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Abstract

In an open programming system dynamic type checking is needed to safely link stati-
cally typed components. Since type case destroys the parametricity of type abstraction,
dynamically generated type names are needed to hide the implementation of abstract
types. Rossberg [8] was the first to analyse the problem and to propose a calculus that
solves it. We will greatly simplify Rossberg’s calculus by developing a calculus, )\g, an
extension of System F that provides constructs for type case and a binder for new type
names. We will also develop a calculus, AL, that extends the simply typed A-calculus with
call-by-need evaluation as this can be used to express lazy linking of components [9]. We
will prove the safety properties for both calculi.
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1 Introduction

In open programming systems in general we do not have access to all components of a program
at compile time. These components are dynamically linked to the program during run time.
Because we cannot type check them at compile time, we need a mechanism to do that at run
time. This can be achieved by adding a construct to the language that allows for branching
dependent on the type of its argument. Unfortunately such a type case destroys the para-
metricity of type abstraction, as it provides a way to exhibit the implementation of abstract
types. A solution to this problem is to add a further construct that generates new type names
dynamically to hide the implementation of abstract types.

Rossberg [8] was the first to analyse the problem and to propose a calculus that solves
it that way. We will develop a calculus that greatly simplifies Rossberg’s calculus. This is
possible since his coercions are not needed. Instead we will use a global state that stores
the dynamically generated type names and, as a further simplification, we will use evaluation
contexts to formulate the reduction rules. Smolka [12] has proposed this design in personal
communication with the author.

Additionally we will develop an extension of the simply typed A-calculus which provides
call-by-need evaluation and indicate how this can be used to express lazy linking. Lazy
linking is a key mechanism in programming systems such as Java and Alice, because it allows
for loading a module at the latest possible time. This can mean that a module is never
loaded if it is not needed. Again Rossberg [9] formulated lazy linking in a calculus using scope
extrusion. We will use a different approach and realize laziness using a global state containing
the expressions that evaluate lazily.

For most of our notations we will use the style found in the textbook [7].

1.1 Type Case

To express dynamic type analysis we introduce a type case construct providing branching
dependent on the type of a subterm. There have already been different formulations for
dynamic type analysis that also use some kind of type case. Examples are dynamics [1],
intentional type analysis [4] and extensional polymorphism [3]. We will use the construct
Rossberg [8] used in his calculus:

case t1: 17 of x:Ty =ty else i3

Here t1, t9 and t3 are terms, 77 and Ty are types and T3 must be the type of ¢1. The
annotation of ¢; with its type 77 is not necessary, as the type T7 could be inferred during
reduction. But we want to design a calculus with independent typing and reduction rules.
The evaluation semantics of this type case is to evaluate to[z := t;] iff T} = T, dynamically
or t3 otherwise. An example explaining how to use a type case is the following polymorphic
function that if given a type and a term of this type returns a string representation of the

type:

rep = AX. Az : X.case x: X of z’: bool = " bool”
else case z: X of 2/ :int = "int”
else "unknown”



1.2 Abstract Types

Information hiding is an important technique for handling larger programs. Hiding implemen-
tation details permits dividing the whole programming task into smaller modules by preventing
strong dependencies between them. Examples of programming languages providing some kind
of information hiding are SML and object oriented languages like Java or C++.

Information hiding can be achieved by using abstract types. An abstract type consists of
a type name, a concrete representation type, a signature and some operations to construct,
deconstruct or manipulate instances of the abstract type. The signature defines the types of
the operations that are visible outside, where the representation type is substituted with the
type name. The representation type itself is only visible for the operations and inaccessible
outside, which has the effect that the only way of handling instances of the abstract type is
by using the operations defined in its interface. Therefore changes of the implementation of
an abstract type have no effect on programs using this abstract type (apart from efficiency)
as long as the signature and the semantics of the operations remain unchanged.

As an illustration we will declare an abstract type in pseudo language which realises a
number that provides three operations: zero for creating a new number, get for deconstructing
a number and inspecting its value and succ for computing the successor of a number. The
type name introduced is Number and has the representation type int:

abstype Number = int
signature :

zero : Number

get : Number — int

succ : Number — Number
operations :

zero =0

get = An :int.n

succ = An :int.n+ 1

Instances of this number will be of type Number and outside the implementation the type
checking forbids expressions like n+1, if n is a number. The internal representation of Number
is 4nt, but this is hidden and therefore the only means for manipulating n is by using one of
the operations of number.

As we are aiming at a calculus that extends system F with some constructs, we do not need
to include constructs to express abstract types in this calculus. System F is powerful enough
to encode type abstraction [7]. We will now explain shortly how this encoding works. Let us
again consider the example from above in a simplified version that only supports successor
calculation:

abstype Number = int
signature :

succ : Number — Number
operations :

succ = An:int.n+1

Of course this number is not usable because it is impossible to construct new instances
of the type Number, but this aspect is no object of consideration here. The type we encode



number with is VX.(VNumber.(Number — Number) — X) — X. This is the standard
encoding of existential types [7] (which are the standard interpretation of abstract types). All
abstract types have this form. They are given a result type X and and some client of the type
VX'.T — X. During evaluation the abstract type gives the client the representation type and
the implementation of the operations as arguments. An encoding of the number looks like
this:

AX.Aclient : (Y Number.(Number — Number) — X). client int (An : int.n + 1)

Now we can see how information hiding works. For the client all instances of the abstract
type are of type Number. The representation type int is inaccessible and therefore the client
must use the provided operations to manipulate numbers.

1.3 Dynamically Generated Type Names

When we use type case and abstract types in combination the following problem arises: In-
formation hiding by abstract types is no longer guaranteed. If our previously defined function
rep gets the type Number and something of type Number as argument the desired result is
"unknown”. Unfortunately this is not what really happens. The dynamic type of a number
is its representation type int which results in rep returning ”int”. This small example shows
that introducing a type case destroys the parametricity of type abstraction because it makes
it possible to expose implementation details of abstract types.

Rossberg [8] solved this problem by generating new type names dynamically. He used
coercions to convert the type of terms from representation type to type name and vice versa.
Our approach will also generate new type names, but we will not use coercions. We will
use a global state that stores the type names and their representation instead. This greatly
simplifies the reduction and typing rules of our calculus compared to Rossberg’s.

The idea is to use a construct that dynamically introduces a type name for some type that
can be used instead of that type. We will use the following syntax:

new X =T in ¢

Here X is the type name standing for type 1" and can be used in the term ¢. To explain
how this restores parametricity of type abstraction we rewrite our previous example as follows:

new X =int in
abstype Number = X
signature :

zero : Number

get : Number — int

succ : Number — Number
operations :

zero = 0

get =Xn:X.n

succ=An:Xn+1

The dynamic type of a number is still its representation type, but this has changed to
X, resulting in our small example above returning ”unknown”. The desired property of
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Figure 1: )\g—Syntax

dynamic opacity is difficult to formalise, so we will rely on our intuitive understanding that
this construction solves the problem arising from using type case together with abstract types.

Communication with Rossberg [11] showed that the approach with the global state does
not restore parametricity in systems with dependent types. The calculus we will develop will
be based on system F, which does not provide dependent types.

2 The \Y-Calculus

We will now develop a calculus based on system F that has extensions for type case and
dynamic type name generation. The calculus will be referred to as )\g . It is not necessary to
include constructs for handling type abstraction in this calculus because system F is powerful
enough to encode abstract types as explained in section 1.2.

2.1 Syntax

Figure 1 shows the syntax of )\% . The constructs for type case and type name generation are
the ones introduced in the previous section. As you can see case only allows values in its
first component. This will simplify our reduction rules, since we will not need to reduce these
values. It is no loss of generality as we can rewrite case terms as follows:

case t:T of o/ : T in t; else to = (\x:T.case x:T of 2/ : T’ in t; else ty)t

This is also the reason why we include variables in the definition of values. State will
be used as global state storing the dynamically generated type names and their respective
representation. Env is the environment containing the free type variables and the types of
free term variables. State and Fnv are modelled as lists. It is also possible to model them as
partial functions, but the list constructions preserves the order of the entries and will simplify
some of our proofs. Kind has been included to unify the representation of environments.
Sometimes we will use State more like a queue; if we write X = T, N this means X = T is
the leftmost element and if we write N, X = T it is the rightmost element of the list and N
is this list without the entry X =T.

In order to avoid variable capturing, we consider terms and types modulo alpha conversion
and assume the convention that binders always introduce fresh variable names. This is also
known as the Barendregt Convention.
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Figure 2: )\g-Reduction

2.2 Reduction

As mentioned above we use a global state to store the dynamically generated type names and
their respective representation. Therefore we define our reduction rules over pairs of terms and
states, written ¢t|N. We will call such pairs configurations. We define the reduction rules using
evaluation contexts. Figure 2 contains the rules realizing a small-step call-by-value strategy.
The first two rules are known from system F. Rules 3 and 4 realize the type dependent
branching of the type case construct. Rule 5 defines the reduction of the new construct. The
abstracted type and its name are just appended to the global state. It is easy to verify that
these reduction rules are deterministic. Note that the global state N is not touched in rules
1-4 and only extended in rule 5. This indicates that a type that has been abstracted with
new cannot be inspected during reduction.

2.3 Typing

Figure 3 defines five different relations:

FT well-formedness of environments
FN well-formedness of states
I'T:k  well-formedness of types
I'Ht:T  well-typedness of terms
L'H¢tN:T well-typedness of configurations

Environments and states are lists of pairs. The relations - I' and - N contain only
environments or states where each variable occurs as left component in a pair once at the
most. Therefore we can use well-formed environments and states like partial functions. Using
a state as a function means to substitute all type names with their respective representation

types:

() = t
(N,X=T)(t) = N({t[X:=T])

The application of a state to a type is defined analogically. If we have I' = (), we will omit
I' as abbreviation and write ¢ : T' to express that ¢ is a well-typed closed term.

Note that in reduction the state grows to the right whereas the well-formedness rules for
states always deal with the leftmost entry. Because states grow to the right all dependencies
in a state are from right to left, meaning that for an entry X = T no free variable in T is
bound in any entry to the right of its position. Therefore we check states from left to right as
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F'FXe:Tt : T—1T Ikcase v:T of z:T' =1t else t' : T”
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Configurations

'N TENt:T
FHtN:T

Figure 3: )\g—Typing



this allows that I binds exactly those variables the currently checked entry in the state can
depend on.

The typing rules for the two A-abstractions require the introduced variable not to be bound
by I', because otherwise appending this variable to I would result in a malformed environment.
So the typing rules assure that these binders must always introduce new variable names. This
is conform with the previously mentioned Barendregt Convention.

It is possible to formulate the typing rules with a different approach that combines the
rules for typing terms and configurations. The resulting relation I' - ¢|N : T" would have rules
for each syntactic form of terms. Here we use the approach to have a simpler relation I' - ¢ : T
that is used by the rule for typing configurations by applying state N to .

A nice property of our typing rules is that given I' ¢ : T it follows that all free variables
of t and T" must be bound by I' and that I' is well-formed. This is quite obvious if we look at
the rule for term variables. Here x must be bound by I' and I' must be well-formed, implying
that type I'z is well-formed, which means that all its free variables are bound by I'.

From this property and the rule for configurations it follows directly that I' - ¢|N : T
implies that the free variables of T' contain no type name that is bound by V.

3 Properties of \Y

In this section we will prove the safety properties for our calculus, which are the unique type,
the progress, and the preservation property. Additionally we will show that in contrast to
system F the calculus /\g is not normalising any more.

3.1 Uniqueness of Types

To be able to use the inference rules in our typing relations not only as implication from
premises to conclusion, but also vice versa, we formulate the following inversion lemma:

Lemma 3.1 (Inversion):

Environments:

FT,2:T = THFT:x A x¢ dom(T)
FI'LX:k = FI' A X ¢ dom(I)

States:

'r¢g = KT

rrX=7TN — TI'rFT:xk N, X:kFN
Types:

'FX:x = FIT' AN Xedom() NTX =k
'ty =Ty :x — T'FTi:x AN TFETy: %
F'EVvVXT : « = I, X:xFT:x

Terms:

'Fz:T = FI ANxzedom() NTae=T
X Tt : T—T = TD,x:TkHt:T
Fttt':T = 3IT":THt: T T ANTH:T
F'EAXt . VXT = T, X:xbt:T
FbtT: 7T = 3IXT": THt:VXT" NTHET:« ANT' =T"[X =T



Ikcase v:T of z:T' =t else t' : T —
Fkv:T AND,z:T'Ft:T" NTHY:T”
F'bnew X=Tint : 7" = THT:k ANTHX:=T]:T" N X ¢ dom(T)
Configurations:
'¢N: T = THFN ATEFNt:T

Proof : Because we have exactly one rule per syntactic form, the lemma follows immediately

from the definition of our relations.
O

Our proofs will often use induction on terms. Unfortunately the typing rule of the
new construct does not allow structural induction on terms because in its premise we need
to type the term ¢[X := T and this substitution prohibits a pure structural argumentation.
Hence we define a size of terms that does not depend on the types contained in a term:

size(x) =

size(A\x : Tt) = size(t)+1
size(ty to) = size(tq1)+size(te)+1
size(AX.t) = size(t)+1
size(t T') = size(t)+1
size(case v: T of z:Th = t; else ty) = size(v)+size(t;)+size(ta)+1
size(new X =T in t) = size(t)+1

Theorem 3.2 (Uniqueness for terms):
r=t:TANTHt:T" = T=T

Proof : Induction on the size of ¢
Case size(t) = 1:
= t = x for some variable z.
LetI'Fa:T ATkFx: T
It follows that T =T z =T".

Case size(t) > 1:
Case t = Az : T1.t9:
LetI'HF¢t:T AT kH¢:T
It follows that T =T, — To A T' =Ty — T} for some types Ty and T5.
Furthermore we have I'yz : Th Fto : T AT, x: T Fty: TQ’ (Inversion).
The induction hypothesis gives us Ty = T and therefore 7' = T".

Case t =t t9:
Let Tty to:T ATty tg: T
It follows that T H¢y : Ty — T ATkt : Ty — T’ for some types T1 and T5 (Inversion).
The induction hypothesis gives us Ty — T = Ty — T" which implies T = T".

Case t = A X.tq:
Let THEAX.t:T A THEAX T
It follows that T'=VX.T7, A T' =VX.T| for some types T} and 7.



Furthermore we have I' X : « - t1 : 177 A T', X % F ¢ : T] (Inversion).
The induction hypothesis gives us T} = T and therefore 7' = T".

Case t =t1 Th:
LetFl—tlleT A Fl—tlTllT,
It follows that I'F ¢1 : VX. Ty A T'F ¢y : VX. T for some types T and T5.
Furthermore we have T' = T5[X :=T] and 7" = T)[X := T1].
The induction hypothesis gives us VX. Ty = VX.T3.
It follows that Ty = T and therefore T'=T".

Caset =case v:T1y of z:Ty =ty else t3:
Let THt:T ANTHE:T
By inversion it follows that T'+t3: T A T'kt3:T".
The induction hypothesis gives us T' = T".

Caset =new X =13 in ty:
Let 'Ht:T ANTHt: T
By inversion it follows that '+ [ X :=T1]: T A T'F{[X :=Ty] : T".
Because size(t1[X := T1]) < size(t), the induction hypothesis gives us T'= T’

O
Corollary 3.3 (Uniqueness):
FEYN:T ATHEYN:T! = T=T
Proof : Immediately from theorem 3.2 with use of the inversion lemma.
O

3.2 Progress

The progress property states that a closed, well-typed configuration contains either a value or
it can be reduced.

Theorem 3.4 (Progress):
FUN:T = teVal vV 3t',N':t|N — ¢/|N’

Proof : Structural induction on ¢
Case t = x:
trivial. z is not a closed term.

Caset =Mz : T.t":
trivial. \x : T.t' is a value.

Case t = tqto:
Let F t1to|N : T. By inversion it follows that = N A F N(t1tg) : T
— F (Nt1)(Nty) : T
= Nty : Ty and = Nty : Ty — T for some type T» (inversion).
:>|—t2|N:T2 and|—t1|N:T2—>T



By induction hypothesis we may assume:

ty € Val v 3t),N": t;|]N — t}|N’ and

to € Val Vv 3th, N : 3] N — th|N'

Case t1 ¢ Val:
= 11|N — t}|N’ for some term ¢} and some state N'.
So there exists a context E and terms s, s’ such that t; = E(s) and E(s)|N — E(s")|N".
With context E' = E ty we have t|N = E'(s)|[N N E'(s)|[N — E'(s")|N'.

Case t1 € Val and ty ¢ Val:
= to| N — 4| N’ for some term t, and some state N'.
So there exists a context E and terms s, s’ such that to = E(s) and E(s)|N — E(s")|N".
With context E' =t; E we have t|N = E'(s)|[N N E'(s)|[N — E'(s")|N'.

Case t1 € Val and ty € Val:
So t1 = Ax : Ty.s for some term s (t; = AX.t' or t; = & would not type correctly).
With E = o we have:
t|IN = E((Az : Ty.s) t2)|N AN E((Ax : Ta.8) to)|N — E(s[z := tq])|N

Case t = \X.t1:
trivial. AX.¢1 is a value.

Caset =t 11:

Let F ¢, Th | N : T. By inversion it follows that - N A = N(t171) : T

= F (Ntl)(NTl) : T

— 44| N : VX.T’ with T = T'[X := NT1]

By induction hypothesis we may assume:

t1 € Val v 3}, N : t1]N — t{|N’

Case t1 € Val:
= t1 = AX.ty for some term ty (t; = Az : T".t' or t; = 2 would not type correctly).
With E = o we have t|N = E((AX.t2)T1)|N A E((AX.t2)Th)|N — E(t2[X = T1])|N

Case t1 ¢ Val:
= 11|N — t}|N’ for some term ¢} and some state N’
So there exists a context E and terms s, s’ such that t; = E(s) and E(s)|N — E(s")|N".
With context E' = E T we have t|N = E'(s)|[N A E'(s)|[N — E'(s")|N'.

Caset =case v:T) of z:T5 =ty else t3:
Case Ty = Ty: with E = o we have t|N = E(t)|[N A E(t)|N — E(t2[z :=v])|N
Case Ty # Ty: with E = o we have t|N = E(t)|N A E(t)|N — E(t3)|N

Caset =new X =177 in t;:
With E = o we have t|N = E(t)|N A E(t)|N — E(t1)|N,X =T (X fresh)

3.3 Preservation

The goal of this section is to prove that well-typed configurations do not alter their type during
further reduction. This is a bit harder to prove than the previous properties, because we need
some lemmas first. Lemma 3.5 allows us to state the well-typedness of some term ¢ in some
context E:

10



Lemma 3.5 :
r-E¢)IN:T = 37" : T+ Nt : T’

Proof : Structural induction on E:
Case E = o:
Follows trivially by inversion, as E(t) =t

Case E = E' t":
Let ' E(¢t)|N : T. This is equivalent to I' = E/(¢)¢/|N : T
By inversion it follows that I' = E'(¢)|N : T"” — T for some type T"”
The induction hypothesis gives us 377 : ' = Nt : T’

Case E =v E"
Let '+ E(t)|N : T. This is equivalent to I' - v E'(¢t)|N : T
By inversion it follows that T' - E’(¢)|N : T” for some type T"
The induction hypothesis gives us 377 : I' = Nt : T’

Case E=FE'T:
Let '+ E(t)|N : T. This is equivalent to I' - E'(¢) T|N : T
By inversion it follows that T' - E’(¢)|N : VX.T” for some type T"
The induction hypothesis gives us 377 : ' = Nt : T’

O
The weakening lemma 3.6 will be needed in the proof of lemma 3.7.
Lemma 3.6 (Weakening):
F'ct:T N X¢dom(l') = I, X:xkHt:T
Proof : Straightforward induction on t.
O

Lemma 3.7 is the well-known substitution lemma that allows us to argue about type
preservation during [-reduction.

Lemma 3.7 (Substitution):
Fe:T'+t:T ANTHE:T = Thktlz=t]:T

Proof : Induction on the size of ¢:
Case size(t) = 1:
Caset=2a' A o/ =u:
Let Ty : T2’ : T AT Ht:T. So it follows that T/ = (I',z : T")(2') = T.
Astlz :=t'] =t we have '+ t[z :=t'] : T

Caset=1a' A 2/ #x:
Let Tx : Tk a2’ : T. As 2’ # x it follows that 2/[z .=t/ =2" A TFa':T.

Case size(t) > 1:

11



Case t = A\’ : T} .to:
Let o :T'Ft:T AT R T,
From our typing rules it follows x # 2.
Type T must have the form 77 — Ty and ',z : T, 2’ : T F t5 : T5 for some type Ts.
We can exchange the order of the environment to I', 2’ : T,z : T” because
neither z nor 2’ introduce new type variables: I',z' : Ty, 2 : T' F to : T
By induction hypothesis it follows T', 2" : T} F toz :=t'] : Tb.
That implies T' - A2’ : T1.(to[z := 1)) : Th — T
which is equivalent to I'H (A2’ : Ty.to)[x := '] : Ty — Th.

Case t = t1 ta:
Let o :T'Ftite: T AT R T,
Inversion leads to ',z : T' Ft1 : To — T AT,z :T' F ty: Ty for some type Ts.
By induction hypothesis it follows I' - t1[z :=t'] : To = T A T'F tofa :=t] : To.
So we obtain I' F (t1to)[z :=¢] : T

Case t = AX.ty:
Let T,x:T'Ht:T NTHE:T.
Type T must have the form VX.T5 and ',z : T/, X : * - t5 : Ty for some type T5.
We may assume that X is not free in T".
— We can exchange the order of the environment to I', X : *,2: T" (X ¢ FV(T")):
DX :x2: T Fty: Ty
The weakening lemma 3.6 gives us I', X : « = ¢/ : T".
By induction hypothesis it follows T, X : x b to[x :=t'] : Th.
=T+ AX.(to]z :=1]) : VX. Ty
=TI+ ()\X.tg)[x = t/] : VX.TQ

Case t =t Th:
Let Do :T' 61Ty :T ANTHE:T.
= T,z:T'Ft;:VX.Ty with T5[X :=T1] =T and T' + T3 : * (by inversion)
By induction hypothesis it follows T' b 1]z := t'] : VX . T5.
=TI+ (tl[a: = tl])Tl :T
=Tk D)z :=t]:T

Case t =case v: 1T} of 2’/ :Th =ty else t3:
Let Tz : T'Ht: T AN TH¢ : T (From the typing rules follows z # z’).
=T,o:T'Fv:Ty ANT,x:T 2 :Tobty: T AN Tyx: T Fitg: T (by inversion)
=D o:TFov:TH AN, Th,o:T' Ftg:T ANTDyx:T' Ht3:T
By induction hypothesis it follows:
Fkolz:=t]:Th ANT,2':Toktefz:=t]:T AN Tktgfz:=t]:T
— Tt case v[z:=t]:Th of 2 :Th = to[x:=1t] else t3[z:=t]:T
=Tt (case v: Ty of 2/ : Ty =ty else t3)[z:=t]:T

Caset =new X =1} in ty:
Let T,z :T'Ht:T ANTHY:T.
= T,z:T'F4[X:=T1]:T N TFT):k (by inversion)
Because size(t1[X := T1]) < size(t), the induction hypothesis gives us:

12



Pt X =Tz :=t]:T
We may assume that X is not free in t'.
= Tktz=t|[X=T):T
= Ttnew X =T, in tyjz:=¢]:T
=Tt (new X =T} in ty)[z:=¢]:T
i

Lemma 3.8 states that in some context E the substitution of some term ¢ with some term s
of the same type does not change the type of the whole term.

Lemma 3.8 :
FFEXIN:T NTENt:T" NTHFNs:T! = TFE()N:T

Proof : Structural induction on F
Case £ =o
Let THE{)N:T NTFNt:T" NTHNs:T.
— T FNt: T AN THNt: T (by inversion)
The uniqueness property gives us T'=T". E(s) = s leads to '+ E(s)|N : T.

Case E = E't"
Let T E()[N:T A TFNt:T' A Tk Ns: T,
It follows that I' = E/(¢)|[N : T — T A T'F Nt' : T" for some type T".
The induction hypothesis leads us to T - E'(s)|[N : T" — T AN T Nt' : T".
This implies I' = E(s)|N : T.

Case E=vE":
Let TF E()N:T A TFNt:T' A TFNs: T,
It follows that ' Nv:T” — T A T'F E'(t)|N : T” for some type T".
The induction hypothesis leads us to ' Nv : T” —T A T'F E'(s)|N : T".
This implies I' = E(s)|N : T.

Case E=FE'T":
Let THE{)N:T NTFENt:T" NTHNs:T.
It follows that I' = E'(¢)|N : VX.Th A T'F NT" : % with T =T1[X := NT"].
The induction hypothesis leads us to I' - E’(s)|N : VX.T;.
This implies I' = E(s)|N : T.
U

The last two lemmas we need for proving preservation state that we can instantiate type
variables with well-formed types. Here we take advantage of our design decision to model
environments as lists and not as partial functions, since we can use the order of the entries to
argue about dependencies.

Lemma 3.9 (Type Substitution for Types):

LX:«T"FT:k NTHT %« = TDTJIVX=TFTX:=T:k

13



Proof : Straightforward structural induction on T'

Lemma 3.10 (Type Substitution):
LX:«I'bt: T ANTHFT :x = TDTJIVX:=T|HtX:=T1]:T[X =T

Proof : Induction on the size of ¢:
Let I, X :«,IVHt:T ANTFT %
From the typing rules it follows that X does not occur in T'.

Case size(t) = 1:
= t = x for some variable z.
From the typing rules it follows F I, T[X := T"].
Case = € dom(I):
— X is not free in T and therefore I, IV[X :=T'| H¢[X :=T'] : T[X :=T"].
Case x € dom(T"):
=D IVX =THtX :=T":TX =T, since t[ X =T =x

Case size(t) > 1:
Case t = Axq : T1.t9:
=T, X : %I 21 : Th bty : Ty with T =Ty — T; for some type Ty (inversion)
By induction hypothesis it follows:
DUVX =T 2 [ X =T Fto[X =T : To[X =T
=T VX:=TFXx; [ X =T N6[X =TT X =T - Th[X =T
=D TUX:=T1F Ay : T1t)[ X =T : (Th — T)[ X =T

Case t = t; ta:
=D X:xI'Ft1: Ty T AN T, X : %I+ ty: Ty for some type Ts.
By induction hypothesis it follows:
OUVX:=TFt([X =T (T, - T)[X :=T'] and
DUVX =Tk X =T Th[X =T
=T VX =TF4u[X =T X =T :TX =T
=Tk (t1t2)[X :=T:T[X := T

Case t = A X1.t1:
— T X : %IV, X1 : st : T1 with T = VX,.T} for some type T7.
From the typing rules it follows X # X;.
By induction hypothesis it follows I',\ TV[X :=T"], X : x - t41[X :=T'] : Ty [X = T"].
— F,F/[X = T/] F )\Xl.tl[X = T/] VX1 [X = T’]
=D TV[X :=T1F AX1.t)[X =T : (VX,.Th)[X :=T"], since X # X;.

Case t = t1 T5:
=, XVt : VX3 Ty with T =T1[X; :=Th] and T, X : %, IV F Ty : %,
By induction hypothesis it follows I', TV[X := T"| - ;[ X :=T"] : (VX1.Th)[X :=T"].
From the typing rules and the Barendregt Convention it follows:
X#XiNXy ¢ FV(T) ATV [X =T FTo[X =T : x.
=I0TUX:=TF(uX =THLX =T TX =T)X :=T[X =T

14



The substitution [X := T'][X; := T5[X := T"]] is equivalent to [X; := To][X :=T"]
= THF{H[X =T hX =T]:Th[X; = T)[X =T
— Tk (1 T)[X =T : T[X = T"]

Caset =case v:T1y of x:15 =ty else t3:

=T, X:xTVFov: Ty AT, X 5TV z:Tobte: T AT, X : %" Ft3:T (inversion)
By induction hypothesis it follows:
INVX =TFoX =T Th[X =T A
OUVX =Tz : D|/X =T |FtX =T):TX =T A
OUVX:=TFt3[X :=T1:T[X =T
= I T'[X :=T'F case v[X =T : Th[X =T

of x:Th[X :=T' = t3]X :=T"]

else t3[X =1

:TX :=T]

=T T'[X =T+ (case v:Ty of x:Th =ty else t3)[X :=T"]: T[X :=T"]

[ —

Caset =new X7 =17 in ty:
=T, X:xIV'FT:k AT X o TV [ X =T T
Without loss of generality we may assume X; ¢ FV(17).
Because size(t1[X1 := T1]) < size(t), the induction hypothesis gives us:
T TV[X =T F t[X1 o= T1)[X o= T"] : T[X = T"].
We want to show I\ TV[X :=T'| F (new X; =717 in 6)[X :=T']: T[X :=T']
Without loss of generality we may assume Xy ¢ FV(T”) and X # X;.
It suffices to show I\ TV[X :=T'| - t41]X :=T'[ X1 :=Th[X :=T']] : T[X =T
and I,V X :=TNFT[X =T : k.
VX :=T'FTi[X :=T' : k follows from lemma 3.9, since I', X : «, IV - T} : k.
The substitution [X := T'][X; := T1[X := T"]] is equivalent to [X; := T]|[X :=T"].
OV[X :=TF (X :=T1][X :=T'] : T[X :=T"] follows by induction hypothesis.
n

We are now equipped to prove the preservation property:

Theorem 3.11 (Preservation):
THUN:T A N — ¢|N' = TF|N':T

Proof :
Let T H¢|{N : T A t|N — ¢/|N’. Then there exist a context E and terms ¢, ¢, such that
t = E(tp) and t' = E(t;) and there are five possibilities:
to= Az :Th.t2)v A tp=1ta[z:=v] AN N =N
or tg = ()\X.tQ)Tl AN tlo = tQ[X = Tl] AN N =N
ortg=case v:1y of x:Th =1ty else t3 A ty=tifx:=v] A N=N ANT1 =T
ortg=case v:1) of x:Th =ty else t3 A ty=1t3 N N=N AN T1 #Ty
orto=new X =Ty in t; A tp=t; N N =(N,X=T1)

Case tg = (A\z : Th.t2)v A ty=to[z:=v] A N =N:

= I'F N((Az : T1.t2)v) : T for some type Ty by lemma 3.5, since I' - E(tg)|N : T
= I'FXx:NT{.Nty: NT1 — T N ' Nv:NT;

15



= [, : NI} - Nty : Ty AN T'F Nv: NT; (by inversion)

= I'+ Nig[z := Nv] : T» by lemma 3.7

= I'F N(to[z :=v]) : Ts.

= I'+ E(to[z :=v])|N : T by lemma 3.8, since I' = E(to)|N : T and I' = Ntg : Ts.
= T'F E(t))|N' : T, since t{, = to[z := ]

Case tg = ()\X.tg)Tl VAN t6 = tQ[X = Tl] A N'=N:
= I' - N((AX.t2)T}) : T for some type T5 by lemma 3.5, since I' - E(to)|N : T
— ' N(A\X.ta) : VX.T} with Ty = Ty[X := NTj] and T' -+ NT; : = (by inversion)
Without loss of generality we may assume X ¢ dom(N) and X does not occur in I'.
— I, X : x F Nty : Ty (by inversion)
= T'F (Nto)[X := NT1] : T5[X := NT1] by lemma 3.10
=TI+ N(tQ[X = Tl]) 2T
= T'F E(t2[X :=T1])|N : T by lemma 3.8, since I' - E(to)|[N : T and I' b Ntg : To.
= '+ E(ty)|N' : T, since t, = to[ X := T1]

Case tgp = case v:T) of x:Th =ty else t3 A t(=tolz:=0v] A N =N A T, =Ty
= '+ Nty : T3 for some type T3 by lemma 3.5, since I' = E(tg)|N : T.
=[x : NIy - Nty : T3 AN T'F Nv: NT; (by inversion)
= I' b (Nto)[z := Nv| : T3 by lemma 3.10, since 77 = Tb.
=TI+ N(tg[x = U]) 113
= I' F E(t2[z :=v])|N : T by lemma 3.8, since I' = E(to)|N : T and I' - Nty : Ts.
= T+ E(t))|N' : T, since t{, = ta]x := ]

Case to =case v:T) of x:Tyh =ty else t3 A tj=1t3 AN N =N A Ty # Tu:
= '+ Ntg : T3 for some type T3 by lemma 3.5, since I' = E(tg)|N : T.
= I' - Ntz : T3 (by inversion)
= I'F E(t3)|N : T by lemma 3.8, since I' = E(to)|N : T and I' - Nt : Ts.
=T+ E(ty)|N' : T, since t{, = t3

Caseto=mnew X =T; in t1 A th=t1 AN N = (N, X =T1):
= I'F N(new X =T in t;): T3 for some type T5 by lemma 3.5, since I' = E(tg)|N : T.
Without loss of generality we may assume X ¢ dom(IV).
— I'Fnew X = NT} in Nt;: 15
= I'F Nty;[X := NT1]: To A T'+ NT) : % (by inversion)
=TI+ N(tl[X = Tl]) 2T

= I'F E(t1[X :=T1])|N : T by lemma 3.8, since I' - E(to)|N : T and I' = Ntg : Ts.
— T+ Et)[X :=T1]|[N:T (X fresh)

—T+E®H)|N,X=T1):T

= T+ E(t))|N" : T, since t{, = t; and N' = (N, X =T7).

0

During reduction the state is only extended and never inspected, therefore the reduction
rules are independent of the contents of the state. It is possible to remove the states from the
reduction rules and to forget the information what type some variable X stands for. Thereby
we would lose the ability to check the type of the intermediate configurations, but as we have
proven the preservation property we know that reduction cannot go wrong. We know that
there always exists some state that allows us to give a configuration the type we started with.
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3.4 Normalisation

System F' is a normalising calculus. It is interesting that this property does not hold for A g
[10]. We will show this by constructing a diverging term. In the untyped A-calculus a simple
diverging term is (Az.zx)(Az.zz). When this term is reduced by [-reduction the result is the
term itself. In the simply typed A-calculus, a term like Ax : T7.zx is not typable, because the
typing rules require T} to be an arrow type containing itself as left component (73 =Ty — T)).
This would result in an infinite type. But in system F we can write a typable version of this
term by using type application:

Az VXX - Ta(VX.X - T)x

This term has the type (VX.X — T') — T and it is still impossible to apply this term to
itself. By using our type case we can write a similar term that allows self-application:

D=XXMx:X.case z:X of 2/ :VX.X - T =2/ (VX.X - T)z' else tr

If t7 is a term of type T' (and X is not free in T'), then D is of type VX.X — T and therefore
the term Q@ = D(VX.X — T)D is well-typed.  has the following reduction sequence:

D(VX.X — T)D
— (A :VX.X - T.case z:VX.X =T of 2/ : VXX - T =2 (VX.X — T)a’ else tr)D
—case D:VX.X - T of 2/ :VX.X - T =2/ (VX.X - T)z' else tr
. D(VX.X - T)D

In a similar way it is possible to construct a fixed point operator . This shows that )\g
can not only express diverging terms, is it even powerful enough to express recursion.

F = )\X1.>\X2.)\33‘J_ : X1 — XQ)\QL‘f : (Xl — XQ) — X1 — XQ)\X)\Z’ . X)\.’L‘l : Xl.
zr(case x: X of x4:VX.X = X1 — Xo = 2,(VX.X — Xi — Xo)zy else x| )z

fix = AX1. A X0 ) X1 — Xo Az (X1 — Xo) — X1 — X,
f
(FXl Xg T l‘f)(VXX — X1 — XQ)(FXl X2 T l‘f)

As the case construct in F' expects in its else part something of type X1 — X5 we give
fiz the argument x . Therefore this fixed point operator is only usable for inhabited types
X1 — XQ.

4 Laziness

In this section we will develop some constructs that allow us to change the evaluation strategy
of our calculus from call-by-value to call-by-need which is also called lazy evaluation. This
means evaluating a term at the latest possible time which can even mean that this term is
never evaluated. A term has to be evaluated if it occurs as left-hand side of an application.
The effect of this evaluation strategy is that we only evaluate terms we really need to evaluate.
When working with modules a useful application is lazy linking, meaning that a module is
only loaded if it is really used and not only contained in a branch of the program that will
not be executed.
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z € Var Variables

X € TVar Type Variables
TeTy == X|T->T Types
te Ter == x|Xx:Tt|tt|lazy o =t in ¢t Terms
veVal == Xx:Tt|x Values
S e Stack = ¢ | S,x Stacks
w € State = Var 1% ep States
I' € Env = Var fir Typ Environments

Figure 4: A\L-Syntax

4.1 Simply Typed Laziness

To understand lazy evaluation we will first formalise it for an extension of the simply typed A-
calculus we will call \Z. An example of a concurrent calculus that provides a form of laziness
is [6]. Some of its concepts will be used in our calculus, but it will be deterministic. For

enabling laziness we will use a construct that corresponds to the lazy expressions found in
Alice [2]:

lazy # = t in ¢

Like in a let construct the variable z can be used in t’ as a name for the term ¢. But the
semantics consists in evaluating ¢’ and delaying the evaluation of ¢ until we reach a term of the
form x v. Here x occurs as left hand side of an application, which means that we cannot proceed
without evaluating ¢t. When the evaluation of ¢ is finished, we substitute all occurrences of x
with its result and proceed with evaluating ¢’. The substitution of all occurrences of z prevents
that ¢ is evaluated several times as it would happen, if during further reduction we reached
another term of the form zv'.

During the evaluation of ¢ it may happen that a further lazy term needs to be evaluated
and this term can trigger the evaluation of even more lazy terms. Therefore we must organise
the evaluations of these terms somehow. The natural way to do this is to use a stack storing
the information which terms we need to evaluate. To indicate that some term ¢ needs to be
evaluated next we will push its corresponding variable x on top of the stack.

Additionally we also need to memorise the information that a variable x is a lazy name

for a term t. For this purpose we introduce a finite partial function u € Var fir Ter with
elements of the form x = t. We will call such functions states. If we write u, x = t we mean the
state pu U {z =t} where x ¢ dom(u). For simplicity we also model environments as functions
mapping variables to their type. The list construction as in the development of )\g is not
necessary since we do not need an order of the variables. We will write I', x : T analogically
to the notation for states.

Figure 4 contains the complete syntax of A%, Since we want to use evaluation contexts like
in figure 2 the values need to include variables. This prevents the attempt to evaluate lazy
variables if they occur as right-hand side of an application.

The reduction rules in figure 5 are defined over pairs of states p and stacks S, written
w|S. We call such pairs configurations. If we want to evaluate some term t, we start with the
configuration {x = t}|¢, z where x is an arbitrary variable. We always reduce the term whose
variable is on top of the stack. If we reduce a lazy term, a new entry is added to the state
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E:=o|Et|vE

(1) w,x=E((N' :Tt)v) | S,x — p,x=E(t[z :=v])| S,z

(2) p,x=FE(lazy x1 = t; in t3) | S, — p,x1 =t1,x = E(te) | S,z (x1 fresh)

(3) w,x=E(z1v) | S, — p,x=E(xiv) | S, z,21 (if 21 € dom(p))
(4) pa=vl|Se — plri=1]| S (if S # 6)

Figure 5: Al-Reduction

and if we attempt to reduce an application with a lazy variable as left-hand side, we push this
variable onto the stack, which results in the evaluation of its corresponding term.

The last reduction rule treats the situation that the term to be reduced is already a value.
If the stack contains more than one variable, we can pop the topmost variable from the stack
and substitute all its occurrences with this value. If the stack contains only one variable, this
means that the whole evaluation is done.

We will now explore what it means for a configuration to be well-typed. Let us suppose
the state of a configuration contains the elements z1 = FE(z2) and z9 = E(x1). Here x3 is
free in the term of 1 and z is free in the term of zo. It is obvious that the types of x1 and
29 depend on each other, which means that in general we cannot give a unique type to x1 if
we do not know the type of x9 and vice versa. Therefore we must forbid such situations in
our typing rules. Let us regard the inner dependencies of a state. A lazy variable x1 is called
directly dependent on a lazy variable xo iff x5 is free in the lazy term of x1. The following
relation defines the direct dependencies in some state u:

dep, = {(w1,72) | {w1, 22} C dom(u) N w2 € FV (1)}

We will write <,, for the transitive closure of dep,. In general z; <, z implies that we
cannot give a type to z1, if we do not know the type of x2. We require <,, to be acyclic as this
implies the existence of variables without dependencies. Such variables are called maximal.
Analogically a variable is called minimal iff there exists no variable that depends on it. In
section 4.2.1 we will prove that acyclic states allow for unique typing.

As you can see in the third reduction rule a growing stack respects the order defined by
the state, i.e. the pushed variable is greater than the variable on top of the stack. We will
include this property in our typing rules as we need it to argue about type preservation in the
fourth reduction rule.

Figure 6 contains the typing rules of AX. The typing rule for configurations requires the
existence of an environment that gives every lazy term the type of its respective variable. The
type of a configuration is the type this environment maps the minimal stack variable z( to.
The rule for typing a lazy term is like for let constructs.

4.2 Properties of \f

For the proofs we need an inversion lemma like it is formulated in section 3.1. We will not
write it down explicitly, since such a lemma is trivial to formulate and to prove.

4.2.1 Uniqueness of Types

Lemma 4.1 (Uniqueness for terms):
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Terms

x € dom(T") Ft¢:T"—-T THE:T
'tz :Tux r=td:.T
Dg:TkHt: T 'tt:T T,o:THY:T
FEXe:Tt : T—T klazy 2 =t in t': T’
Stacks
x € dom(p) Ty <y w2 pkESwiiw
ukEo,x:x uwkE S a9 x
Configurations
dom(T') N dom(u) =0 kS xg <, acyclic
A DOT : dom(T) = dom(T)U dom(u) AN TVag=T ANVe=tepu:T"Ft:T'x
LhEplS:T

Figure 6: )\SL—Typing

r=t:T ANTHt: T = T=T

Proof : Structural induction on t
The cases t = x, t = Ax : T1.ty and t = t1 t9 are like in the proof of theorem 3.2. The only
new case is the one for the lazy construct:

Case t =lazy = = t; in ts:
LetI'HFt:T AT kH¢:T
By inversion it follows that ' =¢1 : 77 A T,z : 11ty : T and
Pty T AN T,z : T+ ty: T for some types T; and T}
The induction hypothesis gives us Ty =77 and T = T".
O

To prove the uniqueness for configurations we need to prove that for well-typed config-
urations the existence of the environment I'V is unique. This follows immediately from this
lemma:

Lemma 4.2 (Unique environments):

<u acyclic A dom(T') Ndom(p) =0 A dom(I”) = dom(I") = dom(T") U dom () A
I'DT ATDOD ANVe=tepu:T"Ft: Tz AT Ft: T2
: F/ — Fl/

Proof : Induction on |u|
Case |u| = 0:
trivial.

Case |u| > 0:
As <, is acyclic it must hold: Jpq1,z1,t1 : p= (1,21 =t1) A 1 is maximal.

20



= Vo € FV(t;): xz € dom(T")

:>F|—t12P/{131 A Fl—tlzf”xl

From lemma 4.1 it follows IVzy = Iz,

Let Ty = I'"z1. It follows:

<y acyclic A dom(T,zq : T1) N dom(pr) =0 A

dom(I'") = dom((T") = dom (T, 1 : Th) U dom(u1) A

VDT, : Ty AT DT 2Ty ANVe=tepu :I"Ft: Tz AT Ft: T2
By induction hypothesis it follows I = T"”

Corollary 4.3 (Uniqueness):
THuS:T ATFuS: T = T=T

Proof : Immediately from lemma 4.2 with use of the inversion lemma.

4.2.2 Progress

At first we prove that every term matches a pattern of the reduction rules:

Lemma 4.4 (Context structure):
Vi:te Val v 3E vy, vg,x,t',t": t = E(vyvy) V t=FE(lazy = = t' in t”)

Proof : Structural induction on ¢
Caset=x1 V t=Ax1.t;y V t=1lazy x1 = t; in to:
trivial.

Case t =t to:
Case t1 ¢ Val:
By induction hypothesis it follows:
There exist E,v1,ve,z,t',t" such that t; = E(vyvy) V t1 = E(lazy x = t' in t”).
Let B/ = Etq
—=t=FE'(nyvy) V t=F'(lazy z =t in t")

Case t1 € Val A ty ¢ Val:
analogically to case t; ¢ Val.

Case t1 € Val A ty € Val:
= with £ = o it follows t = E(t; t2) (trivial).

Theorem 4.5 (Progress):

FulS: T = (QGui,z,v:p=@p,z=0v) AN S=¢,x) v I/, 8 :ulS— pls’

21



Proof :

Let = pulS:T.

= Ju1, S1, 2.t p= (u1,z =t) A S =51,z (by inversion x4 and S must not be empty)
From lemma 4.4 follows:

t€ Val vV 3E,v1,v9,x1,t1,t: t = E(vive) V t=FE(lazy z1 = t1 in t3)

Caset € Val N 51 =¢:

trivial.

Caset € Val N S1 # ¢:
= p|S — [z =t

Case t = E(v1 v2):
Case v1 = Az : T1.47:
= u|S — p1,z = E(t1x1 = v9])|S
Case v1 = x71:
From F pu|S : T it follows that z1 € dom(pu).
= M|S - N‘S>$1

Case t = F(lazy 1 = t1 in t9):
= u|lS — w1, z1 = t1,x = E(t2)|S

O
4.2.3 Preservation
To prove the preservation property we lemmas similar to the ones in section 3.3.
Lemma 4.6 :
r-et): T = 3I7":TkHt:T
Proof : Structural induction on E.
Cases are similar to the ones for lemma 3.5.
g
Lemma 4.7 (Weakening):
Ft¢:T AN xzé¢dom(l) = T,z:T'Ht:T
Proof : Straightforward induction on t.
O

Lemma 4.8 (Substitution):
Fe:T'Ft: T ANTHU:T = Thkitlx:=t]:T

Proof : Structural induction on t
The cases t = x, t = Ax : T1.to and t = t1 t9 are like in the proof for lemma 3.7. The only
new case is the one for the lazy construct:

Case t = lazy 1 = t1 in to:

22



Let o :T'Ft: T ANTHY:T.

By inversion it follows I',z : Tty : Ty A Tyx 2T/ 2y : Ty Htg: T

The weakening lemma 4.7 gives us I',zq : Ty Ht/ : T’

By induction hypothesis it follows I'+ t1[z :=¢'] : T1 A T,a1: Ty Fto[z :=¢]: T
This implies I' - (lazy x1 = t; in o)z :=¢]: T

O
Lemma 4.9 :
FrEQ):T ANTHt:T ANTHEY: T = THFEW):T
Proof : Structural induction on E.
Cases are similar to the ones for lemma 3.8.
O

Theorem 4.10 (Preservation):
PEwplS:T A plS— s = TrHU|S:T

Proof :

Let THu|S:T A ulS — p'|S".

By inversion it follows:

dom(T) Ndom(p) =0 AN pkES:xzg A <, acyclic and there exists some I'' O I' such that
dom(I”) = dom(T)U dom(pu) AN TVaeg=T AN Vr=tepu:T'Ft:Tz.

Furthermore there are four possibilities:

Case 1: pu|S = (p1,2 = E((Axq : T1.61)v))[S1,2 A WS = (p1,2 = E(ti[z1 :=]))|S1,
Case 2: p|S = (u1,x = E(lazy x1 = t1 in t9))[S1,2 A /S = (p1,21 = t1,2 = E(t2))|S1, =
Case 3: u|S = (p1,x =210)|[S1,2 A WS = (u1, 2 = 21 v)|S1, 2,21 A 21 € dom(puy)

Case 4: p|S = (p1,2 =v)|[S1,2 A WS = mfz:=2]|S1 A S1#¢

Case 1: pu|lS = (p1,2 = E((Azq : T1.61)v))[S1,2 A WS = (p1, 2 = E(ti[z1 :=]))[S1,
— I"F E((Az1 : T1.t1)v) : Iz (by inversion)
— T+ (Ax1 : T1.t1)v : Tp for some type Ty by lemma 4.6.
= T'F(M\xy:T1.t1): Th — Ty A TV Fwv: Ty (by inversion)
= T, 21 : Ty 1 : Ty (by inversion)
— T+ t1]x1 :=v] : Ty by lemma 4.8, since I - v : T7.
Since IV F E((A\xy : Th.t1)v) : e and IV F (A\xy : Th.ty)v : Tp and TV = ¢y [zq := 0] : Ty,
it follows by lemma 4.9:
"+ E(ti[zy :=v)]) : Iz
Therefore it holds: Ve =t e p' : Tt : Tz
The state p/ does not contain more dependencies than u: dep w C dep,
=<, is acyclic, since <, is acyclic.
As we changed only the term of the topmost stack variable, the stack S’ respects p':
/L, HS: o
Therefore it holds: T'F p/|S" : T

Case 2: pu|S = (u1,2 = E(lazy x1 = t1 in £))[S1,2 A W[ = (u, 21 = t1,2 = E(t))|S1, 2
— I"F E(lazy x1 = t; in t3): Iz (by inversion)
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= I"F lazy x1 = t; in ty: Tp for some type Ty by lemma 4.6.

= T'Ft;1: Ty ATz : Ty Fty: Ty for some type T; by inversion (x; is fresh).

By lemma 4.7 it follows:

F,,.Tl : Tl [ tl : (F’,a:l : Tl):l,’l and F/,:L’l ZTl = lazy Ir1 = tl in t2 ZTO

Furthermore lemma 4.7 gives us: Ve =t € p: IV, xy :Th Ht: (I, 21 : Th)x

— TV, 21 : T1 + E(lazy =1 = t1 in to): (I, 21 : T1)x

Since IV, z1 : Ty F lazy 1 = t; in to: Toand IV, zy : T} F to : T it follows by lemma 4.9:
— F,,.Tl T F E(tg) : (F,,IL’l : Tl)xl

Therefore it holds: Ve =t ey : T,z Th Ht: (I, 2y : Th)x

Furthermore we have: dom(I') N dom(p') = 0 and dom (I, z1 : T1) = dom(T') U dom (')
As the terms responsible for the dependencies of the stack variables are not changed in p’,
it holds that u' F S’ : xg.

The last thing to show is that <,/ is acyclic. Obviously p"\{z1 = 1} is acyclic.

The only variable in p’ that can depend on z is o, but z; cannot depend on z.

=<,y Is acyclic.

Therefore it holds: T'F p/|S" : T

Case 3: p|lS = (pu1,7 = z1v)[S1,x A p[S" = (p1,2 = 210)[S1, 2,21 A 21 € dom(p1)
As x = x1v € p it follows: x <, 1.
= =Sz, since S :xg and p= .
Therefore it holds: I'F p/|S" : T

Case 4: pu|S = (p1, 2 =v)|[S1,z A W/|S" = pi[z:=0]|S1 A S1# ¢
All free lazy variables in v are greater than x. Variables depending on z are less than x.
Therefore the substitution [z := v] cannot introduce new dependencies.
=<,y is acyclic.
The substitution does no affect dependencies between variables which are smaller than z.
Since S7 contains only variables which are smaller than x, it follows: u' F S’ : xq
There exist I'y, Ty such that IV =T,z : T3 A I'y Fv=T;. Lemma 4.8 gives us:
Vey=t1 € pp : T Ftyfe =] : TV
=V =t Eu’:Fll—tl T
As dom(T) Ndom(p') = 0 and dom(T'1) = dom(T') U dom (i) it holds: T+ p/|S": T
O

4.3 Lazy Linking

In open programming systems loading modules may be quite expensive if for example the
module is only available over a slow network connection. Therefore it is of interest to load
modules only if they are really needed and not only used in some branch of the program
that will not be executed. We want a module to be loaded at the latest possible time which
includes that the module might never be loaded. Such a mechanism is called lazy linking.
As we have seen before dynamic linking needs a form of dynamic type analysis. Therefore
we will formalise lazy linking in a calculus which provides the type case we have used before.
We will not include a construct for dynamic type name generation, because it is not needed
to understand lazy linking. The laziness formalised in the previous section provides some
background we will use in the development of this calculus, )\}Ly, an extension of system F.
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We will use abstract types (see section 1.2) as modules. Basically all modules we consider
consist of some type T and some term ¢ that may provide operations to work with instances
of type T'. Therefore loading a module introduces two new names which can be used for type
T and term ¢t. The lazy construct we defined previously introduces only one binder, hence
we change its syntax to the following form:

lazy <X,z> =t in '

Here we require t to be a module. The scope of the type name X and the variable x is the
term ¢'. There are two possible situations which can trigger the evaluation of term ¢. In the
first one x occurs as left hand side of an application. During the reduction of a type case the
two contained types need to be compared. If X is free in one of these types, the substitution
of X with its representation may change the outcome of this comparison. Therefore we will
evaluate a module if its corresponding type name is free in a type case. This strategy is a bit
too eager, since it can trigger the evaluation of modules even if the outcome of the comparison
is determined in advance, but it simplifies the needed reduction rules.

As we allow not only lazy term variables but also lazy type variables the state we use
contains elements of the following form: <X,x> = t. Since the variables X and x of an
abstract type always occur in combination, it is sufficient to store only term variables in the
stack. We want a state to bind every variable once at the most. In the simply typed case this
is valid because a state is a function. Since states map pairs of variables, this property does
not hold anymore. In the following we only consider states where each variables occurs in the
domain once at the most. If we write BV (u) for some state p, this is the set of all variables
bound by pu.

To express modules (or abstract types) we will not use the encoding explained in sec-
tion 1.2. In this encoding the implementation is passed to the clients by applying the abstract
type to them. This scheme is not adaptable for our state and stack model as we cannot apply a
term to a state or even a configuration. Therefore we will extend the calculus with constructs
to express abstract types. We will use the construction developed by Mitchell and Plotkin
[5] who gave abstract types an existential type. The notation we will use to express abstract
types is:

<T,t> as IX.T'

Here T is the representation type, t contains the operations and 7" is the signature using
the type name X. We impose a small restriction on type abstraction as abstract types must
not provide more than one operation (the one of type 7). This restriction can be compensated
for by including things like records in the calculus, which would provide a way to pack more
than one operation in the type T'. We will not include records in our calculus to keep it
simpler and focus on the more important topics.

The complete syntax of the calculus )\% can be found in figure 7. As you can see, we model
environments as lists again. This will simplify the rules for well-formed environments. The
reduction rules in figure 8 are similar to the ones of AL and system F. Rule eight is the one
which triggers the evaluation of modules, whose type name is free in a type case. Since such
a type case can contain several type names and we want to formulate deterministic reduction
rules, we need to clarify which module should be evaluated first. For this purpose we introduce
the function first,, which returns deterministically the variable of such a module. As we must
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z € Var Variables

X € TVar Type Variables
TeTy == X|T-T|VXT|3XT Types

teTer == x|Xx:Tt|tt|AXt|tT |case v:T of x:T =1 else t Terms

| lazy <X,2> =t in ¢ | <T,t> as T

veVal == Xx:Tt|AXt]|x|<T,v>as T Values

k€ Kind = x Kinds

'eBnv == 0|T,2:T|X:k Environments
w € State = TVar x Var 1% ey States
S e Stack = ¢ | S,x Stacks

Figure 7: A%—Syntax

evaluate all these modules, it is not essential what strategy this function uses to determine a
module. One possibility is to select the module whose type name is in the leftmost position
in the types T and T” of the type case.

For the typing relations we have to define, what the dependency relation looks like:

dep,, = {(w1,22) | 3X1, Xo : {<X1, 21>, <X, 22>} C dom(pu) AN {Xo, 22} NFV (1) # 0}

Now the typing rules in figure 9 are straightforward. As usual for abstract types we require
the condition that the type of a lazy construct must not contain the abstract type.
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E:=o|Et|vE|ET|<T,E>as T

(1)

(2)

w, <X, x> = E((Aa’ : T.t)v) | S,z
— u, <X, x> = E(t[z' :=]) | S,z

W, <X, x> =E(AX.)T) | S,
— u, <X, 2> =FE([X :=T]) | S,z

w, <X, x> = F(lazy <Xj,21> = t1 in t3) | S,x
— N7<Xl7xl> = t17<X7IIZ‘> = E(t2) ‘ va

w,<X,x>=FE(x1v) | S,z
— pu, <X, x> = E(x1v) | S, 2,21

w,<X,x>=FE(xT) | S,z
— u, <X, 2> =FE(x1T) | S, z, 21

W, <X, x> = E(case v:T of a2’
— u, <X, x> = E(t[z' :=v]) | S,z

T =t else t') | S,x

W, <X, x> = E(case v:T of a2’
— u, <X, 2>=E({') | S,x

T =t else t') | S,x

W, <X, x> = E(case v:T of a2’
— p,<X,2>= FE(case v:T of 2’

T =1t else t') | S,x
:T' =t else t') | S,x, 21

w, <X, x> =<T,v> as T' | S,z
— pu[X =Tz =] | S

Figure 8: Ak-Reduction
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(X1 and z fresh)
(if z1 € BV (n))

(if 21 € BV (p))

< BV (1) ﬂTFZ(TI:, ) =10 >

< BV () ﬂTF;/(J?:, ) =10 )

< BV (u)NEFV(T,T') # )
first (T, T") =

(if S # ¢)



Environments
F'ET:x  x¢ dom(T) FT' X ¢ dom(T)
O FT,xz:T FT,X @k

Types

FT' X € dom(T) 'FTy:x DETy:x X i xET %
''EX:TX 'ET —1T5: % I'EVX.T:«

Terms
FI' x € dom(T) OX:xbt:T
I'tax : Tx ' AX.t : VX.T

Tox:THt:T THt:VXT TFT:x
TFXe:Tt : T —1T THtT:T[X =1

THt:T'-T TFrH:.T I'tov:T Lx:T'+Ft:T" TH.T"
Tttt T I'kcase v:T of x:T' =t else t' : T"

FHt:T'[X :=T] FH¢t:3XT T, X:xa:THt:T X ¢FV(T)

L-<T,t> as IX. T :3X.T’ I'Flazy <X,z> =t in t/: T’

Stacks
x € BV (u) v <,x2 pkESzix
wkEo,x:x ukES a9 x

Configurations
dom(I) N BV (u) =0 pk Sz <, acyclic
A DOT :dom(T) =dom(T)UBV(u) AN TVeg=T ANVe=tepu:T'Ht: Tz
LhEplS:T

Figure 9: )\%-Typing
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