Fo:0 o 0(1)
FA{r;¢) = 0(7)

Fo:0 Fr=T1
Fe:e Fo,a—m:0,a—T1

Fo:0 Fp: I o 'FO(uf:Tr. Az:Ts.ep) T
Flufime . Az:Ts.en50;p0) 1 T

Fo:0 Fp: I o 'FO(uf:rr.AB.ep) : T
F(ufire . AB.ev;dip) 1 T

Fp: I Fw:Tt
Fe:e Fpz—w: I, zT

Fo:0 Fp: T ot 6(7:) 0(r.) =7
o I z:0(1.) FO(e) : 7e Fre~ kT

FT~o:T F 7~ (2 Tase 5 0) k0 T

Fo:0 Fp: I o, ['F6(e): e Fre~ kT

Flesgspsh) i T

Fig. 6. Static Semantics of ANF System F (C; EK machine)
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Lemma 6
If-p:T and I'(z) =T,
then there exists w such that = w: 7 and p(z) = w.

Proof.
By induction on the structure of p.

Lemma 7
If bp: T, I'x) =7, and p(z) = w,
then Fw:T.

Proof.

By Lemma[6| with + p: I" and I'(z) = T,

we have there exists w! such that p(z) = w’ and +w' : 7.
From p(z) = w and p(z) = w, we have w = w'.

From + w':7and w = w', we have Fw : .

Thus, Fw: 7.

Theorem 8 (Canonical Forms (Type Soundness)).
If Fw:ty — T,
then w = (uf :7p Az :T, .€p; 05, pf)-

If -w:Va. 1,
then w = (uf :7p . AB .ep; 55 pg).
Proof.

By inspection of the typing rules.
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Theorem 9 (Progress (Type Soundness)).

If g,

then either there exists x, ¢, and p such that ¢ = (x; ¢; p; o)
or there exists ¢’ such that ¢ — ¢’.

Proof.
Proceed by cases on the structure of .

— {(@y; br; pr;0):

Take z = x,, ¢ = ¢, and p = p,..
Thus, ¢ = (x; ¢; p; 0).

= (3 O3 prs (23725 €5 05 p) i)
By inversion of F (x,; dp; pr; (25725 €505 p)iiR) 1 T,
we have the derivation:
E o 0y Epr i I

Fo:0 Fp: T o 0(r) 0(rz) =7
o [ z:0(r,) Fb(e) : e FTe~ kT

oI Fo.(x,):7 Frs (27 e0ip) ik T

F (@ Or prs (23 T2 €5 5 p)iik) 1 T

From e; I, F 0,.(z,) : 7 and 0,(z,) = z,

we have o; [. F x, : 7.

By inversion of e; I, - x,. : 7., we have the derivation:
oI, I(z,)=m

ol Fx. T,

By Lemma@with Fpr: I and I (z,) = 74,
we have there exists w, such that + w, : 7. and p,(x,) = w,.
We can construct the derivation:

pr(Tr) = Wy

(s dr; pri (23723 €505 p)rik) — (€505, 2 = Wi K)

Take ¢’ = (e; &; p, 2 — wy; K).
Thus, ¢ — ¢’.
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— (let x:1y = pf 7. A2: 7, . in €; ¢; p; K):

Let w, = (uf:7p. X217, ep; 05 p).
We can construct the derivation:

we = (uf iy Nz e 65)
(let x:7p = pf:7p. A2:75.€p in €;¢; p; k) — (€503 p, T+ Wr3 K)

Take ¢ = (e; ¢; p, x — wy; K).
Thus, ¢ — ¢'.

— (let x:7y = uf:7p. AP €y in e; ¢; p; K):

Let w, = (uf:77. AB . ep; &; p).
We can construct the derivation:

wy = (uf:7p. AB.ey; ¢ p)
(Let x:7p = puf:7p.AB. ey in e; ¢; p; k) —> (€; P; p, T — Wy} K)

Take ¢’ = (e; &; p, & — wy; K).
Thus, ¢ — ¢’.
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— (let z:7, = x5 T, in €;¢; p; K):

By inversion of F (let x:7, = x5 z, in e;¢; p; k) © T,
we have the derivation:

Fo:0 Fp: T

o I'F0(letx:7, =xy x4 ine) : 7, FTe~~k:iT

F(let x:7, = x5 o ine;Q;p;K) 1 T

From &;I' - §(let x:7, =z x4 ine) : Te

and O(let z:7, = x5 x, in e) = let x:0(7;) = 5 z, in f(e),
we have o; ' - let z:0(7;) = x5 x4, in f(e) : Te.

By inversion of e;I' - 1let 2:0(7,) = x5 x4 in (e) : 7,

we have the derivation:

o1 Izp) =714 =™ I'(z,) =1,
o 'Fxsra,:Ty

o 0(1:) O(1z) =1 ol uxl(r,)be:T
o;['F1let x:0(1,) = ¢ x, in b(e) : 7,

By Lemma [6| with + p: I and I'(zf) = 7 — 7,

we have there exists wy such that - wy : 7, = 7 and p(zf) = wy.
By Theorem [§| with + wy : 7, — 7,

we have wy = (uf:7f. A2:T, €55 D f; py).

By Lemma [6| with + p: I" and I'(z,) = T4,

we have there exists w, such that Fw, : 7, and p(z,) = w,.

We can construct the derivation:

plzy) =wy wp = (uf:7p. X275 €05 055 pf) p(xe) = wq

(let z:7; = x5 x4 in €;¢; p; K)
—{ev; bpipp, [ wp, 2 was (23705 €5 65 p) i)

Take ¢" = (ep; Of; pg, = wr, 2 = Wa; (@5 Ty €5 G5 p)iik).
Thus, ¢ — ¢'.
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— (let z:1, = x5 [7,] in e;¢;p; K):

By inversion of F (let x:7, = x5 [7,] in e;¢;p;k) : T,
we have the derivation:

Fo:0 Fp: T

o I'Ff(let x:7y, =xy [1,] ine): 7, FTe~~ KT

F(let x:7mp = x5 [7,] ine;¢spik) i T

From &;I' - §(let x:7, = x5 [7,] ine) : Te

and O(let z:7, = x5 [7,] ine) = let 2:0(7;) = x5 [6(7,)] in O(e),
we have o; ' - let z:0(7;) = x5 [0(7,)] in 6(e) : Te.

By inversion of e;I' - 1et z:0(7,) = x5 [0(7,)] in 6(e) : 7,

we have the derivation:

oI I(xp)=VB. o 0(7a)
o't xy [0(1,)] : [B— 0(70)](7s)

ot 0(r;) O(1z) = [B — 0(7a)](7s) o ulb(r,) e
o;I'+1let x:0(1y) = xy [0(7)] in f(e) : 7

By Lemma@with Fp:Iand I'(zy) =VB. m,
we have there exists wy such that - wy : V8. 7, and p(zf) = wy.
By Theorem [§| with + wy : V. 7,

we have wy = (uf:7r. AB.ev; s py).
Let o = (74; ¢).
We can construct the derivation:

pley) =wy  wy = (uf:7r. AB.ey;dpipp)  Ta = (Ta; P)
(let z:75 = x5 [7,] in €;¢;p; k)
— (ev; Oy, B = Tas pr, [ wps (5725 €5 85 p) k)

Take ¢' = (ep; &5, B > mas py, f > wy; (@3 Tas €5 @3 p)iik).
Thus, ¢ — <.
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Theorem 10 (Type Substitution - Types).
If Ay, o/ %, Ao =7 and Ay, Ay - 77,
then Ay, Ay b [0 — 7T']7.

Proof.
By induction on the structure of 7.

Theorem 11 (Type Substitution - Variable Contexts).
If A,/ x, Ay T and Ay, Ag 7/,
then Al, AQ = [O/ — T/]F.

Proof.
By induction on the structure of I,
using Theorem

Theorem 12 (Type Substitution - Variable Context Lookups).
If'z)=r,
then ([of »— 7'|N)(x) = [o — T']7T.

Proof.
By induction on the structure of I'.

Theorem 13 (Type Substitution - Expressions & Binds).
If Ay, o/, Ag; T' et 7 and Ay, As B 77,

then Ay, Ag;[of — T[T [of — T']e: [af — T']T.

If Ay, o/, Ag; T’ b1 and Ay, Ay - 77,

then Al, AQ; [o/ — T/]F [ [O/ — T/]b . [a/ — TI}T.

Proof.
By mutual induction on the structures of e and b,

using Theorems and
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Theorem 14 (Preservation (Type Soundness)).
If Fs:7mands — ¢,
then ¢ : 7.

Proof.
Proceed by cases on the derivation of ¢ — ¢’.

_ Wy = pr(xr) .
(T3 Ori pri (257233 0 p) k) — (€505 p, 2 = wyi k)

By inversion of F (x,; dp; pr; (25725 €505 p)iiR) 1 T,
we have the derivation:

Féni6, il

Fo:0 Fp: I o 0(r,) 0(r,) =7
o [ z2:0(r.) F6(e) : e FTe~ kT

. Ik 0.(x,): 7 b~ (2 7as e 5 p)iik s T

E(@r; drs prs (25 T2 €5 05 p)iik) 2 T

From e; I - 0,.(x,) : 7 and 0,(z,) = x,

we have o; I, -z, : 7.

By inversion of e; I - x,. : 7., we have the derivation:
.}_Fr Fr(xr):Tr

o Fx. 7

By Lemmawith For: Ly Ie(x) = 7, and pp(2) = w,
we have F w, : 7.

From F w, : 7, and 0(7,) = 7,

we have F w, : 0(7,).

We can construct the derivation:

Fp:I Fw,.:0(r,)
Fo:0 Fopzewe o T 2:0(7y)

o, [, z:0(1,) - 0(e) : e Fre~k:iT
Fle;d;p,2 = wpk) o T

Thus, F (e;¢;p, 2z — wr;K) & T.
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wy = (uf:7p. A2:T5 €503 p) .
(let @:my = pf 7y A2iTo ey in €35 pi k) — (€565 p, @ = wyi k)

By inversion of F (let x:7, = pf:7p. A2:7,.ep in €;¢; p; k) 1 T,
we have the derivation:
Fo:0 Fp: T
o I'F0(let w:mp = puf:Tf.A2:T. . ine) 1 7 FTe~k:T

Flet x:my = pfitp. AziT,. e ine; s p3K) 0 T

From e;I'F 6(let x:7p = pf:7p. Az:7;,.ep ine) : 7,

and O(let x:7p = pf:7f. Az:7..ep ine) = let x:0(7z) = O(uf: 7. Az:72.€p) in O(e),
we have ;' - let z:0(7;) = (uf:7r.Az:7,.¢€) in O(e) : Te.

By inversion of &;I' - 1et x:6(7,) = O(uf:77. A2:7..ep) in 6(e) : Te,

we have the derivation:

o IFO(uf:rr Az:7,.ep) 1 Ts
o 0(7) O(r) =75 o [ x:f(r) F0(e) : 7e
o I'Flet x:0(1,) = O(uf:7r. A2:7,.ep) in O(e) : 7¢

From e; I' = (puf:7¢. Az:7..€p) : 75 and 0(7,) = T,
we have o; ' 0(uf:7p. Az, . ep) : 0(7y).
We can construct the derivation:
Fo:6 Fp: T o I'FO(uf:irs.Nz:T.ep) 1 0(Ts)
Eufirp A2y en; ¢ p)  0(72)

From b (uf:7p. Az:7 . ep;05p) 1 0(15) and w, = (uf:7p. A2 75 €05 05 p),
we have F w, : 0(7,).
We can construct the derivation:
Fp: I Fow, : 0(1%)
Fo:o Fp, e w: I x0(7)

o [ xf(r,) FO(e): 7e Fre~~ kT
Hlesdsp,w i wyik) 2 T

Thus, F (e;d;p,x — wp;K) & T.
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w, = (uf:rp. AB.ey; ¢ p) .
(let w:7y = uf:75.AB. ey in €;¢; p; k) — (€503 p, T > wys k)

By inversion of F (let x:7, = puf:77.AB.ep in €;¢; p;K) = T,
we have the derivation:
Fo:0 Fp: T
o I'+0(let x:7, = pf:75.AB.€ep ine) : 7, Fre~k:T

F(let w:my = pf:mp.AB.ep ine;¢;p3K) i T

From &;I' - 6(let x:7, = puf:77.AB.ep ine) : 7,

and O(let z:7, = uf:7r.AB.ep in €) = let 2:0(1z) = O(uf:7. AB.ep) in O(e),
we have ;' - let z:0(1;) = O(uf:77.AB.ep) in b(e) : 7e.

By inversion of &;I' - let x:6(r,) = 0(puf:7p.AB.ep) in O(e) : Te,

we have the derivation:

o I'F0(uf:tr.AB.€p) : Ts
o 0(7:) O(r) =75 o [ x:f(r,) F0(e) : 7e
o I'Flet x:0(1,) = 0(uf:7r.AB.ep) in O(e) : 7

From e; I' = (puf:7¢. AB.ep) : 75 and 0(7,) = 7,
we have o; I' = 0(uf:7p. AB.ep) : (7).
We can construct the derivation:
Fo:0 Fp: I o I'FO(uf:rr.AB . €p) : 0(12)
Fufirp. AB . ev; ¢5p) 2 O(72)

From b (uf:7p.AB.ep; ¢;p) - 0(7e) and w, = (uf: 7. AB . ep; 93 p),
we have F w, : 0(7,).
We can construct the derivation:

Fp: I Fow, : 0(1%)
Fo:o Fp, e w: I x0(7)

o [ xf(r,) FO(e): 7e Fre~~ kT
Hlesdsp,w i wyik) 2 T

Thus, F (e;d;p,x — wp;K) & T.
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plzy) =wy wp = (uf:7r. X275 €05 055 pf) p(xa):wa.
(let x:7; = x5 x4 in €;¢; p; k) '
— {ev; bps ppy f > wp, 2 was (25705 €5 95 p) k)
By inversion of F (let 2:7, = x5 x4 in e;¢; p; k) © T,
we have the derivation:

Fo:0 Fp: T
o I'F0(let x:7, =xf x4 ine): 7, FTe~~kK:T

Flet z:mp =xf 2z, ine;d;p;k) 1 T

From &;I' - f(let x:7, =z x4 ine) : Te

and O(let z:7, = x5 x, in e) = let x:0(7,) = 5 z, in f(e),
we have o; ' - let z:0(7;) = x5 x, in f(e) : Te.

By inversion of e;I' - 1let z:0(7,) = 5 x4 in 0(e) : 7,

we have the derivation:

oI I(xf) =74 =7 I'(zy) =7,
O;FFIEfI‘aZTb

o 0(r,) 0(1z) =7 o [ x:f(r,) - 0(e) : e
o I'F1let z:0(1,) = x5 x4 in B(e) : 7e
£ =

By Lemmawith Fp: I, I'(z
we have - wy 7 — 7.

From Fwys:7q = 1 and wy = (uf:7p. A2: 7, . €55 055 pf),
we have b (uf:7r.A2:7,.€p; 08, 0f)  Ta = Tp.

By inversion of & (uf:7p. Az:7.. €505 pf) : Ta = To,

we have the derivation:

Ta = T, p(Ty) = Wy,

Faop 0y Fopg:Iy I 0p(ufits. A2iToep) i T = T

Fufirp AziTs.ep; 08, 0f) 1 Ta = To

From &; I'y F 0 (uf:mr. Az:7,.ep) 1 Ta = Tp

and Op(pf:7mp. Az ep) = pf :0p(15)  A2:04(72) . 0 (es),

we have &; 'y = puf:07(7f) . A2:0¢(72).0¢(ep) : To — Tp.

By inversion of e; I'y = puf :0¢(7¢) Az:0(72) . 0f(€p) = 7o — 7o,
we have the derivation:

Ol—Ff 0|—9f<7'f) ol—ef(Tz>

o 'y, f:07(7p), 2:0¢(72) = Of(en) : 7o
Op(T4) =Ta = T 0p(12) =174

;[ pfi0p(rs) A2:0f(7.).0(e) 1 Ta — T

From bt wy:7, = 7 and 05(75) =74 = T,

we have F wy : 6f(7y).

By Lemma [f] with t p: I', I'(z,) = 74, and p(zq) = wa,
we have F wg : 7,.
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From F w, : 7, and 0;(7;) = 74,
we have F w, : 0¢(7;).
We can construct the derivation:
Fppily g 0p(ry)
Fopg, [ wyp: Ty, f:0p(15) Fwg @ 0f(72)
For:by Fopp, frwp,z—we: Ly, f:05(77), 2:05(72)

O;Ff,flef(Tf),Zlof(Tz) - Gf(eb) LTy

Fo:0 Fp: T o 0(7:) 0(rz) =
IzbO(r,) F0(e): 7 FTe~K:iT
Fry~s (z e d5p) k0 T

F(en; df; pps f = W, 2 wa (5 Tay €5 03 p) k) 1 T

Thus, F (ep; ds;ps, f = Wy, 2 — wa; (T3 Tws €5 @5 p)iK) & T.
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pleg) =wy  wy={(uf:7p.AB.er;dsipr)  Ta=(Ta; @)
(let z:7p = x5 [7,] in e;¢; p; k) '
— (ev; &5, B = mas pp, [ wys (@57 € 65 p) k)
By inversion of F (let x:7, = x5 [7,] in e;¢;p;k) : T,
we have the derivation:

Fo:0 Fp: T
o I'Ff(let x:7p, =xy [1,] ine): 7, FTe~ kT

F(let x:7mp = x5 [7,] ine;¢sp)ik T

From &;I' - 6(let z:7, = x4 [1,] ine): 7.

and O(let x:7, = x5 [7,] ine) = let x:0(7;) = x5 [0(74)] in O(e),
we have ;' - 1let x:0(7,) = x5 [0(7,)] in O(e) : 7.

By inversion of &;I' - 1let x:6(7;) = z; [6(7,)] in O(e) : e,

we have the derivation:

o1 I'(xp)=V6. 7 o 0(7,)
o'y [0(12)] : [B— 0(7a)] T

o 0(7) O(1z) = [8 — 0(7a)]Ts o [ x:0(r,) F0(e) : 7e
o I'1let x:0(r,) = x5 [0(7,)] in b(e) : e

By Lemma [ with +p: I', I'(zy) = VB. 7, and p(ay) = wy,

we have = w¢ : V3. 7.

From Fwy:VB. 7 and wy = (uf:77.AB.ev; Oy ps),

we have F (uf:7r.AB.ep; 055 p5) 1 VB. T

By inversion of F (uf:7p.AB.ep; d5;1hof) : VB. T, we have the derivation:

'—(;Sfief prZFf o;Ffl—Qf(uf:rf.Aﬁ.eb):Vﬁ. Th
F{uf:rr. AB.ev; @55 pp) VB T

From &; I'y - 07 (uf:1p. AB.ep) : VB. T

and Op(uf:mp. AB.ey) = puf:07(7s). AB. 0} (er),

where 6 = 0f[dom(0,)\ (5}

we have & I'y = puf:07(7p). AB. 0% (ep) : VB. 7.

By inversion of &; I'y - puf :05(7¢) . Af. 9} (ep) : VB. T, we have the derivation:

o1 o 0(7y)
o, B Iy, f:05(15) = 0%(en) : 7
Op(t§) =VB. T
O;Ff - uf:Hf(Tf).Aﬁ.H’f(eb) Vﬁ Th

From F wy: V3. 7, and 0¢(¢) = V8. T,

we have F wy : f(7y).

By Theoremwith o, B I'y, f:07(1p) 0% (ep) : 7y and o F 0(7,),

we have &; [3— 0(7,)](I'y, f:07(77)) = [B = 0(1a))(07 (1)) = [ — 0(7a)]70-
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From F ps: 1%,

we have [ — 0(7,)] [y = I}.

From e - 0¢(7¢),

we have [8— 0(70)](0 (7)) = 0 (7y).

From + ¢f . Gf, 9} = 9f|dom(0f)\{ﬁ}a and 9<Ta),

we have [ — G(Ta)}(O}(eb)) = [0f,8 — 0(14)]ep.

From e; [8 — 0(7a)](Iy, f:07(7f)) I [B — 0(70)](0%(eb)) : [B— 0(7a)] s,
(8= (1)1 Ly = Iy, [B— 0(7a)](0f (7)) = O5(7¢),

and [B— 0(74)](0% (e)) = [0, B — 0(7a)]es,

we have ; Iy, f:07(1¢) [0, B — 0(7a)]es : [B — 0(7a)]Tp.
We can construct the derivation:

Fo:6 o 0(7,)
= (7a; ¢) = 0(7a)

From F (14;¢) = 6(7,) and 7, = (74; ),
we have F g = 0(7,).
We can construct the derivation:
Forily  Fma=0(ra) Fppi Ly Fwp i 0p(ry)
Fop, B ma i 0f, 80— 0(74) Fpp f e wyp Ty, f205(Ty)

o Iy, [0 (75) = [0, 8 — O(7a)l(es) + [B = 0(7a)](7)

Fo:0  Fp:I  ekF0(t,)  O(7e) =[B— 0(1a)]7s
o, [ x:f(r,) - 0(e) : e Fre~k:T
F 8 — 0(1a)Te ~ (23705 €505 )k 1 T
Fev; o5, B = (Tas ) pr, f = wy; (25705 €503 p) k) 0 T

Thus, + (ey; ¢f, B = (Tai @) ps, [ = wy; (T3 705 €55 p) k) 0 7.
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Theorem 15 (Preservations (Type Soundness)).
If Fs:7mand s —* ¢,
then ¢ : 7.

Proof.
By induction on the derivation of ¢ —* ¢/, using Theorem

Theorem 1 (Type Soundness).
Ife;e-e: 7 and (e;e;0;0) —* ¢/,
then either there exists ', ¢', and p' such that ¢’ = (z';¢'; p'; 0)
or there exists ¢’ such that ¢ — ¢'.

Proof.
From e;e - ¢ : 7 and e = [o](e), we have ;0 I [o](e) : T.
We can construct the derivation:

Fe:e Fe:e o0 [o](e): T Fr~o:T

= <e;o;o;o>:7‘

By Theorem [15| with  (e;e;e;0) : 7 and (e; ®;8;0) —* ¢/, we have F ¢’ : 7.
By Theorem (9 with ¢’ : 7, we have either ¢/ = (2’; ¢'; p;0) or ¢/ — ¢”.
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B Flow Soundness

PE O
PE(T;0)

pE¢  SET |1l €¢(a)

pFe bEd o
G;pFw
{ufirp Azime.a} € p(f)  dipke {ufirp. AB.es} € p(f)  ipF e
PEG  pFp dEG  ipEDP
G pE (uf 75 Azi7s e 65 p) bipE (uf s AB.ev; ¢ p)
bipEp
GpEp  dipFw  |w| € plx)
bipEe GipEpx > w
{beW | Fo=d Rt }Ciz)
- GipFEe  SFEG  ipFp  GipFp(le]) ~
G pEW ~ o G pEW ~ (2756505 p)

pipFe  dFG  dipEp  GipEp(le)) ~ K
b p E (e; ¢ p; k)

Fig. 7. Type- and Control-Flow Analysis of ANF System F (Cq EK machine)
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Lemma 16

If $F ¢, then || C 6.

Proof.
By induction on the structure of ¢.

Le{nma 17
If §;pF p, then |p| C p.

Proof.
By induction on the structure of p.

Lemma 18 .
If ¢; pE p and p(x) = w, then ¢;p F w and |w| € p(x).

Proof.
By induction on the structure of p.
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Lemma 19
IfF¢:0,pE ¢, At 0(r), and dom(¢) Ndom(A) = 0,
then A; ¢ 1 = 0(7).

Proof.

By well-founded induction on (RTEnv x Type; <),
where < is the well-founded relation

formed by the lexicographic combination of <4 and <:

) <, T
(¢;7') < (#57) (7)< (d;7)

where <4 is the well-founded proper-subterm relation on RTEnuv:

¢ < p,am (T ¢) < ¢,a— (159"

and <, is the well-founded proper-subterm relation on Type:

Ta = Tq —> Tp Ty = Tq —> Tb 7 < Va. 1
Proceed by cases on the structure of 7.

-
Either « ¢ dom(¢) or a € dom(¢).
e o ¢ dom(g):

From o ¢ dom(¢) and + ¢ : 6,
we have §(a) = a.

From At 0(a) and 6(a) = «,
we have A F a.

By inversion of A - a,

we have the derivation:

FA Ala) =«
Al «

‘We can construct the derivation:
FA Ala) = *
A;(ﬁ Fa=a

From A; ¢ F a = o and 0(a) = o,
we have A; ¢ - a = 0(«).
Thus, A;¢ F a = 0(«a).
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e o € dom(g):

Proceed by cases on the structure of ¢.
* o

By inversion of o € dom(e),
we have a contradiction. =<«.

* ¢ B (T )

By inversion of + ¢", 5 +— (7/;¢') : 0,
we have the derivation:
}_ ¢I . 9/ ° l_ 9/(7_1)
|_ ¢// . 6// |_ <7_l;¢/> 3 9/(7_/)
F¢", B (1 ¢7) 10", 80— 0 ()
and 0 =6",6 — 0'(7').

By inversion of ¢ £ ¢, 3 — (7/;¢/),
we have the derivation:

o
GES GE(Y) )€ i)

SE¢", B (1 ¢))
Either o # 8 or a = 3.
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ot p

From o # 8 and 6 = 60", 3 — 0'(7'),

we have 6(a) = 0" (a).

From At 0(a) and 0(a) = 0" («),

we have AF 6" ().

By the induction hypothesis

applied to (¢";a) < (¢", 8 — (7/;¢'); )
with - ¢ : 8", 6= ¢, A+ 0"(a), and dom(¢") N dom(A) = 0,
we have A; ¢ Fa = 0 (a).

From A; ¢+ a = 0”(a) and 0(a) = 0" (),
we have A; ¢ F a = 0(a).

Thus, A;d - a = 0(«).

Ca= 0

From o = f and 6 = 0", 5 — 0'(7'),

we have 6(a) = ¢'(7').

From A F 0(«),

we have + A.

From dom(¢”, 8+ (7/;¢')) Ndom(A) = ) and o = 3,
we have o ¢ dom(A).

From |(7';¢')| € $(8), |(r';¢')| = 7/, and o = 3,

we have 7/ € ¢(a).

By the induction hypothesis

applied to (¢';7') < (8", B (7/;¢'); @)

with F ¢/ : 0/, g ¢/, o -0 (1), and dom(¢') N dom(e) = 0,
we have A; ¢ F 7/ = 0/ (7).

We can construct the derivation:

FA  ad¢dom(d) 7 edla) ;o7 =0 ()
A a=0(r)

From A;¢ - a = 0/(7) and 0(a) = 0'(1'),
we have A; ¢ F a = 0(«).
Thus, A; ¢ - o = 0(a).
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— Tq — Tp:

From A+ 0(7, — 1) and 0(1, = 1) = 0(74) — 0(7p),
we have AF 0(1,) — 0(1p).

By inversion of A F 6(7,) — 0(7),

we have the derivation:

AF0O(7a) AF0(mp)
A 0(1y) — 0(mp)

By the induction hypothesis applied to (¢;74) < (¢; 74 — )
with F¢:0, ¢ E ¢, At 0(r,), and dom(¢) N dom(A) =0,
we have A; ¢ F 7, = 0(7,).

By the induction hypothesis applied to (¢; ) < {(¢; 7 — Tp)
with F¢:0, ¢ E p, AF0(n), and dom(¢) N dom(A) = 0,
we have A; ¢ F 7, = 0(7).

We can construct the derivation:

A;g?) F 1o = 0(1,) A;d; Fr= 0(m)
A; (;AS Fro— 7= 0(10) = 0(7p)

From A;(ﬁ F 7o — 7= 0(r,) = 0(1p) and 0(1, — 1) = 0(75) — 0(7p),
we have A; o b 7, = 75 = 0(74 — 7).
Thus, A;¢ 174 = 7 = 0(7, — 7).
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— YVa. 1:

By “up to a-conversion”, we ensure « ¢ dom(¢).
From a ¢ dom(¢) and F ¢ : 6,

we have (Vo 1) = Va. 0(7,).

From At 0(Va. 1) and (Va. 1) = Va. 0(7),
we have A F Va. 0(m,).

By inversion of A F Va. 6(7,),

we have the derivation:

A ax = 6(mp)
A Va. 9(7‘1,)

By the induction hypothesis applied to (¢;7) < (¢; Va. 1)
with F¢: 0, dE ¢, A axt 0(1), and dom(p) Ndom (A, axx) = 0,
we have A, axx; ¢ b 1, = 0(13).
We can construct the derivation:
A, ek qAS F 7 = 0(1p)
A; ¢ F Vo 7, = Yo 0(my)

From A; ¢ F Va. 7, = Yo (1) and 6(Vow. ) = Va. 0(7),
we have A; ¢ FVa. 7, = 0(Va. 7).
Thus, A; ¢ b Va. 7, = O(Va. 13).
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Lemma 3 (Syntactic Equality implies Analysis-Time Type Compatibility)
[f = ¢1 : 917 (b E ¢17 o HIA(TI)7 = ¢2 : 927 ¢ E ¢27 B 62(7-2)7
and 601(m1) = b2(2), then o b 11 & 7.

Proof.

By Lemma with F ¢y : 01, ¢ = ¢1, e F 01(71), and dom(¢1) N dom(e) = 0,
we have o; ¢ - 71 = 01(71).

By Lemma [19] with ¢ : 02, ¢ F ¢2, @ I 02(7), and dom(¢2) N dom(e) = 0,
we have ;¢ - 70 = O2(72).

We can construct the derivation:

©OF T =0,(11) edtT=ba(r)  61(m) = ba(m)

(,Z/SFTl%TQ

Thus, ¢A7 Fra .
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Lemma 20 A
If-¢:0,0E¢, Fw:0(r), and ¢;p F w,
then ¢ F |w| & 7.

Proof.

Proceed by cases on the structure of w.

—(ufiTp Az, e 055 01):

By inversion of zj;;ﬁ E{uf:ims. AziTy.ep,0805),
we have the derivation:
{uf:Tf.Af:Tz.eb} Gf)(f) bipE e
PEGr P FE py
O pF (ufimp. A2iTs . en; by py)

From F (uf:7p. A z:75.en;07;p5) 2 0(7),
we have o - 0(7).
By inversion of F (uf:7p.Az:7,.ep; P55 p5) 1 0(T),
we have the derivation:

Fop by Fopr:Iy oI FOr(ufirr. Azi1y.ep) 1 0(7)

Fufre Azims.ep; 055 p5) 1 0(T)
From e; I’y F0¢(puf:7r. Az:7..ep) : 0(7)
and Op(pf:7p. Az ep) = pf :0p(77) . A2:05(72) . 0 (es),
we have &; I’y = puf:0; (7). Az:05(72).0(ep) : 0(7).
By inversion of &; Iy = puf:05(75) . Az:04(7.) .05 (ep) : 0(T),
we have the derivation:
ot Iy et 0p(ry) ek 0(r2)
oIy, f:0p(1y),2:0, (1) F Op(ep) : 7y
Op(rf) =1a =1 05(n) =Ta
o It pfi0p(ry). Az:0p(72).0r(ep) : 7o = T

and 7, — 7, = 0(7).

By Lemma[3| with F ¢5 : 07, & F ¢, o F 05(ry),
Fé:0, b ¢, e 0(r), and 0f(17) = Ta — T = O(7),
we have qgl— T RT.

We can construct the derivation:

él—Tf%T

él—uf:rf.)\z:Tz.eb NT

Fromqg}—uf:Tf.)\z:Tz.eb NT

and ‘<,ufi7'f.)\2:27'z.eb;(bf;pf>| =pfiTr 2T, e,
we have ¢ - Kf:mr Az en; dpspp)| AT
Thus, ¢ & [(uf:7p. Az:To ;05 pp)| AT
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— (uf:7p AR ey dpipy):

By inversion of QAS;/A) E{uf:rp . AB.ey; d5ips),
we have the derivation:
{nfirp.AB.ay €p(f)  dipFe
PEGr  GipFEpy
i pF(ufirp. AB.ev;@r;pr)
From F (uf:7;.AB.ev; 055 p5) 1 0(T),
we have o - 6(7).

By inversion of F (uf:7p.AB . ep; 055 p05) 2 6(7),
we have the derivation:

}—d)fiof prIFf O;FfFQf(Mf:Tf.Aﬁ.eb)20(7’)

Euf e AB . evs dp;pyp) - 6(7)

From &, I'y 0, (uf:1p. AB . ep) : 6(T)
and Op(uf:mp. AB.ey) = puf:0¢(7s). AB. 0% (es),

where 9} = 9f|dom(9f)\{/3}a
we have & I'y = puf:0;(1y). AB. 0% (ep) = O(7).

By inversion of &; I'y b puf:0;(7y). AB. 6% (ep) : 0(7),
we have the derivation:

OFFf Okof(Tf)
o, Bk Iy, f105(1p) = 0y (ep) : 7
Op(1r) =VB. 1
oIy Fpf:0(rs). . AB.O(ep) : VB. T

and Vf. 7, = 0(7).

By Lemmawith o0y, dE o, o 0¢(1y),
Fg:0, dE G ok 0(7), and O¢(7f) = V6. 7, = 6(7),
we have QASF TrRIT.

We can construct the derivation:

QASFTf%T
dsl—ufzrf./lﬁ.eb NT

From(ﬁ}—,uf:Tf.Aﬂ.eb T

and [(uf:7p. AB.ev; ¢y pr)| = pf i 75 AB - ew,
we havgd)l— f:Tr. . AB . ev; dp;pp)| N T.
Thus, ¢ & [(uf:7r. AB.ev; dp;pp)| AT,
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Theorem 21 (Preservation (Flow Soundness)).
If Fc:7,¢;pFEc, and s — ', then ¢;p E <.

Proof.
Proceed by cases on the derivation of ¢ — ¢’.
_ wy = pr () .
(05 Ori pri (21723 €5 03 p) k) — (€305 p, 2 = Wy k)

By inversion of ¢;p F (.5 dr; pri (25725 €5 5 p)iik),
we have the derivation:

Qg;ﬁhxr QZ)':Q/)T Q?);ﬁ':pr

 {deeplan)) | [ M} C A(2)
p;pFe pFEo  GipFEp  ¢ipFEp(le]) ~ kK
P

Fp(ler]) ~ (27256 05 p)iir
PE(Tr; &rs prs (25725 €035 p)iK)

&;
&

By Lemma |18 with ¢; p E p, and p(z,) = wy,

we have ¢; p E w, and |w,| € p(z,).

By inversion of F (x,; ¢r; pr; (25725 €5 05 p) k) T,
we have the derivation:

F 0, For: Iy
Fo:0 Fp: I o 0(r,) 0(1,) =7
o, [ z2:0(r,) Fb(e) : e FTe~ kT
o [ F O (x,): 7, F T (2T ey p)iik T
= (@ O pri (23 Tas €305 p) 1) o T

From e; I, F 0,.(x,) : 7. and 0,.(x,.) = x,

we have o; . F x, : 7.

By inversion of e; I'. - x,. : 7., we have the derivation:
o T, Ii(x,) =7

oz, 7,

By Lemmawith For: Dy Dr(zy) = 77, and pr () = wy

we have F w, : 7.

From F w, : 7. and 0(7,) = 7.,

we have Fw, : 0(7,).

By Lemmawith Fé:0, G, Fw,: 0(t), and qg;ﬁ Ew,,
we have ¢ & |w,| & ..

From {w, € p(|z,]) | o F 0 W 7.} € p(2) and |z, | = @y,

we have {0, € p(z,) | dF b, & 7.} € p(2).
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From {w, € p(z) | ¢ -y N 7.} € p(2), |wr| € plar),
and ¢ F |w,| & T,

we have |w.| € p(z).

We can construct the derivation:

GipEp  GpEw.  |w| € p(2)

pipEe  bEQ G pE p, 2w,

o5 pF plle)) ~

&3 pE (€505 p, 2 > Wy K)

Thus, ¢;p F (€545 p, 2 > wy; k).
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wy = (uf:7p.A2:T5 . €503 p) .
(let @:my = pf 7y A2iTo ey in €35 pi k) — (€565 p, @ = wyi k)

By inversion of qg;ﬁ E(let x:m, = puf:7p.A2:7,.e in e in e; ¢; p; k),
we have the derivation:

ng;ﬁhuf:Tf./\z:TZ.ewa
{WeW | ¢hd N} Cia) dipFe
q@;ﬁ#let T:Ty = ufiTp. Az:iT,.ep ine

bE @ dipEp @;ﬁhﬁ({let Ty = pufiTp A2iT, e ine]) v K
b pE (let x:7p = puf:Tp. Az:7,. € in €; P; p; K)

By inversion of dAJ;ﬁ Euf:rr. Xz, .ep ~ W,
we have the derivation:

{uf:rp Az ep} C p(f) Aé;/ﬂ:eb
{uf:rp. Az e} CW
ngS;ﬁFuf:Tf./\z:Tz.eb ~ W

From {uf:7p.Az:7,.e5} C W, pfirp Az en; s p)| = pf i7p . A2:7, e,
and w, = (uf:7r. A2:7; . ep; 05 p),

we have {|w,|} € W.

We can construct the derivation:

{ufirp Azim.en} € p(S) b pE e
pES  GipEp
G0 F (Wf iy A2iTs . e0; 85 p)

From ¢; p E (uf:mr Az:7y . ep; 03 p) and wy = (uf:Tp. Az:75 . €; 05 p),
we have (;3;,6|=wf.

From ¢;p E p(|let x:7p = puf 17 A2: 72 ep ine]) ~ &

and |let x:7, = puf:7p.A2:7,.e in e] = |e],

we have ¢;p E p(|e]) ~ .

By inversion of F (let x:7; = pf:7p. A2:7,.ep in €;¢; p; k) = T,

we have the derivation:

Fo:0 Fp: T
o I'Ff(et x:my, = pf:7Tp. A2:T,.ep ine) 1 T FTe~~K:T

F(let x:mp = pf:7p. A2:7, .65 in €55 p; k) = T

From e;I'F 6(let x:7y = pf:7p. Az:7,.ep ine) : 7,

and O(let x:7x = pf:7f. Az:7..ep ine) = let x:0(7z) = O(uf: 7. Az:72 . ) in O(e),
we have ;' - 1let x:0(7,) = O(uf:7r. A2:7..€) in O(e) : Te.

By inversion of &;I' - 1et x:6(7,) = O(uf:77. A2:7,.ep) in 6(e) : Te,
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we have the derivation:
o I'FO(ufiry . AziTy.ep) 1 Ty
o 0(7:) 0(r) = 75 o [ x:0(r,) F0(e) : 7e
o I'Flet x:0(1,) = O(puf:7r. Az:7,.ep) in O(e) : 7¢

From &; I' - 0(uf:7r.Az:7,.€p) : 75 and 0(7;) = 7,
we have &; ' = O(puf:7p. Az:7,.ep) : 0(7s).
We can construct the derivation:
Fo:6 Fp: I o I'FO(pfirtp. Az e) 1 O(T0)
FAuf T A2y e 0 p) 2 0(7)

From F (uf:77. A z:7,.ep; 05 p) 1 0(7w) and w, = (uf:7p. A2: 75 . €5 05 p),
we have F w, : 0(7,).

From Lemmawith Fé:0, b G, Fw,: 0(tz), and g?),ﬁ E w,,

we have ¢ b |w,| & 7,

From {w € W | ¢ & } C px), {lw.|} CW, and ¢ F |w,| & 7,
we have {|w.|} C p(x).

We can construct the derivation:

GipEp  GipFw,  {lwl} € pla)
pipFEe  PFEQ b pE pya s w,

$ipF p(le)) ~ k
b5 pE (€505 p, & > wys k)

Thus, ¢; p E (e; ¢; p, x> wy; k).
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w, = (uf 75 AB.ev; $; p) .
(let w:7y = uf:75.AB. ey in €;¢; p; k) — (€503 p, T > wys k)

By inversion of qg,ﬁ E(let x:m, = puf:7p.AB e, in e in e; ¢; p; k),
we have the derivation:

gZA);pA#uf:'rf.Aﬁ.ewa
{eW | drian}Ciz) dipFe
Qg;ﬁ’: let z:7, = uf:77.AB.ep ine

SEG  dipEp  dipEp([let @ity = puf i1y AB.ey ine]) v

b pE (let w:7y = pf:7r.AB . ey in e; ¢; p; K)

By inversion of dAJ;ﬁ Euf:rp.AB. ey~ W,
we have the derivation:
{nfirr AB et} Cp(f)  FipFe
{uf:rp. AB. ey} CW
O pFEufiTp. AB ey ~ 1474

From {pf:7p. AB.en} CW, [(uf 7. AB ey dip)| = pf:7p. AB . €s,
and wy = (uf:7p. AB . ev; ¢5 p),

we have {|w,|} € W.

We can construct the derivation:

{ufirg. AB e} € p(f)  dipkey
dEG  dipEDp
G pE (uf . AB ey ¢ p)

From Qg;ﬁf (nf:rp . AB.ep; @5 p) and wy = (uf 17y . AB . ev; ¢5 p),
we have ¢; p F wy.

From ¢;p E p(|let z:7, = puf:77.AB.ep ine)) ~ &

and |let x:7, = pf:7p.AB.ep in e] = |e],

we have ¢;p E p(|e]) ~ .

By inversion of F (let x:7, = puf:77.AB.ep in €;¢; p;K) : T,
we have the derivation:

Fo:0 Fp: T
o I'F0(let x:m, = pf:tp.AB.ep ine) : 7 FTe~k:T

F(let x:mp = pf:7p.AB.ey in e;¢;p3k) = T

From &;I' - 6(let x:7, = puf:77.AB.ep ine) : 7,

and O(let z:7, = uf:7r.AB.ep in €) = let 2:0(1z) = O(uf:7. AB.ep) in O(e),

we have ;' - 1let x:0(7,) = O(uf:7r. AB.ep) in O(e) : Te.
By inversion of &; ' let x:6(r,) = 0(uf:7p.AB.ep) in O(e) : Te,
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we have the derivation:
o I'FO(uf:ts.AB.ey) : Ts
o 0(7:) 0(rz) = 75 o [ x:f(r,) F0(e) : 7e
o I'Flet x:0(1,) = 0(uf:7r.AB.ep) in O(e) : 7o

From &; ' 6(uf:7r.AB.ey) : 75 and (7)) = 75,
we have o; ' = 0(puf:7p. AB.ey) : 0(T2).
We can construct the derivation:
Fo:0 Fp: I o I'FO(pf:irp.AB.ey) 1 0(7y)
Huf e AB . ew; d;p)  0(72)

From F (uf:7;.AB.ep; 0;p) : 0(1) and w, = (uf:77. AB . ep; ¢; p),

we have F w, : 0(7,).

From Lemmawith Fé:0, b G, Fw,: 0(tz), and g?),ﬁ E w,,

we have ¢ b |w,| & 7,

From {w € W | ¢ & } C px), {lw.|} CW, and ¢ F |w,| & 7,
we have {|w.|} C p(x).

We can construct the derivation:

GipEp  GipFw,  {lwl} € pla)
pipFEe  PFEQ b pE pya s w,

$ipF p(le)) ~ k
b5 pE (€505 p, & > wys k)

Thus, ¢; p E (e; ¢; p, x> wy; k).
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plzy) =wy wp = (uf:7r. X275 €05 055 pf) p(xa):wa.
(let x:7; = x5 x4 in €;¢; p; k) '
— (evs dripp, [ wy, 2 was (23T € §3 p)ik)
By inversion of q@;ﬁ F(let x:7, = x5 x4 in e; P; p; k),
we have the derivation
QZ); pE LTf Tg ~> W
{WeW | ord N} Cix) dpFe
(ﬁ;ﬁ Fletx:7p, =2y 2, ine
bFE ¢ bipEp é;ﬁhﬁ(tletz:7x=zfzaineJ)w/—@
b pE (let z:7, = x5 x4 in €;@; p; k)
By inversion of QAS; pETr Xy~ W, we have the derivation:
v
G pFxf wa > W
where
W =
A ({wa € p(xa) | @Ftba DT} C p(2) Ap(les]) C W)

ufiTy AziTL cepn€p(ay)

By Lemmawith &;p E p and plzy) = wy,

we have ¢; p  wy and {|w;|} C p(x).

From {lwy|} € p(zy)

and |wy| = [(uf:7r. Az:Toen; b o) = pf i 7p A2 T2 e,
we have {uf:7p. A z:7,.ep} C play).

From ¥ and {puf:7p. Az:7,.ep} C pay),

we have {t, € p(za) | ¢ g & 7.} C p(2) and p(|ep]) C W.
From {& € W | ¢ o & 7,} C p(z) and p(|ey]) € W,

we have {0 € p(|lep]) | ¢+ & & 72} C p(x).

From q@;ﬁ Fwypand wy = (uf:7p. X272 €505 pf),

we have ¢; p E (uf:mp Az:Ty . en; 055 p7)-

By inversion of (2);;3 E{uf:irs . AziTs €008 pf),

we have the derivation:

{ufirr deim.e} CHf)  dipFey
GipEpfiTr AT, e PEGr @ pFEps

G pE (ufimp A2iTsen; 055 pp)

From p(f) D {uf:7p. Az:7..ep}
and |wy| = [(uf:7r. Az:Toen; b o) | = pf 7 A2 T2 ep,
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we have {|wy[} € A(f).

By Lemma |18 with ¢; pE pand p(z,) = wq,

we have ¢; p E w, and {Jwa|} C p().

By inversion of F (let 2:7, = x5 x4 in e;¢;p; k) © T,
we have the derivation:

Fo:0 Fp: T
o I'F0(letx:1, =y x4 ine) : T, FTe~k:T

F(let x:7, = 25 o ine;Q;p;K) 1 T

From e;I' - 0(let x:7, = 25 x, ine) : 7

and f(let z:7, = xy x, in e) = let x:0(7,) = x5 4 in O(e),
we have o; I' - let z:0(7;) = x5 z, in f(e) : Te.

By inversion of &;I' - 1let x:6(7,) = x5 x, in O(e) : e,

we have the derivation:

oI Ixf) =714 =™ I'(z,) =1,
o l'Fxrx,:my

o 0(ry) 0(mz) =T o, [ x:0(ry) - 0(e) : e
o:I'F1let z:0(1,) = x5 xq in B(e) : Te

By Lemma [ with + p: I, I'(zf) = 7o — 7, p(xf) = wy,
we have - wy:7q — 7.

From Fwys:7q = and wy = (uf:7p. A2: 7, . €55 055 pf),
we have b (uf:7r.A2:7,.€p; 08, 0f)  Ta = Tp.

By inversion of & (uf:7p. Az:7.. €505 pf) 2 Ta = To,

we have the derivation:

Fop: by Fopr:Iy oI FOr(ufirr A2ty ) T = Ty

F(ufire AziTo e dpspf) i Ta = T

From &; Iy = 0¢(uf:7p. A2:7o€8) 1 Ta = T

and Of(uf:7p. Nz:To.ep) = puf:0p(75) . A2:0f(72).0¢(ep),

we have o; Iy = puf:07(77) Az:0p(7,).07(ep) : To — To.

By inversion of &; Iy = puf:05(75) . Az:04(7.) .05 (ep) : T — 70,
we have the derivation:

oIy eblp(ry) ek 0(r)

s, f:05(1s), 2:05(T2) - Of(ep) : T
Op(Tp) =Tg = T 0r(12) =74

I b pfi0p(ry) Az:0p(7).0f(er) : Ta = T

From bt wy:7, = 7 and 05(75) =74 = T,

we have F wy : 6f(7y).

By Lemma [f] with t p: I', I'(z,) = 74, and p(zq) = wa,
we have F wg : 7,.
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From F w, : 7, and 0;(7;) = 74,
we have Fw, : 0¢(7;).
By Lemma 20| with + ¢;: 07,  F éf, Fw, : 04(7.), and &; p F w,,
we have ¢ F |wy| & 7.
FromA{uAja €p(xg) | dF e & T} CP(2), {lwal} C plz4a),
and ¢ F |wg| & T2,
we have {Jwq|} C p(2).
From ¢;pF p(|let x:7; = ¢f x4 ine]) ~ K
and |let x:7, =y z, in e| = |e],
we have ¢;p E p(|e]) ~ .
We can construct the derivation:
GipEer  OF oy
épF py spEwy  {Jwyl} € p(f)
GipF pr, [ wy ¢;pFwe  {lwa|} C p(2)

qg;ﬁ':pfvf'_)wfaZHwa
A {@ € ples]) | A¢3 FONT ) C ()
p;pFEe  oFEG  GipEp  dipEP(le]) R
GipFE plles)) ~ (a5 7us €0 p)iik

GipE (v dpipry [ wp, 2 0 was (s €5 5 p) i)

Thus, é?ﬁ E(en; Of; pr, [ = Wy, 2 — Wa; (T Tos €5 03 p) k).
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play) =wp  wp=(uf:rp. AB.ev;ds;pp) o= (Ta;P)
a (let z:7p = x5 [7,] in e;¢; p; k) '
—> {ev; &5, B Tai pr, [ wps (@570 €5 63 p) k)
By inversion of q@;ﬁ F(let x:7, = xf [7,] in e;¢; p; k),
we have the derivation

FdNT )} Cpx)  dipEe
1

G pE p(llet z:7, = x5 [1,] inel) ~ &

p
EF(let x:7; = xf [7,] in e; ¢; p; k)
By inversion of (2); pExy [14] ~ W, we have the derivation:

/4
GipExp [1,] ~ W

where

v= A (@ nilla) W)

ufity AB.ev€p(ay)

By Lemmawith g@;ﬁ Epand p(zs) = wy,

we have ¢; p = wy and {|Jws|} C play).

From {[wy|} € p(zf)

and |wy| = [(uf:7p. AB.ev; bp; ps)| = puf:mp. AB ey,
we have {uf:77. AB.ep} C p(xy).

From ¥ and {pf:7f.AB.ep} C p(ay),

we have {7,} C ¢(3) and p(|ep]) C W.

From {0 € W | ¢ o & 7,} C p(z) and p(|ey]) € W,
we have {0 € p(lep]) | ¢+ & & 72} C p(x).

From (ﬁ;ﬁA): wy and wy = (uf:75. AB.ey; G55 pf)s
we have ¢; p F </ff:7-f AB ey o pr).

By inversion of ¢; p = (uf:7¢. AB . en; d5; pf),

we have the derivation:

{uf:rr AB.ev} Cp(f)  dipFey
bipEpfirr. AR ey dEG;  BipE py
G pE (ufrp. AB ey dpipy)

From {uf:7;.AB.ep} C p(f)
and |wy| = [(uf:7p. AB.ey; pips)| = pf 75 . A . €,
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we have {Juy[} € 5(f).
We can construct the derivation:

_9Fe
¢ F (7a; 0)
From (;AS = <Ta§¢> and 7, = <Ta;¢>7
we have ¢ F m,. From {7,} C ¢(8) and |7,| = [{T4; ®)| = Ta,
we have {|mq|} C ¢(3).
From ¢;p F p(|1let x:7, = x5 [1,] inel) ~» &
and |let z:7, = x5 [7,] ine] = |e],
we have ¢; p E p(|le]) ~ .
We can construct the derivation

b d;pE ey

oF¢r  oFm {|mal} CA(B)
DE b5, B (Tas )

bipEpr  dipEwr  {lwp} Cp(S)
O pF pr, = wy

A {0 € p(les]) | fﬁ Fo R} C i)
p;pFe  oFG  GipEp  dipFEP(le]) = K
&3 F plles]) ~ (w3701 €65 p)ik
03 F ey dp, B Tas pr, f > wys (35705 € 63 p)iik)

Thus, ¢;p F (ev; f, B> Tai pyry [ > wps (T Ty €5 65 p) k).
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Theorem 22 (Preservation+ (Flow Soundness)).
If Fs:7, pEg, and s —* ¢/, then pFE¢'.

Proof.
By induction on the derivation of ¢ —* ¢/, using Theorems [15{ and

Theorem 2 (Flow Soundness).
[fe;etc:7, ¢;pEe, and (¢;0;0,0) —* (e ¢s p's &), then ([¢'],[0']) E (9, )

Proof.

By Theorem [22| with e;e e : 7, ¢; p E (e; o; 0;0),
and (e; o; 850) —" (€' ¢; p'; k'),

we have ¢; p F (/s ¢'; o' ).

By inversion of ¢; p E (¢/;¢'; p'; k'), we have the derivation:
GipEe  dEY  gipEp GipEp(E]) ~ k
GipE (e ¢ 05 K)
By Lemma [16| with ¢ E ¢/, we have |¢/| C 6.

By Lemma [17| with ¢; p E p/, we have |p/| C p.
Thus, |¢/| C  and || C .
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