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Abstract

Extensible records were introduced by Mitchell Wand while studying
type inference in a polymorphic A-calculus with record types. This paper
describes a calculus with extensible records, F..p, that can be translated
into a simpler calculus, F.., lacking any record primitives. Given
independent axiomatizations of F..p and F.. (the former being an
extension of the latter) we show that the translation preserves typing,
subtyping, and equality.

F<.p can then be used as an expressive calculus of extensible records,
either directly or to give meaning to yet other languages. We show that
F<.p can express many of the standard benchmark examples that appear in
the literature.

Like other record calculi that have been proposed, F..p has a rather
complex set of rules but, unlike those other calculi, its rules are justified
by atrandation to a very simple calculus. We argue that thinking in terms
of translations may help in simplifying and organizing the various record
calculi that have been proposed, as well as in generating new ones.
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1. Introduction

Extensible records, and the associated notion of row variables, were introduced by
Mitchell Wand while he was studying the problem of type inference in a polymorphic A-
calculus with record types [Wand 1987]; a row variable is a type variable ranging over
the possible field-extensions of a record type. Many calculi of row variables have been
produced since then [Jategaonkar, Mitchell 1988] [Rémy 1989] [Wand 1989] [Harper,
Pierce 1990] [Cardéelli, Mitchell 1991], and many more can be imagined. As we try to
increase the expressiveness of these calculi, the axiomatization techniques become more
and more divergent and complex. To be able to compare and discuss these different
calculi, we feel the need of some more fundamental framework. This paper suggests that
a very simple calculus of subtyping can be used as a basis for studying much more
complex calculi of extensible records.

In the search for a unifying framework, we can adopt the following working
hypothesis. every reasonable calculus of row variables should be reducible to a calculus
without row variables, via a well-behaved translation. The purpose of this hypothesisis
not to eliminate row variables completely, since the translated programs would become
too verbose to be useful; the purpose is to gain insights in the study of calculi with row
variables. Even if our working hypothesis turns out to be false, which it may well be, we
will have distinguished the easier features that can be translated from the more complex
ones that cannot.

To carry out this plan, we need to fix a suitable target calculus for the trangdlation.
Since we are studying type variables, alikely choice would seem to be the second-order
A-calculus (system F [Girard 1971] [Reynolds 1974]). To express the idea that the
trandlation is well-behaved, we require some basic soundness properties such as the
preservation of typing, subtyping, and equality relations. But, in order to preserve
subtyping relations, we need to translate to a target calculus that still has a notion of
subtyping; otherwise we would gain little insight about the complex subtyping relations
induced by extensible records. For a similar reason, we are not interested in untyped
target calculi, for which translations are easily obtainable.

As target calculus we use therefore an extension of F with subtyping, called F.. (F-
sub), which has been studied recently [Curien, Ghelli 1991] [Curien, Ghelli 1992]
[Cardelli, et al. 1991]. The fact that a translation of extensible records into F.. is at all
possible also gives us new evidence about the expressiveness of F.., and reinforces our
feeling that F.. can be regarded as a canonical calculus of subtyping.

Before the main discussion, we briefly review the motivations that led to the notions
of row variables and extensible records.

In a calculus with records, a program may contain expressions liker.l wherer denotes
arecord value and the label | denotes a field of that record; then the record selectionr.l
denotes the value of thefield labeled | inrecordr.
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Given the expression r.| we can infer that r has a type of the form Red(l:A), that is, a
record type having afield labeled | of type A; the type A is to be determined later. Given
another expression r.I' in the same program, we can then infer that r has a type of the
form Red(l:A|I":A"), and so on.

This form of typing, though, becomes insufficient when considering record updates.
The expression r.l<—a denotes a record similar to r, except that the value of its |
component is updated to a. Consider now the program:

p2A(Nril<a
Assuming a:A, and for any type B, we can infer the typing:
p: Red(l:B)—Rcd(l:A)

Given arecord value rcd(l=b,I'=b"), having two fields labeled | and I' with respective
values b and b', we consider legal the expression p(rcd(I=b,I'=b")) because the argument
has all the fields required by the type of p. This expression then receives the type
Rcd(l: A), because of the typing of p above. Unfortunately, by this typing we have
forgotten that the argument of p, and hence its result, has another component labeled I'.
Thisis unsatisfactory.

To capture the kind of polymorphism required by the record update operation, we
introduce row variables. Record types are extended to the more general form
Red(l1:Aq,..,1:AX), where Xis arow variable intended to represent “all the other fields’
of a given record type; in this case all the fields except the ones labeled I;..l,,. We can
then assign to the program p the more informative type:

p: Red(l:B,X)—=Rcd(l: A,X)
Now, in p(rcd(I=b,I'=b',1"=b")), where b":B" and b":B", the row variable X is bound to
I":B',I":B" (arow type), producing the expected result type Rcd(l:A,l':B'|":B") by
substitution of I':B',I":B" for X.

In this form of type inference we must keep track of constraints on the row variables,
such as the fact that X in the example above must not come to contain | components
(otherwise we would have a duplicate label). These constraints can be made manifest by
adopting a type system featuring explicit polymorphism; then program p receives the
typing:

p: YY) V(XT) Red(l:Y,X)—=Red(l: A,X)
Here X Tl means that X is undefined at label | (that is, X can be bound only to row types

that have no | components). Appropriate types and rows must then be explicitly supplied
asargumentsto p, asin:

p(B)(I":B'I":B")(red(I=b,I'=b',|"=b"))
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This is finally a satisfactory typing of p, athough for practical reasons we may
require some type inference to avoid writing down the type arguments (B) and
(":B',":B"). We do not discuss type inference here, which we consider as a pragmatic
variation on the basic calculus.

In Wand's original view, and in further developments [Rémy 1989] [Harper, Pierce
1990], row variables are type variables of a different kind. In contrast, in [Cardelli,
Mitchell 1991] we studied an explicitly polymorphic type system where both row
variables and type variables are instances of second-order type variables, therefore
unifying the two concepts. In this paper we go back to the original view that row
variables are separate, but we show that they can ultimately be expressed as ordinary type
variables.

In outline, this paper shows how a calculus with row variables, F..p, can be
represented in a simpler calculus without row variables, F.., via a translation. Given
independent axiomatizations of F..p and F.. (the former being an extension of the latter)
we prove that the trandation is well-behaved, in that it preserves typing, subtyping, and
equality.

The paper is organized as follows. Sections 2 and 3 recall the definition of F.. and its
expressive power (borrowing from [Cardelli, et al. 1991]). Section 4 gives the main
intuitions of the encoding of extensible recordsin F... Section 5 describes F..p. Section
6 givesthe trandation of F..pinto F.., and finally section 7 shows that the translation is
sound.

Examples of the expressive power of F..p and comparisons with other calculi are
delayed until section 5.5. We show there that F..p can express many of the standard
benchmark examples that appear in the literature. We encourage readers to examine these
examples whenever convenient.

Readers who wish to learn about F..p as a language of records but who are not
interested in the trandlation into F.., may confine themselves to sections 1, 2.0, 2.1, 2.2,
5.0,5.1,5.2,5.4,55, and 8.

2. System F_.

In this section we describe the target calculus, F.., for the trand ation that will follow.
F<. can betrandated in turn into atrivial extension of F called F; [Breazu-Tannen, et al.
1989]. However, the known translations from F. to F; do not preserve subtyping in F..
[Martini 1990]; this reinforces the point that translating to F.. is more informative than
translating directly to F.

F. isobtained by extending F with a notion of subtyping (<:). This extension alows
us to remain within a pure calculus. That is, we introduce neither the basic types nor the
structured types normally associated with subtyping in programming languages. Instead,
we show that these programming types can be obtained via encodings within the pure
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calculus. In particular, we can encode record types with their subtyping relations
[Cardelli 1988].

2.1 Syntax

The syntax of F.. extends the syntax of F as follows. A new type constant Top
denotes the supertype of all types. Second-order quantifiers acquire a subtype bound:
7(X<:A)A' (bounded quantifiers [Cardelli, Wegner 1985]). Ordinary second-order
guantifiers are recovered by setting the quantifier bound to Top; we use V(X)A for
V(X<:Top)A. The syntax of values is extended by a constant top of type Top, and by a
subtype bound on polymorphic functions, A(X<:A)a. We use A(X)a for A(X<:Top)a.

Syntax

AB = Types
X type variable
Top the supertype of al types
A—B function space
V(X<:A)B bounded quantification
ab:= Vaues
X value variable
top canonical value of type Top
A(XADb function
b(a) application
A(X<:Ab bounded type function
b(A) type application

A subtyping judgment is added to F's judgments. Moreover, the equality judgment on
values is made relative to a type; this is important since values in F.. can have many
types, and two values may or may not be equivalent depending on the type those values
are considered as possessing.

Judgments
FE env E isawell-formed environment
EF Atype Aisatype
EFA<:B Aisasubtype of B
EFa: A ahastype A
EFa<Db:A a and b are equal members of type A

We use dom(E) for the set of variables defined by an environment E.
As usual, we identify terms up to renaming of bound variables; that is, using
C{X<-D} for the substitution of D for X inC:

V(X<:A)B = V(Y<:AB{X<Y}
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A(xA)b A(Y:A) (b{x=-y})
AX<:A)b ACY<:A) (b{X<Y})

These identifications can be made directly on the syntax, that is, without knowing
whether the terms involved are the product of formal derivations in the system. By
adopting these identifications, we avoid the need for a type equality judgment.
Environments, however, are not identified up to renaming of variables in their
domains; environment variables are kept distinct by construction. A more formal
approach would use de Bruijn indices for free and bound variables [de Bruijn 1972].

2.2 Rules

The inference rules of F.. are listed below; we now comment on their most
interesting aspects.

The subtyping judgment, E - A<:B, defines, for any E, a reflexive and transitive
relation on types with a subsumption property: a member of atype is also a member of
any supertype of that type. Every type is a subtype of Top. The function space operator —
is antimonotonic in its first argument and monotonic in its second. A bounded gquantifier
is antimonotonic in its bound and monotonic in its body.

The rules for the typing judgment, E - a: A, are the same as the corresponding rulesin
F, except for the extension to bounded quantifiers. However, additional typing power is
hidden in the subsumption rule, which for example allows a function to take an argument
having a subtype of the function's input type.

Most of the equivalence rules, EF a<=b:A, are unremarkable. They provide
congruence over the syntax, and  and n equivalences. Two rules, however, stand out.
The first, (Top collapse), states that any two terms are equivalent when “seen” at type
Top. Since no operations are available on members of Top, al values are
indistinguishable at that type; this fact will have many interesting consequences in the
sequel. The second, (Eq appl2), is the congruence rule for polymorphic type application,
giving general conditions under which two expressions b'(A") and b"(A") are equivalent at
atype C. Thisrule also has many intriguing consequences, but these will not be explored
here. They are described in [Cardélli, et al. 1991].

Environments

(Env g) (Envx) (Env X)
EFAtype xedom(E) EFAtype Xedom(E)
Fgenv FEXAenv FEX<:Aenv
Types
(Type X) (Type Top)
F EX<:AE env FEenv
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EX<:AE'I Xtype EF Top type
(Type —) (Type V)
EFAtype EF Btype EX<:Al Btype
E+ A—Btype EF V(X<:A)B type
Subtypes
(Sub refl) (Sub trans)
EF Atype EFA<:B EFB<:C
EFA< A EFA<:C
(Sub X) (Sub Top)
FEX<:AE' env EF Atype
EX<AE F X<:A EFA<: Top
(Sub —) (Sub V)

EFA<:A EFB<!B

EFA—-B<: A—B

Values
(Subsumption)
EFaA EFA<:B
Era:B

(Val fun)
ExAFbB

EFA(XADb: A—B

(Val fun2)
EX<:At b:B

EFA<:A EX<:A'FB<B
ElF V(X<:A)B<: V(X<:A)B'

(Val X) (Val top)
FEXAE env FEenv
EXAE FxA EFtop: Top

(Val appl)

EFb:A—=B EraA
EFDb(@):B

(Val appl2)
EFb: V(X<:AB EFA<:A

EFAX<:A)b: V(X<:A)B

EF b(A) : B{X<A}

Equivalence
(Eq symm) (Eq trans)
EFa<sb:A Era<b:A EFb<c:A
EFb<a:A EFa<cCc:A
(Eax) (Eq collapse)
EFXxA EFa: Top EFb:Top
EFX<Xx:A EFa<b:Top
(Eq fun) (Eq appl)
ExXAFb<b :B

EFb<b:A—-B EFa<a:A
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EFAXAD < A(XA)DL : A—B EFb(a) < b'(@): B

(Ed appl2)
(Eq fun2) EFb<b": V(X<:AB EFAA'<A
EX<:AFkb<sb': B EF B{X<A}, B{X<A"}<: C
EFAX<:Ab <= A(X<:A)b': V(X<:A)B EFD'(A) <=b"'(A"): C
(Eq Eta) (Eq Eta2)
EFb<b:A—=B y«om(E) EFb<b: V(X<:A)B Yedom(E)
EFA(y:Ab(y) <=b' : A—=B EFA(Y<:A)b(Y) <= b': V(X<:A)B
(Eq Beta) (Eq Beta2)
ExXAFb<b:B Ela<a:A EX<:AFb<b:B EFA<:A
EF (A(xA)b)(a) <= b{x<a}:B EF (AX<:A)b)(A") <= b'{X<A} : B{X<A}

This calculus was first extracted by Pierre-Louis Curien from the one in [Cardéelli,
Wegner 1985] and studied by him and Giorgio Ghelli [Curien, Ghelli 1992] under the
name F.. The present F.. is arefinement of F, achieved mostly by extending the (Eq
appl2) rule. It isstudied in [Cardelli, et al. 1991].

The following derived rules will be needed later. Their proofs follow from the
lemmas listed in section 5.3 for F..p. (Those lemmas hold for F.. as well, when
restricted to the syntax of F...)

Lemma (subsumption equivalence)
The subsumption rule extends to the equality judgment:

(Eq subsumption)
EFa<a:A EFA<:B

EFa<a:B

Lemma (domain restriction)
If f. A—B, then f is equivalent to its restriction f |5, to a smaller domain A'<:A, when
they are both seen at type A'—B. That is:

(Eq fun’)
EFA<:A EFB<:B ExAFb<b:B
EFAXAD < AXA)D : A—B

Lemma (bound restriction)
If f. V(X<:A)B, then f is equivalent to its restriction f |, to a smaller bound A'<: A,
when they are both seen at type V(X<:A)B. That is:
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(Eq fun2)
EFA<:A EX<!AFB<:B' EX<:Akb<b':B

EFAX<:Ab <= A(X<:A)b': V(X<:A)B'

3. Basic encodings

Since F.. is an extension of F, it can express al the standard encodings of algebraic
data types that are possible in F [Béhm, Berarducci 1985]. However, it is not clear that
anything of further interest can be obtained from the subtyping rules of F.., which
involve only an apparently useless type Top and the simplerulesfor — and V.

In this section we begin to show that we can in fact encode rich subtyping relations on
familiar data structures. In section 4 the encodings become more involved; this increase
in complexity then motivates the switch to an independently axiomatized system (F<.p)
in section 5.

3.1 Booleans

In the sequel of section 3 we concentrate on inclusion of structured types, but for this
to make sense we need to show that there are some non-trivial inclusions already at the
level of basic types. We investigate here the type of booleans, and in the process we
illustrate some interesting consequences of the F.. rules.

Starting from the encoding of Church's booleansin F, we can define three subtypes of
Bool asfollows (cf. [Fairbairn 1989]):

Bool £ V(A) A—=A—A

True £ V(A) A—Top—A

False £ V(A) Top—A—A

None £ V(A) Top—Top—A
where:

None<: True, None<: False, True<: Bool, False<: Bool

Looking at all the closed normal forms (that is, the elements) of these types, we have:

trueg,y - Bool 2 A(A) A(x:A) A(Y:A) X
falsegyy : BoOl £ A(A) A(XA) A(Y:A) Y
truer e - True 2 A(A) A(x:A) A(y:Top) x
falser, o  False 2 A(A) A(x:Top) A(y:A) Y

We obtain four elements of type Bool; in addition to the usual two, trueg,, and falseg, ),
the extra truey, o and falser, ,, have type Bool by subsumption. However, we can show
that trueg,y and truey, o are provably equivalent at type Bool, by using the domain
restriction lemma ((Eq fun’), section 2.2).
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EA<:TopxAy:TopFx<x: A EFA<:Top

EA<:TopXAF A(y:Top) X <= A(Y:A) X : A=A (Eq fun’)
EA<:TopF A(X:A) A(Yy:Top) X <= A(X:A) A(Y:A) X : A=A—A

EFA(A) AQCA) A(y:Top) X <= A(A) A(XA) A(Y:A) x: V(A) A=A—A
EFtrueq, e <> trueg,, : Bool

Similarly, we can show that E I- falser, o, <> falseg,y : Bool. Hence, there really are
only two different values in Bool.

3.2 Products
The standard encoding for pairsin F already exhibits useful subtyping properties:
AxB £ V(C)(A-B—C)—C
Since both A and B occur in monotonic positions in AxB (being twice on the left of an
arrow), we obtain the expected monotonic inclusion of products as aderived rule:
EFA<:A EFB<:B
EFAXB<: A'xB'

The operations on pairs are defined, as usual, as:

pair . V(A) V(B) A-B—AxB

2 A(A) A(B) A(a:A) A(b:B) A(C) A(f:A—=B—C) f(a)(b)
fst : V(A) V(B) AXB—A

2 A(A) A(B) A(c: AxB) c(A)(A(x:A)A(y:B)X)
snd : V(A) V(B) AxB—B

2 A(A) A(B) A(c: AxB) c(B)(A(x:A)A(y:B)y)

We often use the following abbreviations, disambiguated by context:

ab = aaxgb = pair(A)(B)(a)(b)
fst(c) = fstaxg(C) = fst(A)(B)(c)
snd(c) = sndaxg(c) = snd(A)(B)(c)

3.3 Enumerations
Enumeration types (that is, finite sets) form another collection of base types with
interesting inclusion relations. We describe them here because they show an interesting
use of the Top type, and hint at the encoding of tuplesin the next section.
The enumeration of zero elements can be defined as:
Ng £ V(A) Top—A
This type has no closed normal forms, hence no “elements’.
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The enumeration of one element is defined as:
N; £ V(A) AXTop—A
This type has just one closed normal form:
one;: Ny 2 A(A) A(x:AxXTop) fst(x)

Moreover, Ng <: N; because AxTop<:Top.
The enumeration of two elementsis defined as:

N, 2 V(A) AxXAxTop—A
This type has the two closed normal forms:

one, : N, A(A) A(x: AxAXTop) fst(x)
two, : N, A(A) A(x: AXAxTop) fst(snd(x))

Moreover, N; <: N,, and by subsumption:

> s

one; : N,

We find that N, has three elements. As for booleans, we can prove that two of these are
equal in No:
- one; <=one,: N,
At this point the pattern of enumeration types should be clear:
N, £ V(A Ax.xAxTop—A

n .
ntimes

with N, <: N, 1, where N, has n distinct elements.

3.4 Tuples
A tuple type Tuple(A,,...,A,,,C) denotes an iterated product type. Itslast slot, C, can be

filled with any type. When C is atype variable, we have an extensible tuple type. When it
is Top, we have a simple tuple type.

Tuple(C) £ C
Tuple(A,....A,C) 2 AX(..x(A,xC)..) n=1
Hence we have:

Tuple(A,,... A, Tuple(By,....B,C)) = Tuple(A,,...,A,By.....B1,C)
with derived rule:

EFA;<!B; .. EFA,<!B, EFC<:D

EF Tuple(A;....A,,C) <: Tuple(B,,....B,,,D)

Asaspecia case we obtain the rule for simple tuples:
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EFA;<!B; .. EFA <IB, EFA, type .. EFA,type
EF Tuple(Aq,...A - Ay TOP) <: Tuple(B,,...,.B,,, Top)

For example:

Tuple(A, B, Top) <: Tuple(A, Top)
since A<: A, BXTop <: Top, and x is monotonic.

We note here that the type Top assumes a very useful role, in alowing a longer tuple
type to be a subtype of a shorter tuple type. The intuition is that alonger tuple value can
always be regarded as a shorter tuple value, by “forgetting” the additional components,
and thisis possible since everything is forgotten in Top.

For tuple values we have:

tuple(c) 2 ¢

tuple(ay,....a,¢) 2 ag,(...(ay ©)..) n=1

tuple(ay,....atuple(by,...,0,,C)) = tuple(a,...,.a,,04,....0,,C)
with derived rules:

EFa, A ... EFa,t A, EFarA

Etuple(ay,...,a,,a) : Tuple(Ay,....ALA)

EFaj<b; A .. EFa,<b,: A, EFa<b:A

EFtuple(ay,...,a,,a) < tuple(by,...,b,b) : Tuple(A,,...,AA)
The basic tuple operations are: alil, dropping the first i components of tuple a; and a.i,
selecting the i-th component of a. These are defined by iterating product operations; we
use the abbreviations:

all = a%i = drop(A)(@ = snd;(a)
ai = a.Aii = sdi(A)(a) = fst(ad)
More precisely:

dropg : V(A) Ag—Ag

2 MAY A(tAY t
selg @ V(A AgXTop—A,

2 AMAg A(t:ApxTop) fst onTop(drOpo(onTOp)(t))
drop; : V(A TopxA—A;

2 (A A(t: TopxA)) deOpro(dropo(TopXAl)(t))
sel; @ V(A TopxA;xTop—A

2 A(A)) A(t: TopxA, xTop) fst AleOIO(dropl(Aleop)(t))

etc...

We obtain the derived rules:
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Era: Tuple(Ag,...A1,A) EFa: Tuple(Aq,...A A)

EFali: A EFai : A
EFag:Ay ... EFg. A4 EFa:A Elray:Ay .. EFa:A EFa:A
Etuple(ay,...a @) <=a: A Etuple(ay,....a,a).i <> g : A

Example:

let f: V(X<:Tuple(B,Top)) Tuple(A,X)—Tuple(AAX) =
A(X<:Tuple(B,Top)) A(t: Tuple(A,X)) tuple(t.o, t.0, t/1)

f(Tuple(B,C,Top))(tuple(a,b,c,top)) <= tuple(a,ab,c,top)
. Tuple(AA,B,C,Top)

We have now developed the necessary techniques for encoding record types; thisis
the subject of the next section.

4. Records

The general plan, carried out in later sections, is to axiomatize the rules for records
independently, and then provide a translation (encoding) into a calculus without records.
In this section we are a bit more informal, and we discuss the encoding of record types
without first discussing their derived type rules. Some pathologies caused by this
approach will disappear |ater.

4.1 Simplerecords

Let L be a countable set of labels, enumerated by a bijection 1eL—=Nat. We indicate
by I, with a superscript, the i-th label in this enumeration. Often we need to refer to alist
of n distinct labels out of this enumeration; we then use subscripts, asin |;..l,. So we may
have, for example, 115,13 =15,1L117. More precisely, |,..|,, stands for 19),..190 for some
injective o € 1..n—=Nat.

A record type has the form Red(l1:A4, .., ;A C), where the fina type C will
normally be either Top or a type variable. Once the enumeration of the set of labelsL is
fixed, arecord type is encoded as a tuple type where the record components are allocated
to tuple slots as determined by the index of their labels. That is, the component of label I
is alocated to the i-th tuple slot; the remaining slots are filled with Top “padding”. For
example:

Red(12C, 10:A, D) 2 Tuple(A, Top, C, D)

Since record type components are canonically sorted under the encoding, two record
types that differ only in the order of their components will be equal under the encoding.
Hence we can consider record components as unordered.
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As an artifact of the encoding, a missing record field of label 1! is equivalent to afield
Il : Top. However, the type rules for these two situations will differ, and in the former
case the extraction of the label I will not be allowed.

A record type whose final component is Top is called a simple record; one whose
final component is a type variable, is called an extensible record, or simply a record.
Only these two situations will be allowed by the type rules for records; for example,
notice that Red(10:A, Red(11:B, C)) is not very meaningful under the trandlation.

From the encoding, we can derive the familiar rule for simple records [Cardelli 1988]:

EFA;<!B; .. EFA,<!B, EFA, type .. EFA.type
EFRed(l: Aol - Aol A TOP) < Red(h:By,...1 1B, Top)
The conclusion holds because any additional field I,: A, (n<ksm) on the left of <: is

absorbed either by the Top padding on the right, if (I, )<max(i(l,)..i(1,))), or by the final
Top, otherwise. For example:

Red(19:A, 11:B, 12:C, Top) = Tuple(A, B, C, Top)
<: Tuple(Top, B, Top) = Red(11:B, Top)

Record values are similarly encoded, for example:
rcd(12=c,10=a,d) 2 tuple(a, top, c, d)

from which we obtain the rules for ssmple records:
EFa, i A .. EFa i A,
EFred(l,=a,,..l,=a,top) : Red(l1:A;,...|,;:A,, Top)
EFa<=a i A ... EFa,<=a I A,
Erred(l;=ay,..l;=a,top) <> rcd(ly=a'y,...|;=a',,top) : Red(l:Aq,...1:A, Top)

Record selection is encoded as follows:

rl, 2 ra)

with therule:
EFr: Rcd(l:ATop)
EFrl:A

By subsumption, we have the following derived rules:
EFa; Ay .. EFa t A, ... EFa, T A,
Erred(l;=ay,../ ;=8| =a,top) - Red(l1:Ay,...l,:A,, Top)
EFa;<b; A .. EFa,<b,: A,
EFa,1:Byq - EFa,:By EFb,1:C 1 ... EFby:Cy
EFred(l 1:al,..,ln:an,..,lp:ap,top) <rcd(l=by,..I ;= bn,..,lq: bq,top)
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- Red(l4:Aq,..1 A, Top)
EFr:Red(l1:Ay,...l:A,TOp) iel.n
Ebrlii A

The second rule above is particularly interesting. It expresses a form of observational
equivalence: two records are equivalent at a given type if they coincide with the
components that are observable at that type. Ultimately, this is because any two values
are equivalent at type Top.

An interesting question about simple records remains: what is the equivalent of the [J
operator on tuples? To answer this, we must turn to extensible records.

4.2 Extensiblerecords

In the next section we fully axiomatize a system with row variables, F..p. To
understand that axiomatization better, it may be useful to have an idea of the translation
into F.. that will follow. In this section we sketch the main ideas of that translation, but
the reader can skip to section 5 at any point.

As we have done with tuples, we would like to place a type variable at the end of a
record to capture all the “additional” components.

Tuple(A, B, C, X) X represents all the other tuple components
Red(10:A, 12:C, X) X represents al the other record components

When tranglating these records into tuples, we see that, to achieve the desired effect, the
final type variable must split into a set of type variables. (We use the symbol ~ to mean,
informally, “translatesto”.)

Red(10:A, 12:C, X) =~ Tuple(A, X1, C, X3)

Here X cannot be bound to a single (record) type; it must be bound to a labeled
collection of types that fills the slots X! and X3 exactly. We call these collections type
rows, and X arow (type) variable.

Consider, for example:

Red(I0:A, 12:C, 1%E, X)

Here the row variable X can be instantiated only to a type row that does not contain
components labeled 19, 12, or 14, since these are already accounted for. For example, X can
be instantiated to the type row 11:B, 13:D, Top.

We express this constraint on the instantiations of X by saying that X must have kind
“110,1214" which reads “... is undefined (exactly) at 19,12,14" or “... does not cover
(exactly) 10,1214,

A constrained row variable X 'L is hence translated to a sequence of type variables
with “gaps’ at L; for example:
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Xy =~ x0

xNo =~ xi xNojl =~ x2
XMl = X0 x2 xNoji2 =~ xi x3
xN2 = xOx,x3 xMil2 =~ x0x3

Therefore, the first step in extending F<. with row typesis to allow constrained row
variablesin environments:

E, XML E'F...
Then, if XL =Xy, ..., X, wetrandate:
EXTLE Red(I:Ay, -, 1AL, X) type
~ E'Xq, ., X, ETuple(By, ..., Bry 1 Xp) type

where the B; are the X;...X,, ; and the A;...A,,,, in the proper order.
To manipulate type rows and row variables we introduce a new judgment form
(described in detail in the next section):

EFR L

where R is a type row (including a row variable), and L is the set of labels that are not
covered by the row R. In general we need to translate not just records, but rows, which
may have missing components:

(%A 1Z2C,X) M4 ~ A -,C X3,-,X> (arow missing 15 and 4th).
Once row variables are allowed in environments, they give rise naturally to
quantifiers V(X L), and binders A(X'L). These row quantifiers and row binders must

decompose under translation into sequences of type quantifiers and type binders. For
example, we have:

V(X 112) Red(1L:A; X) — B
= ¥Y(X9) ¥(X? Tuple(X°,A X2 —B

We now come to the most important issue of the trandlation: matching the number of
arguments of a row type function A(X 'L)a to the number of parameters in a row type
application (A(XL)a)(R'L). The application form for a function b: V(X 'L)B will have
the shape:

b(RTL) : B{X<R} for RIL
where B{X<-R} isarow substitution such that (for & arow variable or Top):

Red(I1:Aq ol i Ay X) {X <" 1Byl i By )} =
Red(l:Aqrel i Al 1Bl 1 By €)

We have seen that the translations of V(X 7L)B and A(X 'L)b convert the single parameter
X TL into a sequence of parameters whose length can depend only on L. We call this
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length JL: the dimension of L. When translating an application b(R fL) we must then
produce a sequence of applications of size dL, irrespectively of the actual parameter R.
This may require some regrouping of the components of an argument row R. For
example:

b(12:A2Y T1113) (where b: V(X "1U3)B and YT11123 ~ Y0,y4
=~ b(YO)(A2)(YH and 12A2)Y 11143 ~ YO A2 Y4)
b(13:A3Y 11112 (where b: (X 142)B and Y1123 ~ YO, y4

~ b(YO)(Tuple(A3,Y4) andI3:A3)Y M112~ YO A3 Y4)

In the second case, b(Y®)(A3)(Y# would be wrong; we must group A3 and Y# into
Tuple(A3,Y4), to match the two parameters (X0 and X3) expected by b. For uniformity in
the trandation, we always take the last parameter to be a tuple (since Tuple(A)=A), so the
first case above becomes:

b(12:A2)Y 1113)
=~ b(YO)(A?)(Tuple(Y*)

In conclusion, we can say informally that row variables translate to rows of variables,
row types to rows of types, row quantifiers to rows of quantifiers, row applications to
rows of applications, etc. The main difficulty in the transation is to ensure that all these
rows match properly. For this, the precise relation between arow R 'L and its dimension
oL, will be discussed in section 6.

We now turn to a formal system based on the intuitions about the translation of
records into tuples developed in this section.

5. System F..p
We now extend F.. with records and row variables, as discussed in section 4; the
resulting system iscalled F..p.

5.1 Syntax

Typesin F.. are augmented by the following: record types Rcd(R), where Ris arow
type that must be defined at all labels; row function types R 'L — B from an input of row
type R ML to an output of type B; and row variable quantifications V(X fL)B, whereL isa
set of labels at which X is undefined.

A row typeis either the constant Etc, standing for an “empty row” (more precisely, an
unnamed extension of the current row type); a type variable X, standing for an extension
of the current row type; or |: AR, extending the row type R by afield of type A and label |.

Vaues are augmented by the following: recordsrcd(r), where r is arow value defined
at al labels; row functions A(x-R fL)b accepting arow value for x of row type RL; and
row type functions A(X 'L)b accepting a row type for X that is undefined at L. Record
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selection a.l can be used on a record a that is defined at |I. A row function b can be
applied via b(r fL) to a row value r undefined at L. A row type function b can be
instantiated viab(R L) to arow type R undefined at L.

Finally, arow value is either the constant etc, standing for an “empty row” (or, an
unnamed extension of the current row value); a row variable x; an extension I=a,r,
extending row value r by afield of value a and label I; or a restriction a\L, producing a
row value undefined at L from arecord a.

Syntax
L= g, 01, Label set
AB:=.. Typesasin F.., plus:
Rcd(R) record type
RL—B row function space
v(xL)B row quantification
RS:= Row types
X row type variable
Etc empty row type
AR row type R plusfield A labeled |
ab:= .. Valuesasin F.., plus:
red(r) record value
al record selection
Ax-RL)b row value function
b(r L) row value application
AXTL)b row type function
b(RTL) row type application
rs:= Row values
X row value variable
etc empty row value
I=ar row value r plusfieldalabeled |
a\L row value of record a without fieldsin L

Asdiscussed in section 2, we identify terms up to renaming of bound variables:
v(xL)B V(Y TL)B{X<Y}
AXTL)b AXTL)b{X<Y}
Ax-RMTb = A(y-RIL)b{x<y}
Moreover, we identify rows up to reordering of labeled components:
:AIA'R A LAR
|I=al'=a'r I'=a',|=ar
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and we identify terms up to any permutation L' of alabel set L:

v(X TL)B = yX'L)B R'L—B = RML'—B
AXTL)b = AXLYb b(R'L) = b(RILY

Ax-RMb = Ax-RL)b br'L) = b(r L)

a\L = a\l'

Again, these identifications are legitimate because they depend only on the syntax of
terms, and not on their derivations.

Given the identification of label sets above, we adopt the following notational
convention used in the inference rules:

I.L 2 {I}JL wherelgL

We now add to F.. four judgments about rows, which all involve aset L at which the
rows are undefined.

Judgments
Judgmentsasin F.., plus:
EroR L Risarow type not covering L
Etor-RL r has row type R/L
EpR<.-SL Risasubrow of S both not covering L
Etor <r-R L risequal tor' at row typeR 'L

It is important to notice that the L information is preserved exactly in F..p
derivations, in the sensethat Et» 9 'L = E+p 3 TL' isnever derivable for L£L' for any
of the four judgments. Hence, when we say that arow is undefined at L, we aways mean
undefined exactly at L.

5.2 Rules

We indicate by Fp the judgmentsin F..p, to distinguish them from the judgmentstin
F<.. Therules of F..p consist of acopy of the rules of F.. (with I replaced by Fp) plus
the ones listed below. We now briefly comment on the F..p rules.

A row type is formed by starting with a row variable X 'L, or with arow Etc/L, and
then prefixing fields I: A with €L, at each step discarding | from L. Note that Etc can be
assumed to lack any set of labels to start with. Informally, we can imagine either that an
element of Etc/L is a collection of n=#L empty slots that are later “filled in”, or that an
element of Etc L is an infinite row with “gaps’ corresponding to L, and with all the other
components filled with an error value.

A record type can be formed only from a complete row R (), one lacking no labels.
(Wecdl R f() complete even though we have only finite information about the labels of
R; for example, Etc/() is complete but entirely unknown.) This completeness
requirement is probably not essential, but gives us a simpler calculus where record types
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carry only positive information, while row variables carry only negative information
[Harper, Pierce 1990].

The subrow judgment, E+p R<.. S 'L, is mainly an auxiliary one used to define
subtyping on records. According to this judgment, every row is a subrow of Etc; then we
have componentwise subtyping on fields having the same label. Hence, a longer row
ending in Etc is a subrow of a shorter row ending in Etc if their corresponding
components are in subtype relation. Rows ending with the same type variables must have
the same length (otherwise, assuming X /I, what could L be in E o LA X <. X TL ?).
Rows ending in distinct type variables are unrelated, since we have no information about
the labeled types that may be substituted for the variables.

Record values can be created only from complete rows, as discussed above. Given a
record a : Red(l: A,R) we can select its| component by a.l : A. Moreover, given arecord a
: Red(l1:Aq.1,-ALR) we can extract a row all .- R'L from it by removing all the
components with labelsin L.

In F.. any two values are equivalent in Top. Similarly, in F<.p any two row values
are equivalent in Etc.

Environments

(Envx fL) (Env X L)
EFoRTL  xedom(E) FoEenv Xegdom(E)
Fp Ex-RTL env Fo EXTL env
Types
(Type Red) (Type = L) (Type ¥ L)
EtoR 1) EtoR L ErpBtype E,X 'L ko B type
E o Red(R) type Etp RIL—B type Etp V(X TL)B type
Row types
(Type X) (Type Etc) (Type cons)
Fo E' XTLE" env o E env EroRMNL EtrpAtype
E,XMLE FoX ML Etp Etc L Erto AR L
Subtypes
(Sub Red) (Sub - 1L) (Sub v L)
EtpR<-R 10 EtpR<:R'L ErpB<:B EXTL+oB<: B type

EtpRed(R) <: Red(R)  ErpRIL—=B<:RTL—=B  Etp V(XTL)B<: UXTL)B type
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Subrows

(Sub Row refl) (Sub Row trans)
EroR L EroR<-STL ErpS<.TL
EroR<-R L EroR<-T L
(Sub Etc) (Sub cons)
EoR L EroA<:B EFpR<..STIL
EtpR<.Etc 'L Erol:AR<..1:B,S L
Values
(Val rcd) (Val sdl)
Etor-R () Etpa: Red(:AR)
E Fp red(r) : Red(R) Etpal: A
(Val fun L) (Val appl L)
Ex-RILFob:B Etob:RIL-B Erpr-RIL
Eto Ax-RTL) b: RTL—B Etob(rfL): B
(Val fun2 TL) (Val appl2 L)
EX'Ltpb:B Etob: (X'TL)B EFpRIL
Etp AXL)b: V(XTL)B Etp b(RTL) : B{X<R}
Row values
(Row Subsumption) (Val x fL)
Etor-RTL EFoR<.SIL o E' x-RTLE" env
Etlor-STL Ex-RILE Fox-R L
(Val etc) (Val cons) (Val restr)
o E env Elpr-RAL ElpaA Erpa: Red(lg:Ayl AR
Etpetc.. Etc 'L Ebpl=ar AR L Ebpalgd, =R M.l

Value equivalence
(Eq rcd) (Eg sdl) (Eq Eval sdl)

Elpr<r ..R f() Etpa<a : Red(l:AR) Elor-R N EfFpa<=a’ A
EFp red(r) <= red(r') : Red(R) Elpal «<=al: A EFprcd(l=ar).l <=a: A
(Eqfun L) (Eqappl L)
Ex:-RILIpb<sb : B Etpbesb : RIL=B Efrprer-R L
Erp Ax-RTL)b < A(x-RTL)b' : RTL—B Etpb(rfL) < b(r'fL): B
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(Eqfun2 1L) (Eq appl2 /L)

EX/Ltob<b:B Ebpb<b: VXM)B ErHRIL
Etp AXTL)b<=AXL)b' : Y(XTL)B Etp b(RIL) <= b'(RTL) : B{X<R}
(Eq Beta L) (Eq Eta TL)
Ex-RILFpb<b:B Ekrprer.-RL Etpb<b:RIL—B yedom(E)
Etp Ax-RTLD)(r) < b'{x<r'}: B Etp Ay-RTL)b(y L) < b : RTL—B
(Eq Beta2 fL) (Eq Eta2 L)
EXLtpb<b:B EFoRTL Etpb<b: YXM)B Yedom(E)
Etp AXTL)b)(RTL) <=b{X<R} : B{X<R} Etp AYTL)b(YTL)<b' : V(XTL)B

Row value equivalence

(Eq Row symm) (Eq Row trans)
ElpresR 'L Elpress-R'L EFps<t-RL
Elps<r-R L Elpr<t-R/L
(Eq Row Subsumption) (Eq Row collapse)
Elorer-RTL ErFoR<.S'L Etor-Etc 'L EFrps-Etc 'L
Eblprer.-STL Eblor <»s..Etc L
(Eqx L) (Eq etc) (Eq cons)

Elpox.-RTL Fo E env Elporer-RMN.L Elpa<a:A
Elpx<>x.-RIL Elpetc<etc..Etc /L Elpl=ar < l=ar -1:AR 'L
(Eq restr) (Eq Eval restr)

Ebpa<a : Red(I1:A.1,ALR) Elpr<r'.-R fll..ln EloaiAy ... ElFpa A,

EFpall,<alld =R Ebpredl=a,l=a, Ml <r =R AL

Example derivations

o E env Fo EX 1315 env

EtpEtc M13I1° Etp Atype EXNB15H X N1315 Etp Atype

EtpI13:AEtc NI° Etp B type EXNB15H13:AX N5 Erp Btype

E o 15:B,I13:AEtc 1() EXN3I15,15:B,13:AX ()

E Fp Red(1°:B,13: A Etc) type E,X 113,15 » Red(1%:B,13: A, X) type
5.3 Properties

We now state some basic lemmas about the properties of F..p derivations (and,
implicitly, of F. derivations). Unless otherwise noted, these are all proven by induction
on the derivations; the proofs are long, but straightforward if done in the order indicated.
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Notation
Let 3 be any of
Ctype, STM, C<:C, &S ™™, c¢C, s.STM, cec'C, s=s.S ™

Lemma (renaming)
Let <£& RR> stand for either <X, Y, X<:D, Y<:D>, <X, Y, XM, YIM>,
<x,y, x:D, y:D>, or <x, y, x-T™™, y.TM>.
Assume &' ¢dom(E,RE).
FoERE env = FpER E{E<E} env
ERE Fp 8 = ER,E{E—E} Fp HE—E}

Lemma (implied judgments 1)
(Slenv) FoEFenv = FpEenv
EFFpd = rpEenv
(envitype) FoEX<:D,E'env = EpD type
FoEXDE env = ErpD type
(envirowtype) Fo Ex-RILE envv = EFoR L

Lemma (bound change)
FoEX<:D'.E'env, EFpDtype = FpEX<:D,E env
EX<:D'E'FpCtype, EFpDtype = EX<:D,E FpCtype
EX<:D'E'FpS™, EtpDtype = EX<:D,E+pST™

Lemma (weakening)
Let B stand for either X 'L, X<:D, x:D, or x-T L.
Assume p E,R env, and X, x¢edom(E'); then
FoEE env = FpoE,RE env
EEF 3 = ERE o8
Assume Fp E,F env and dom(F) ndom(E')=g; then
FoE,E env = o E,F,E env
EEFp 3 = EFE RS

Lemma (implied judgments 2)
(subltype) EFoC<:C' = EFpCtype, EFpC type
(subrow/typerow) ErpS<.S ™ = ErpS™, EFpS ™

Lemma (bound weakening)
Let <3,3> stand for either
<X<:D, X<:D'>, <x:D, x:D'>, or <x-RL, x-R TL>.
Assume EtpD'<:Dand E+pR<:R /L.
FoE,RE env = FoE,[8,E env
ERE o3 = ERE Fpd
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Lemma (type substitution)
Assume E Fp D'<:D; then
Fp EX<:D,E' env = o E,E{X<D"} env
EX<:D,E'hp 9 = EE{X<D'} Fp HX<D'}
Assume E F» S "M; then
FoEXIME env = bp EE{X<S env
EXME o8 = EE{X<S ko HX<F

Lemma (value substitution)
Assume E p d:D; then
FoEX:D,E' env = FpE,E env
ExD,EFp 9 = EFE Fp H{x=d}
Assume E Fo t-T TN; then
FoEx-TINE env = o EE env
EX-TINE o8 = EE pHx=t}

Lemma (value strengthening)

Assume x¢FV(3); then, for 9 # c<=C".C
FoEXxD,E env = FpEE env
ExD,E'tp 3 = EFE FpHx<d}

Assume x¢FV(39); then, for 9 # r<sr'-R L
FoEx-TINE env = Hp EE env
Ex-TINEFod = EE Fpd

Lemma (implied judgments 3)

(val/type) Etpc: C = ErpCtype

(rowal/romtype) Erps:STM = EFpS M,

(eg/val) Etpce=Cc':C = Etpc:C, EFlpcC':C,
(roweg/rowval) Etps=>s-S'™ = Etps:S™, Etps.-STM,

Lemma (subsumption equivalence)
ElbpceC:C, EFpC<:D = Etpcec:D
Proof By subsumption and beta; see [Cardélli, et al. 1991] [J

Lemma (implied judgments 4)

(val/eq) EFoc:C = Etrpcec:C
(rowval/roweq) EtpsS™M = Erps<s.S™
Lemma (exchange)

Let B stand for either X<:D, YM, x:D, or x-T 'M.
Let B stand for either X'<:D', Y' '™, x:D', or x.-T' '™m".
Assume o E,[3 env.

FoERR.E env = FoEIR,RE env

ERRE o3 = ERRE Fp &
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We can now show that an observational equivalence rule for records is derivable.
This rule asserts that two record values are equal at a given type if al the equally-labeled
fields that can be observed at that type are equal.

Proposition (observational equivalence for records)
Erpag<by A O.. OEFpa,<b A, OEFer-R NI, OEFps:S T,
= Ebpred(l;=a,,..1,=a,r) <= rcd(l;=by,..I,;=b,s) : Red(l;:Ay,..| - A, Etc)
Proof
LetL=l,.l.
Etpr-R’L = rpEenv (impliedjudgment)
Etor-RIL = EroRTL (implied judgment)

EtoRM = EFpR<.-Etc'L  (ubEtc)
Etor-RIL OEFsR<.-Etc 'L = Ekpr.-Etc 'L (subsumption equiv.)

FoEenv = Etpetcesetc:Etc fL (Eqetc)

Etpor-Etc 'L OEtpetc:Etc 'L = Ebpreetc-Etc 'L (Eq Row collapse)
EtpsSIL = Etpetcess:Etc 'L (similarly)

Etpreetc-Etc 'L [JErpetcess-Etc 'L = Etrpress.Etc 'L (Eqtrans)

EFer-R My, OEFps: SN0, = Ekpres:Etc fl,.l, (above)
Ebpaj<bA; .. OEkea,<sb A, [JEFpres:Etcfl .l

= Ekol;=ay,. | =a,r < 1=by,. | =b,s- 1ALl A EtcT()  (EqRow cons)
= Ebrpred(l;=a,,..I;=a,r)<rcd(l,=by,...|,;=b,.9):Rcd(l;:Ay,...1 A,Etc)  (Eqred) O

5.4 Some useful extensions

In preparation for examples in the next section, we discuss some useful extensions of
our system: recursive types, label-set variables, and definitions. These extensions are not
treated in the formal part of the paper.

5.4.1 Recursive types

In order to introduce recursive types, we need to add type equivalence judgments to
the system along with rules (omitted here) for making type equivalence into a congruence
over the syntax:

Etp A <= Btype A and B are equivalent types
EtoR<STL R and Sare equivaent row types

A recursive type is, syntactically, aterm p(X)A where A is contractive in X (written
A>X). This means that AzX, and if A=u(Y)B then B>X. We immediately identify
recursive types up to renaming of bound variables:

HX)A = U(V)A{X<Y}
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Then, the rules for recursive types [Amadio, Cardelli 1993] are:
(unfold)
EX<:Toptp Atype A>X E Fp u(X)A type

E o u(X)Atype E o U(X)A < A{X<U(X)A} type
EX<:TopFp A<=Btype A>X B>X

EFo L(X)A <> u(X)B type
(contract)
Ebp A <= C{X<-A} type EtrpB <= C{X<B}type C>X

EFo A<= Btype
Etp u(X)Atype Etrpu(Y)Btype E,Y<:Top,X<:YHhpA<:B
Erpo u(X)A<: (Y)B
A recursive valueis, syntactically, aterm u(x:A)a, with the identification:
pH(x:A)a = u(y:A)a{x<-y}
The standard rules for recursive values are:

ExAtFpa: A ExAtpa: A ExAblpa<b: A
Ebp u(xAa: A Ebp u(xA)a <= a{x<u(x:Aa} : A Elpu(xAa < uxAb: A

5.4.2 Label sets
The next extension involves variables W ranging over sets of labels. We alow these
in environments, under an assumption W#L that W does not contain any of the labelsin L.

EFoL#M EFoL#M EbpL #1.M

EFoM#L EboL #g EFoL#M
Fp E env El‘pL/‘”.M

El‘pﬂf“l. |nﬂ Etpl.L #M

EbpL #g Wedom(E) FoE, W #L env
FoE, W #L env EEWHL EFoWHL

Therules of F..p that involve label sets L, are extended to require L #g, to make sure that
L is well-formed. We do not define quantifiers or functions over label-set variables
because we do not know how to translate them into F..; label-set variables will be used
only in definitions.

5.4.3 Definitions

We now extend the system with various flavors of definitions. The simplest
definitions are value and row value definitions (let's):
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Etpa: A ExArpb:B Etpa: A ExAbpb:B

Etpletx: A=ainb: B EFoletx: A=ainb < b{x<a}: B
Etor -R’L ExRMLFIob:B Etor -R’ ExRMLIpb:B
Etoletx-R™=rinb: B Etpletx -RTL=rinb<b{x<r}:B

There are several kinds of type-level definitions (Let's); we may give a definition of
either atype variable, arow type variable, or alabel-set variable, in the scope of either a
type, arow type, avalue, arow value, or alabel-set.

To compress several cases into one, we use the abbreviations:

X,Y are either type, row type, or label-set variables;

A,B,C are either types, row type, or label sets;

Aa,Bb,Cc are either values, row values, types, row types, or |abel-sets,

pred iseither 1 A, ~R 'L, type L, or #L.

eK iseither <:A, TL, or #L (we often omit <:Top);

Aa{X} means X may occur in Aa; then Aa{B} stands for Aa{X <-B}

For type, row type, and label-set definitions, in various scopes, we have the rules:
LetX=AinBb{X} = LetX = AinBb{X}
EFp AeK E pBb{A} pred EFp AeK E pBb{A} pred
E Fp Let XeK = Ain Bb{X} pred EFp Let XeK = A in Bb{X} <= Bb{A} pred

Note that, unlike value definitions, we do not require E,XeK Fp Bb{X} pred; this might not
be typeable on its own.
We aso introduce parametric type-level definitions, for example:
Let X[Y,Z] = A{Y,Z} in... X[B1,C4] ... X[B2,Co] ...
< ... A{B;,C;} ... A{B,,C)} ...
for which we omit the obvious but technically complicated definitions.
Finally, we use top level declarations, in the following way:
letx: A=a
lety:B=D stands for letx: A=ainlety: B=binc
c

and similarly for Let.
We now have enough useful features, and we can turn to examples.

5.5 Examples

Many examples in this section are adapted from [Canning, et al. 1989] [Harper,
Pierce 1990] and [Cardelli, Mitchell 1991].
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We start with alist of standard test cases and compare them with other calculi.
« Extracting a field from a record that is known to possessiit.

let select, : Red(x:Nat,Etc) —>Nat =
A(a:Red(x: Nat,Etc)) a.x

select,(rcd(x=3,y=trueetc)) <> 3: Nat

« Extracting a field from a record that is not known to possessiit.
Thisisatyping error in al the calculi that have been proposed.

« Removing a field from a record that is known to possessiit.

let restrict, : V(X x) Red(x:Nat,X)—> ...X... =
AXTX) A@@Red(x:Nat, X)) ... a\x ... (in arow context)

restrict,(y: Nat,Etc 'x)(red(x=3,y=trueetc))

« Removing a field from a record that is not known to possessit.
Thisisthe crucial feature in [Cardelli, Mitchell 1991]. It is not possible here because
the trandation (section 6) requires exact knowledge of the missing fields.

« Adding afield to a record that is known not to possessit.
Not applicable; al records are aready “complete’. However, we can add afield to a
row that is known not to possess it:

Ar-RIXL) ... x=byr ... (in arow context)

« Adding afield to a record that is not known to possessit.

Not applicable; all records are already “complete’. Moreover, even for rows, “not
knowing” is not a sufficient condition for adding a field. This operation is possible in
[Wand 1987], [Rémy 1989], and [Cardelli, Mitchell 1991].

« Updating a field of a record that is known to possessit.

Although adding afield under these conditions is not possible because all records are
“complete”, there is no problem with updating. Note that type information about
additional input fields is preserved. This example motivated the work [Cardelli, Mitchell
1991].

let replace, : V(X %) V(A) Red(x: Top,X)—=A—Rcd(x:A,X) =
AX 7x) A(A) A(r:Red(x: Top,X)) A(a:A) red(x=a,r\x)

replace,(y:Bool ,Etc 1%)(Sring)(rcd(x=3,y=true,etc))("str")
<> rcd(x="str",y=true,etc) : Red(x: String,y: Bool,Etc)

A restricted version, called consistent updating, preserves the type of the field being
updated.

let update, : V(X %) V(A) Red(x: AX)—=A—Red(x: A X) =
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ACXTX) A(A) A(b:Red(x:AX)) A(a:A) red(x=a,b\x)

An interesting example of update occurs when “moving” the x field of a point. In this
case we want to preserve the type of they field (whatever subtype of Int that may be) and
all the additional fields. If the input type of the x field is 0..9 (a proper subtype of Int), the
corresponding output type must be Int, otherwise we could exceed the range 0..9 for x.

let move, : V(Y<:Int) V(Z Ix,y) Red(x:Int,y:Y,Z) = Red(x:Int,y:Y,Z) =
A(Y<:Int) A(Z fx,y) A(p: Red(x:Int,y:Y,2)) red(p.x+ 1,p\x)

p: Red(x:0..9,y:0..9,c: Color,Etc)
move, (0..9)(c: Color,Etc)(p) : Red(x:Int,y:0..9,c: Color,Etc)

A more challenging task is to update “deep” in a structure, while preserving all the
type information of the input. Here it can be achieved as follows, for a second-level
boolean update.

let deep—updatg% :
V(X TX) Y(YTy) Red(x: Red(y: Bool,Y),X)—Red(x: Red(y: Bool,Y), X) =
AXTX) ACY Ty) A(a: Red(x: Red(y: Bool,Y), X))
rcd(x=rcd(y=not(a.x.y),a.x\y),a\x)

deepUpdate,, (z Nat, Etc 1) (w: Nat, Etc y) (rcd(x=rcd(y=true,w= 3,etc),z=4,etc))
<> rcd(x=rcd(y=false,w=23,etc),z=4,etc)
> Red(x: Red(y: Bool ,w: Nat, Etc),z: Nat,Etc)

« Updating afield of arecord that is not known to possessiit.
Again, “not knowing” is not a sufficient condition here.

« Renaming.
Renaming is not possible in general. Consider, for example, Red(x: A, X) —=Rcd(y: A, X);
what would be the constraint on X?

We now pass to standard examples of “class hierarchies’ and “methods’. We use
parametric type definitions, explained in section 5.4, to model record type extension, asin
[Harper, Pierce 1990]. This technigue compensates, up to a point, for the lack of the type
operations of [Cardelli, Mitchell 1991].

« Points and color points

A point has components x:Int, y:Int, while a color point also has a component
c:Color. The chalenge is to define the ColorPoint type and values by reusing the Point
type and values. Here we can reuse types in two steps by defining a parametric version of
each type. (Similarly for values.) Thisis an instance of a powerful generator technique,
widely employed in [Cook 1989].

Let PointPlusZ x,y] =
Red(x:Int, y:Int, 2)
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Let Point =

PointPlug Etc] ( = Red(x,y:Int, Etc) )
Let ColorPointPlus[Z x,y,c] =

PointPlug] c: Color, Z] ( =Rcd(x,y:Int, c:Color, Z) )
Let ColorPoint =

ColorPointPlug Etc] ( = Red(x,y:Int, c:Color, Etc) )

let originPlus. Y(Z 'x,y) Z 'x,y—PointPlus[Z] =
AZTxy) A(z-ZTxy) red(x=0, y=0, 2)

let origin : Point =
originPlus(Etc "x,y)(etc 'x.y)

let whiteOriginPlus: ¥(Z "x,y,c) Zx,y,c—ColorPointPlus[Z] =
MZ Mx,y,0) A(z-Z Tx,y,c) originPlus(c:Color, Z Tx,y)(c=white, z Tx,y)

let whiteOrigin : ColorPoint =
whiteOriginPlus(Etc 'x,y,c)(etc x,y,c)

o Total orders

Here we have a record type TO of total orders. The ordering is represented as a
method leg: TO—Bool, that compares another element of TO to the self value. The type
TO isthen recursive in the input type of its only method.

The definition of TO is done in three steps; first we introduce a generator with open
recursion (the Self type parameter), then a generator derived from it where the recursion
is closed, and finally the actual type TO. In general, the last two steps are obtained
uniformly from the first. This technique is a bit complex, but it should be seen as a
standard way of trandlating a*“class’ written in some more amenable language.

Let TOGenPlus] Self, X Tleq] =

Red(leg: Self—Booal,X)
Let TOPlus[X Mleq] =

U(Self) TOGenPlug SHif, X] ( = u(Salf) Red(leg: Self—Booal, X))
Let TO =
TOPIug Etc] ( = u(saf) Red(leg: Self—Booal, Etc))

Next we define the total order of Naturals (by reusing TOGenPlus), as:

Let NatTOGenPlug] Seif, X fleq,val,add] =
TOGenPlug Sif, (val:Nat, add: Self =Sdlf, X)]
( = Rcd(leg: Self—=Bool, val:Nat, add: Self—=Sdf, X))
Let NatTOPlus[ X fleqg,val,add] =
U(Self) NatTOGenPlug Sif, X]
( = u(saf) Red(leq: Self—Booal, val:Nat, add: Self—=Self, X))
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Let NatTO =
NatTOPIug Etc]
( = u(Salf) Red(leg: Self—=Bool, val:Nat, add: Self—=Slf, Etc))

let zero: NatTO =
rcd(val=0, add=A(other:NatTO) other,
leg=A(other:NatTO) O<other.val, etc)

(The methods of zero are too specialized to be inherited; this problem can be amended by
defining a value generator with open recursion and, for example, leg=A (other: NatTO)
self.val <other.val.)

We now discover that, although NatTO was obtained by adding componentsto TO, it
is not a subtype of TO by the rules for recursive types. Hence we have the unpleasant
situation that operations defined on TO may not apply to particular total orders.

The solution isto define those operations on TOPlus instead of TO. (As pointed out in
[Harper, Pierce 1990] this can be done even without F-bounded quantification [Canning,
et al. 1989] in a calculus of “negative information”, such as F..p.) We can say that
NatTOPlusis a subclass of TOPlus [Cook 1989].

let min: V(X leq) TOPlus[X] =TOPIus[X] =TOPlus[X] =
A(XTleg) A(a: TOPlug[X]) A(b: TOPlus[X])
if aleq(b) thenaelseb

We can then specialize min to NatTO:

let minNat: NatTO—=NatTO—=NatTO =
min(val:Nat, add: NatTO—NatTO, Etc 'leq)

to see that this typechecks, compute:

TOPIug] val:Nat, add: NatTO—NatTO, Etc]

= U(Sf) TOGenPlug Sif, (val:Nat, add: NatTO—=NatTO, Etc)]

= u(Self) Red(leq: Self—Booal, val:Nat, add: NatTO—NatTO, Etc) (A)
<> NatTO (B)

The step from formula A to formula B proceeds as follows, using the rules for recursive
types given in section 5.4. By unfolding, we have:

A <= Rcd(leq: A—=Bool, val:Nat, add: B—B, Etc)
B <= Rcd(leg: B—Bool, val:Nat, add: B—B, Etc)

Consider the contractive context C[ X]:
C[X] =Rcd(leg: X—=Booal, val:Nat, add: B—B, Etc)
Then A <= C[A] and B <= C[B]; hence A<=B by the contract rule.

Page 32



« Movables

Following the three-step schema, we now give type definitions for “things that can be
moved’. For added flexibility, the first step defines a row type instead of a record type,
using a label-set parameter (explained in section 5.4).

Let MovableGenPlus] Self, L #move, X 'move.l] L =
move: Int—Int—Salf, X
Let MovablePlus X 'move] =
U(Self) Red(MovableGenPlug Seif, g, X])
( = u(Salf) Red(move: Int—Int—Self, X))
Let Movable =
MovablePlug Etc] ( = u(sf) Red(move: Int—Int—=Self, Etc))

let translate : (X 'move) MovablePlus] X] —Int—Int—-MovablePlus[X] =
AX fmove) A(m:MovablePlug X]) A(dx:Int) A(dy:Int) m.move(dx)(dy)

We can see that in this case Movable is a rather useless type. The interesting
definition is MovablePlus, which however must be instantiated before it can be used.
Hence, we combine movables with points:

Let PointPlus[Z x,y] =
Red(x:Int, y:Int, 2)
Let Point =
PointPlug Etc]  ( = Red(x:Int, y:Int, Etc))

Let MPointGenPlus| Self, X /x,y,move] =
PointPlus] MovableGenPlug Seif, (x,y), X]]
( =Rcd(x:Int, y:Int, move: Int—Int—Self, X))
Let MPointPlus X 'x,y,move] =
U(Self) MPointGenPlug Sdlf, X]
( = u(sdf) Red(x:Int, y:Int, move: Int—Int—Self, X))
Let MPoint =
MPointPlug Etc] ( = u(Self) Red(x:Int, y:Int, move: Int—Int—Self, Etc))

let move : ¥(X Ix,y,move) MPointPlus] X] —Int—Int—MPointPlus[ X] =
MZ Tx,y,move) A(self:MPointPlus] X] A(dx:Int) A(dy:Int)
rcd(x=self.x+dx, y=self.y+dy, self\x,y)
let mOrigin : MPoint =
U(self: MPoint) red(x=0, y=0, move= move(Etc 'x,y,move)(self), etc)

translate(x:Int,y: Int,Etc "move)(mOrigin)(1)(1) : MPoint

Note that in MPointGenPlus we have successfully reused the definitions for both
points and movables. Moreover, move can be inherited by subclasses (as opposed to
subtypes) of MPointPlus, by defining appropriate generators.
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« Concatenation

Record concatenation can be handled by adapting a technique of Rémy [Rémy 1992].
With an extra level of encoding, record concatenation can be modeled by function
composition; in our system, thisidea can be realized as follows.

We first define segments, as extensible records parameterized by their potential
extensions:

Seg(l AL A 2 V(2T 20 =Red( A AL2)
seg(l=ay,.l=a) 2 A2l )A(@z-Z ?Il..ln) red(l4=aq,..l,=a,2)
A field of a segment can be extracted by precipitating the segment to arecord:
sl 2 sEte 1)l )., wheres: Seg(l1:Aq,..l,-A), i€l.n
Then, given two segments with distinct sets of labels:
s: Seg(l oAyl AY) = V(2,00 2T —Red(: A AL
t: Seg(ky:By,.. Ky By = V(Z %kl..km) kal..kmeRcd(kl: = ] = 4
we can define their concatenation (/) as follows:

siit2
AZ N1k kA Z N kK
(ky:By, kB Z M0
(t(l - Top,..,| ;Top,Z Tky..k )(I,=top,..l,=top,z Tk k W ;.00)

so that we have:
sit: Seg(l:Aqreal - ALK By, Ky By

It would now be possible to axiomatize an extension of F..p with segments and
concatenation, and define atranglation of this extended calculusinto F..p.

6. Trandation of F_.pinto F_.

In this section we define the promised translation from a calculus with rows to one
without rows. The basic idea is that row variables, row types, row values, and row
judgments become rows or sequences of, respectively, variables, types, values, and
judgments.

We start with some familiar notation from previous sections:

Notation
L the set of labels
[ . L—Nat (abijection) afixed enumeration of labels
IEYRY0)! the label whose index isi in the fixed enumeration
L,M... finite sets of labels
#S size of afinite set
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Next we define the set of indices of a set of labels, and its maximum index:

Definition (indices and maximum index of a set of labels)
IL {11 eL} = {ill;eL}
L max(iL), where f{} 2 -

Finite sets of labels L are used mostly in contexts like I, describi ng the labels a row
lacks. If we need to talk about the labels a row has, we can consider the complement L-L.
This, though, is an infinite set, and the part beyond 7L is uninteresting. Hence, it is
natural to take its most interesting finite prefix, KL:

11NN

Definition (finite complement prefix of a finite set of 1abels)
KL 2 {ili<fL OleL}

A central concept in the sequel is that of the dimension of (the tuple translation of) a
row. Take any row that is undefined at L; that is, any row whose tuple translation
sketched in section 4.2 has gaps at L. Then the labeled components to the right of the last
gap (L) are contiguous, and they can be collected into asingle tuple; we call the result a
normal row. The dimension JdL of any row that has gaps at L is then defined as the
number of components of the corresponding normal row. We emphasize that for any row
r-R L or R 'L, its dimension depends only on L, and not on the structure of r or R.
Hence dL can be defined very simply as:

Definition (dimension of a row undefined at L)
o 2 #(kL)+1

When adding a new item to a row, the row dimension changes depending on whether
the new item fills the last gap of the row or not. In the former case, a whole set of
components may be compacted in the final tuple and the dimension decreases; in the
latter case, the dimension increases by one. The following lemma is formulated in terms
of adding or removing a gap.

Lemma (row dimension)
For l;eL,
if i< L then &1;.L)=0L-1;
if i> 1L then &1;.L)= L+ (i-(L+1)).

We now need some notation for describing complex sequences and rows, and for this
purpose we use a notation similar to set comprehension. For example, we use | |2<i<4)to
denote the sequence 2,3,4 in this order; the ideais that the superscript index i isincreased
monotonically to generate the elements of the sequence.

Notation (sequences)
#(S length of a sequence
SS sequence concatenation
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()| () sequence comprehension; the sequence, generated by
increasing i, whose elements are ¢(i) for ieNat [7@(i).

A row is a sequence of labeled elements, sorted by label index, of length greater than
zero. The last element of arow is special; as discussed in section 4.2 thisisthe rest of the
row. For bookkeeping purposes, we use the special label (9 for this last element, where g
isintuitively the index of the beginning of the uninteresting part of the row (as we can see
from the row structure lemma below).

Notation (rows)
A type row Ris a sequence of the form:
l1:A. 1A,  wheren>land |, = [Mfor someq.
A value row r is a sequence of the form:
l,=a,.1,=a, wheren>1landl, = [Hfor someq.

#1:AL I A) 20 #l=ag.l =a)2n size

LA el ALLGA, =g el=ag.l=a, membership (i€1..n)
AR 2 1(1:A)(1:A)=(:A) O(1:A)eR) sorting (if 1:B¢R for any B)
l=av>r £ '(I'=a)|(I'=a')=(I=a) L(I'=a")er) sorting (if I=bger for any b)

We can now define some basic sequences and rows that will be used in the
trandation. All these have dimension dL.

Definition (basic sequences and rows)

Varseq(X, fL) 2 i(xifiext), XM+1
VarRow(X, L) 2 T(1i:x)]iekL), (fLrL:xM+1y
TopRow( /L) 4 i1 Top)liekL) , (-1 Top)
varseq(x, L) 2 ifiext), x+1
varRow(x, L) 2 i((li=x)[iexL), (F+1=x+1)
topRow( L) 2 ili=top)liexL,, ((f"*1=top)
selRow(a, L) 2 iqli=ai)liexL), ((F-*1=aL+1)
Examples
VarRow(X, 1()) = [9:X0 TopRow( () = 9:Top
VarRow(X, M10) = 3 x1 TopRow( 110) = [ Top
VarRow(X, 1) = 10: X0, /2:x2 TopRow( 1Y) = 10:Top, [2: Top
VarRow(X, M19,12) = 11:x1, 3:x3 TopRow( 110,12) = |1: Top, [3: Top

In defining the full translation, [ - ], we need an auxiliary translation, { - T'Lp, for
converting row types R fL, and row values r 'L, into rows of types and values,
respectively. The results of ¢- L) are unnormalized, in the sense that they may have a
dimension greater than dL; that is, the final tupleable components of the results need not
be grouped together into a tuple. This auxiliary translation refers back to the proper
tranglation, [ - ], but for exposition purposes we present it first.
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Definition (trandation, part 1; auxiliary row translation)
Xy 2 varRow(X, L)

Etc L) 4 TopRow( L)
AR 2 1:JA]~ R N.L)
x ') 2 varRow(x L)

fetc L) 4 topRow( L)
d=ar L) 2 1=@]~ ¢ ML)

@l Ly 2 sdRow(fa], L)

Hence, for the base cases (X 'Ly and (Etc L) of the row type translation, we produce
rows of X's or Top's of sizedL. For d:AR L) we first compute (R 11.L), which has an
additional gap for |, and we sort I: JA] into the result.

Similarly for the row value translation. In addition, ¢a\l..I, Ly produces a row of
record selections; the idea here is that eliminating I,..1,, from a is the same as selecting
and reassembling all the other components of a. (The type rules will ensure (14..1))=L, if
all,., TLiswell-typed.)

Hereis an example of the tranglation:

X 110113)6) =
12:X2, 14: X4, 15: X3, [ X7 (of size 8(19,11,13,16))

(11:AL, 16:8, X) 110,13y =
11 AL 12:X2,14:X415:X5, 16: A8, IX7  (of size greater than 4(10,13))

Next, we provide a kind of normal form for row types I1:A;..1:A,é, based on the
translations (R L) (under typing assumptions). As we have seen, the translation returns
rows whose length (which depends both on L and |..1,,) may exceed d.. The normal form
reveals that the portion beyond dL-1 has in fact no gaps and therefore can be collected
into atuple to form asingle AL element. Similarly for value rows.

Lemma (row structure)
(1) LetR=l:A 1A, where =X or {=Etc.
Assume EHoR L.
Then R 'Ly has the followi ng shape, for someB's:
:BYiekL) , J((1):B))| fL<j<q), (£%:BY)
withg= (fL+1) + (A1, L)+n-a) (g > L)
(2) Letr=l,=a,.l =a, éwhere é=x, {=etc, or &=aM.
Assume EFpr - R L.
Then ¢ L) hasthe followi ng shape, for someb's:
(i=b)iexl), I (1l=)| ML<j<q), ((9=b)
withq= (fL+1) + (1.1 .L)+n-a) (q > L)

Considering the previous example:
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(11:AL, 16:8, X) 110,13y =
(11:AL12:X2), (14:X4, 15:X3, [6: A8y, [7: X7
e of size 9(10,13)-1
L tupleable, 910,13 item

Now we are ready for the full trandation. The trandlation of the F.. fragment of F..p
is uninteresting, but we list it for completeness.

Definition (translation, part 2; F.. fragment)

Environments Values
[FoEenv] 2 [EJenv [Etlpa: AJ2 [EJF [A]: [A]
[o] £ & [X] £ x
[EX:A] 2 [E]X:[A] [top] £ top
[EX<:AJ £ [E]X<:[A] [A(X:A)b] 2 A(x:[A][o]
Types [o(2)] £ [bj([a])
[E ko Atype] £ [E]F [A]type [AX<:A)b] £ A(X<:[A][b]
[X] =X [o(A)] £ [bI([A]
[Top] £ Top Value equivalence
[A—B] £ [A]—[B] [EFpa<a : A] £ [E]F [a] < [@]: [A]
[V(X<:A)BJ £ V(X<:[A]D[B]
Subtypes

[Etp A<:B] £ [E]F [A]<: [B]

Finally, we can give the translation of the proper F..p judgments and terms. An F..p
judgment E p 9 'L becomes a sequence of size dL of F<. judgments. A row variable
X 'L in an environment becomes a sequence of dL type variables. The domain of row
function space R 'L —B becomes a sequence of dL domains; similarly for A(x-R L), with
b(r L) becoming a sequence of AL applications. A row quantifier V(X ’L) becomes a
nesting of AL type quantifiers; similarly for an abstraction A(X L), with b(R L) becoming
a nesting of oL type applications. Record types and values are translated by applying ( -
7L to the respective rows, and then normalizing the results to size dL.

Definition (translation, part 3; F.p proper)

Environments (continued)

[EXTL] A et Xq. X5 =VarSeq(X, L) in [E[ Xy, Xa

[Ex-RTL]4

let xp..x4 = varSeq(x, fL) and A;..Az =[R TL]in [E[x1:A1.%4 :Aq

Types (continued)

[Red(R)] 2 R 107

[RIL=BJ2let Aj. Ay =[R TL]in Aj—..—~Ay —[B]

IV(XTL)BJ 2 let X;..X4 = VarSeq(X, ML) in ¥(Xy).. ¥(X4 )/B]
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Type rows
[EFoR L] 21t Aj.Ay = [RIL] in [EJF A, type... [E]F Ay type
RILJ21et (1ALl Ax A =R TL)in Aj. Ay 1, Tuple(Ag A
Subrows
[EtpR<..STLy2
let A.Ag = [RTL] and B;.By = [STL]
in [EJFA,<: By ... [E[F Ay <: By
Values (continued)
fred)12 fr 10]
[al] 2 [aj.a(l)
Ax-RTL) by 2
let x1..xg =varSeq(x, fL) and A;.Ay =[R TLJin A(x¢:Aq).A(xa 1Ay ) [b]
(r L] 2 letay..agq =fr TLJin blay).(ag)
IAXTL)b] £ let X1..X4 = VarSeq(X, TL) in A(Xy)..A(X4.)/b]
bR Alet Aj.Az =R L] in [bIA))..(Az)
Valuerows
[Etpr-RTLj 2
letay.ag = [r 'Ljand Aj.Ay = [R L] in [EJFagA; ... [ETF ay :Ax
[r 'Lj2let (=215 =ag | ,=a) = TLyin a,.az.1tuple(ag .a,)
Value row equivalence
[Etpr <r -RTLj4
letay.ag = [r fLjanda'i.ay = [r fLjand Aj.Ay = [RIL]
in [EJFay<=a'iA ... [E];ag <=a 5 :Ag
Examples

[ACX-(10:AEtc) 1Y) red(ii=b,x)] =
AOO:JA]) A(x2: Top) tuple(x®,[b]x?)
[A(X-(1ZAEtc) M) red(1i=bx)] =
A(X0: Top) A(x2: Tuple(JA],Top)) tuple(XC,[b],x?)
PAXN0IY) Ax-(19:AX) 11Y) red(i=b,x)] =
ACX3) A0Q: [A]D A(x2:X2) tuple(xP,jb]x?)
PN Ax-(1ZAX) MY red(i=bx)] =
ACX0) A(X3) A(xX0: XO) A(x2: Tuple([A],X3)) tuple(X2,[b],x2)
Using the row structure lemma, we can now show that the trandlation is well-defined,
provided that the trandlated terms are well-typed.
Lemma (translation dimensions)
#(VarSeq(X, L)) = #(VarRow(X, L)) = #(TopRow( L))
= #(varSeq(x, TL)) = #(topRow( L)) = #(varRow(x, TL)) = #(selRow(a, L))
=dL.
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If EFpR 'L then #(R L)) = dL.
If EFoR 'L then #(R L)) = L.
If EFor-R L then #(r TL) = dL.
If EFpr-R 'L then #(r TL]) = aL.

Lemma (good translation)

If ajudgment Jis derivable, then the trandation [J] is well-defined.

That is, al the assumptions made in the translation about sizes of rows,

arejustified.

The row structure lemma is also the key to the following row analysis lemma, which
isthen used in the proof of al the technical lemmas in the next section. The row analysis
lemma describes in detail what happens when a single element is added to a row, or
removed from it.

Lemma (row analysis)
(1) AssumeErpl:AR TL.
Let By.BgL =R M.LJand C,..Cy = :AR L]
If 1(1)< L then &(I.L)=aL-1, and:
C;..CyL = B1..By 1.[AIBy..By 1
where k = #iliexkL [Ji<i(l)} < d.-1.
If 1(1)> L then d(1.L)=dL+ (1(1)-(L+1)), and:
Cl"CﬁL-l = Bl"Bd_-l CdL = TupIe(BdL..Bd.L_l,[[AjZBd_L)
where J(1.L) = dL.
(2) AssumeEtpl=ar R L.
Let by.by, =fr f.Lj and cy.cy = f=ar L]
If 1(1)< L then &(I.L)=aL-1, and:
Cq..Cq = by..by 1. [afby.. by -1
where k = #iliexkL [Ji<i(l)} < d.-1.
If 1(1)> L then d(1.L)=dL+ (1(1)-(L+1)), and:
C1-Ca-1=b1bg.1  co = tuple(by..bg L-1./a0ba L)
where J(1.L) = dL.
(3) AssumeErpalL R /L.
Let by.ba =[alL L] and ci.ca = [alL L]
If 1(1)< /L then &(I.L)=aL-1, and:
Cy..Ca = by.by q.[alfby,..by -1
where k = #iliexkL [Ji<i(l)} < d.-1.
If 1(1)> L then d(1.L)=dL+ (1(1)-(L+1)), and:
C1-Ca-1=byba1 ¢ = tuple(by..og L-1./allba 1)
where J(l.L) = odL.

Page 40



7. Thetrandation preservesderivations
In this section we show that the translation from o to - is sound. That is, if ajudg-
ment Jis derivableinp, then al the judgmentsin the sequence [J] are derivablein |-
The following group of lemmas is used in the hardest cases of the soundness proof.
These lemmas are complicated by the fact that the translations are well-defined only
under typing assumptions. First we have lemmas regarding rows; they have the structure
of some of the inference rules, but concern the translation of those rules.

Lemma (soundness of row inference rules)

(type row cons)
Assume EpR 1.L and E o A type.
If [EFp R T.LJand [E o Atype] then [Erp AR TLJ.

(sub row cons)
Assume EpA<:BandE FpR<.-S TI.L.
If [E+pA<:BJand [E FoR<..S M.L] then [Erpl:AR <..1:B,S L],

(row cons)
AssumeEtpaAandEror-R TI.L.
If [Erpa:AJand [EFor.R I.LJ then [Etpl=ar.l:AR L]

(selection)
Assume EFpa: Red(l:A,S).
If [EFpa: Red(l:AS] then [EFpal: Al

(restriction)
Assume Epall - 1:AS L.
If [EFpal ..1:ASTL] then [Etpal.L.-STIL]

(eg-cons)
Assume EFor <»r' -R ML, and Epa<sa’A.
If [Ebor <>r' -RT.LJ and [EFp a<a’ AJ
then [Etpl=ar < I=a,r' . AR L]

(eg-selection)
Assume EFpa<=a' : Red(l:A,S).
If [Etpa<=a : Rcd(l:A9] then [Etpal <=a'l: Al

(eval-selection)
Assume E o r-R Tl and E p a<>a':A.
If [EFpr-R MNJand [Etpa<=a:AJ then [Erorcd(i=ar). <= a : AJ.

(eg-restriction)
Assume EpalL<al\l -1:AS L.
If [E+palL<all .-1:AS L] then [Etpal.L<sa\l.L.-STIL]
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(eval-restriction)
(1) Assume Etpr <=1 - R 1().
If [Ebor <1 -R ()] then [E Forcd(r)\ < r' . R T()].
(2) Assume E Fpred(=a,)\L <= I=a,r' - 1:AR L.
If [Erpred(l=an\L < l=ar -1:ARL]
then [Etrpred(l=ar\l.L <r' R M.L]J

Next we have substitution lemmas for all possible combinations of variables and
terms.

Lemma (soundness of substitution)

(typein type)
Assume EFp A'<:A and EX<:AFE'FpBtype.
Then [B{X<-A'}]Jiswell-defined.
Then [BEX<-[A'[} = [B{X<-A}].

(type in row-type)
Assume EFpA'<:A and EX<:AE'FpS M.
Then [ XA} "M]iswell-defined.
Let By..Bay = [S TMJand C;..Cy = [S(X<AY} M].
Then By{X<[A} =Cy ... Bay{X<[A} =Cyy -

(row-type in type)
Assume EtpR 'L and EX'L,E I B type.
Then [B{X<R}]is well-defined.
Let X1.X4 = VarSeq(X, fL) and A.A4 = R TL]
Then [BEXy<-Ag}.{Xo <A} = [B{X<R}].
(row-type in row-type)
Assume EFpR L and EXTLE Fp S M.
Then [X<R} "MJiswell-defined.
Let X;.Xg = VarSeq(X, fL) and A.A;y = R L]
Let By..Bay = [S 'M] and C,..Cpy = [SIX<R} 'M]
Then Bi{X1<—A1}..{X(9L<—A(9L} ECi foriinl1.0M.

(typein value)
Assume EFp A<:A and EX<:AE'Fob: B
Then [b{X<A}]Jiswell-defined.
Then [ X<[A'J} = [b{X<-A}].

(typein row-value)
Assume EFpA<:A and EX<:AE tps..ST1Mm
Then [s{X<A"} "™]iswell-defined.
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Let by..bgyy = [s "MJand cl..cy = [S{X<-A} T™M].
Then bi{X<[A'} =cq ... bau{X<[A} =cym

(row-typein value)
Assume EtpR L and EX'LE Foc: C.
Then [c{X<-R}]is well-defined.
Let X1.X4 = VarSeq(X, fL) and Aq.A4 = R TL]
Then [cEXy<Ag}.{Xy <Ay} = [{X<R}]

(row-type in row-value)
Assume EtpR L and EXTLE Fps.- S M.
Then [s{X<R} "M]iswell-defined.
Let X3.Xg = VarSeq(X, fL) and A.Ay = R L]
Letby.byy = s TM] and c;..coy = [BIX<R} TM]
Then bi{X;<-A}.{X5 <Ay} =¢; foriinl.oM.
(valuein value)
Assume Elpa: A and EXAE Fob: B
Then [b{x<-a}]iswell-defined.
Then [bfx<[af} = [b{x<-a}].
(valuein row-value)
Assume Etpa: A and ExAE Fps..ST™
Then [s{x=-a} "M]iswell-defined.
Let by..bgy = [ TMJand c;..can = [six<a} T™M]
Then by{x<-[a]} =c;1 ... bgu{x<-[al} =cau -

(row-valuein value)
Assume Etpr - R L and Ex-RTLE Foc: C.
Then [c{x<-r}]iswell-defined.
Let x;.xg = varSeq(x, L) and aj..ay = [r L]
Then [c{xq<—aq}.{X5 <ag} = [c{x<T}].

(row-value in row-value)
Assume Etpr - R L and Ex:R 'LE Fps..S M.
Then [s{x=r} "™M]iswell-defined.
Let x;.Xg = varSeq(x, 'L) and a;.ay = [r L]
Letby.byy = s "M] and c;..coq = [Six<r} 'M]
Then bi{x;<aq}..{Xg <ay} =¢ foriinl..0M.

Finally we have the soundness theorem, divided into mutual induction groups.

Page 43



Theorem (soundness)

Q) Fo E env = [FoEenv]
E o Atype = [EtFpAtype]
EroR L = [ErpR L]

(2) ErpA<:B = [ErpA<:BJ
EroR<.-STL = [ErpoR<.-STLJ

(3) EFoa: A = [Etlpa:A]
Etor-RIL = [Etor-RTLJ

4 EFpa<a: A = [Elpa<a:A]
Ebpr<r .RML = [Erprer.-.RTLJ

Proof

The proof is by simultaneous induction on the derivations, using the lemmas abovein
the hard cases. [

8. Conclusions

We have defined a calculus of row variables, F..p, and translated it into a simpler
calculus with subtyping, F... The constraints imposed by the translation have forced us
into arestricted subset of the features that have been proposed for calculi of extensible
records, but we can still express many benchmark examples.

The particular mixture of features chosen for F..p is not uniquely determined. For
example we might have attempted to incorporate bounds on row quantifiers
(V(X< -RTL)B), row-valued functions (A—n R), or record concatenation (sketched in
section 5.5). The point is that many possible variations can be described and evaluated
within a single basic framework. Underlying all these variations and bridging between
them there is F.., often extended with recursion. This approach could provide us with a
fundamental and unified framework in which to study complex features of object-
oriented languages.
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