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—— Abstract

The study of polarity in computation has revealed that an “ideal” programming language com-
bines both call-by-value and call-by-name evaluation; the two calling conventions are each ideal
for half the types in a programming language. But this binary choice leaves out call-by-need
which is used in practice to implement lazy-by-default languages like Haskell. We show how the
notion of polarity can be extended beyond the value/name dichotomy to include call-by-need
by only adding a mechanism for sharing and the extra polarity shifts to connect them, which is
enough to compile a Haskell-like functional language with user-defined types.
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1 Introduction

Finding a universal intermediate language suitable for compiling and optimizing both strict
and lazy functional programs has been a long-sought holy grail for compiler writers. First
there was continuation-passing style (CPS) [21, 2], which hard-codes the evaluation strategy
into the program itself. In CPS, all the specifics of evaluation strategy can be understood
just by looking at the syntax of the program. Second there were monadic languages [14, 18],
that abstract away from the concrete continuation-passing into a general monadic sequencing
operation. Besides moving away from continuations, making them an optional rather than
mandatory part of sequencing, they make it easier to incorporate other computational effects
by picking the appropriate monad for those effects. Third there were adjunctive languages
[11, 26, 15], as seen in polarized logic and call-by-push-value A-calculus, that mix both call-by-
name and -value evaluation inside a single program. Like the monadic approach, adjunctive
languages make evaluation order explicit within the terms and types of a program, and
can easily accommodate effects. However, adjunctive languages also enable more reasoning
principles, by keeping the advantages of inductive call-by-value data types, as seen in their
denotational semantics. For example, the denotation of a list is just a list of values, not a
list of values interspersed with computations that might diverge or cause side effects.

Each of these developments have focused only on call-by-value and -name evaluation,
but there are other evaluation strategies out there. For example, to efficiently implement
laziness, the Glasgow Haskell Compiler (GHC) uses a core intermediate language which is
? Paul Downen and Zena M. Ariola;.
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call-by-need [4] instead of call-by-name: the computation of named expressions is shared
throughout the lifetime of their result, so that they need not be re-evaluated again. This may
be seen as merely an optimization of call-by-name, but it is one that has a profound impact
on the other optimizations the compiler can do. For example, full extensionality of functions
(i.e., the n law) does not apply in general, due to issues involving divergence and evaluation
order. Furthermore, call-by-need is not just a mere optimization but a full-fledged language
choice when effects are introduced [3]: call-by-need and -name are observationally different.
This difference may not matter for pure functional programs, but even there, effects become
important during compilation. For example, it is beneficial to use join points [13], which is a
limited form of jump or goto statement, to optimize pure functional programs.

So it seems like the quest for a universal intermediate language is still ongoing. To
handle all the issues involving evaluation order in modern functional compilers, the following
questions, which have been unanswered so far, should also be addressed:

(Section 3) How do you extend polarity with sharing (i.e., call-by-need)? For example,
how do you model the Glasgow Haskell Compiler (GHC) which mixes both call-by-need
for ordinary Haskell programs and call-by-value for unbozed [19] machine primitives?
(Section 4) What does a core language need to serve as a compile target for a general
functional programming language with user-defined types? What are the shifts you need
to convert between all three calling conventions? While encoding data types is routine,
what do you need to fully encode co-data types [9]?

(Section 5) How do you compile that general functional language to the core intermediate
sub-language? And how do you know that it is robust when effects are added?

This paper answers each of these questions. To test the robustness of this idea, we extend it
in several directions in the appendix. We generalize to a dual sequent calculus framework that
incorporates more calling conventions (specifically, the dual to call-by-need) and connectives
not found in functional languages (Appendices C and D). We formally relate our intermediate
language with polarity and call-by-push-value (Appendices B and F). Finally, full proofs of
correctness and standard meta-theoretic properties are provided (Appendices E and G to I).

2 Polarity, data, and co-data

To begin, let’s start with a basic language which is the A-calculus extended with sums, as
expressed by the following types and terms:

A,B,C:=X|A—-B|A®B
M,N,P:=z | M |M N |uM]|wM|case M of{v1z.N | 2y.P}

As usual, an abstraction Az.M is a term of a function type A — B and an injection ¢; M is a
term of a sum type A @ B. Terms of function and sum types are used via application (M N)
and case analysis, respectively. Variables = can be of any type, even an atomic type X.

To make this a programming language, we would need to explain how to run programs
(say, closed terms of a sum type) to get results. But what should the calling convention be?
We could choose to use call-by-value evaluation, wherein a function application (Az.M) N is
reduced by first evaluating N and then plugging its value in for z, or call-by-name evaluation,
wherein the same application is reduced by immediately substituting IV for z without further
evaluation. We might think that this choice just impacts efficiency, trading off the cost of
evaluating an unneeded argument in call-by-value for the potential cost of re-evaluating the
same argument many times in call-by-name. However, the choice of calling convention also
impacts the properties of the language, and can affect our ability to reason about programs.
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Functions are a co-data type [7], so the extensionality law for functions, known as 7,
expands function terms into trivial A-abstractions as follows:

(n=) M:A— B=X.Mz (x ¢ FV(M))

But once we allow for any computational effects in the language, this law only makes sense
with respect to call-by-name evaluation. For example, suppose that we have a non-terminating
term 2 (perhaps caused by general recursion) which never returns a value. Then the 7_,
law stipulates that Q = Ax.Q) z. This equality is fine—it does not change the observable
behavior of any program—in call-by-name, but in call-by-value, (Az.5) Q loops forever and
(Az.5) (Az.Q ) returns 5. So the full n_, breaks in call-by-value.

In contrast, sums are a data type, so one sensible extensionality law for sums, which
corresponds to reasoning by induction on the possible cases of a free variable, is expressed by
the following law stating that if  has type A @ B then it does no harm to case on z first:

(ne) M = casex of {t1y.M[t1y/z] | taz.M[i2z/x]} (z: A® B)

Unfortunately, this law only makes sense with respect to call-by-value evaluation once we have
effects. For example, consider the instance where M is ¢1x. In call-by-value, variables stand

for values which are already evaluated because that is all that they might be substituted for.

So in either case, when we plug in something like ¢;5 for =, we get the result ¢1(¢;5) after
evaluating the right-hand side. But in call-by-name, variables range over all terms which
might induce arbitrary computation. If we substitute €2 for z, then the left-hand side results
in ¢12 but the right-hand side forces evaluation of €2 with a case, and loops forever.

How can we resolve this conflict, where one language feature “wants” call-by-name
evaluation and the other “wants” call-by-value? We just could pick one or the other as the
default of the language, to the detriment of either functions or sums. Or instead we could
integrate the two to get the best of both worlds, and polarize the language so that functions
are evaluated according to call-by-name, and sums according to call-by-value. That way,
both of them have their best properties in the same language, even when effects come into
play. Since functions and sums are already distinguished by types, we can leverage the type
system to make the call-by-value and -name distinction for us. That is to say, a type A might

classify either a call-by-value term, denoted by A, or a call-by-name term, denoted by A_.

Put it all together, we get the following polarized typing rules for our basic A-calculus:

A B,Cu=A; | A_ A_B_:=X |Ay = B_ Ay, By i=X1 | AL @ By
Le:A -M:B_ ./ 'FM:A, -B_ TFHN:A; .
T AFz:A " TroaM: 4, >B. TFMN:B_ -
F}_M:AJ'_ F'_MB+
@©h @12

F}_LlMIA+@B+ FFL2M1A+@B+
'-M:A . ®By Ty,2:AyFN:C T,y:B++FP:C
I' - case M of{t1z.N | 12y.P} : C

SF

Note that, with this polarization, injections are treated as call-by-value, in ¢; M the term M
is evaluated before the tagged value is returned. More interestingly, the function call M N
has two parts: the argument NN is evaluated before the function is called as in call-by-value,
but this only happens once the result is demanded as in call-by-name.

But there’s a problem, just dividing up the language into two has severely restricted
the ways we can compose types and terms. We can no longer inject a function into a sum,
because a function is negative but a sum can only contain positive parts. Even more extreme,
the identity function Az.z : A — A no longer makes sense: the input must be a positive

type and the output a negative type, and A cannot be both positive and negative at once.

To get around this restriction, we need the ability to shift polarity between positive and
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negative. That way, we can still compose types and terms any way we want, just like before,
and have the freedom of making the choice between call-by-name or -value instead of having
the language impose one everywhere.

If we continue the data and co-data distinction that we had between sums and functions
above, there are different ways of arranging the two shifts in the literature, depending on the
viewpoint. In Levy’s call-by-push-value [11] the shift from positive to negative f} (therein
called F') can be interpreted as a data type, where the sequencing operation is subsumed
by the usual notion of a case on values of that data type, and the reverse shift || (therein
called U) can be interpreted as co-data type:!

'tEM: AL N I'tM: Ay Tx: Ay EN:C
A_,B_ == ... | 1A+ TkvalM: Ay 't case M of{valz.N} : C
Af, By = | JAZ EM:A- v 'EM:JA_
'+ Xenter.M : JA_ I' M.enter : A_

TWE

JE

M .enter can be seen as sending the request enter to M, and Aenter.M as waiting for that
request. In contrast, Zeilberger’s calculus of unity [25] takes the opposite view, where the
shift 1T from positive to negative is co-data and the opposite shift | is data:

PEMiAL DEM:tA: o
A_B_u=...|tAL T F eval M : 1A, TF Meval : A
Af, By = | A= 'EM:A_ T'EM:]JA_ F,x:/LFN:C\LE
I'-box M : |A_ I' - case M of {box z.N} : C

Here, we do not favor one form over the other and allow both forms to coexist. In turns out
that with only call-by-value and -name evaluation, the two pairs of shifts amount to the
same thing (more formally, we will see in Section 5 that they are isomorphic). But we will

see next in Section 3 how extending this basic language calls both styles of shifts into play.

With the polarity shifts between positive and negative types, we can express every
program that we could have in the original unpolarized language. The difference is that
now since both call-by-value and -name evaluation is denoted by different types, the types
themselves signify the calling convention. For call-by-name, this encoding is:

XI"=x" [A—=Bl =([AI") = [B]" [AeB]” =4(([A]) @ (L[B]7)
[«] ==
[M N]~ = [M] (box [N]") [Ax.M]™ = Ay.casey of {box z.[M] ™}
[eiM]™ = val(ei(box [M] 7)) [case M of{i;z;.N;}]~ = case[M] of{val(i;(box x;)).[N:] }
where the nested pattern val(¢;(box z;)) is expanded in the obvious way. It converts every

type into a negative one, and amounts to boxing up the arguments of injections and function
calls. The call-by-value encoding is:

[XI"=X"  [A—B]"=W[A]" = (1[B]") [Ae®B]" =[A]" & [B]"

[e]" ==
[M N]" = (([M] " .enter) [N]T).eval [Az.M]* = Xenter. Az Neval [M] "
[e:M]" = ;[ M]T [case M of {t;x;.N;}| " = case [M] ' of {¢;x;.[N;] "}

1 Note that this {+F rule is an eztension of the elimination rule for F in call-by-push-value [11], which
restricts C' to be only a negative type. The impact is that, unlike call-by-push-value, this language
allows for non-value terms of positive types, similar to SML. The extension is conservative, because
the interpretation of A4 values is identical to call-by-push-value, whereas the interpretation of a
non-value term of type A+ would be shifted in call-by-push-value as the computation type {t A+. This
interpretation also illustrates how to compile the extended calculus to the lower-level call-by-push-value
by {-shifting following the standard encoding of call-by-value, where positive non-value terms have an
explicit val wherever they may return a value. More details can be found in Appendices B and F.
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It converts every type into a positive one. As such, sum types do not have to change (because,
like SML, we have not restricted positive types to only classifying values as in [15]). Instead,
the shifts appear in function types: to call a function, we must first enter the abstraction,
perform the call, then evaluate the result.

At a basic level, these two encodings make sense from the perspective of typability
(corresponding to provability in logic)—by inspection, all of the types line up with their
newly-assigned polarities. But programs are meant to be run, so we care about more than
just typability. At a deeper level, the encodings are sound with respect to equality of terms:
if two terms are equal, then their encodings are also equal. We have not yet formally defined
equality, so we will return to this question later in Section 5.1.

3 Polarity and sharing

So far we have considered only call-by-value and -name calculi. What about call-by-need,
which models sharing and memoization for lazy computation; what would it take to add
that, too? The shifts we have are no longer enough: to complete the picture we also require
shifts between call-by-need and the other polarities. We need to be able to shift into and
out of the positive polarity in order for call-by-need to access data like the sum type. And
we also need to be able to shift into and out of the negative polarity for call-by-need to be
able to access co-data like the function type. That is a total of four more shifts to connect
the ordinary polarized language to the call-by-need world. The question is, how do we align
the four different shifts that we saw previously? Since call-by-need only needs access to the
positive world for representing data types, we use the data forms of shifts between those two.
Dually, since call-by-need only needs access to the negative world for representing co-data
types, we use the co-data forms of shifts between those two. We will also need a mechanism
for representing sharing. The traditional representation [4] is with let-bindings, and so we
will do the same. In all, we have:

A,B,CZI:A+|A_|A* A_7B_ I::X_|A+—>B_|ﬂ‘A+|TA+|T*A*
A, By = X" | AL | A Aq, By = X+ | AL @ By [ JA- | JA- | LA
DA, THM:1NAs
'FM:A N 1 ‘B
T'F deval,. M : 1 A, I'F M.eval, : A,
I'HM: A, I ' M: | A, F7:c:A*FN:C¢E
T'Fboxy M : [ A, + '+ case M of {box, z.N} : C
TFEM:A; 'EM: pHA F,x:A+I—N:CﬂE
I'kval, M : A+ 't case M of{val, z.N} : C
T'HM:A_ 'EM:, JA_
19 IE
' denter, M : JA_ '+ M.enter, : A_

'FM:A The: AFN:C
I'kFletz =MinN : C

Let

Now, how can a call-by-need A-calculus with functions and sums be encoded into this
polarized setting? We effectively combine both the call-by-name and -value encodings, where
a shift is used for call-by-need whenever one is used for either of the other two.

[XI" =X [A— B]" = 4(([A]") = (L [B]") [AeBl" = M((L[A]") & (I[B]))
[2]" ==
[M NJ* = ((J[M]*.enter,) (box, [N]")).eval,
[Az.M]* = Aenter,.)\y. case y of {box, x.\eval,.[M]*}
[e: M]* = vali(e;(boxs [M]*))
[case M of {v;z;.N;}]* = case [M]* of {val. (¢;(box, x;)).[IN:]*}
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The key thing to notice here is what is shared and what is not, to ensure that the encoding
correctly aligns with call-by-need evaluation. Both the shifts into , the data type A4+
and co-data type x|} A_, result in terms that can be shared by a let. But the shifts out of %
are different: the content M of box, M : |, A, is still shared, like a data structure, but the
content M of Aeval,.M : 1, A, is not, like a A-abstraction. Therefore, the encoding of an
injection [s;M]* shares the computation of [M]”* throughout the lifetime of the returned
value, as for the argument of a function call:

[case ;M of {v;z; N;}]|* = letz; = [M]"in[N;]*  [(Az.M)N]* = letx = [N]"in[M]*

Whereas, the encoding of a function [Az.M]*, being a value, re-computes [M]”* every time
the function is used, which is formalized by the equational theory in Section 4.4.

4 A multi-discipline intermediate language

So far, we have only considered how sharing interacts with polarity in a small language with
functions and sums, but programming languages generally have more than just those two
types. For example, both SML and Haskell have pairs so we should include those, too, but
when do we have enough of a “representative” basis of types that serves as the core kernel
language for the general source language? To define our core intermediate language, we will
follow the standard practice (as in CPS) of first defining a more general source language,

and then identifying the core sub-language that the entire source can be translated into.

The biggest issue is that faithfully encoding types of various disciplines into a core set of
primitives is more subtle than it may at first seem. For example, using Haskell’s algebraic
data type declaration mechanism, we can define both a binary and ternary sum:

data Either3a b cwhere
data Either a bwhere
Choicel : a — Either3a b ¢
Choice2 : b — Either3a b ¢

Choice3 : ¢ — Either3a b ¢

Left : a — Eithera b
Right : b — Eithera b

But Either a (Eitherd ¢) does not faithfully represent Either3a b ¢ in Haskell, even though it
does in SML. The two types are convertible:

nest(Choicel z) = Leftx unnest(Left x) = Choicel
nest(Choice2 y) = Right(Lefty) unnest(Right(Lefty)) = Choice2y
nest(Choice3 z) = Right(Right z) unnest(Right(Right z)) = Choice3 z

but they do not describe the same values. Eithera (Eitherb ¢) types both the observably dis-
tinct terms 2 and Right —which can be distinguished by pattern matching—but conversion
to Either3a b ¢ collapses them both to 2. This is not just an issue of needing nary tuples
and sums, the same issue arises when pairs and sums are nested with each other.

To ensure that we model a general enough source language, we will consider one that is
extensible (i.e., allows for user-defined types encompassing many types found in functional
languages) and multi-discipline (i.e., allows for programs that mix call-by-value, -name, and
-need evaluation). These two features interact with one another: user-defined types can
combine parts with different calling conventions. But even though users can define many
different types, there is still a fixed core set of types, F, capable of representing them all.
For example, an extensible and multi-discipline calculus encompasses both the source and
target of the three encodings showed previously in Sections 2 and 3. We now look at the full
core intermediate language F, and how to translate general source programs into the core F.
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Simple (co-)data types
data (X:+)® (Y:4) : + where  data(X:4+)® (Y:+) : + where data0 : + where
u:(X+FXaY) (o) (X, Vit F X ®Y) datal: +where(): (1)
t: Y +FXaY)
codata (X:—) & (Y:—) : —where codataT : —where codata(X:+)— (Y:—):—where
m (| X&Y FX:—) call: (X:+ | X Y FY:—)
m (| X &Y FY:—)

Quantifier (co-)data types Polarity shift (co-)data types
data 33 (X:k—+) : + where data |s(X:S) : + where data sft(X:+) : Swhere
pack : (X V4 F* 3, X) boxs : (X:SF lsX) vals : (X4 F s X)

codataV(X:k——) : — where codata 1s (X:S) : — where codata s (X:—) : Swhere
spec: (| VX PP X vVie) evals : (| 1s X F X:S) enters : (| sy X F X:—)

Figure 1 The F functional core set of (co-)data declarations.

4.1 The functional core intermediate language: F

Our language allows for user-defined data and co-data types. A data type introduces a
number of constructors for building values of the type, a co-data type introduces a number
of observers for observing or interacting with values of the type. Figure 1 presents some
important examples that define a core set of types, F. The calculus instantiated with just the
F types serves as our core intermediate language, as it contains all the needed functionality.

The data and codata declarations for & and — correspond to the polarized sum and
function types from Section 2, with a slight change of notation: we write X : + instead of
X . The data declaration of @ defines its two constructors 11 and vy, and dually the co-data
declaration for — defines its one observer call. The terms of the resulting sum type are
exactly as they were presented in Section 2. The function type uses a slightly more verbose
notation than the A-calculus for the sake of regularity: instead of A\x.M we have M callz.M}
and instead of M N we have M.call N. That is, dual to a case matching on the pattern of a
data structure, a A-abstraction matches on the co-pattern of a co-data observation like call z.
Besides changing notation, the meaning is the same [7].

There are some points to notice about these two declarations. First, disciplines can be
mixed within a single declaration, which is used to define the polarized — function space
that accepts a call-by-value (4) input and returns a call-by-name (—) result, but other
combinations are also possible. Second, instead of the function type arrow notation to assign
a type to the constructors and observers, we use the turnstyle (F) of a typing judgement.
This avoids the issue that a function type arrow already dictates the disciplines for the
argument and result, limiting our freedom of choice.

The rest of the core F types exercise all the functionality of our declaration mechanism.
The nullary version of sums (0) has no constructors and an empty case M of{}. We have
binary and nullary tuples (®, 1), which have terms of the form (M, N) and () and are used by
case M of {(z,y).M} and case M of {().M}, respectively. We also have binary and nullary
products (&, T), with two and zero observers, respectively. The terms of binary products
have the form A{m.M|m2.N} and can be observed as M.m;, and the nullary product has the
term A{} which cannot be observed in any way. The shifts are also generalized to operate
generically over the choice of call-by-name (—), call-by-value (4), and call-by-need (%), which
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A B,C:=X|F|)XX.A|AB X =Xk kio=8|k—1 R,S,Tu=+|—|x*
decl ::= data F(X:k).. : SwhereK : (A:T.. X" FX.)..
| codata G(X:k)..: Swhere O : (A:T.. | GX.. X B:R)..
pi=KX.y. q:=0X.y.. Ty, z i=xA
M,N:=z|lete=MinN | M.OB..N.. | KB..M.. | X{¢;.M;i} | case M of {p;. M;:}

Figure 2 Syntax of a total, pure functional calculus with (co-)data.

we denote by S. The pair of shifts between + (ls, sft) and — (1s, si) for each S has the
same form as in Section 3, where we omit the annotation & when it is clear from the context.

The last piece of functionality is the ability to introduce locally quantified types in a
constructor or observer. These quantified type variables are listed as a superscript to the
turnstyle, and allow user-defined types to perform type abstraction and polymorphism.
Two important examples of type abstraction shown in Figure 1 are the universal (V) and
existential (3x) quantifiers, which apply to a type function AX:k.A. We will use the shorthand
VX:k.A for Vi (AX:k.A) and 3X:k.A for I (AX:k.A). The treatment of quantified types is
analogous to System F,, where types appear in terms as parameters. For example, the
term A{specY:k.M} : VY :k.A abstracts over the type variable Y in M, and a polymorphic
M : VY:k.A can be observed via specialization as M.spec B : A[B/Y]. Dually, the term
pack B M : 3Y:k.A hides the type B in the term M : A[B/Y], and an existential M : 3Y:k.A
can be unpacked by pattern matching as case M of {pack (Y:k) (z:A).N}.

4.2 Syntax

The syntax of our extensible and multi-discipline A-calculus is given in Figure 2. We refer
to each of the three kinds of types (+, — and %) as a discipline which is denoted by the
meta-variables R, S, and 7. A data declaration has the general form

data F(Xi:k1)..(Xn:kn) : SwhereKy : (A11 : Ti1.-A1n : Tin B FX1..X5)
K : (Aml Tmi-Amn - Ton F FX1~~X7L)

which declares a new type constructor F and value constructors Kj ...K,,. The dual co-data
declaration combines the concepts of functions and products, having the general form

codata G(X1:k1)..(Xnikn) : Swhere Oy : (A11 : T11.-A1n : Tin | GX1. X0 F B1 1 Rq)
Om : (Am1 : Tm1--Amn : Tian | GX1.Xn F Bt Rim)

Since an observer is dual to a constructor, the signature is flipped around: the signature for
O; above can be read as “given parameters of types A, to Ay,, O can observe a value of
type G X1..X,, to obtain a result of type B;.”?

Notice that we can also declare types corresponding to purely call-by-value, -name, and

2 Both of these notions of data and co-data correspond to finitary types, since declarations allow for a
finite number of constructors or observers for all data and co-data types, respectively. We could just
as well generalize declarations with an infinite number of constructors or observers to also capture
infinitary types at the usual cost of having infinite branching in cases and As. Since this generalization
is entirely mechanical and does not enhance the main argument, we leave it out of the presentation.
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O,X:ktgA:l OFgA:k—1 OtgB:k (OFg A:T).
OkFg \X:kA:k—1 OFg AB:l 0, X :ktg Xk (:c:A:’T..I—S)ctx
TF)etx OFgA:S THFEM:A:S T,0:A:SFN:C:R THM:A:S A=4,B
Naz:A:SFSx:A:S FFoletz:A=MinN:C: R rFEM:B:S

Given data F(X:k).. : SwhereK; : (A, : Ti;4 F¥%5" F(X..))1 € G, we have the rules:

OFgF:k— .S
TFetx OFgFC..:S (OFg Bj:ly)i (TF§ M;: Aj[C/X..,B;j/Yiji] : Tij)?.
I+ K; B M;i:FC..: S
OFgC:R TFEM:FB.:S (Day: Ay[B/X.]: Tyt FOV 9 N 0 R):
[ g case M of {(K; Yijilij? x45:Ai57).Nii} : C: R

Given codata G(X:k).. : Swhere O, : (A;; : Ti;% | G(X..) FYislis™ B, : R;)i € G, we have the rules:

FI;

FE

OkgG:k— .S
PFOM:GC'..: S (Okg Cj:ly)i (LFS Nj: Ay[C')X..,C;/Yi0]  Tij)?.
g g

o) ; ; GE;
r Fg M.O; Cj?. N;i B : R4
T etx ©Fg GC..: 8 (Tyay: Ay[C/X.]: Ty 9 9" Ny 2 By i Ry
GI
Iy l—g) A{(OZ Y;;jilij;i. xZ]AZ]7)NZ7} :GC..: S
Figure 3 Type system for the pure functional calculus.
-need versions of sums and functions by instantiating S with +, —, and *, respectively:
data (X:S) ®° (Y:S) : Swhere codata (X:S) 5 (Y:S) : Swhere
S (XSEXaY) call®: (X:S | X S Y+ V:S8)

5 (V:SEXaY)

So the extensible language subsumes all the languages shown in Sections 2 and 3.

4.3 Type System

The kind and type system is given in Figure 3. In the style of system F,, the kind
system is just the simply-typed A-calculus at the level of types—so type variables, functions,
and applications—where each connective is a constant of the kind declared in the global
environment G. It also includes the judgement (I' -2) ctx for checking that a typing context
is well-formed, meaning that each variable in I' is assigned a well-kinded type with respect
to the type variables in © and global environment G.

The typing judgement for terms is I' I—S M : A:S, where G is a list of declarations,
© = X : k.. assigns kinds to type variables, and I' = x : A : S.. assigns explicitly-kinded
types to value variables. The interesting feature of the type system is the use of the two-level
judgement M : A : S, which has the intended interpretation that “M is of type A and A is of
kind & The purpose of this compound statement is to ensure that the introduction rules do
not create ill-kinded types by mistake. This maintains the invariant that if T’ FS M:A:S
is derivable then so is (I'+§) ctx and © g A : S.

For example, in the F environment from Figure 1, a type like A ® B requires that both
A and B are of kind +, so the ® introduction rule for closed pairs of closed types is:

FrM:A:+ FrN:A:+

Fx (M,N):A® B : +

QI
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Viu=Vs:A:S Vio=a |KB.V.| Mg .M | i} Vou=M Ve =V,
F:=0.0B..V..| caseOof{p; M;i} | letz:A:+ = Oin M | let z:A:x = Oin H[E[z]]
E:=0] F[E] U:=letz:Ax = MinO H:=0O|U[H]|

T :=letx = MinO | case M of {p;.00 | i}

) letx =VinM ~ M[V/xz]
) M.|(OY.z..)M|.}.OB.. N.. ~letz = N..in M[B/Y .|
) caseKB.N..of{.|(KY.z..).M|..} ~letz = N..in M[B/Y .]
(M1et) letz:A=Minz ~ M
) Mai(z.q) | i}~ =
) case M of {p;.p; | i} ~ M
) F[T[M;:]] ~ T[F[M;]:]
) lety:B:S =letx:A:S = Miin Main N ~ let x:A:S = M; inlet y:B:S = M2 in N
'FEM:A:S M~M THEM :A:S
PrFEM=M:4:8

plus compatibility, reflexivity, symmetry, transitivity

Figure 4 Equational theory for the pure functional calculus.

The constraint that A : + and B : + in the premises to ®I ensures that A ® B is indeed a
type of +. This idea is also extended to variables introduced by pattern matching at a specific
type by placing a two-level constraint on the variables. For example, the — introduction
rule for closed function abstractions is:
z:A:+FrM:B:—
Fr Mcall(z:A).M}: A— B: —

—1

Notice how when the variable z is added to the environment, it has the type assignment
x : A : 4 because the declared argument type of — must be some call-by-value type. If the
premise of —1I holds, then A : + and B : —, so A — B is a well-formed type of —.

Finally, we also need to check that a global environment G is well-formed, written F G,
which amounts to checking that each declaration is in turn like so:

(X k., Y:l.FgA:T).
G F dataF(X:k)..: SwhereK: (A: T..F " FX.)..
(X:k,,Y:l.FgA:T). (X:k.,Y:l.FgB:R).
G F codata G(X:k).. : SwhereO: (A: 7..|GX..F'" B:R)..

And we say that G’ extends G if it contains all declarations in G.

4.4 Equational Theory

The equational theory, given in Figure 4, equates two terms of the same type that behave the
same in any well-typed context.? The axioms of equality are given by the relation ~, and the
typed equality judgement is I" I—S M = N:A:S. Because of the multi-discipline nature of
terms, the main challenge is deciding when terms are substitutable, which controls when the

3 See Appendices E and I for the operational semantics and its relationship to equality.
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Bie; axiom can fire. For example, let © = M in N should immediately substitute M without
further evaluation if it is a call-by-name binding, but should evaluate M to a value first
before substitution if it is call-by-value. And we need the ability to reason about program
fragments (i.e., open terms of any type) wherein a variable z acts like a value in call-by-value
only if it stands for a value, 7.e., we can only substitute values and not arbitrary terms for a
call-by-value variable. Thus, we link up the static and dynamic semantics of disciplines: each
base kind S is associated with a different set of substitutable terms Vs called values. The set
of values for + is the most strict (including only variables, A-abstractions, and constructions
plp] built by plugging in values for the holes in a pattern), — is the most relaxed (admitting
every term as substitutable), and * shares the same notion of value as +. A true value, then,
is a term Vs belonging to a type of kind S, i.e., Vs : A:S. This way, the calling convention
is aligned in both the static realm of types are and dynamic realm of evaluation.

The generic 3., axiom relies on the fact that the left-hand side of the axiom is well-typed
and every type belongs to (at most) one kind; given let x:A = Vin M, then it must be that
A:S and V is of the form Vs : A: S (both in the current environment). Soif x : A& B : —,
then every well-typed binding is subject to substitution via 3,,,, but if  : A® B : + then only
a value V. in the sense of call-by-value can be substituted. The corresponding extensionality

axiom 7,,, eliminates a trivial let binding.

The By and B, axioms match against a constructor K or observer O, respectively, by
selecting the matching response within a case or A-abstraction and binding the parameters
via a let. Special cases of these axioms for a sum injection and function call are:

case ;M of {tix1.N1 | Loz No} ~g letx; = MinN;  Mcallx.N}.call M ~B_, letz = Min N

The corresponding extensionality axioms 7 and ng apply to each co-data type G and data
type F to eliminate a trivial A and case, respectively, and again rely on the fact that the
left-hand side of the axiom is well-typed to be sensible. The special cases of these axioms for
the sum (@) and function (—) connectives of F are:

case M of {t1z:A.t1x | 12y:B.tay} ~ng M Mecally:A.(z.cally)} ~,_, =

The kp axiom implements commutative conversions which permute a frame F' of an
evaluation context (F) with a tail context T, which brings together the frame with the
return result of a block-style expression like a let or case. Frames represent the building
blocks of contexts that demand a result from their hole [J. The cases for frames are an
observation parameterized by values (.0 B..V..), case analysis (caseJof{...}), a call-by-
value binding (let x:A:4+ = Oin M), or a call-by-need binding which is needed in its body
(let x:A:x = Oin H[E|z]]). As per call-by-need evaluation, variable = is needed when it
appears in the eye of an evaluation context F, in the context of a heap H of other call-by-need
bindings for different variables. Tail contexts point out where results are returned from
block-style expressions, so the body of any let (let € = M in[) or the branches of any case
(case M of {p.0]..}). Since a case can have zero or more branches, a tail context can have
zero or more holes.

Finally, the x° axiom re-associates nested let bindings, so long as the discipline of their
bindings match. The restriction to matching disciplines is because not all combinations are
actually associative [15]; namely the following two ways of nesting call-by-value and -name
lets are not necessarily the same when M, causes an effect:

(lety:B:— = (let z:A:+ = M1 in M2)in N) # (let z:A:+ = My inlet y:B:— = M>in N)

In the above, the right-hand side evaluates M; first, but the left-hand side first substitutes
let x:A:+ = M; in M5 for y, potentially erasing or duplicating the effect of M;. For example,
when M, is the infinite loop €2 and N is a constant result z which does not depend on y,

20:11
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then the right-hand side loops forever, but the left-hand side just returns z. But when the
disciplines match, re-association is sound. In particular, notice that the x~ instance of the
axiom is derivable from f,,,, and the xT instance of the axiom is derivable from k. The
only truly novel instance of re-association is for call-by-need, which generalizes the special
case of k5 when the outer variable y happens to be needed.

Some of the axioms of this theory may appear to be weak, but nonetheless they let us
derive some useful equalities. For example, the A-calculus’ full  law for functions

rFeM:A—B:— z2¢Tl
I F2 Mcallz:A.(M.callz)} = M: A— B: —

is derivable from 7_, and 3,,,. Furthermore, the sum extensionality law from Section 2, and
nullary version for the void type 0

Dz: A @ Ag: ++3 M = casex of {vi(yi:Ai).M[uiyi /z]i} : C: R
Dz:0:+F2 M =casezof{}:C: R

are derived from the 7, 7y, kp, and 3, axioms. So typed equality of this strongly-
normalizing calculus captures “strong sums” (& la [16]). Additionally, the laws of monadic
binding [14] (bind-and-return and bind reassociation) and the F' functor of call-by-push-value
[11] are instances of the generic Snk laws for the shift data type sftA:

'+ caseboxs V of {boxs .M} =8 4B M[V/x]:C: R
I +% case M of {boxs(z:A).boxs x} =n, M: stA:S

I' 2 case (case M of {boxs .N}) of {boxT y.N'} :C:R
=y, case M of {boxs z.case N of {box7 y.N'}}

Note that in the third equality, commuting conversions can reassociate sftA and (B
bindings for any combination of S and 7T, including — and *, because a case is always strict.
Note that, as usual, the equational theory collapses under certain environments and types
due to the nullary versions of some connectives: we saw above that with a free variable
x:0: + all terms are equal, and so too are any two terms of type T via n+ (the nullary form
of product in F). Even still, there are many important cases where the equational theory is
coherent. One particular sanity check is that, in the absence of free variables, the two sum
injections ¢1() and ¢o() are not equal, inherited from contextual equivalence in Appendix I.

» Theorem 1 (Closed coherence). For any global environment + G extending F, the equality
Fg t1() = 12() : 1@ 1: + is not derivable.

4.5 Adding effects

So far, we have considered only a pure functional calculus. However, one of the features
of polarity is its robustness in the face of computational effects, so let’s add some. Two
particular effects we can add are general recursion, in the form of fixed points, and control in
the form of p-abstractions from Parigot’s Au-calculus [17]. To do so, we extend the calculus
with the following syntax:

M,N :=...|ve.M | pa.J J = (M) o, B,y i=aA

Fixed-point terms vx:A.M bind = to the result of M inside M itself. Because fixed points
must be unrolled before evaluating their underlying term, their type is restricted to A : —.
Control extends the calculus with co-variables a, 3,... that bind to evaluation contexts
instead of values, letting programs abstract over and manipulate their control flow. The
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evaluation context bound to a co-variable « of any type A can be invoked (any number of
times) with a term M : A via a jump (M |a) that never returns a result, and the co-variable

« of type A can be bound with a p-abstraction pa:A.J.
To go along with the new syntax, we have some additional type checking rules:

Dot A:—FgM:A:—| A J:(TFS a:A:S,A) TFEM:A:S|a:A:SA
IFG vaiAM: A — | A THS paiAJ:A:S|A (Mla): (CFS a: A:S,A)

The judgements in other typing rules from Figure 3 are all generalized to " I—S M:A:S|A.
There is also a typing judgement for jumps of the form J : (I' € A), where ©, I, and
A play the same roles; the only difference is that J is not given a type for its result.
Unlike terms, jumps never return. As in the Ap-calculus, the environment A is placed
on the right because co-variables represent alternative return paths. For example, a term
r:X:—y:Y:+ }—?_’YH' M:Y :—|B:Y :+ could return an X via the main path, as
in M =z, or aY via § by aborting the main path, as in M = pa:X.(y|B).
And finally, the equational theory is also extended with the following equality axioms:

(v) ve. M ~ Myve.M/x]
(By) (nee.J|B) ~ J[B/a] (8:) Flpe.J]: B ~ up:B.J[(F|B)/{0]c)]
() pecA(Ma) ~ M (ku)  Tlpa(M;]B):] ~ po(T[M;]| 5)

The v axiom unrolls a fixed point by one step. The two 3, axioms are standard generalizations
of the Ap-calculus: 3 substitutes one co-variable for another, and ﬂff captures a single
frame of a u-abstraction’s evaluation context via a structural substitution that replaces one
context with another. The k,, is the commuting conversion that permutes a p-abstraction

n
with a tail context T.

5 Encoding user-defined (co-)data types into F

Equipped with both the extensible source language and the fixed F target language, we
are now able to give an encoding of user-defined (co-)data types in terms of just the core
F connectives from Figure 1. Intuitively, each data type is converted to an existential &-
sum-of-®-products and each co-data type is converted to a universal &-product-of-functions,
both annotated by the necessary shifts in and out of + and —, respectively. The encoding is
parameterized by a global environment G so that we know the overall shape of each declared
connective. Given that G contains the following data declaration of F, the encoding of F is:

Given dataF(X:k)..: SwhereK; : (4;; : T;;/. Yasilish F(X.)i.eg
[FI 2 AX ik s ((3Yijili; 2 (U7, Aiy) @ 21)) @ 20)

Dually, given that G contains the following co-data declaration of G, the encoding of G is:

Given codata G(X:k)..: SwhereO; : (4;; : T;;7 | G(X..) FYiilis® B, R;)i€g
[G] 2 AX k...sU((WYijilij. 2 (b, Aij) — 2(TR, Bi))) & &)

However, the previous encodings for call-by-name, -value, and -need functions and sums
from Sections 2 and 3 are not exactly the same when we take the corresponding declarations
of functions and sums from Section 4; the call-by-name and -value encodings are missing
some of the shifts used by the generic encoding, and they all elide the terminators (0, 1, and
T). Does the difference matter? No, because the encoded types are still isormorphic.

20:13

CSL 2018



20:14

Beyond Polarity

» Definition 2 (Type Isomorphism). An isomorphism between two open types of kind k,
written © Fg A ~ B : k, is defined by induction on k:

OFgAx B:k—lwhen©,X:kFg A X~ B X :[, and

O Fg A~ B : § when, for any x and y, there are terms z: A: S Fg) N : B:S
and y: B:S F(g M : A:S such that z:A:S FS’ (lety:B=NinM =1z) : A:S and
y:B:SH (leta:A=MinN =y):B:S.

Notice that this is an open form of isomorphism: in the base case, an isomorphism between
types with free variables is witnessed uniformly by a single pair of terms. This uniformity in
the face of polymorphism is used to make type isomorphism compatible with the ¥V and 3
quantifiers. With this notion of type isomorphism, we can formally state how some of the
specific shift connectives are redundant. In particular, within the positive (+) and negative
(—) subset, there are only two shifts of interest since the two different shifts between — and
+ are isomorphic, and the identity shifts on + and — are isomorphic to an identity on types.

» Theorem 3. The following isomorphisms hold (under Ex) for allk- A:+ and+ B : —
A= _ftA J_B= B 1A= A~ A "~ BB~ _|B

But clearly the shifts involving x are not isomorphic, since none of them even share the
same kind. Recognizing that sometimes the generic encoding uses unnecessary identity shifts,
and given the algebraic properties of polarized types [6], the hand-crafted encodings [[A]]+,
[A]~, and [A]" are isomorphic to [A]”.

5.1 Correctness of encoding

Type isomorphisms give us a helpful assurance that the encoding of user-defined (co-)data
types into F is actually a faithful one. In every extension of F with user-defined (co-)data
types, all types are isomorphic to their encoding.

» Theorem 4. For all - G extending F and O g A: k, OFg A= [[A}]g k.

Note that this isomorphism is witnessed by terms in the totally pure calculus (without
fixed points or p-abstractions); the encoding works in spite of recursion and control, not
because of it. Because of the type isomorphism, we can extract a two-way embedding
between terms of type A and terms of the encoded type [[A]]éT from the witnesses of the type
isomorphism. By the properties of isomorphisms, this embedding respects equalities between
terms; specifically it is a certain kind of adjunction called an equational correspondence [22].

» Theorem 5. For all isomorphic types © Fg A~ B : S, the terms of type A (ie., T I—S M :
A: 8| A) are in equational correspondence with terms of type B (ie., T F§ N:B:S|A).

This means is that, in the context of a larger program, a single sub-term can be encoded
into the core F connectives without the rest of the program being able to tell the difference.
This is useful in optimizing compilers for functional languages which change the interface of
particular functions to improve performance, without hampering further optimizations.

The possible application of this encoding in a compiler is as an intermediate language:
rather than encoding just one sub-term, exhaustively encoding the whole term translates
from a source language with user-defined (co-)data types into the core F connectives. The
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essence of this translation is seen in the way patterns and co-patterns are transformed; given
the same generic (co-)data declarations listed in Figure 3, the encodings of (co-)patterns are:

[K:Y .. ac]]z;T £ vals (¢4 (11 (pack Y .. (boxr z, ..()))))

[O:;Y.. :/c]]éE £ enters.mh.mi.spec Y ...callx...evalg,

where ¢} denotes i applications of the ¢y constructor, and 74 denotes i projections of the o
observer. Using this encoding of (co-)patterns, we can encode (co-)pattern-matching as:

[[caseMof{pi.Ni.i.}}]g £ case [M] g of {[pi]-[Ni] 5"} [[)\{qlMﬂ}ﬂ';: £ )\{[[qi}]g.[[M,-]]g?.}

as well as data structures and co-data observations:

[p[B/Y ... M/=.]]; 2 PIZ([BIG /Y ... IM]] /=.]
[M.(q[B/Y ...N/z. )]} £ [M]g-(lalZ [[BIS /Y . NI /=..])

Note that in the above translation, arbitrary terms are substituted instead of just values as
usual. This encoding of terms with user-defined (co-)data types G into the core F types is
sound with respect to the equational theory (where I' and A are encoded pointwise).

» Theorem 6. If the global environment + G extends F and T’ FS) M=N:A]|A then
[T - [M1Z = INTZ - [AT7 | 1Al

Since the extensible, multi-discipline language is general enough to capture call-by-value,
-name, and -need functional languages—or any combination thereof—this encoding establishes
a uniform translation from both ML-like and Haskell-like languages into a common core
intermediate language: the polarized F.

6 Conclusion

We have showed here how the idea of polarity can be extended with other calling conventions
like call-by-need, which opens up its applicability to the implementation of practical functional
languages. In particular, we would like to extend GHC’s already multi-discipline intermediate
language with the core types in F. Since it already has unboxed types [19] corresponding to
positive types, what remains are the fully extensional negative types. Crucially, we believe
that negative function types would lift the idea of call arity—the number of arguments a
function takes before “work” is done—from the level of terms to the level of types. Call
arity is used to optimize curried function calls, since passing multiple arguments at once
is more efficient that computing intermediate closures as each argument is passed one at a
time. No work is done in a negative type until receiving an eval request or unpacking a val,
so polarized types compositionally specify multi-argument calling conventions.

For example, a binary function on integers would have the type Int — Int — 1 Int, which
only computes when both arguments are given, versus the type Int — 4, .| (Int = 1 Int) which
specifies work is done after the first argument, breaking the call into two steps since a closure
must be evaluated and followed. This generalizes the existing treatment of function closures
in call-by-push-value to call-by-need closures. The advantage of lifting this information into
types is so that call arity can be taken advantage of in higher order functions. For example,
the zip With function takes a binary function to combine two lists, pointwise, and has the
type VX x VY % VZx (X - Y — Z) — [X]| = [Y] — [Z] The body of zip With does not
know the call arity of the function it’s given, but in the polarized type built with negative
functions: VX VY % VZx (I X = Y — 12) — [[X] — L[Y] — 1[Z] the interface in the

type spells out that the higher-order function uses the faster two-argument calling convention.
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A Appendix outline

In this appendix, we give supporting material in the form of an alternative language based on
the classical sequent calculus, additional details on the operational semantics and CPS-like
kernels of the two calculi, and proofs of the stated theorems. More specifically, the appendix
contains the following parts:

Appendix B gives a summary of the related work, and a high-level overview of how
the presentation given here corresponds to other multi-discipline calculi (specifically,
call-by-push-value and polarized calculi) in the literature.

Appendices C and D give a fully dual generalization of Sections 4 and 5 based on the
classical sequent calculus. This generalization includes a dual core D basis of (co-)data
types that serves as the target of encoding as well as the dual of call-by-need evaluation.
The encoding admits the same correctness criteria as for the encoding into F.
Appendix E gives an untyped operational semantics for both the functional and sequent
calculi. These operational semantics enjoy standard properties like determinism and type
safety.

Appendix F illustrates the core F and D intermediate languages in isolation. These
two core languages can be viewed independently of the data and co-data declaration
mechanism, which are expressive enough to represent all the other declarable types of
their respective systems. We also illustrate the focused sub-syntax of the F and D
calculi, which is calculated as the normal forms with respect to the ¢ reductions of the
operational semantics, and show in detail how the focused sub-syntax corresponds to
call-by-push-value and polarized calculi in the literature.

Appendix G shows the equational correspondence between both the extensible functional
calculus and the a subset of the sequent calculus. As a consequence, the correctness
criteria of encodings in those two calculi are the same.

Appendix H shows that types are isomorphic to their encodings, and that the encoding
of terms is sound with respect to the equational theory of the extensible source language
and the target D or F.

Appendix I shows the soundness of the equational theory with respect to a contextual
equivalence based on the above operational semantics. The untyped reductions of the
equational theory are shown to have the standard rewriting theory properties of confluence
(i.e., Church-Rosser) and standardization, which gives soundness of the untyped portion
of the equational theory. The typed extensionality axioms are then justified by a logical
relation based on an orthogonality model of types.

B Related Work

There have been several polarized languages [11, 26, 15], each with subtly different and
incompatible restrictions on which programs are allowed to be written. The most common
such restriction corresponds to focusing in logic [1]; in the terms used here, focusing means
that the parameters to constructors and observers must be values. Rather than impose a
static focusing restriction on the syntax of programs, we instead imply a dynamic focusing
behavior—which evaluates the parameters of constructors and observers before (co-)pattern
matching—during execution. Both static and dynamic notions of focusing are two sides of
the same coin, and amount to the same end [8].

The other restrictions vary between different frameworks, however. First, we might ask
where computation can happen. In Levy’s call-by-push-value [11], value types (correspond-



P. Downen and Z. M. Ariola

ing to positive types) can only be ascribed to values and computation can only occur at
computation types (corresponding to negative types), but in Munch-Maccagnoni’s system L
[15] computation can occur at any type. Zeilberger’s calculus of unity [25], which is based
on the classical sequent calculus, isolates computation in a separate syntactic category of
statements which do not have a return type, but is essentially the same as call-by-push-value
in this regard as both frameworks only deal with substitutable entities, to the exclusion of
named computations which may not be duplicated or deleted. Second, we might ask what
are the allowable types for variables and, when applicable, co-variables. In call-by-push-value,
variables always have positive types, but in the calculus of unity variables have negative
types or positive atomic types (and dually co-variables have positive types or negative atomic
types). These restrictions explain why the two frameworks chose their favored shifts:
introduces a positive variable and | introduces a negative one, and in the setting of the
sequent calculus |} introduces a negative co-variable and 71 introduces a positive one. They
also explain the calculus of unity’s pattern matching: if there cannot be positive variables,
then pattern matching must continue until it reaches something non-decomposable like a
A-abstraction. In contrast, system L has no restrictions on the types of (co-)variables.

In both of these ways, the language presented here is spiritually closest to system L. A
motivation for this choice is that call-by-need forces more generality into the system: if there
is no computation and no variables of call-by-need types, then the entire point of sharing
work is missed. However, the call-by-value and -name sub-language can still be reduced down
to the more restrictive style of call-by-push-value and the calculus of unity. We showed here
that the two styles of positive and negative shifts are isomorphic, so the brunt of the work
is to reduce to the appropriate normal form. In particular, normalization of the dynamic
focusing reductions—originally named ¢ [24]—along with commuting conversions (k) and let
substitution (3,,,) can be applied to exhaustion to a term of negative type (and a shift can
be applied for positive terms) as a transformation into the more restricted form (for more
details, see Appendix F). Additionally, negative variables z : A : — can be eliminated by
substituting y.enter for x where y : | A : +. Alternatively, the (co-)variables by the calculus
of unity can be eliminated by type-directed n-expansion into nested (co-)patterns.

The data and co-data mechanism used here extends the “jumbo” connectives of Levy’s
jumbo A-calculus [12] to include a treatment of call-by-need as well the move from mono-
discipline to multi-discipline. Our notion of (co-)data is also similar to Zeilberger’s [26]
definition of types via (co-)patterns, which is fully dual, extended with sharing. The
corresponding fully dual notion of data and co-data is shown in Appendix C.

C A dual multi-discipline sequent calculus

So far, we have seen how the extensible functional calculus enables multi-discipline pro-
gramming and can represent many user-defined types with mixed disciplines via encodings.
The advantage of this calculus is that it’s close to an ordinary core calculus for functional
programs, but the disadvantage is its incomplete symmetries. Most F types have a dual
counterpart (& and @, V and 3, etc., ) but types like ® and — do not. The disciplines + and
— represent opposite calling conventions, but the opposite of call-by-need (%) is missing. To
complete the picture, we now consider a fully dual calculus, which is based on the symmetric
setting of the classical sequent calculus.
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Simple (co-)data types
data (X:+) @ (Y:+) : + where data0 : + where
n:(X+FXaY)
ko (Y+E XaY)

data (X:+) ® (Y:+) : + where datal : + where
(L) (XY +F XQY) O:(F1)
codata (X:—) & (Y:—) : —where codata T : — where

m (| X&Y FX:—)
m (| X&YFY:-)

codata (X:—) % (Y:—) : —where codata | : —where
L]: (| XBYFX:—Y:-) J:(]LF)
data©(X:—) : + where codata —~(X:+) : — where
cont: (FoX | X:—-) throw : (X : + | =X F)
Quantifier (co-)data types
data3;(X:k—+) : + where codata Vy(X:k——) : —where
pack : (X YV:+ FF 3, X) spec: (| VX PP X vVi-)
Polarity shift (co-)data types
data |s(X:S) : + where data sf(X:+) : S where
boxs : (X:SF |sX) vals : (X:+ F st X)
codata 15 (X:S) : — where codata s} (X:—) : S where
evals : (| s X F X:S) enters : (| sy X F X:—)

Figure 5 The D dual core set of (co-)data declarations.

C.1 The dual core intermediate language: D

In contrast with functional (co-)data declarations, dual calculus allows for symmetric data
and co-data type declarations that are properly dual to one another: they can have multiple
inputs to the left (of ) and multiple outputs to the right (of F). This dual notion of (co-)data
is strictly more expressive, and lets us declare the new connectives like so:

codata (X:—) % (Y:—) : —where codata | : — where
L (X BY EX =Y —) 0:ClLF)

data©(X:—) : + where codata —~(X:+) : —where
cont: (FoX |X:—) throw : (X : 4+ | X F)

Note how these types rely on the newfound flexibility of having zero outputs (for L and —)
and more than one output (for % and &). These four types generalize F, and decompose
function types into the more primitive negative disjunction and negation types, analogous to
the encoding of functions in classical logic: A — B &~ (—=A) % B. The full set of dual core D
connectives is given in Figure 5.
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AB,C:=X|F|AX.A|AB X, Y,Z:=X:k kilz=8S|k—1 R,STu=+|—|x|*
decl = dataF X:k..: SwhereK: (A: T..F¥ " FX..|B: R.)

| codata G X:k..: SwhereO: (A:7..|GX..F'" B:R.)
¢ = (v]e)
vi=g | poc|vey | Mgi.ci | i} | KA. .e.v.. pui=KY.a.z. z,y,z i=x:A
en=a|fx.c|iae| Mpi.ci| i} | OA v.e. g:=0Y.zx.a. o, 3,0 = a:A

Figure 6 Syntax of the dual calculus.

C.2 Syntax

The syntax of the dual calculus is given in Figure 6. At the level of programs, the syntax is
split in two: dual to terms (v) which give an answer are co-terms (e) which ask a question.
Therefore, each of the features from the functional language are divided into one of two
camps. Variables z, p-abstractions pa.c, fixed points va.v, objects of co-data types A{...},
and data structures like ¢;v are all terms. In contrast, co-variables «, fi-abstractions fix.c
(analogous to let and dual to u), co-fixed points Da.e, case analysis of data structures 5\{ .}
(dual to co-data objects) and co-data observations like ;e (dual to data structures) are all
co-terms. A command c is analogous to a F jump, and puts together an answer (a term v)
with a question (a co-term e). In this way, the dual calculus can be seen as inverting the
elimination functional terms to the other side of a jump (M |«), expanding the role reserved
for a. By giving a body to observations themselves, co-patterns ¢ introduce names for all
sub-components of observations dual to patterns p: for example, the co-pattern of a projection
milacA;] ¢ Ay & Ag is perfectly symmetric to the pattern of an injection ¢;(z:4;) : A1 @ As.

At the level of types, there is a dual set of connectives and disciplines. The base kind
* signifies the dual to call-by-need (x), which shares delayed control effects the same way
call-by-need shares delayed results. For example, the negative co-data type constructors
% and L of D are dual to the positive connectives ® and 1, respectively: they introduce
co-pairs [e,e'] : A B, which is a pair of co-terms e : A and ¢ : B accepting inputs of
type A and B, and the co-unit [] : L. Objects of co-data types respond to observations
by inverting their entire structure and then running a command. For & this looks like
Mmia:A].e; | mo[B:B].ca} : A& B and for % this looks like AM{[z:A, 5:B].c} : A% B. In lieu
of the non-symmetric function type, we instead have two dual negation connectives: the data
type constructor © : — — + and the co-data type constructor = : + — — which introduce
the (co-)patterns cont(a:A) : ©A and throw[z:A] : =A. These particular forms of negation
are chosen because they are involutive up to isomorphism (as defined next in Appendix D);
their two compositions are identities on types:

A X+ 0 (X))~ A X:+.X AXi——~(6X) = A\ X:—X

Function types can instead be represented as A — B ~ (—A) ¥ B.

C.3 Type system

The type system of D is given in Figure 7. One major change from the functional calculus’
type system is the use of the traditional single-level typing judgement v : A instead of the
two-level M : A :S. This is possible because of the sequent calculus’ sub-formula property—
Cut is the only inference rule that introduces arbitrary new types in the premises. By just
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Pi=z:A. Ai=a:A. O:=A:8.. G ::= decl..
0,X kg A:l OtgA:k—1 OFgB:k
Obtg AX:kA:k—1 OFg AB:l 0,X :ktkg Xk

(@ FgAIT)A. (@ FgBZR)..
(x:A.Fg B:B..)ctx
I3 v:A|A OFA:S Tle:AFS A

Cut
(v]e) : (T FB A)
c:(FI—%a:A,A)AR c:(D,z: AFS A)
I'FS paAc: A| A I'|ar:Ac: AFS A
s VR s VL
Dz:AFpz:A|A F'Fpa:A|la:AA
Dz:AFSv:A|A @PDA:—RR I'le:AFS a:A/A OFp A: 4+
IFS vaAw: A A I'|va:Ae: AFS A
I'le:AFS A OFp A=4,B: S I'F8wv:A|A OFp A=3,B:S
S TCR S TCL
I'le:BF3 A '8 v:B|A

Given data F(X:k).. : SwhereK; : (A;;:T;; 4 it ’ F(X.)) | Bij:Rij%)i € G, we have the rules:

OFgF:k.— S
(O Fg Cj 1 1ij)4 (T ]ej: Bij[C")X..,C;/Yii) FE A)i. (D FG v Ayj[C7/X .., C;/Yiji] | A)d.

5 —— FR;
I "g Kl Cj?‘ ej.J. Uj.J. : FC’ | A
S O,Y il ; )
Ci - (F,:rij : Aij [C/X]] }_g 7 Qg o Bij [C/X]],A)’

. : : 2 —— FL
I | A{(KZ Yij:lij?. l‘ijiAij.]. l‘ijIAij.].),Cﬂ.} FC.. }—g A

Given codata G(X:k).. : SwhereO; : (A;; : Ti;% | G(X..) ROEEE B;j : Riji)i € G, we have the rules:

OFgG: k.S
(@ |—g Cj : lij);j. (F "S (' AU[CI/X,CJ/Y;J71 ‘ A)?. (F | €j5 . Bij[CI/X..,Cj/}/ij?.] l_g) A);j.

T GL;
I | 0O; Cj.JA vdoejdt FC'.. Fg A
O, ) )
C; (F,l’i]‘ : Aij [C/X]] }_g I Qij - Bij [C’/)(]]7 A)’

2 . . — GR
I |—g /\{[Ol Y;;jilij?. l'ijZAij-?. CMUCBU.J.].CZ'.’.} :GC.. | A

Figure 7 Type system for the dual calculus.

checking that the type of a Cut makes sense in the current environment, well-formedness can
be separated from typing: if the conclusion of a derivation is well-formed (i.e., (I' 3 A) ctx),
then every judgement in the derivation is too. The other major change is that there is a
typing judgement for the new syntactic category of co-terms; I' | e : A F9 A means that e
works with a term of type A in the environments ©, I'; A.

C.4 Equational theory

Lastly, we have the equational theory in Figure 8. The dualities of evaluation—between
variable and co-variable bindings, data and co-data, values (answers) and evaluation contexts
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Veu=2|KB.E.V..|Mgc.} E_:=a|O0B.V.E.|Mpc.}
Vi 5= Vi | o H[(Vico) B, i= E_ | . H[(x|E.)]

Vo i=w Ve =V, E,=e Ey n=FE_
H:=0]| (v|pz:Ax.H) | (no:A:x.H|e)

(B, (nac|E) ~ c[E/al (82) (Vlpz.c) ~ c[V/]

() peiAfola) ~ v () fwA{zle) ~ e

(ne) Mai-(zlgi) i} ~ = (me)  Mpi-(pila)i} ~ @

( e..) ~ (v.|px.. (ua...c[B/Y . ]|e..))

)
)
)

Bo) M..|[OY.z.a.]c|..}|OB.v.e.
) (OB.e.w.M..|(OY.a.xz.).c|.}) ~ (pa..(v.|jz..c[B/Y.])e.)
) (pocAs(v|iy:Bix.c)|e) ~ (v]|fiy:B*.(uo:A*.cle))
) (|gy:Bix. (uozAsx.cle)) ~ (pazAse (| iy:Bk.c)|e)

v) vz.w~oveo/x] (7) Pa.e~e[rva.e/al

c:(TFSA) c~cd ¢ :(THSA)
c=c:(THFSA)
FFSv:A|A v~ THESV:A|A IFBe:A|A e~e THZE:A|A
FFSv=v:4|A [le=¢:AFZ A

plus compatibility, reflexivity, symmetry, transitivity

Figure 8 Equational theory for the dual calculus.

(questions)—are more readily apparent than F. In particular, the notion of substitution
discipline for S is now fully dual as in [7]: a subset of terms (values Vs) and a subset of
co-terms (co-values Egs) which are substitutable. Furthermore, the known dualities between
call-by-value (+) and -name (—) [5], as well as between x and « [3], are syntactic dualities
between values and co-values. The appearance of the xy axioms now reassociate variable and
co-variable bindings, and the important cases are for both * (corresponding to x* of lets in
the functional calculus) and *. Also note the lack of commuting conversions &; these follow
from the p axioms.

D Encoding fully dual (co-)data types into D

Now let’s looks at the fully dual version of the functional encoding from Section 5. Thanks
to the generic notion of shifts, the encoding of dual (co-)data into the core D connectives is
similar to the functional encoding, except that in place of the function type A — B we use
the classical representation (©A) % B. For the generic (co-)data declarations in Figure 7, we
have the following definition:

[Flg2AX ... st (Y i5.2((S(1ry, Bij)) ® (7, Ai) ® £1))) @ 1.0)
[Glg 2AX ...s b (VY 35.5.((= (U7, Aij)) B 2((tr,, Bij) B 2.1))) & +T)
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The encoding of multi-output data types places a ©-negates every additional output of
a constructor, and the encoding of multi-output co-data is now exactly dual to the data
encoding. The encodings of (co-)patterns, (co-)pattern-matching objects, and (co-)data
structures follow the above type encoding like so:
[K;Y.. c.. ac]]g £ vals (¢ (11 (pack Y .. (contevalg o, .. (box7 @, ..())))))
[0;Y.. x. a..]]g £ enters [mh [ [spec Y .. [throw[box7 ], .. [evalx v, ..[]]]]]]
v D D,
Mai-cie 3G 2 Mlaidg -leillg .}
N . 5 D D,
Mpi-cie}]g £ Mlpilg -leilg +}
D D D D D
[pIC/Y ..;e/a.,v/x.]]g = [PIg[Clg /Y - [elg /v, [vlg /-]
D D D D D
lqlC/Y . v/x.],e/a.]g = ldlg[Clg /Y - [v]g /-, [elg /e ]

We also have an analogous notion of type isomorphism. The case for higher kinds is the

same, and base isomorphism © Fg A =~ B : S is witnessed by a pair of inverse commands
c:(m:AI—SB:B) c/:(y:Bl—Sa:A)
such that both compositions are identities:

(uB:B.c|fiy:B.c'y = (z|a): (x: AFF a: A)
(wo A iz Ac) = (4I8) : (4 BFE B B)

With this generalized notion of type isomorphism in D, the analogous local and global
encodings are sound for fully dual data and co-data types utilizing any combination of +, —,
*, and * evaluation.

» Theorem 7. For all+ G extending D and O kg Ak, O Fg A= [[A]}g k.

» Theorem 8. For allt G extending D, (co-)terms of type A are in equational correspondence
. D ;
with (co-)terms of type [A]g , respectively.

» Theorem 9. If - G extends D and c = ¢’ : (I F§ A) then [[c]]g = [[c’]]g : ([[F]]g = [[A]]g)

E Operational semantics

E.1 The disciplined sub-syntax

We do not need full type checking to run commands of the sequent calculus, but we still
need to be able to decide the disciplines of terms in order to determine whether or not they
are substitutable. Although disciplines are similar to types (e.g., each term and co-term
belongs to a discipline, and there is a discipline for each statically bound (co-)variable
that matches with its use, etc., ) they are not as strict. Zeilberger [25] generalized the
notion of “unityped”—that untyped terms can be seen as terms in a language with only one
type—to “bityped” in the polarized setting where call-by-name and -value terms must still
be distinguished from each other even when types aren’t check. Here we further generalize
“bityped” to “disciplined” since there can be more than two calling conventions that need
distinguishing. For us, a discipline is one of 4+, —, x, and *, so in our case it corresponds to
a language with only four different types of (co-)terms.

To define the well-disciplined (or just “disciplined” for short) terms, co-terms, and
commands, we can leverage the existing type system by weakening it with an additional
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c = (vs|es) v = vg en=eg mu=clvl|e
vs n= 2:S | peS.c | vg es i=a:S | ir:S.c | e
v = {oF | (F: k.—S) € G} el =1{e" | (F:k.—S) € G}

If dataF(X : k)..: SwhereK; : (A; : T;.. ¥ FX.. | B; : R;..):. € G then:

F

o= Kiler, . vre) | 4 ef = S\{Ki(a:Ri..,x:ﬁ..).cib}

If codataG(X : k)..: Swhere O, : (A; : T;.. | GX.. Y B; : R;..)i. € G then:

vC = A{Oi[x:ﬁ..,a:Ri..].ci;} eC = Qy[or, ex] | i

Figure 9 Disciplined sub-syntax of the untyped sequent calculus under a global environment G.

Vi n=at | VY E, i=¢, V_ou=w_ E_:=a:—|EY
Vi n=ak | VI E, = ook | iwx H[(z:+|E,)] | ES

Ey = awx | EY Vi =i | pock H[(Vie|aex)] | VE

H =0 (ve|pprx. H) | (poex. H|ex)

VE ={VF | (F:k.—8)€g} E¢ ={E" | (F:k.—8)€g}

If dataF(X : k)..: SwhereK; : (A; : T;.. F¥" FX.. | B; : R;..)i. € G then:
vFo= Ki(Er,., V7...) | & EF w=¢€F
If codataG(X : k).. : Swhere O, : (A; : T;.. | GX.. Y B; : R;..)i. € G then:

i

Ve = oC E¢ = OZ[V_T:,E:]

Figure 10 (Co-)Values in the disciplined sub-syntax.

axiom O Fg A = B : S that collapses all types at a base kind S. We refer to this weakened
type system as the discipline system. The collapse of types means that, for example, positive
pairs can be used when positive sums are expected, or that self-application is now possible,
allowing for fixed-point combinators that are the signature of untyped terms. Because there
are a finite number of disciplines, the well-disciplined sub-syntax of the sequent calculus can
also be defined for a given global environment G by a grammar as given in Figure 9. Since
there is effectively only one type of every kind, we use the kind § itself as the annotation on
bound (co-)variables. Note that the use of variables and co-variables are now also annotated,
which means that the environments I' and A are also no longer necessary, since the discipline
of a free (co-)variable is now self-evident. This grammar is equivalent to discipline-checking:
for every derivation c: (x : A: T.. }—8 B : B :R..) there is a corresponding command in the
disciplined sub-syntax with x:7 substituted for each x and [:R substituted for each g, and
similarly for (co-)terms. When we need to explicitly refer to this type erasure conversion, we
will denoted it by Erase(-).

We can also give the untyped, but disciplined, definitions of values and co-values as a
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D=0 Oleq) [ (VA ]O) [ {Olex) [ (VIO [ (v |0) [ (QIE-) | (vl D) | (DI ES)
| pax.D | fix:*.D

pu=Ak/X:k., Vr/x:T., Er/a'R..

Ws ={Vs} —{x:8§} Fs={FEs}—{a:S}

ws =f{vs} —{Vs} fs={es} —{Es}

P:=KB.E.Oe.w..| KB.E.V..Ow..

Q:=0B..V.Owv.e..|OB.V.E..Oe..

m—m m—m mr»m' m —»m
Dim] — D[m/] me»m me—»m m— m
G (pa:S.c|Es) — c[Es/a:S] (S e{+ —*})
(85 (Vslpz:S.c) = c[Vs /28] (Se{+ =}
(@) (uarx H[(Vifas)]|Fy) = H[(Vic|ax)][Fy /azx]
(07)  (Wilfiw H[(zH| E)]) = H[(zx]| ED)][We /]
(Bp) (plplIMpi-cii}) = cilo] (0= pi)
(8,) Mai-cie} lalpl) = cilel - (a=q)
(sp) Plwr]: S = pa:S (wr | ay: T (Ply:T]|e:S))
(sp) Plfr] : 8 = po:S(uBRAP[B:R]|a:S)| fr)
() Qlfr]: S = fiz:S(uBR(z:S|Q[BR])| fr)
(<) Qlwr]: 8§ = S (wr |y T (2:S|Qly:T1))
(v) vri—u_ — v_[vzi—w_ o]
(D) vait.ep = eq[Pait.eq fort]

Figure 11 An untyped operational semantics for the extensible dual calculus under a global
environment G.

grammar as shown in Figure 10. Note that there is a (co-)variable capture caveat in the
definition of call-by-need co-values E, and call-by-co-need values Vi, where jix:x. H[(x:*|Ey)]
is a co-value only if H does not bind the variable z:x and pax. H[(Vi|a:x)] is a value only if
H does not bind the co-variable a:x.

E.2 Untyped rewriting and operational semantics

The untyped, multi-disciplined semantics are given in three forms: an operational syntax
(in Figure 11), rewriting theory (in Figure 12), and equational theory (in Figure 13). Each
form of semantics builds on the previous one by relating more program fragments with
additional rules and closure properties (i.e., full compatibility and symmetry). Note that the
reflexive-transitive closure of a single operational step (—), a single reduction (=), and a
single conversion () is written as —», —», and =, respectively.
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m — m/ m — m’ m — m/ m—=»m’ m —»m"
m— m' Clm] — C[m/] m —» m/ m—sm m —» m'

(5::) (pask.c|Eyx) — c[Ey /o]

(B%) (Vilpzx.c) = c[Vi /]

(nf) paS (vs|a:S) — vs (:S ¢ FV(vs))

(ng) ax:S.(z:Ses) — es (:S ¢ FV(es))

(6%) (pak.clex) — (arx ¢ FV(c))

(6%) (V| fi:x.c) — (zx ¢ FV(c))

Figure 12 An untyped rewriting theory for multi-discipline sequent calculus under a global

environment G.

m — m’ m < m’ mem o mem m=m' m=m"
m<+<m'  Cm]+ Cm'] m+m m=m' m=m m=m"
(x™) (paz A (v| fiy:B:*.c)|e) < (v]|py:Bix. (o A*.cle))

(x™) (v|ay: Box{pac Asx.cle)) +» {paz A (v]|ay:Bix.c)|e)

Figure 13 An untyped equational theory for multi-discipline sequent calculus for a global

environment G.

E.3 Properties of the operational semantics

The design of the above operational semantics is done with an eye certain properties, like
determinism (each command has at most one step), as well as compatibility with evaluation
contexts D. This leads to a notion of type safety, in the usual form of progress and

preservation.
» Property E.1. For all G, S, values Vs, and co-values FEg,

a) for all substitutions p, Vs[p] is a value and Es[p] is a co-value,
b) if Vs — vs then vg is a value and if Es — eg then egs is a co-value, and
c) Vs /s and Es vb.

Proof. By induction on the definition of values and co-values for every S.
» Property E.2. For all G and S,

a) for all substitutions p, if ¢ — ¢’ then c[p] — '[p],
b) for all D, ¢ — ¢ if and only if D[c] — D[], and
c) if ¢ ¢ and ¢+ ¢’ then ¢ =, .

and similarly for terms and co-terms.

Proof. By Property E.1 and induction on the definition of —.
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» Definition 10. For any G, a command c is inside of ¢’ when there is a context H such
that H[c|] = ¢/, is the center of ¢’ when c is inside any other command inside ¢, and is atomic
when the only command inside c is c itself.

» Lemma 11 (Unique decomposition). Every command ¢ has a unique center, denoted by
center(c), that is atomic. Furthermore, center(H|[c]) = center(c) and center(center(c)) =
center(c).

Proof. The center of ¢ can be found by decomposing ¢ as Hi|[c;1], where H; is the longest
prefix of x fi-bindings and » u-bindings starting from the top of c.

To show this center is unique, suppose there is another center cs such that Hs[co] = c.
Because both ¢; and ¢y must be inside each other, there must be delayed contexts H;
and H) such that Hi[c1] = ¢2 and Hj[co] = ¢;. The only possibilities are that Hj and
H/, are both the empty context since Hj[Hj[co]] = co and HL[H|[c1]] = ¢1, meaning that
Hile1] = ¢1 = ca = Hj[es].

Now for any ¢, center(H|c]) = center(c) by uniqueness and composition of contexts,

and center(center(c)) = center(c) follows from the fact that H[center(c)] = ¢ for some H
and the previous fact. Atomicity of center(c) means the same thing as center(center(c)) =
center(c). <

» Definition 12 (Need). The set of needed (co-)variables of an expression is defined as:

x:§ € NV(m) <= 3D.x:§ ¢ BV (D) A D[x:S] =, m v/
a:S € NV(m) <= 3ID.a:S ¢ BV (D) A D|a:S] =o m v/

» Property E.3. a) NV(c) C FV(c), NV(vs) C FV(vs), and NV(es) C FV(es).

b) NV(vs) and NV(es) contain at most one variable and co-variable (of discipline §),
respectively, and NV(c) contains at most one variable and at most one co-variable (of the
same discipline when there is one of each).

¢) pacx.c is a value if and only if axx € NV(c¢) and fz:*.c is a co-value if and only if
xk € NV(e).

d) If ¢ =, ¢, vs =4 Vs, and es =, €5 then NV(c) = NV(¢), NV(vs) = NV(vs), and
NV(es) = NV(el), respectively.

e) If NV(c¢), NV(vs), and NV(es) are non-empty then ¢ %, vs %, and eg +%, respectively.

» Definition 13. A command c is in progress when ¢ — ¢’ for some ¢, finished when NV(c)
is non-empty, and stuck when c is neither finished nor in progress.

Note that if ¢ is finished then ¢ +4, so that every command is exactly one of (1) finished,
(2) stuck, or (3) in progress. We write ¢ |} ¢’ to mean that ¢ —» ¢’ and ¢’ is finished, and ¢ 1
to mean that there is an infinite standard reduction sequence ¢+ ¢y — co > ....

» Lemma 14. For all G, ©, and substitutions p such that BV (0) N BV (p) =0,

a) if c: (TG A) then clp] : (L[p] Fg Alp]),
b) if TH§ v: A| A then Tlp] § vlp] - Alp] | Alp], and
¢) ifT|e: ARG A then T[p] | e[p] - Alp] F§ Alp).

Proof. By induction on the given typing derivation. |

» Lemma 15 (Subject reduction).
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a) If ¢: (T+§ A) and Erase(c: (T'+§ A)) — ¢ then there is some ¢’ : (T =§ A) such that
Erase(c’ : (T +§ A)) =¢,

b) f TH§ v: A| A and Erase(T =g v : A | A) — v then there is some I =8 v : A| A
such that Erase(I' F v” : A| A) =4/, and

¢) if T'|e: AFg A and Erase(T' | e: A+ A) — ¢ then there is some T | €/ : ARG A such
that Erase(T' | €' : AFE A) =¢.

Proof. By Theorem 14 and induction on the given typing derivation, and then cases on the
reduction when a rule is applied. <

» Property E.4. For all G,

a) if ¢+ ¢ then ¢ — ¢, and
b) ifc: (I'+g A) and Erase(c : (' A)) — ¢ then there is some Erase(c” : (I'+§ A)) = ¢
such that ¢ = ¢ : (D F A),

and similarly for terms and co-terms.

Proof. Part (a) is immediate by definition. Part (b) follows from Theorem 15 and the fact
that the untyped, and discipline-specific S¢ reduction rules are derivable from the typed (Sn
equality axioms with the help of 8, 8;n,m; [7]. <

» Theorem 16 (Type safety). a) Progress: Fuvery typed command is either finished or in
progress, after type erasure.
b) Preservation: If ¢ — ¢’ and c is the erasure of some typed command then so is c'.
It follows that ¢ |} ¢ if and only if ¢ —» ¢’ v/ for every c that is the erasure of some typed
command.

Proof. Part (a) follows by induction on the typing derivation of the command. Part (b) is a
corollary of Theorem 15 and Property E.4. The final statement follows from parts (a) and
(b) and determinism of standard reduction by induction on the standard reduction sequence
cr» . <

E.4 The functional )\-calculus

The untyped operational semantics the multi-discipline A-calculus is given in Figure 14. It
operates over the multi-discipline sub-syntax of the A-calculus; as before, this is defined by
the extension of the type system with the axiom © Fg A = B : S which collapses all types
at a base kind §. We again use the convention that Mg denotes a term M : A : S.

The generic Bliet rule, where + denotes one of + or —, implements call-by-value and -name
substitution, whereas the more restricted ¢7,, rule implements call-by-need. The 3, and f3,
rules match against a pattern p or co-pattern g, respectively. Special cases of this rule are
the (3, rule for a sum pattern and j3, for a function co-pattern as follows:

case; V4 Of{Ll(l‘li—I—).Nl | Lg(xgi—l—).NQ} I—>5P Ni[V+/xi:+]
Meall(z:4).M}.call Vi =g MV, /z:+]

The ¢ rules work toward enabling the 8 pattern-matching rules by giving names to non-value
components (denoted by Rs for the discipline S) of data structures (i.e., pairs and tagged
terms) and arguments of observations (i.e., function calls). Naming has two advantages
compared with just evaluating non-values in-place: it makes evaluation contexts more regular
by converting them into generic let-expressions, and it correctly implements sharing with %
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Vi=Vs:A:S Vino=z|KB.V.|M¢.M | i} Vou=M Viu=V,y

Ws ={Vs} — {z:S} Rs ={M:A:S} —{Vs}
F:=0.0B..V..| caseOof{p;. M;i} | let z:4 = Oin M | let z:x = Oin H[E[z]]
E:=0| F[E] U:n=letaxx=MinO H:=0O|U[H]
P:=KB.V.OM. Q=0B..V..OM..

pu=Ak/X:k.V:B/x:B..

M— N M— N M— N
E[M]— E[N]  H[M]~ H[N]  (M]|a)— (N|a)

Operational rules for totally pure functional programs:

(BE,) let2:S = Vsin M — M[Vs/z:S] (S € {+,-})
(¢7.1) letaxx = Wyin H[E[z:]] — (H[E[x:*]])[Wy/z:%]
(B,)  casepplof {pi.M; | i} — Mi[p] (p= pi)
(By) Mai-M; | i}-(qlpl) = Milp] (¢ = a:)
(Sp) P[Ry]— lety:T = Ryin Ply:T|
(s) Ms.(Q[R7]) — letz:S = Msin

lety:T = Rrinz:S.Q[y:T]
(KF) FITHV]] = TFH[V]]

Operational rules for recursion and control:

(v) vei— M — Mve:— M /x:—]
B) (ua:S.J|B:S) — J[B:S/a:S]
(BF)  FluaiS.J]: R pBRIFIBR)/(OlosS)]
(k1) TluaiS.(MIBTY] > oS (T[M]|B:T)

Figure 14 An untyped operational semantics for multi-discipline A-calculus under a global
environment G.

components. Specifically, box, R, is not a value because R, is not a value, but R, should
not be evaluated yet until it is needed. Therefore, the correct move is to give some name z
to R, and proceed with the (open) value box, (z:x).

Call-by-need computation uses the ¢j,, and s} rules. For the sake of determinism, ¢7,,
is a call-by-need version of the 6?; rule that is restricted in two ways: the substitution of
x only occurs when the x is needed (as in the context H[FE[z]]), and when the right-hand
side is not another variable. The first restriction prevents non-determinism in terms like
let z:x = V, inlet y:x = V/in N (only one of 2 or y could be needed) and the second in terms
like let x:% = M, inlet y:x = z:xiny:* (only M, can step). The k} rule keeps computation
moving forward when a value (V) is returned in the context of a heap (H) by commuting a
frame (F) of evaluation with a thunk (7) allocation. For example, we have the following
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AB,C:=X|F|AX.A|AB X, Y. X=Xk kl:=S|k—>1 R,ST:=+|—]|%*
F.Gu=& |=|T|®|®]0]1|Ve|In]|ls|ts | sth]|sl
pi=ux|we|(x,y)]| ()| packX y|boxsz |valsx T, Y,z o= 1A
q = | m2 | callz | spec X | evals | enters
M,N =z |lete = MinN | M{q:.M; | i.} | case M of {p;.M; | i}
| My | Moo | M.call N | M.spec A | e1M | taM | (M,N) | () | pack A M
| boxs M | vals M | M.evals | M.enters

Figure 15 Syntax of F: a core, multi-discipline A-calculus.

Ms,Ns :=Vs |letx = M7in Ns | M_ .evals

| case My of {t12.Ns | tox. N5} | case My of {}

| case My of {(x,y).Ns} | case My of {().Ns}

| case M of {(packYx).Ns}

| case M of {box7 x.Ns} | case My of {valr x.Ns}
Vou=gx|M_|M_.m | M_.call Vi | M_.mo | M_.spec A

| M. M- | mo.N_} | M} | Mcallz).M_ | A(specY).M_

| val_ V4 | Aenter_.M_ | Ms.enters | Aevals.Ms
Viv=a|uVi | Vi | (Vi, Vi) | ()| pack A Vi | boxs Vs | valy Vi | dentery . M_
Vi = x| val, V4 | denter, . M_

Figure 16 The focused sub-syntax of F.

computation using K7%:
case box, R, of {box, (z:x).M}
¢, case (let y:x = R, inbox,(y:x)) of {box, (z:x). M}
i letyox = R, incase box, (y:x) of {box, (z:x). M}
g, let yox = R, in M [yox /2]

which will proceed from here by evaluating M[y:x/2z:A] in the context of the shared binding
yx = R,.

F Core F and D calculi

Here we illustrate the F instance of the extensible functional A-calculus and the D instance of
the extensible dual sequent calculus, by inlining the respective (co-)data declarations into the
syntax and typing rules. These two special instances serve as distinguished core calculi that

can represent all the other extensions via the encodings shown in Section 5 and Appendix D.

F.1 The core F functional )\-calculus

The syntax of the core F calculus is given in Figure 15, the focused sub-syntax of the F
calculus is given in Figure 16, and the specific typing rules for the F connectives are given in
Figure 17.
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Li———— — i+ =>—-———- T:-
S:+—=+ =+ R:i+—>+—=+ 0:+ 1:+
Vii(k——-)—>— ls:S—+ sht:+—S8
G k—>+) >+ Ts:8—— sl:——S8
De:A:+F2M:B: — I'FeM:A—-B:— THFEN:A:+
5 —1I 5 —F
I'+2 Acall(z:A).M:A— B: — % McallN:B:—
F'FEM:A:— THFEN:B: - FI—?—_M:Al&AQ:—&E‘ (T F2) ctx .
CFE M .M | 72.N}: A& B : — LY Mo : Ay — CODERA} T -

L M A+
DS M A @Ay +
IS M:A®B:+ Ta:A:+FEN:C:R L,y:B:+F2N:C: R
I F2 case M of {11 (z:A).Ny | ta(y:A).Na} : C: R
-9 M:A:+ FI—?N:B:+®I I'SM:A®@B:+ Tz:A:+,y:B:+FEN:C:R
I'2(M,N):A®B: + I' 9 case M of {(x:4,34:B).N}: C: R
e M:0:4+ OFC:R (TFD)ectx 0B
I'+2 caseMof{}:C: R

oL

QL

®F

(' F2) ctx 1 e M1+ FF?.—N:C’:RlE
rF20:1:+ % case M.{().N}:C: R
PEQYP M AX: - I M :V4A:— OFB:k

5 VI 5
'3 Aspec(X:k).M : VA : — I'% M.sspecB: AB:—

OFB:k THFEM:AB:+
'+ pack, B M : 3,A: +
PFE M A+ Ty AX : +FY*N:C:R OFC:R

Ik

5 3B,
I' -7 case M of {pack(X:k)(y:A).N}: C: R
rF2M:A:S PFEM:|sA:+ T,2:A:SFEN:C:R
I FS boxs M : |sA:+ I' F% case M of {boxs(z:4).N}: C: R
P M:A:— FFEM:sllA:S
L2 denters. M : slA: S  T'+2 Menters: A: —
9 M:A:S FFE M :1sA: —
FF2 devals. M :fsA:— THF2 Mevals:A:S
P2 M:A:+ FFEM: sfA:S Ta:A:+FEN:C:R
FFQvals M: sftA: S I' -9 case M of {vals(z:A4).N}: C: R

Figure 17 Typing rules of F connectives.

The focused sub-syntax of F defined by the normal forms of F with respect to the ¢ rules
from the operational semantics. Since these normal forms are closed under further reduction,
the focused sub-syntax is a calculus in its own right. Focusing has the effect of restricting
the place where non-values may occur: the parameters to constructors and observers must
always be values. For this reason, the focused sub-syntax is split according to the three
different disciplines 4+, —, %, since the definition of syntactically valid terms is intertwined
with the discipline-dependent definition of values. The first thing to note is that all the
potential non-values Mg are defined generically for each S: these consist of case analysis,
let-bindings, as well as the observation M,.evalg which forces the evaluation of the negative
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term M, : 1s A to get a result of type A : S. For example, when M, .eval, is a 4+ non-value;
in fact, the only non-value which is not a let or case.

The definition of values varies widely depending on types available at each discipline. For
example, there are few x values because there are only two x types, 4 and | A. The +
values includes the usual pairs and sums, as well as a boxg Ms : |sA containing a value
of another discipline § and a thunk Aenter,.M_ : ;| A containing a — computation. The
negative values also contains functions, products, their observations, and the terms for shifts
into —. The shifts consist of the ones common to every discipline (vals Vs and Aenters.M_)
as well as the observation Mg.evals which allows a (potential non-value) term Mg to appear
as a — value.

Note that since everything is substitutable in call-by-name evaluation, the — set of values
also contains within it all the — terms; M_ and V_ is synonymous. This is one reason
why in call-by-push-value [11], which is a calculus consisting of only substitutable terms,
all computation must happen in negative types; it is the only place where computation is
substitutable. In this way, F can be seen as a conservative extension of call-by-push-value. If
we eliminate the call-by-need part, and encode the | shifts and 1 shifts in terms of |} and 1
as per the isomorphism, then we can further simplify the sub-calculus via 3,,,x normalization,
which entirely eliminates let-bindings form the syntax and restricts the discriminant of
a case to be a value. Further, by converting a positive computation M, into a negative
value val_ M, this same normalization also eliminates postive non-values, yielding a smaller
sub-calculus in the style of call-by-push-value.

» Definition 17. The call-by-push-value sub-calculus of F is the restriction of the focused
sub-syntax of F to only values, only the kinds +, and —, all F connectives except for the
shifts | and 1, and only variables of positive types.

» Theorem 18. There exists a typed translation from the +/— restriction of the F calculus
to the call-by-push-value sub-calculus of F with the following types:

The interesting cases of [A] are defined as [1] = and [1] = |}, and [A] is defined
homomorphically otherwise,

For all x:A:+ € T and y:B:— € T, there is x:[A]:+ € [[] and y:4[B]:+ € [I'],
IfTHVs:A:S then [T] F [Vs] : [4] : S,

IfTEM_:A:— then [T F [M_-] : [A] : —, and

IfTE My A:+ then [T F [M4] : 1[A] : —.

This translation forms an equational correspondence between F and its call-by-push-value
sub-calculus.

Proof. The translation follows the same procedure described above.

1. Convert all uses of the | and 1 shifts to || and { shifts, according to the isomorphism
between those connectives shown in Theorem 3.

2. Replace all negative free and bound variables y:B:— € I' with positive ones y:|| B:+ € I
by substituting y.enter for y.

3. Reduce the term to the focused sub-syntax of F by normalizing with respect to the ¢
reductions (¢ reduction is strongly normalizing).

4. Eliminate all lets and all cases with a non-value discriminant by normalizing with respect
to the k and f,,, reductions (k/,,, reduction is strongly normalizing).

5. Shift each positive non-value M : A : + as valM : A : —, and propagate the val
constructor into M to the possible return values via the k reductions.
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ABCi=X|FIAXA|AB X,Y,Z:=Xk klu=S|k—=1 RS Ti=+]|—|x
FGu=&|B[T|Ll@@|0|1|-[e|Ve|Tklls|ts|sh]st

*

pu=ux|we|(z,y)]| ()| conta | pack X y | boxs x | vals = z,y,z = T:A
q=ma|mal|la,B]]|]]|throwz | specXa | evals a | enters o a, 3,6 = a:A

c = (v]e)

vi=g | poc|vew | Mg.ci| £} | v v | (v,0") ] ()| conte | pack A v | boxs v | vals v
en=o|fx.c|va.e| Mpi.ci| i} | me|me]le €]]|][]|throwv | spec A e | evalse | enterse

Figure 18 Syntax of D: a multi-discipline sequent calculus.

c == (v]e) vs = Vs | pa:A:S.c es = Es | ix:A:S.c

Vic=a|uVy | wVy E; i=uz | px:At.c| va. By
Ve VD) 10 | Muwcr |y} | M)
| cont E_ | pack A V. | M(z,y).c} | M().c}
| boxs Vs | valy Vi | Mcontav.c} | MpackY z.c}
| Mevaly a.c} | M{boxs z.c} | Mval, x.c}
| evaly By
E_i=a|mE_ |mE_ Vo o=z | pacAi—c|ve.V_
[ [E-, EL] ] | Mma.cr [ mafB.co} [ M}
| throw V_ | spec A E_ | Mlex, B].c} | M][].c}
| evals Es | enter_ E_ | Mthrow z.c} | M{specY a.c}
| Mbox_ x.c} | Menter_ a.c} | AM{evals a.c}
| val_ V.

Vi n=x |val, Vi | Menter, a.c} B, = a | pz:Ax.H[(z|E,)] | Mval, x.c} | enter, E_
Ey i=a|entery E_ | Mvaly x.c} Vi =z | paz A H[(Vy

|a)] | Mentery a.c} | valy Vi

Figure 19 The focused sub-syntax of D.

Each of these steps follows by induction on the typing derivation. Since each of these
transformation steps is itself an equational correspondence (where the reverse transformation
is just syntactic inclusion into the larger calculus), the composition of entire procedure is an
equational correspondence. |

F.2 The core D dual sequent calculus

The syntax of the core dual calculus is given in Figure 18, the focused sub-syntax of the D
calculus is given in Figure 19, and the specific typing rules for the D connectives are given in
Figure 20.

The definition of focusing is the same in D as it was in F: the normalization with respect
to ¢ reduction. Because D is a symmetric language, this has the effect of carving out the
values and co-values of every discipline. Thanks to the symmetry between data and co-data
abstractions, the definition of (potential) non-value terms and non-co-value co-terms is much
more regular: for every discipline S, a general term is either a S value or a & p-abstraction,
and dually a general co-term is either a S co-value or a § ji-abstraction.
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&:i————— B
S:+—->+—2+ @
Vii(k—=—)—=— 1s:
(k= +) =+ ls:

LHSv: 4| A
PFOuv: A1 @ Ay | A
Tle: A FSA
[|me: A & Ay FSA
PFSv i A|A THSw:B|A

4

THS (v, v2): A® B|A
Tle :AFSA Tley: BFRA

T|le1,es]: AR BFOA

- - T:= 1l:i= —:i4—=-
+—=>+—=+ 0:+ 1:+ S:——=+
S— - sh:—=8
S—+ sh:+—=38

er:(D,z: AFSA) ¢y:(T,y: BFSA)
D Mo (z:A).cq|ma(y:B).ca} : A® BFSA
a:(TFSa:AA) o (THFSB:B,A)
DESXm [z Al.cy|mo|B:B].ca} : A& B| A
c:(T,z: Ay: BFSA)
T M(z:A,y:B).c}: A® BF3A “
c:(TF3a: A, B:B,A)
TFSM[a:A, B:Bl.c} : AB B| A

= 5 0L 5 1R 5 1L 5
DIM}:0F8A  TFE():1|A DI[:LF9A TFON}:T|A

Tle:AFSA
THSconte: 0A|A
FFSv:A|A
T |throwv: —=AFSA )
OFpB:k THSv:AB|A
I3pack B v:3,A| A
OrpB:k T|e:A BF3A
|spec B e:V,AFSA

3R

c:(TF3a: A, A)
T'| Mcont[a:A].c} : 0AFSA
c:(0,z: AFSA) R
T3 A {throw(z:A).c}: ~A| A
c:(Tyy: A XESXFA)
L | Mpack(X:k)(y:A).c}: JAFSA
(TS Fat A X, A)
T3 {spec[ X :k][a:A].c} : Ve A| A

LFSv:A|A IR c:(D,z: AFSA)
PFOboxsv: lsA|A I Mboxs(z:A).c}: lsAFSA
[le: AFSA c:(PF3a: A A)
[ evalse: s AFSA T LS Mevals(azA).c}: fs A| A t
IFSv:A|A c:(D,z: AFSA)
PHvalsv: s A A i | Mvalg(z:A).c}: [sAFSA it
Lle:AFSA VL c:(DF3a:A,A) IR

[ |enterse: sl AFSA

DES M enters(a:A).c}: s A A

Figure 20 Typing rules of D connectives.

Thanks to the symmetry of the D connectives, the definitions of values and co-values also
enjoy a similar symmetry. Positive values V. are dual to negative co-values E_, and positive
co-values E_ (which are synonymous with positive co-terms e_) are dual to negative values
V_ (which are synonymous with negative terms v_). Likewise, x values and co-values are
dual to * co-values and values, respectively.

Also note that, like before, ignoring call-by-need and its dual lets us eliminate the need to

consider terms and co-terms which are not substitutable value and co-values. In particular,
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B85 reduction is strongly normalizing, and u- and fi-abstraction can only appear within a
cut. Since every + and — cut with at least one p- or fi-abstraction can reduce by 3, either
or 3, they can all be normalized away at the cost of duplication from substitution. By
eliminating p and fi, we end up with a calculus in the style of the calculus of unity [25] where
everything is either a substitutable value or co-value, or a command which represents all
computation. Note that the only types which step outside the coupling of data types with
positive types, and co-data types with negative types, are the |} and {} shifts that introduce
a A-abstraction in V4 and E_. But since these two shifts are isomorphic to | and 1, they
can be encoded away, leaving a calculus that corresponds to the calculus of unity. The final
translation into the full calculus of unity requires the use of nested patterns and co-patterns
to eliminate positive variables and negative co-variables of non-atomic types. With nested
(co-)patterns available, n-expansion can be performed until only the allowed variables and
co-variables remain.

» Definition 19. The flat unity sub-calculus of D is the restriction of the focused sub-syntax
of D to only values and co-values, no u- or ji-abstractions, only the kinds + and —, all D
connectives except for the shifts f} and {}. Note that this sub-calculus does not account for
nested (co-)pattern matching, as in the calculus of unity [25]. By extending D with nested
(co-)patterns, we then have the full unity sub-calculus of D with nested (co-)patterns, which
meets each of the flat unity sub-calculus restrictions as well as the additional restriction that
all variables have a negative type or an atomic positive type (X : +) and all co-variables
have a positive type or an atomic negative type (X : —).

» Theorem 20. There exists a typed translation from the +/— restriction of the D calculus
to the flat unity sub-calculus of D with the following types:

If c: (T A) then [] : ([T] F [A]),
IfTFVs:A:S|A then [T] F [Vs] : [A] : S| [A],

IfT' |Es: A:SF A then [I] | [Es] : [A] : S+ [A],
IfTFoy A4 | A then [T F [vg] : T[A] : — | [A], and
IfT |e_: A:—F A then [T] | [e—] : L[A] : +F [A].

Where the interesting cases of [A] are defined as [1] = [1] and [U] = [{] and all remaining
cases are defined homomorphically, and [T'] and [A] are defined pointwise on the types of
bound (co-)variables. Furthermore, there exists a typed translation using nested (co-)patterns
from the flat unity sub-calculus of D to the full unity sub-calculus of D with the following
types, where I' has no variables of non-atomic positive types and A has no co-variables of
non-atomic negative types:

Ifc: (TEA) then [c] : (T F A),
IfTEFV:A:S|AthenTH[V]:A:S| A, and
IfT|E:A:SFAthenT |[E]: A:SFA.

Both of these translations form an equational correspondence between each of dual, its flat
unity sub-calculus, and its full unity sub-calculus.

Proof. The translations follow the procedure outlined above. For the translation of D into
its flat unity sub-calculus:

1. Convert all uses of the {} and | shifts to 1 and | shifts, according to the isomorphism
between those connectives shown in Theorem 3.
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2. Reduce the expression (command, term, or co-term) to the focused sub-syntax of D by
normalizing with respect to the ¢ reductions (¢ reduction is strongly normalizing).

3. Eliminate any internal positive pu-abstractions and negative ji-abstractions by normalizing
with respect to 8, and B reductions (5,53, reduction is strongly normalizing). The
final top-level p- or fi-abstraction can be eliminated by replacing it with the (co-)pattern
match for a shift type. That is, the positive non-value term I' F pa.c : A : 4+ | A becomes
I'F Meval a.c} : TA: — | A and the negative non-co-value co-term ' | iz.c: A: —F A
becomes T' | AM{box z.c} : [A: + | A.

4. Eliminate any negative p-abstractions and positive fi-abstractions by the n-expansion
appropriate for the type of the abstraction.

The translation from the flat unity sub-calculus to the full unity sub-calculus uses nested
(co-)patterns to repeat the final step of n-expansion above for every bound (co-)variables
of a disallowed type based (this process terminates because each step reduces the type
of a bound (co-)variables, since the types of D are non-recursive). Each of these steps
follows by induction on the typing derivation. Since each of these steps are individually
an equational correspondence (where the reverse translation is just syntactic inclusion
into the larger calculus), the composition of the whole procedure also forms an equational
correspondence. |

G Functional-sequent correspondence

» Definition 21. The extensible A-calculus has the following sub-calculi: the pure sub-calculus
excludes p-abstractions and jumps, and the totally pure sub-calculus also excludes fixed point
terms va. M.

» Definition 22. A co-data declaration is functional if and only if every observer in the
declaration has exactly one output (to the right of ), and a data declaration is functional if
and only if every constructor in the declaration has exactly one output (which must be the
declared data type itself). We say that a global environment is functional when it contains
only functional (co-)data declarations.

The functional sub-calculus of the extensible dual calculus excludes the * discipline,
co-fixed point co-terms Px.e, and non-functional (co-)data type declarations. In other words,
patterns in the functional sub-calculus have the form KY..x.. with no co-variables and
co-patterns have the form O Y ..x..a with exactly one co-variable.

Furthermore, the purely functional sub-calculus is the functional sub-calculus where terms
are restricted to have zero free co-variables and commands and co-terms both restricted have
exactly one free co-variable. The totally pure functional sub-calculus additionally excludes
fixed point terms va.v.

» Lemma 23 (Type preservation). For all functional global environments G, F terms M and
jgumps J, and functional dual terms v, commands c, and co-terms e:

a) ifTEG M:A:S|AthenT F§ LIM] : A:S| A,

b) if J: (T FE A) then L[J] : (T +g A),

¢) ifTF§v:A:S|A thenT F§ Nv] : A: S| A,

d) ifc:(THG a: A: S, A) thenT F§ Nc],.0: A: S| A: S, A, and

e)if T |e: A:S }—8 B:B:R,A then for all T }—8 M:A:8S|3:B:R,A, T I—S
Nlelg.pM]: B:R|B:B:R,A.
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A-calculus to dual calculus:

L[(Ma)] = (L[M]]a)
Llz] £ 2
Llletz = Min N : C] £ posC.(L[M] i (L[N] o)
Lve.M] & ve.L[M]
Llpe.J] £ po L[]
LIKB.. M..] =KB.. L[M]..
Llcase M of {p;.Ni+.} : O] £ pe:C{LIM]|Mpi-{L[v] |a):})
LIMai-(M = Ai)i}] £ Mlai 0 A (L[Mi] i) 2.}
L[M.OB.. N..: C] & pa:C.(L[M]]| O B.. L[N].. @)

Dual calculus to A-calculus:
N{wle)] & Ne] o N1

Nz] £ =
Npa:A.c] & pa:A(Ne] . 4ll)
Nvz.v] £ ve Nv]
N[KB..v.], £ KB.N[v],..
NIMai (ew).cii}] £ MaiNedy, +}

L2 M

N[[a]]a:A M
NBl o alM] 2 pd:A(M[B) (8 # a,6 ¢ FV(M))

[M]
[M]
Nlpzx.c] [M] £ letx = MinN[],,
(M]
(M]

1>

1>

N[O B.. v.. é],,[M] £ Ne],[M.0 B.. N[v].]
N[[S\{pi-cz‘j-}]]a M] £ case M of {p;. N[[Czﬂ .}

Figure 21 Translations between the A-calculus and the functional sub-calculus of the dual calculus

Proof. Parts (a) and (b) follow by mutual induction on the syntax of A-calculus terms and

jumps, and parts (c), (d), and (e) follow by mutual induction on the syntax of dual terms,
commands, and co-terms. <

» Lemma 24 (Equational correspondence). For all functional global environments G, there

is an untyped equational correspondence between dual and the functional sub-calculus of the
dual calculus, specifically:

a) for all X-calculus terms M, N[L[M]] = M

b) for all functional dual terms v, LIN[v]] = v,

c) if M = M’ in F then L[M] = L[M'] in the functional sub-calculus, and
d) if v="1""in the functional sub-calculus then N'[v] = L[v'] in the A-calculus.
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Likewsise, there is a typed equational correspondence between the extensible \-calculus and
functional dual terms of the same type in the same environment.

Proof. Since the translations N'[_] here and NK[_] from [6] are the same (up to the untyped
equational theory), the equational correspondence follows as an instance of Theorem 9.6
of [6] extended with (co-)fixed points and the x axiom. The recursive terms va.M are the
same via translation, and are equipped with the same rewriting rule v, so they correspond
one-for-one.

Additionally, the x* axioms in the two calculi are sound with respect to each other (with
the help of some other axioms in the equational theory). For soundness of the dual x* axiom
with respect to the let-based one, note that x*

(uBx (vl fw.ce) = (vlfx. (uBox.cle))

is subsumed by 3 when e is a co-value, and every non-co-value is ¢-equivalent to some
fi-abstraction, so it suffices to only consider the case when e is a fi-abstraction (since ¢ is
already known to be sound):

N (ol ) igxc)]s
=q letyx = pfix(let zoxe = Nv] in Nc] 5., 58)

in N[,
=, letyx = letwix = N[v]
in fox (N B515)
inN[cd],

=y letzix = Nv]
in let yix = pfoe.(N[c] 5., 15)
inNV[c] 5
= NIl (o clign.d W

Going the other way, soundness of the x* axiom for reassociating x let bindings is sound in
the dual calculus as follows:

c |[let y*x = let x:x = My in My ﬂ
in N

=a pd.(pBx (LIM ]| pa (L[M:] | ) | ayx-(LINT[0))

=x+ pO (LM . (pBx (LIMe] | B:x) |y (L[NT6)))

=n,, w0 (LIM]| s (LIM] | iyx(LINT(6)))

let z:x = M
=5, L||. . <
# in let y:x = My in N

» Corollary 25 (Isomorphism correspondence). For all functional global environments G,
OFg A= B :k in the extensible A-calculus if and only if © Fg A~ B : k in the functional
sub-calculus of the extensible dual calculus.

H Faithfulness of the encodings

First, we show the isomorphism between the call-by-name and -value shifts.
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» Theorem 3. The following isomorphisms hold (under Ex) for allk A: 4 and - B : —
WA~ 1A B~ B l4AmA~ fA 1 B~B~ _|B
Proof. The isomorphism Fr |_ ~ .| : — — + is witnessed by the two terms
1l 7+ %" caserof{box_(2:Z).Mentery.z}} : 47 : +
y: U Z:+FE" box_(y.entery): | Z: +
Both compositions of these two terms are equal to their free variable as follows:

v Z:+F%Z lety: || Z = casex of {box_(z:Z).\enter .z} }
in box_ (y.enter;.)
=4, casexrof{box_(2:Z).lety:, | Z = Aenter, .z}
inbox_ (y.entery )}
=p,, casez of {box_(2:Z).box_(A{enter,.z}.enter, )}
=8, case z of {box_(2:Z).box_(z)}

=n, vl Z:+

Yyl Z:+FE leta:l_Z = box_(y.entery)
in case x of {box_(z:Z). M\ entery.z}}

=p,, case box_(y.enter; ) of {box_(2:Z).A\enter; .z }}
=p, Aentery (y.enter;)}

:7]+U y:+UZ:+

The isomorphism Fr 14 ~ _{ : + — — follows by duality in the sequent calculus,
since there is a one-for-one correspondence between type isomorphisms of the two calculi
(Theorem 25). Furthermore, the details of the remaining identity shift isomorphisms are
shown in [6]. <

For the remainder, we show that the type isomorphisms developed in [6] can be extended
to higher-kinded types, quantifiers, and call-by-need evaluation. The main impact of the
extension is to show the compatibility of type isomorphism with the new type constructors,
and to generalize the nested (co-)patterns used in the soundness proof to include existential
and universal type abstractions.

H.1 Local encoding
First, we prove that a type isomorphism gives rise to a local form of equational correspondence.

» Theorem 5. For all isomorphic types © Eg A~ B : S, the terms of type A (i.e., T I—S M :
A: S| A) are in equational correspondence with terms of type B (i.e., T+ N:B:S|A).

Proof. To establish an equational correspondence, we need to find maps between terms
of the isomorphic types A and B. Since the same language serves as both the source and
the target, we will use a pair of appropriate contexts based on the types A and B that are
derived from the given witnesses to the isomorphism.
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Suppose thatz: A: S l—g P :B:Sandy:B:S I—S P : A : S witnesses the isomorphism
Otg A~ B: S, where x,y ¢ I'. The desired contexts are then C' = let 2:A = Oin P’ for
converting from A to B and C’ = let yy:B = Oin P for converting back. To show that these
context mappings give an equational correspondence, we must show that (1) the mappings
preserve equality, and (2) both compositions of the mappings are an identity. The first fact
follows immediately from compatibility; if two terms are equal, then they are equal in any
context. The second fact is derived from the definition of type isomorphisms at base kinds,
and the x° and 7,,, axioms. The composition for M : A is:

I'+g C'[C[M]] = (let y:B = (let2:A = M in P') in P)
=.s (letz:A = Min (lety:B = P'in P))
=iso (letr:A=Minz)=, M:A:S|A
The reverse composition is also equal to the identity: I F§ C[C'[N]]= N:B:S|A. <
» Lemma 26. Type isomorphisms are
a) reflexive: if © Fg A =g, B:k then © Fg A~ B : k,
b) symmetric: if O Fg A~ B :k then © /¢ B~ A : k, and
c¢) transitive: if @ Fg A~ B:kand © Fg B~ C : k then © Fg A~ C : k.
Proof. By induction on the kind k. Symmetry and transitivity of higher kinds k — [ follows
immediately from the inductive hypothesis. For the base case S, note that symmetry follows
directly from the definition of type isomorphism and reflexivity is witnessed by the identities
(zloy : (@: AFE o: B) and (z]a) : (z: B +§ o : B) typable by the TCR and TCL rules,
which is equal to its own self-composition by the 7, and 7; axioms. The only non-trivial
property is transitivity for the base case S, so suppose that we have the isomorphisms
OFg A~ B:Sand © Fg B~ C: S as witnessed by
cri(z1: ARG Bi: B) iy BFG ar: A)
02:(y2:BF8'yQ:C) 0’2:(22:0%8@:8)

The isomorphism © Fg A ~ C : S is then witnessed by

(uB1:B.cy|y2:B.ca) : (z1: A FS) Yo : C)

(uB2:B.chlfiy1:B.cy) : (22 : C G a1 : A)
Note that by the definition of type isomorphism, it must be that @ Fg A: S, © g B : S,
and © g C : §. Both compositions of these two commands are equal to identities via the

x° law, which is an axiom for S = x and S = * and derivable from 53 and g, for § =+
and § = —, respectively. In the one direction, we have:

(1y2:C(puPr:B.ci| fiy2: B.ca) | fiza:C . (ufa: B.ch| fiyr: B.cy))

=ys (uBr:B.c1|fy2:B.(puy2:C .co| fize:C(uBa: B.cy| uy1: B.cy)))
=ys (uB1:B.ci|fiy2: B.(uPa: B.(uy2:C ca|fizo:C.cy) | fiyr:B.cy))
=iso (1P1:B.c1|fiy2:B-(pBa:B.(y2| B2) | fiy1: B .ch))

=n,n; (uBr:B.ci|fy1:B.cy)

=iso <1‘1||Ot1>

:mle}—gale

The other direction of composition is equal to the identity (za|v2) analogously. <
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» Lemma 27 (Connective isomorphism compatibility). For each (co-)data type constructor
F:k; - il eD, ©Fg FA;i. ~ FB;i : 1 for all G extending D and © Fg A; = B; : k;.
Likewise for F in place of D.

Proof. The most interesting cases of compatibility are for the shifts (since they are the only
constructors to involve non-call-by-value and -name evaluation) and quantifiers (since they
are higher-order), and the remaining cases for @, ®, 0, 1, &, %, T, L, and — are analogous
to these (the details of which are shown in [6]).

For the shift data type sff : + — S, assume that an isomorphism © Fg A~ B : + as
witnessed by

ci(z:AFS B:B) d:(y:BFS a:A)
The isomorphism © Fg sftA ~ st B : S is then witnessed by

(2’| Mvals(2:A).(vals (uB:B.c)|B)}) : (z": sh A G B': st B)
(v |Mvals(y:B).(vals(pa:A.c') /) }) : (y': st B g oz st A)

The shift data type |s : S — + is analogous to the above; assume an isomorphism
O Fg A~ B:S§ as witnessed by

ci(z:AFS B:B) d:(y:BFg a:A)
The isomorphism O Fg sftA =~ sftB : + is then witnessed by

(2’| Mboxs(z:A).(boxs(uB:B.c)|8)}) : (z/:lsAF§ B':lsB)
(i |IMboxs (y:B).(boxs(ua:A.c')|a)}) : (v hsB Fg a:lsA)

Where the calculations showing that both compositions are equal to an identity are analogous
to the ones for sff.

For the existential quantifier data type Jx : (k — +) — CBV, assume that we have
an isomorphism © Fg A ~ B : k — +, which is definitionally the same as an isomorphism
0,Z:kEgAZ~ B Z:+,is witnessed by

c:(m:AZI—S’Z:kﬁ:BZ) c’:(y:BZ}—S’Z:ka:AZ)
The isomorphism © Fg 33 A ~ 3B : + is then witnessed by

(x| Mpack(Z:k)(2:A Z).(pack Z (uB:B Z.c)|B)}) : (¢’ : A LS B : I B)
(y' |Mpack(Z:k)(y:B Z).(pack Z (uc:A Z.c')|a)}) : (v : JuB g o' : 3 A)

The compatibility of the type constructors s} : — - S, 7s : S = — and Vi : (k — —) —
— follow from the above three cases by duality. |

» Lemma 28 (Isomorphism Substitution). If ©,X :ktp A : 1l and © Fp B~ C : k then
© Fp A[B/X]| ~ A[C/X] : 1. Likewise for F in place of D.

Proof. Follows from the compatibility of the D and F connectives (Theorem 27) by (first)
induction on the kind k, (second) induction on the kind ! and (third) induction on the
derivation of ©, X : ktFp A : [ <
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» Definition 29 (Declaration isomorphism). Two data type declarations are isomorphic with
respect to a global environment G containing them, written

Fg dataF(X:k..) : SwhereK: (A: T.F® FX..| B: R..)..
~ dataF'(X:k..): SwhereK': (A: T.F® FX..|B:R.).

when Fg F~ F' : k — ..8. Dually, two co-data type declarations are isomorphic with respect
to a global environment G containing them, written

g codata G(X:k..): SwhereO: (A:7..|GX..F® B:R..)..
~ codataG'(X:k..): SwhereQ': (A:T..|G' X..F° B:R..)..
when Fg G~ G 1k — ..S.
» Lemma 30. For any - G and a declared connective F : k € G, then Fg F = [[F]]QD.

Proof. Analogous to Theorem 8.9 of [6], by extending the structural laws of Figures 8.4 and
8.5 with quantified type variables and with the following laws for the Vi and 3 quantifiers:

data F(©) : + where data F(©) : + where
S KA RO) ) K (AYHA - FFO) )
- codata G(©) : + where codata G(©) : + where
0 (16O YT A o) T 0 (|GO)F VYiLA:-)

» Theorem 31. For all- G extending D and O Fg A 1 k,
OkFg A= [A]] : k

Proof. By induction on the derivation of © kg A : k, using reflexivity (Theorem 26) in the
case of type variables and type function abstraction, substitution (Theorem 28) in the case
of type application, and the encoding (Theorem 30) in the case of connectives. <

» Theorem 4. For all + G extending F and © g Ak, O Fg A~ [[A]]g k.

Proof. Analogous to Theorem 31, noting that the witnesses to isomorphism lie in the
functional sub-calculus of D. <

H.2 Global encoding

The particular set of nested patterns and co-patterns used for the dual encodings is encom-
passed by the following inductive definition:

p? u=vals p2 qF = enters qf

pg = upg | p§ ag =g | 47

ps = packY p% | pg g7 = specY ¢7 | g5

pg == (contgf,p2) | (7, p2) | g% = [throwp, ¢5] | [¢7, a5 | [
p? = boxs x q? n=evals o

The particular set of nested patterns and co-patterns used for the functional encodings is
encompassed by the following inductive definition:

p” = valg pg g7 = enterg .qg];
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pE = upl | L 0% =gt | @

pL = packY pZ | pl ¢y n=specY.qy | ¢,
L = (7. p5) | () ¢, == cal(p]).¢%, | af
pT = boxs @ qf == evals

» Lemma 32. For any G extending D, the following two standard reductions

(By) PP [PlIMpi-cis}) = cilp] (»” = p)
(By) (Mai-ciz} la®[p)) = cilp] (4 =)
and the following two equations
T X{p?.(p?“a}i} CARS s AA Lo ARG MeP (z|gP)i} - ATA

q

= n
D AMpP.(pPla)i} =a: AFS a: A A T,a: AFE AP (a|dP)i} =a:A| A
are derivable, and analogously for p* and q” in place of pP and qP, respectively.

Proof. Analogous to the proof of the derived 7 axioms for nested (co-)patterns in Theorem
8.1 of [6]. <

» Theorem 33. If F G estends D and c=¢ : (D F§ A) then [c]g = [¢]g : ([T1F F2
D

[Alg)-

Proof. Observe that patterns are encoded into p? and co-patterns are encoded into ¢P.

Therefore, the 8 and 7 axioms of (co-)data types are translated into the nested forms in

Theorem 32, which are derivable. Since these are the only part of the syntax that is changed
by the encoding, and equality is compatible, every equation is preserved by the encoding. <«

» Theorem 6. If the global environment + G extends F and T’ I—S M=N:A]|A then
F F F F F
[Tl P& [M]g = [N]g : [Alg | [Alg-

Proof. Analogous to Theorem 33 and the fact that the type isomorphisms of F and the
functional sub-calculus of D are in one-to-one correspondence (Theorem 25). |

I Coherence and rewriting theory

Here, we show the coherence of equality via some standard properties of the untyped rewriting
theory. Let > stand for the non-compatible reduction, that is, one of the rewriting rules used
to define the untyped — and — relations applied exactly as-is without any additional closure
properties. We write 3= for the reflexive closure of >, and » for the reflexive-transitive
closure of >.

1.1 Confluence

Recall that confluence of a rewriting relation —r (whose reflexive-transitive closure is denoted
by —»gr) between expressions (here denoted by M) means that for every divergent pair of
reductions M; «—r M —»r M> there is a common point of convergence My —»r M’ «—g M.
Additionally, strong normalization of — r means that there are no infinite reduction sequences
My —r My —gr My —p .... For our purposes here, we can disregard the ¢; and ¢,§ rules
since they are subsumed by the strictly more general ﬁ:f and 57 rules. Confluence for the multi-
discipline sequent calculus then follows by standard methods for a sub-calculus—everything
besides ¢ reduction—which we then extend to the full calculus using the adjunction-based
technique from [10].
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» Lemma 34. For any global environment G, B3, 8;m,n;80 reduction is confluent.

Proof. Note that because values and co-values are closed under reduction (Property E.1),
the only critical pairs (between ﬂf and nf, 65 and 775, ﬁz and 6%, and B; and 6*) converge
in 0 steps (that is to say, the reduct of each side of the critical pair is identical up to
a-equivalence). This means that 3,3;7,m,00 reduction forms a combinatorial orthogonal
rewriting system, and is therefore confluent. <

Unlike the other operational rules, the ¢ rules can be exhaustively completed ahead
of time as a compilation “pre-processor” into a smaller language without ¢. The focused
sub-syntaz is exactly the ¢-normal forms; that is to say, the applications of constructors and
observers are restricted to (co-)values, as in K(E..,V..) and O[V .., E..]. Furthermore, note
that this sub-syntax is closed under reduction, which means that is also outlines the focused
sub-calculus wherein the ¢ rules are no longer necessary.

We now give a transformation on commands and (co-)terms into the focused sub-syntax,
denoted by (=), that performs a particular ¢-normalization. The (_)¢ transformation is
defined homomorphically on all syntactic forms except for data structures and co-data
observations which are defined by induction as follows (where we omit writing the discipline
annotations that can be inferred from constructor and observation names based on the global
environment):

)2 KB.ES.VS..

) = pa (v |y (KB..E.V..y v"..)*|a))
(KB.E.. ¢ e.v..) 2 po(uB.((KB..E.. B e.v..)|a)|e)

]

]

]

=

o

B =
= @
< |
s N
> [I>

[OB.V.E.. ¢ e.]* & iz {uB.(x|[0 B..V..E.. B e.]°)|e)
L8 E . (0 iy (z|[O V.. y v..e.]*))

This transformation, when coupled with plain syntactic inclusion, induces an adjunction (more
specifically, a reflection) in the style of [23] between the full calculus and the sub-calculus of
¢-normal forms.

» Lemma 35. ¢ transformation and inclusion forms a reflection of the full multi-discipline
sequent calculus inside its sub-calculus of ¢-normal forms. That is to say, the following four
properties hold:

a) For every command ¢, ¢ =g c°.

b) For every c-normal form ¢, c¢* =, c.

¢) If c—» g ¢ and ¢,c are c-normal forms, then ¢ —»gc .
d) If c —»pc ¢ then ¢ —» g c°.

and similarly for terms and co-terms, where R stands for the B8,8;m,n86 rules.

Proof. a) This property says that the (_)¢ transformation performs a ¢-normalization
(actually, any R¢ reduction would be fine, but it happens that only ¢-normalization is
needed), which follows by mutual induction on the syntax of commands and (co-)terms.

b) This property says that (_)¢ is an identity function (up to a-equivalence) on ¢-normal
forms, which again follows by induction on syntax.

¢) This property says that reductions on ¢-normal forms are included in the full calculus,
which is immediate.
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d) This is the main property which allows us to transport all reductions from the full calculus
into the sub-calculus of ¢-normal forms. The cases for applications of a single specific rule
follows from the fact that (co-)values are closed under reduction (Property E.1) which
implies that V¢ is a value and E° is a co-value, and that ()¢ distributes over substitution
(because it is compositional):

(83) (no:S.c|Es) — c[Es/a:S] becomes:

(pa:S.c|Es)® =a (pa:S.(c*)|Eg) —ps ¢ [Eg/a:S] =q (c[Es/a:S])
(n3) pe:S.(vs|o:S) — vs becomes:

(ho:S (vs]a:S)) =a pa:S.(vg|a:S) —ys vy

(B) for a data type F in G

(Ki Bo.Ex, Vi ) IMK Yo arRyo e T e 1)
— ¢[B)Y .., Er,/a:R;.., V1, [2:T;..]

becomes:

(Ki B..Er,.Vr - |]M(K; Y..a:Ri..x:'ﬁ..).cz';}>q

o (Ki BBy V3 IMK Y iRy T 6 )
—p, ¢ [B/Y ... By [aRi., Vi [2:T;..]
=4 ([B)Y .., Er,/R;.., V7, [2:T;..])°
(¢g) for a data type F in G
Pler] = pa:S-(uf:R.(P[B:R]|o:S)|er)
becomes:
Pler]® =a pe:S(uBRAP[BR] |a:S) k) =a pe:S.(uB:R.(P[5:R]|c:S)er)*
(0%) (mazk.clvi) — ¢ because a:x ¢ FV(c) becomes:
(pask.clvk)® =4 (pock.ctvg) — ¢
The cases for B}f, Nas Bg for a co-data type G in G, ¢ for a co-data type G in G, and

0* are dual to the above cases.

The case for reflexivity and transitivity follows from the reflexivity and transitivity of the
sub-calculus. The case for compatibility is a little more subtle since the (_)¢ can change
when a non-(co-)value is turned into a (co-)value by an internal reduction. In this case,
the translation of the left-hand side simplifies down to the translation of the right-hand
side with the help of 3,8;n,n; reductions. For example, we could have a reduction of
the pair (v,v") — (V,v') of type A ® B that converts the first component to a value when
both v and v' are non-values. Under translation, this instance reduces as:

(v,0) =a po (v |z ((z, 0")* )
= por (Ve i (2, v')* o))
—rg, po(z,0')* |a)[V* /]
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oy ()5 V ]
=0 (2.0 [V/2)* = (V0)F

With the help of this fact as necessary, the case for compatibility follows since (_)¢ is
compositional and the sub-calculus is also compatible. <

» Theorem 36. For any global environment G, all reduction in the multi-discipline sequent
calculus is confluent.

Proof. Follows from Theorem 34 and Theorem 35, as shown in [10]. In particular, let R
stand for all non-¢ reduction rules and suppose that m; «— m —» . mo. It follows that
mj 4«—gr M° —»gr Mo, so by confluence of R there is an m' such that m; —»grc mj —»gr
m' %ng &—R¢ M2. <

1.2 Standardization

To show standardization, we will first show how non-standard reductions can be postponed
after standard ones. The non-standard reduction relation, written as —, and its reflexive-
transitive closure, —», are defined as

m—m' mesm m—»m' m —» m'

m)—)m/ m —» m m)—»m”

» Lemma 37. If m — m/ then the status of m (i.e., finished, stuck, in progress) is the same
/
asm'.

Proof. First, we just show the forward direction: if m ~— m’ and m’ is finished, stuck, or in
progress, then m is final, stuck, or in progress, respectively. Note that finished and stuck
commands are closed under reduction in general. Also observe the fact that if D[m] — m”
then either

m'" =, D[m/] for some m’ such that m — m’, or

m'" =, D'[m|p]] for some D’ and substitution p,

which follows by induction on D. Now, supposing that m}, «— D[m] — D[m;] because
m > mq, then we can proceed by cases on the previous fact:

If m}, =, D[ms] then we have mg << m > my, and it can be checked that msy — m’ for
some m’ by cases on the standard reduction rule used for m = mj.

If my =, D'[m[p]] then mj — D’[m1][p]] since standard reduction is closed under
substitution.

The backward direction follows from the previous fact because every expression is exactly
one of finished, stuck, or in progress. That is to say, if we know the status of m’ (say,
finished), then it would be contradictory for m to be anything else, since that would imply
that m’ would have to have a different status. <

The main crux of the standardization proof is to commute standard and non-standard
reductions to perform the standard ones first, so that given any m »»~» m’ it is also the
case that m —»»~» m/. The complication is that commuting a pair of single steps can lead to
duplication—standard reductions can duplicate non-standard reductions in sub-expressions,
whereas non-standard reductions might be the next standard one leading to many standard
steps when order is exchanged—so that in general if m > m’ then we could wind up with
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m —»—» m’. So the simple single-step case does not directly generalize to multiple steps by
induction on the reflexive-transitive closure of reduction sequences.

To work around this problem, we employ a technique that is sometimes used for mitigating
similar complications in confluence proofs: work with a grand reduction relation that allows
for certain multi-step reduction sequences, but still enables induction on the syntactic
structure of expressions. Our grand reductions will come in three different flavors: internal
non-standard reductions that preserve the top node of the syntax tree (=), non-standard
reductions that might rewrite the top of the syntax tree (=), and a prefix of standard
reductions followed by a grand non-standard reduction (). These are defined by mutual
induction on the syntax of expressions, where = and = enjoy a generic definition independent
on the syntactic form of the left-hand side, and only =* follows by cases on syntax (where
4% denotes any S besides x and +x denotes any S besides *):

m—=m’ m =m" m="m'" m' =m" mHm
me m'’ m = m/

Se{+, %} ws="vs 7 Vs es=es (vs|els) (vses)
(wsles) =" (vsles)

Se{+,x} Vs='VizVy es='es (Vsles)# (Ve les)
(Vsles) =" (V§les)

Se{—+} vskus fs='eszes (vsles)v (vsles)
(vslfs) =* (vsles)

Se{—*} vs="s Es='EgrEs (vs|Es) (vs|ES)
(vs|Es) =" (vs|ES)

r=ty a='a
ce ce
podk.c = poitx.c’ firidk.c = fivitx.c’
c=c c=d
pak.c =4 pocsk.c! firix.c = fizk.c
e €. v . ve . el el

KB.e.v..="KB..e.v.. OB.v.e..="0B..v..e..

ce . =
Mag.c.} =t Mq.d..} Mp.c.} = Mp.d..}

» Lemma 38. a) m =" m, m = m, and m = m.

b) m =*m' implies m = m’ implies m = m/'.

¢) m— m' implies m = m', m— m’ implies m & m', and m — m’ implies m = m/'.

d) m =*m’ implies D|m] —» D[m’] for any D, m = m' implies m —» m’, and m = m/
implies m —»—» m/.

Proof. a) By induction on the syntax of m.

b) By the definition of =, =, and .

¢) By induction on the syntax of the left-hand side m, using part (a) as necessary for
unchanged sub-expressions.
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d) By mutual induction on the derivation of =%, =, and . <

» Lemma 39. o) If m = m/, z[p] = z[p] for all z, and a[p] & alp/] for all o, then
m(p] = m'[p].
b) If vs = v and es = €y then (vs|es) = (vs|els).

Proof. The conjunction of parts (a) and (b) follow simultaneously by induction on the given
derivations of m = m/, vs B V%, and es = €5 by generalizing (b) to: If vs = vs, es B €k,
z[p] & z[p’] for all z, and a[p] = a[p/] for all a then (vs|es)[p] = (vs|es)[p']-

For part (a), note that any Vs = V{ and Es = E% implies Vs = V§ and Es = Ej
because (co-)values do not standard reduce. Further, x = v and o = e implies z = v
and a =" e since * 4 and a /4. It follows that if m = m’ and p = p’ (pointwise)
then m[p] & m/[p/] since the cases where substitution replaces a variable or co-variable
cannot cause two top-level reductions. The other interesting cases are for = reduction of a
command, which relies on part (b) of the inductive hypothesis, and = of « u-abstractions
and x fi-abstractions, which propagate the initial standard reductions of the underlying
command (generated by the inductive hypothesis) down to the abstraction itself.

For part (b), the general idea is to perform the standard reductions of vs & v and
es = €l first as appropriate (according to the compatibility of — depending on S), and
then commute the possible trailing non-standard 7,, and 7; reductions which then become
standard 3, or B8 reductions. For example, if we have the derivations e & e/, and

¢ (v a:t)

pact.c =" poc+. (V) o) it vly

vy = poct.c = vl

vy B v

then because e is a co-value (as every + term is), for any p = p/, by the inductive hypothesis
(a) on the sub-derivations ¢ = (v/, |a:+) and e = €/, we have the derivation

er B ey
 IH
¢ (hlat) eifp] B ]
: I1H
(viles)[p] = (pas+.clplle+ [p])
=g clexlpl /ot pl = (W [p]lel [o'])

(vilep)lol = (Wl ]el) o]

The other cases are similar to this one. |
» Lemma 40. If cither m =+ m/, m =+ m’, or m ='— m/ then m = m'.

Proof. By mutual induction on the derivation of =, =, and =*. The first case is for =
followed by > if

mi —» My Mo = M3
mi1 B msg = My

then the inductive hypothesis on mgo = mg — my gives mo = my, which is the same as
ma —» mb = my for some mj, so by transitivity of — we have

my —» mo —» mh  mh = my
mi = my
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The second group of cases is for = followed by +, which proceeds by cases on the
potential trailing non-standard rewriting rule, which dictates more of the = derivation by
inversion when present:

(reflexive): If

mq =1 mo
mi = Mg — M3

then the inductive hypothesis on m; =% my — ma gives mi = ms.
(nf*): If

c B (Vi ]atx)

poctx.e =0 poctr (v Jortx)  poctx (v, ot > E Uks

poctx.c = vy > Ul

then (vy,|a:dx) — (v, |a:tx) and the inductive hypothesis on ¢ & (vi,|aid*) —
(W, Joztx) gives ¢ = (v, |a:tx) so we have

¢ (U, |aitx)

poctk.e = poctx (v, |oaidx)  pactx (vl o) — v,

poatk.c = v,
poctkc = v,

(nﬁ): If

c = (v |ax)

pack.c = pork(vxask) ok (v ase) =, vk
n

. !
Hak.C = Vg > Uy

/

|a:x) and the inductive hypothesis on ¢ & (vg|ax) — (v} |ax)

then (vy|ax) — (vl
a:x) for some ¢, so we have

gives ¢ —» ¢ = (V|

%

¢ = (hlax)

pock.c’ = pask (vl asx) ok (V] |aek) — vl

. . / /
posk.c = pack.c = vy

peek.c B vl
(BF): If

Cc1 = C2

paok.cp =t pak.cy ey = By

(pak.cr|ex) =t (pask.co| By — g co[Ex [ k]

(pack.crllex) = ca By /o] = c3

then for the B:’; reduction to be non-standard and followed by a standard reduction, it
must be that « is not needed in ¢g, i.e., co is not some H[(Vi|ax)]. Thus, co[Ey/a:x] is
also not some H[(Vy| Ex)], so the standard reduction does not require the substitution of
Ey, meaning that cs =, c5[E%/ax] and ca — ¢4 for some c5. The inductive hypothesis
on ¢; = cg — ¢4 gives ¢ —» ¢ = ¢4, so we can proceed by cases on whether or not
(pacx.c) |ex) is a value:
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(value): From ¢; = c§ and E) = FEx, we have a derivation of ¢|[E)/a:x] =
ch[Fy/ax], and

(pak.cr|ex) = (pax.cylex)
> (., | 2L
o By o]

B By /ax] =4 c3

(non-value): We have the derivation

L=

pok.c) =t pack.cy  ex B By

(paes.cl|ex) = (pak.ch]| Ex) — g Ch[ B [ o]

(povk.cp|ex) = (pasx.cillex) = c3

(pocx.cex) = c3

(0%): If

Cc1 = C2

pok.cp = paik.co ey B el

(pacx.ciex) =" (pax.colel) —sx co

(uak.cr|ex) = ca — c3

then the inductive hypothesis on ¢; = ¢ — c¢3 gives ¢; —» ¢4 = c3 for some ¢} so we
have

ch = c3

pak.ch = pak.cs ey B el

(pacx.chlex) =" (pax.cslel) — s« c3
(pocx.cq | €x) = C3
(pok.cq|ex) B c3

ox) {0y

The cases for vﬁf‘k7 ny:s By, and 6* are dual to the above.

The third group of cases are for = followed by a standard rewriting rule, which proceeds
by cases on the rule:

(Bh): 1t

ce
poct.c =t pa+.d By B
(poc+.c|Ey) = (poct.c'|EYL) gt B [ai+]

then we have

/ /
cEc E+t:)E+

(poc+.c|Ey) gt c[E:+/a:+] B (B /o]
(poct.c|Ey) = B JaH]
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(B;) If
ce
poi—.c = poi—.c E_ =t E"
(poc—.c|E_) =* (ua:—.c'|E") - d[E" Ja:—]

then we have (ua:—.c|E_) = ¢'[E. /a:—] analogously to the previous case for 3 by
weakening E_ = E’ to E_ = E’_.

( ;) If

ce
pecx.c =" pakc’ By =" B =y B

(pakc|Ey) = (pas.d|BY) = p. ¢ [E] [azx]

then we have (uaik.c|Ey) & ¢[E)/ax] analogously to the previous case for 3 by
weakening E, = B! ay, BN to Ev & B

((bﬁ) If

c=c
pok.c =t pock.d By = Bl

(poes.c| By ) = (pax.c'|EY) gk O [BY/anx]

where ¢ =, H'[(V]|a:x)] with a not bound by H' because of the standard ¢ reduction,
and ¢ =, H[(Vyx|a:x)] with @ not bound by H because ¢ = ¢’ (following by induction on
H'), then we have the weakened Ey = EJ from Ey =% E/ and the derivation

)
<

c=cd Eys EL

(pask.c| By) g clBx/oix] 5 ¢/[El Jaz]
m

(poes.c|Eyx) = ' [E Jaz]

(Bg) for a co-data declaration G in G: For simplicity, we will illustrate G = &; the general
case for an arbitrary co-data declaration is analogous to this one by induction on the
components of the possible observations of that co-data type. If

aBEd s d

) )\{7‘(’1(11.61 | 77202.62} )
="' )\{71'1(11.6/1 | 71'2(12.6/2} E='F

<>\{7T10él.61 ‘ 71'2042.02} ”7T1E>
= (Mmog.d) | mas.cy} | E)

g, CLE [o]
then E =' E’ can be weakened to E = E’ so we have
B Es FE

(Mmiag.cp|mas.ca} ||7riE>.»—>/3& GlE/oy] & B ay)

<)\{7T10£1.01|7T20LQ.62} ||7TZE> = C;[E//Oéi]
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(sg) for a co-data declaration G in G: As before, we will illustrate for the special case
where G = &, which can be generalized to arbitrary co-data declarations by induction on
the components of the possible observations. If

fe f
mif =" mif o, px(pB(x|miB)| ')

then we have

fef

mif o, BB (a|miB)f) B fim (B (@ |miB)] 1)
mif = i (pB.(x|miB)|f)

The cases of each of the rules Bff*, ®5, and B and ¢ for a data declaration F in G being
applied after a =% reduction on a command are dual to the above.

The last group of cases are for = followed by ~ on a strict sub-expression due to
compatibility:

If S € {+,*}, vg — v%, and

3 / /
ws ="' Vs = U5 es k= eg

(wsles) = (Vsles) = (Vsles)

then the inductive hypothesis on ws = vl — v% gives ws = v%, so that (wsles) =
(vsles)-
If S € {+, %}, €5 — €%, and
Vs =1 Viz VY es =" ey
(Vsles) =" (Villes) = (V§les)

then the inductive hypothesis on es = el — € gives es B €%, so that (Vs|es) &
(Vsles).
If ¢ — ¢3 and

C1 = C2

pek.cy = pok.co —r puaek.cs
then the inductive hypothesis on ¢; = ¢o — ¢3 gives ¢1 —» ¢4, = c3 for some ¢}, so that

ch = c3

pak.ch =t pack.cs

HOU%.CT ¥ [UQik.Ch = [aik.Cy
pHack.cp = poek.cs

The cases for — and * commands and * ji-abstractions are dual to the above.

Note that there is no possible standard reduction on variables and co-variables, + and
— p- and fi-abstractions, pattern-matching terms and co-terms, and data and co-data
structures built from (co-)values, so the =* cases for (co-)terms of these syntactic forms are
impossible. <

» Lemma 41. If m »»+—» m' then m —»—» m’. It follows that if m — m’ then m —»—» m’.
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Proof. First note the following facts:

a) The reflexive-transitive closure of = (written as =* ) is the same as ~—, which follows
from the fact that m »— m’ implies m = m’ implies m ~» m/.

b) If m =+ m’ then m +»= m’, which follows by induction on the reflexive-transitive
structure of —».

¢) If m =* —» m’ (where =* is the reflexive-transitive closure of =) then m —»=* m/,
which follows from the previous fact by induction on the reflexive transitive structure of
=*

Therefore, m —»+—» m’ implies m ~»—» m/. Finally, since every — is either — or »—,
m —» m’ implies m —»—» m’ because of the previous fact by induction on the reflexive-
transitive structure of —», commuting standard reductions before non-standard ones as
necessary. |

» Theorem 42 (Standardization). If m — m’ and m’ is finished then m | m” — m’.
Proof. We know that m —» m’ —» m/ for some m’, and since m/’ is final then m” must be
as well so m || m”. <
1.3 Untyped contextual equivalence

First, we define the following “weak equivalence” relation ~ on commands that only checks
compatibility of their needed variables:

C1 < Cy < NV(Cl) = NV(CQ)

» Property I.1. ¢; R ¢, if and only if Hy[c;] ~ Hy[cs).

For any relation ¢ on finished commands, we define the following generalization of ¢ up
to evaluation, written o{}:

cioller <= (aldf = Fealh hcioch) AN(ea |y = Ty | c).c) o ch)

» Definition 43 (Untyped contextual equivalence). Two well-disciplined (but untyped) expres-
sions my and mg of the same syntactic sort (command, S term, or S co-term) are contextually
equivalent, denoted by m; = ma, exactly when C[my] ={ C[ms] for all contexts C' such that
C[m4] and C[mg] are well-disciplined commands.

Note that if ¢ is reflexive, transitive, and symmetric on finished commands then so too is ¢{}.
. w . . o . . .
So since that ~ is reflexive, transitive, and symmetric, so is contextual equivalence.

» Lemma 44. Contextual equivalence is the largest compatible relation included in ~\. That
is, given any compatible relation o between expressions such that ¢i o co implies ¢1 ~| ca,
then mq © mo implies my; = my.

Proof. Suppose my ¢ ms and C'is an appropriate context such that C[m4] and C[ms] are well-
disciplined commands. We know C[m;] ¢ C[mz] by compatibility and thus C[my] <l Cma]
by assumption. Therefore, m; = mso. <

» Lemma 45. If x ¢ R and m; =g mqo then my = mso.
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Proof. Follows from confluence and standardization of R and Theorem 44.

First, we show that R equality between finished commands is included in weak equivalence.
Suppose that ¢; =g co and both are finished. By confluence, we know that ¢; —»g ¢’ =g c2
such that ¢’ is finished as well. Next, observe that — r between finished commands is included
in ~, by cases on the applied reduction rule. It follows that —»p is also included in ~ by
induction on the reflexive-transitive structure of — g, and since ~ is symmetric and transitive
we have that ¢; 2 ¢ 2 ¢s.

Second, note that equality is compatible by definition, so supposing that ¢; =g co, it
suffices to show that ¢; ~| ¢y. By confluence, we know that ¢; —» c¢3 4— ¢ for some cs,
and without loss of generality suppose that ¢; | ¢}. By confluence of ¢z 4~ ¢; —» ¢, we
have c3 —» ¢4 «— ¢} meaning that c; — ¢3 — ¢§ where ¢4 is finished because ¢, — ¢5. By
standardization, we have that co || ¢4 — ¢5. So since ¢} =g ¢ and both are finished we have
c1 = ¢ R ¢y 4 cy. Therefore, ¢; <) cy. <

The last step is to prove that the x axiom on its own is included in contextual equivalence,
which we can show by a bisimulation-style of argument.

» Lemma 46. If Di[mi] =, m, then m5 =, Dy[ms] for some Dy and my (of the same
syntactic sort as my) such that my =, ma, Di[m| =, Da[m] for all m (of the same syntactic
sort as my and msg), and NV(D1[m4]) = NV (Dy[mz]) when both are commands.

Proof. The special case for D;[m;] <+, mj4 follows by induction on D, and the general case
for Dy[m;] =, m} follows from the previous fact by induction on the reflexive-transitive-
symmetric structure of =, since <+, is also symmetric. <

» Lemma 47. If c; =, co then c; is finished if and only if co is, and if both are finished
then C1 ~ Co.

Proof. Given a finished command ¢, ¢z must also be finished because NV(c¢1) = NV(c¢y),
which also implies that ¢; X e, |

» Lemma 48. If m =,— m/ then m —=, m/'.

Proof. First, observe that if m; =, mg — mj because my > mj, then m; — mj =, mj for
some my > m}, which follows by cases on the standard rewriting rule used in mg > mb.
Second, suppose that m =, Das[mg] +— Dj[mb] because my = mb. It follows that
m = Di[mq] for some D; and my such that mqy =, mo and Dy[m/] =, Dy[m/] for
all syntactically appropriate m’. As shown previously, m; =, me > mj implies that
my = my =, mb, so we have Di[mq] — D1[m}] =, Ds[m})]. <

» Lemma 49. If m; =, my then mi = my.

Proof. x-equality is compatible by definition, so it suffices to show that c¢; =, ¢y implies
c1 ~| ¢o. Without loss of generality (because both =, and < are symmetric), suppose that
¢1 J ¢ meaning that ¢; —» ¢} and ¢} is finished. By induction on the reflexive-transitive
structure of —», the fact that ¢; =, ¢1 — ¢} and ¢] is finished implies that c; — ¢, =, ¢}
for some finished ¢} such that ¢ < c}. <

» Theorem 50 (Untyped soundness). If ¢c; = ¢ then ¢1 = co.

Proof. Follows by induction on ¢; = ¢y since every equality is a finite alternation of x and
non-y equalities, and contextual equivalence is reflexive and transitive. |
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» Corollary 51 (Untyped coherence). There are two X-related and two ~-unrelated expressions
of every syntactic sort. It follows that there are two =-related and two =-unrelated expressions
of every syntactic sort.

Proof. Since both contextual equivalence and untyped equality is reflexive by definition, any
expression of a syntactic sort is related to itself by both ~ and =. Now, pick any two distinct
variables x,y and a, 8, and note that (z:S|a:S) % (y:S|a:S) and (z:S|:S) # (2:S|B:S).
As special cases of contextual equivalence (with the contexts O, (O|a:S), and (x:S|0),
respectively), it follows that:

(:5]a:S) # (y:SlaS)  (@:SlaS) # @S|BS)  aSEyS  aSEpS

And since the = relation is included in ~, these expressions must not be =-related. |

1.4 Typed contextual equivalence

We now defined a typed version of contextual equivalence that restricts compatibility to only
well-typed contexts in observable environments.

» Definition 52 (Observable environments). An input environment I' is observable with
respect to G if T' = x : G(A..).. where each G is a co-data type constructor G : k.. — S
in G where § # %. Dually, an output environment A is observable with respect to G if
A =a:F(A.).. where each F is a data type constructor F : k.. — S in G where S # *.

» Definition 53 (Typed contextual equivalence).

Two typed commands are contextually equivalent, written as ¢q = ¢g @ (T }—g) A), exactly
when Cle1] =4 Clep] for all contexts C' such that Cle;] : (I" F§ A’) for some observable
I’ and A’
Two typed terms are contertually equivalent, written as I’ I—S vy 2 vy A A, exactly
when Clv1] ~|b Clvs] for all contexts C' such that Clv;] : (I +§ A’) for some observable
I’ and A
Two typed co-terms are conteztually equivalent, written as ' | eg & eq : A }—8 A, exactly
when Cle1] 2| Cles] for all contexts C such that Cle;] : (I" =§ A’) for some observable
I’ and A'.

Note that, like untyped contextual equivalence (Theorem 44), typed contextual equivalence
is the largest typed relation that is compatible (in the typed sense) and included in <
for commands typed in an observable environment. That is, given any ¢ between typed
expressions that is compatible with well-typed contexts and where ¢; ¢ ¢ : (T I—S) A)
for an observable T' and A implies that ¢; = ¢y, then ¢; o ¢y & (T I—S A) implies that
c1 ey (T I—S A) (and similarly for (co-)terms).

To prove that typed equality is sound with respect to typed contextual equivalence, we
instantiate the orthogonality model of types from [6] in a way that accommodates call-by-need
and its dual.

Top reduction on a single command, ¢ ~ ¢/, is defined as:

¢ >pspsg, ¢ Vs =, Us es =, €s
¢~ (vs|Es) ~ (vs|Es) (Vsles) ~ (Vsles)

Top reduction is then generalized to a pair of commands, (¢, ca) ~ (¢, ch) as follows:
€1~ e L~ o Cy ~> Ch

(c1,¢2) ~ (e}, c2) (c1,c2) ~ (ch,¢h) (c1,¢2) ~ (c1,¢h)
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» Definition 54 (Poles and interaction spaces). A pole P is a binary relation on commands.
For a given pole P, an P-interaction space A (or just P-space for short) is a binary relation
between terms and a binary relation between co-terms, both of a common discipline S, such
that v Av’ and e A e’ implies that (v|e) P (v'|e’). Given two P-spaces A and B, we write
A C B to mean that

vAv = vB eAe = eBeé

For any poles T and 1L and any T -space W, the Il yw-orthogonal operation on T -spaces,
written _ 17 is defined as

v ALY o = Ve A €. (v]e) AL (v']¢') e ALV ¢ = Yo A .(v]e) 1L (v']¢))

For any pole T and T-space V, the V-restriction operation on T -spaces, written _|, is
defined as

v Aly v = vV AvAY e Aly e <= eVeneAed

» Definition 55 (Safety condition). A safety condition S is a pair of poles (T, 1) such that
1L C T and the following condition holds:

Closure under expansion: For all ¢; Tea, if (c1,c2) ~ (¢}, ch) and ¢) 1Lc) then ¢y lles.

» Definition 56 (Worlds). For a safety condition S = (T, 1), an S-world T is a triple

(U,V,W) of T-spaces such that VC U, W C U, and the following conditions hold:
Saturation: For all vy U v, if ((v1|E1), (v2]|E2)) ~ (c1,ce) for all Ey V\VHL,L‘W Y E5 and
some ¢; 1L cg, then v1 W ve. Dually, for all e; U eg, if ((Vi]e1), (Va|ez)) ~ (c1,¢2) for
all V; WN,LW‘V V5 and some ¢; AL co, then e; W es.

Generation: For all T-spaces AC W, if A = A\#W then A = Alw,

In addition to saturation and generation, there are two more important properties of a
collection of worlds (one for each S) that depend on the global environment G. Letting

dataF(X : k)..: S where codata G(X : k).. : S where

Ki : (Aij : 7;]';7. }_Y:l" FX.. | Bij : RUJ)l Ol : (A” . 7;77 ‘ GX.. "Y:l" Bij :Rijzj.).".

stand for a generic pair of data and co-data declarations in G, then the collection of worlds
Ts = (Us, Vs, Ws) should have the two properties of:

Focalization: 1t V; W,

V/i and E; Wr,,

E’J then
VTU J

VR’U
Ki B..E;.Vii. Wsly K B'.E}LV]5. 0; B.Vj.E;i. Wsly, O; B".V/iE.
for each ¢. Additionally,

)\{[01 Y.’EZJIY;JJOL”R”J]CZ’} Ws )\{[Ol YSU”'];JJO[”R”J]CZ‘}
X{(Kl Y..O[ijIRij;j., xij:’];j..).ci.i.} Ws X{(Kl Y..O[ijIRij;j., xw’ﬁj)c;l}

if
Cl[B/Y, V;‘j/l‘ijlﬁj ;7., Eij/aij:Rijj-] AL C;[B//if7 V;»}/%ijlﬁj;j., EZ/]/O[URZ]7]’

for all V;'j WTU Vi and Eij WRU

|VTij i

/i
Ve, Bl
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Extensionality: If V-Vg V" and (U, BV(¢:)) N (FV(V)U FV(V’)) = 0 then
V Vs Mai (V']lai) 2} Mai-(V]ai)+} Vs V!

Dually, if £ Vs E’ and (|J;, BV (p;)) N (FV(E)U FV(E")) then
E Vs Mpi-(pi| E') 2.} Mpi-(pil E)+} Vs B

Let the pole T be the total relation (i.e., cross product) of commands with no free
variables and x co-variables. Likewise, let the interaction spaces Us and Vs be the total
relations between S terms and S co-terms (for Us) and S values and S co-values (for V)
which have no free x variables and x co-variables. The model is then instantiated by the
following poles 1L, T and interaction spaces Wg:

clld = ¢TdAneR]d clld < cT¢
/ iLU* / / /
v Wy vy = v X, "0y Vs Wi, 03, = U4, U, v,
’ Ly, s / /
ex W,y e, < e, Xi "0, etx Wik €4y <= e4x Upx ey

where
Xs = {(x:S,2:8) | x € Var},{(:S,a:S) | « € CoVar})
Now some immediate facts that follow by the above definitions:
1L is closed under untyped observational equivalence of T commands: if ¢; Tee and

1 = cg then cplley. It follows that L is also closed under

untyped equality of T commands: if ¢; Tcy and ¢ = ¢o then ¢ leo, and
T-expansion: if ¢; Teg and ¢; —» ¢ AL ¢ 4= co then ¢q 1L co.
This means that the triple S = (T, 1L, 1) is a safety condition.

The S-worlds Ts = (Us, Vs, Ws) for S € {+, —} are both (trivially) saturated, generative,
focalizing, and extensional.

The S-worlds Tg = (Us, Vs, Wgs) for S € {*,x} are also both saturated, generative, and
focalizing though these facts are more involved.

» Lemma 57 (Saturation). For S € {*,x},

a) if v1 Us vo and (v1|E1) ~ c1 AL co e (vo|E2) for all E;y Wg
and
b) if e1 Us ea and (Vi|er) ~ ¢1 AL ca e (Va|ea) for all Vi W3|$;W5 Vs then eq Ws es.

Ay
Vs S FEy then v1 Wg vy,

Proof. a) For S = %, this saturation property is trivial since v; U, vo if and only if v; W, vy

o
by definition. For & = %, note that ay Wﬂvjv* ay. by definition of Wy, and thus
(Vifae) ~ e AL eg e (o)

s0 (v1]as) AL (va] o) by T-expansion of AL, and therefore v; Wy vs.
b) Follows dually to part (a).

» Lemma 58.
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a) If ey W, e then either (vi|er) 1L (vs|es) for all vy W, vy, or there are two co-values
FE1 W, Es such that e; —» E;.

b) If vy Wy vy then either (vi|e1) AL (va|es) for all e Wy es, or there are two values
Vi W, Vo such that v; —» V;.

Proof. a) Choose a variable z not free in e; and ey, so that (zix|e;) | (x:x|es), and note
that (z:xe;) = ¢ if and only if e; > e and ¢’ =, (z:x|e}) due to the caveat of the ¢7
rule. Now suppose that (z:x|er) | (x:x|e]) and (x:x|es) | (x:x|es), so that the result
follows by cases on whether or not €} are co-values:

If both e} co-values, the result is immediate by reflexivity of ~—».

If both e} are not co-values, then let v; and ve be arbitrary x terms. e; and ey must
be fi-abstractions, fizi:x.c; and fixoi*.co respectively, such that ¢ zl} co because
of e, W, ey and Property 1.1. From ¢; ~| ¢ and Property 1.1, it follows that
(v1]er) =l (v2]e).

It is impossible for one of €} to be a co-value and the other not. Without loss of
generality, suppose ¢/ is any co-value, e} is a non-co-value. For (z:x|e}) = (z:x|eh)
to hold, it must be the case that (z:x|e}) is finished and (because (x:x|e}) is finished)
and (zix|e}) < (zix|eh). Note that zx € NV(z:x|e}) because €} is a co-value and
zix ¢ NV(zix|eh) because e} is not, which contradicts the requirements of < that
demand the set of needed (co-)variables to be the same.

b) Analogous to the proof of part (a) by duality.

Otherwise, both (x:x|e;) ¥ so that if (z:x|e;) —» (zix|e}) A then (x:x|e}) is stuck and
thus e is not a co-value. It follows that for and any x terms v; and ve, (vi|e;) ¥, and so
(valler) =4 (vafe2). <

» Lemma 59 (Generation). ForS € {*,%} and A C Wg, then A = A|<,L5:W5 implies A = A1V's .

Proof. Suppose that S = %, v; A vy and e; A eq, so that we must show that (vi|e;) L
(va]e2). By Theorem 58, we know that either (vi]e;) 1L (vz]ez) immediately (because
(vi]e1) JJLJ_ (vh|e2) for any v] W, vh) or e; —» E; for some Fy and Fs. In the later case, since
A= A|VSW5 we have that

(vifer) = (vi| Er) AL (v2] E2) 4= (va]ez)
and so (v1]e1) AL (va]ez) by IL-expansion. The case where § = % is dual. <

And finally, observe that the collection of worlds Ts for all S satisfies the focalization
and extensionality criteria, where the only interesting case is the 7y conversion of x data
types and * co-data types: in both of these cases, we rely on the fact that free x co-variables
and * variables are forbidden, so that the set of needed (co-)variables cannot be changed by
7)g conversion.

Therefore, we have an instance of the parametric model of the sequent calculus, which
gives us the adequacy of typed equality in terms.

» Lemma 60 (Adequacy). a) c=c¢ : (T +§ A) implies c = : (T £ A).

b) T v=0v": A| A impliesT E§ v=1": A|A.
¢)Tle=¢:AFE A impliesT |e=¢€: AFS A.

Proof. An instance of Lemma 7.12 from [6], where the case for recursive (co-)terms follows
the methodology of [20]. <

20:59

CSL 2018



20:60

Beyond Polarity

And from adequacy, we get the soundness of typed equality with respect to contextual
equivalence.

» Theorem 61 (Typed equality soundness). a) ¢ =c : (I'F§ A) implies c = ¢ : (I FG A).
b) TH v=2v": A| A implies T F§ v =0 : A A.
¢)Tle=¢:AFS A impliesT |e = e : AR A.

Proof. First, note that the equality relation is compatible, so we only need to show that
commands that are equal in an observable environment are related by ~J{}. But this follows
from adequacy (Theorem 60), since the interpretation of typing judgements of commands
can be instantiated by the identity substitution for every observable I and A, implying that
the commands are related by ~J by the definition of L. <

» Theorem 1 (Closed coherence). For any global environment & G extending F, the equality
Fg t1() = 12() : 1@ 1: + is not derivable.

Proof. Assuming that g ¢1() = t2() : 1@ 1] is derivable, then kg 11() = 1a() : 1 D1 |
holds by Theorem 61. It follows that for ¢ € {1,2}, since both

(LiO|Muz.(z] evaly ) | toz.(y] evaly a)}) : (211,11 g azl)

are well-typed in an observable environment, they must be related by ~{}. But i = 1 evaluates
to (x| eval; a) and i = 2 evaluates to (y| eval, ), so they are not related by <}, which is
a contradiction. Therefore ¢ ¢1() = ¢2() : 1@ 1| cannot be derivable. Note that since
the command lies in the functional sub-calculus of D, they cannot be equal in extensible F
either because of the equational correspondence between the two calculi (Theorem 24). <«
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