A Polarized Basis for Simple Types

PAUL DOWNEN, University of Oregon
ZENA M. ARIOLA, University of Oregon

We employ encodings all the time as programming language designers, implementers, and theorists, but
those encodings are not always accurate representations in practical languages where program features, like
exceptions or even recursion, can sometimes turn obvious encodings into leaky abstractions. Here, we show
how polarized types let us rely on the common encodings we know and love for supporting user-defined
types from both eager and lazy languages like ML and Haskell. We use type isomorphisms as a technique
for showing that the proposed encodings are faithful, so that we can encode and decode without any loss of
information, and that they exhibit the mathematical and logical properties that we should expect. In the end,
the polarized basis of types gives us a unified core language for both eager and lazy functional languages alike.
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1 INTRODUCTION

How many types do programming languages really need? Mainstream statically typed programming
languages all have some mechanisms for programmers to declare their own custom types to make
writing software easier, so in practice there seems to be a limitless supply of different types in
languages. However, when we are not working in a language but with a language—for example,
to study its theoretical properties or to develop practical implementations—the fewer constructs
and types the language has the easier it is to work with. This is where functional programming
languages can shine by using their connection with logic to simplify the language. For example, logic
tells us that we only need a binary conjunction connective since larger conjunctions can be encoded
by nesting applications of the binary one, and nothing is gained or lost because either nesting
(to the left or to the right) is equivalently provable. This lets us encode complex propositions and
connectives in terms of a smaller number of more basic connectives. These encodings correspond
to common techniques to simplify models of functional programming languages down to just a
handful of primitive types because the rest can be encoded by converting to and fro.
Unfortunately, in real functional languages these seemingly obvious encodings are not accurate
because the two types do not actually describe the same set of program behaviors. If we want to
say that a type is unnecessary because it can be encoded away, we should expect a one-for-one
correspondence between the programs of both types, but this is often not the case because of
the computational effects in the language. For example, encoding triples as nested pairs does not
cause issue in an eager language like SML, but in a lazy language like Haskell we can observe a
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difference because of divergent (i.e., infinitely looping) or erroneous values like 1/0 or undefined.
The conversion between nested pairs of type (g, (b, ¢)) and triples of type (a, b, ¢) goes as follows:

fromTriple (x,y,z) = (x,(y, 2)) toTriple p = (fst p, fst (snd p), snd (snd p))

However, the nested pair type (Int, (Bool, String)) in Haskell contains both (1, 1) and (1, (L, 1)),
where L = undefined, which can be distinguished by pattern-matching: case x of (_, (-,—)) — 9
yields 9 when x = (1, (L, 1)) but gives undefined when x = (1, L). Yet the two different pairs are
collapsed in the triple type (Int, b, ¢) which can only express (1, L, L), so a round trip to and from
triples doesn’t give back what we put in.!

The issues with unfaithful encodings are not just isolated to lazy languages; eager languages
like SML have similar problems with different types. For example, the common technique known
as currying in functional languages, which converts between functions of type (a,b) — ¢ and
a — (b — ¢), lets us represent binary functions as unary functions nested in the right way:

curry f xy = f (x,y) uncurry f (x,y) = f xy

However, this encoding too is not accurate. The type a — (b — c¢) contains both functions
Ax.raise Div and Ax.Ay. raise Div (where raise Div raises a divide-by-zero exception in SML),
which are observably different because the partial application f 1 raises an exception when
f = Ax.raise Div and returns a function when f = Ax.Ay. raise Div. Yet, uncurry collapses these
distinct values into A(x, y). raise Div, so a round-trip of uncurrying and currying does not give
back the same function.” Both of these counter-examples to simple, well-accepted encodings still
cause trouble with general recursion or loops—found pervasively among mainstream programming
languages—in place of exceptions: just replace undefined and raise Div with an infinite loop.

The impact of round-trip inaccuracy means that encodings have limited use in practice, for exam-
ple, to simplify intermediate languages in an optimizing compiler. Clearly in source programming
languages, we would prefer to have n-ary tuples instead of encoding them by hand. Likewise in
the target language, it is better to represent n-ary tuples directly when compiling lazy languages
since they improve efficiency by reducing excessive indirection and thunking caused by nested lazy
pairs. But in the middle of the compiler, it can be helpful to simplify the intermediate language by
reducing the complexity and number of different programming constructs to some minimal core.
That means that to utilize the above encodings in the middle of the compilation process, we need to
go back and forth between encoding and decoding, and inaccurate encodings means that properties
of the source and target language are lost: for example, the fact that A(x,y).f (x,y) = f in SML is
lost by currying since Ax.Ay.f x y # f. The impact of such inaccuracies is that using the encoding
can prevent optimizations that would be sound in the source language, or even worse have the
potential to introduce unsound transformations with respect to the target implementation.

So does this mean all hope is lost when our functional languages have effects, or even just general
recursion? Must we choose between living with unfaithful encodings or giving up entirely on the
game of encoding complex types into simpler primitives altogether? Thankfully, we do not have
to choose! The root cause of the unfaithfulness comes from a mismatch in the opportunities for
eagerness or laziness of programs that is implicit in types. This inherent connection between types
and evaluation strategy (i.e., eagerness and laziness) has been studied under the guise of polarity
[Munch-Maccagnoni 2013; Zeilberger 2009], which was originally developed in the setting of proof

IThere is also the stricter alternative definition toTriple (x, (y, z)) = (x, y, z), but this instead collapses (5, L) and L.
?Haskell also exhibits problems with currying, but instead due to differences in strictness on pairs. Specifically, A(_, _).9 and
A_.9 are different functions of type (a, b) — Int because they differ on the input L :: (a, b), but these two functions are
collapsed by a round-trip through currying and uncurrying (one way or the other, depending on the strictness of uncurry).
See appendix E for more details on lazy currying.
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search rather than evaluation, as well as the call-by-push-value strategy [Levy 2003]. And it turns
out that this fine-grained approach where programs can intermingle both eager and lazy evaluation
at will gives us the tools we need to build strong encodings of types in languages with effects that
accurately represent the full gamut of user-defined types.

For our setting, we will work with a language based on the classical sequent calculus (section 2).
This calculus has a built-in control effect which makes the above issues of eagerness and laziness
relevant for encodings (since an abort causes similar issues as an exception or an infinite loop),
allows for both mixing both eager and lazy evaluation (in terms of call-by-value, call-by-name,
call-by-need, or its dual) within a single program, and lets us express a set of basic connectives
with pleasant symmetries and algebraic properties. As contributions, we give:’

e A primitive basis of polarized connectives suitable for encoding all simple (i.e., monomorphic
and non-recursive) user-defined (co-)data types in languages with effects (section 3).

e A polarized definition of isomorphism between types and (co-)data declarations (section 4).

e A syntactic theory of isomorphisms for (co-)data types and their declarations (section 5).

e A demonstration that the commonly expected algebraic and logical laws are sound (with
respect to type isomorphism) for the primitive basis of polarized connectives (section 6).

e An encoding of all user-defined (co-)data types in terms of the primitive basis, such that the
encoded type is indeed isomorphic to the user-defined one (section 7).

Since we intend for this work to be applicable to compilers which optimize programs by rewriting
code, our focus is on syntactic theories which represent isomorphisms and program equivalence
as applications of purely syntactic program transformations. For that reason, we use a syntactic
equational theory to decide a canonical, finite set of (co-)data types (i.e., connectives) used to
represent all the others. This basis of connectives should be able to represent any types that mix
evaluation strategies as in practical functional languages (like Haskell and OCaml) and any types
that are expressible in the classical sequent calculus, which is a superset of the (co-)data types
found in functional programming languages [Downen et al. 2015]. As a side-effect of establishing
this general-purpose basis for types, we learn the following new insights:

e Usually only call-by-value and call-by-name are considered in these kinds of (polarized)
encodings, but based on the analysis of Downen and Ariola [2014] we addresses how to
integrate other evaluation strategies like call-by-need which is necessary for practical lazy
languages. This is achieved by relying on the properties of linearity and thunkability that
Munch-Maccagnoni [2013] shows arise in polarized languages.

o Polarized [Zeilberger 2008] and call-by-push-value [Levy 2001] languages usually only have
the two connectives for shifting between eager (values) and lazy (computations). Here, we
instead use four for each basic evaluation order: two as data and two as co-data. The existence
of two different adjoint shift pairs is not well understood, and here we put it on firmer ground.
Furthermore, while some shifts are redundant for call-by-value and call-by-name (amounting
to trivial identity types), all four shifts seem important for embedding call-by-need.

2 A SOURCE SEQUENT CALCULUS WITH USER-DEFINED TYPES

Our source language for representing user-defined data and co-data types is based on the classical
sequent calculus. In contrast to the A-calculus, this setting lets us simultaneously model both ML-
and Haskell-like languages within one framework, and to express additional types (like A % B and
—A in section 3) with pleasant symmetric properties (like the algebraic and logical laws in section 6)
that are generally not found in A-based languages.

3 All the proofs for theorems stated in these sections are given in appendices A to D.
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x € Variable ::= . .. a € CoVariable == . .. K € Constructor == . .. O € Observer == . ..

¢ € Command ::= (v|e)

v € Term = x | par.c | K(€, D) | y(O[?, 3].0) e € CoTerm == « | jix.c | ﬁ[K(Ez’, ?)c] | O[T, €]
Fig. 1. An untyped language of (co-)data in the sequent calculus.

The untyped syntax of our sequent calculus language is given in fig. 1, and is based on the
calculus by Downen and Ariola [2014]. This syntax is coarsely divided into three categories which
correspond to three different roles in a program: terms v which produce results, co-terms e which
consume results, and commands ¢ which run. Terms and co-terms are symmetric reflections of one
another, and commands are formed by linking a term v and co-term e, written (v|e), so that the
output of v is fed as input to e, or in other words, so that e can observe the result of v. There are
two generic (co-)terms—p- and ji-abstractions—which name their partner before running another
command: the term pa.c names its output @ while running c, and the co-term fix.c names its
input x while running ¢. We also have more specific (co-)terms in the form of data and co-data
that orient the constructive and destructive forces of computation, corresponding to algebraic
data types (ADTs) from functional languages and a form of objects or functional abstractions,
respectively. Data represents constructive production and destructive consumption: a data struc-
ture is built by collecting several other (co-)terms with a constructor, K(es, .. ., €, Upn, . . ., V1),
which is deconstructed by a pattern-matching co-term, i[K(a1,. .., &m, Xn, ..., x1).c...], that re-
sponds based on the shape of its input, listing cases for the possible constructions it might receive
while giving a name to their constituent parts. Co-data represents destructive production and
constructive consumption: a co-data observation is built by collecting several other (co-)terms
with an observer, O[vy, ..., vy, €1, ..., eny], which is deconstructed by a pattern-matching term,
u(O[xpn, ..., x1,01,...,0m].c...), that responds based on the shape of its output, listing cases for
the possible observations that might be made of it while giving a name to their constituent parts.

The type system shown in fig. 2 for carving out well-behaved programs takes the form of
an annotated sequent calculus.’ In particular, there are three different forms of judgements for
assigning types to programs: a term producing an A-output is typed by the sequentI' Fg v : A | A,
a co-term consuming an A-input is typed by the sequentT | e : A g A, command (which neither
produces nor consumes) is typed by the sequent ¢ : (I' kg A). In each case, A is the active type of
the sequent, denoting the primary input or output of an expression as appropriate, I is an input
environment assigning types to free variables, A is an output environment assigning types to free
co-variables, and G holds the global environment declaring the meaning of type and (co-)term
constructors. We sometimes omit explicitly naming G when it is implicit from context. The core
typing rules [Curien and Herbelin 2000] correspond to the core rules of Gentzen’s [1935] sequent
calculus: the VR and VL rules for typing free (co-)variables correspond to the initial sequent, and
the Cut rule for forming commands is the ordinary cut. In addition, we have the activation rules AR
and AL for typing p- and fi-abstractions, which turns a passive type assigned to a free (co-)variable
of a command into the active type of the abstraction.

The main interest in the type system, however, is the way that it (1) tracks different evaluation
strategies within a program, and (2) models arbitrary user-defined data and co-data types. For the

“This is just shorthand for asserting that a (co-)data declaration of F()TS)) :Sisin G.

SThese rules differ from the LK sequent calculus because they treat the structural rules of weakening, contraction, and
exchange implicitly rather than explicitly. We use this presentation only for the simplicity of reducing the number of rules,
since the matter of explicit or implicit structural rules, while potentially of interest, is orthogonal to the main topic here.
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X € TypeVar == . .. F,G € TypeCon = ...
S, 7, U € BaseKind ==V | N | LV | LN A,B,C € Type := X | F(A)

decl € Declaration ::= dataF(X : S) : S’ whereK : (A T rFEX)|B: (L{)

| codata G(X : S) : 8" where O : (A:‘T | G(X) + B:w)
G € GlobalEnv == decl ©¢ TypeEnv ==X :S T elInputEnv:i=x:A A€ OutputEnv:i=a:A
Judgement :==Org A:S | c:(TrgA) | Trguv:A|A) | T|e:ArgA)

Type kinding rules
(FX:8):8)'eg OrgA:S
- T = FT
0,X:SrgX:S Org F(A): S
Core typing rules
Ftguv:A|A +gA:S Tle:ArgA
Cut
(vle) : (F FG A)
c:(Trga:AA) c:(T,x:Arg D)
Ix:Argx:AlA Frg pac:AlA I'|jxc:ArgA AL I'a:Arga:AA VL

(Co-)Data typing rules

j - —>j !
Given dataF(X : S) : S’ whereK; : (X;] F F(X) | B; jJ ) € G, then we have the following rules:

i

p— —
ci: (F,xi tA{C/X} bg ai :Bi{C/X}’A)
FRk; M =g Val FL
T | ,U[Ki(fli,xi)-ci tF(C)rg A

— J ———
F|e:Bij{C/X} I-gA rl-gUZAij{C/X}|A
Trg Ki(€,3):F(C) | A

i

Given codataG(X : S) : S’ where O; : (X;] | G()'(> )k E:;J ) € G, then we have the following rules:

i

i+ (Toxi : A{CIX kg i+ B{C/XT ) Ao & TleBeia
GR rl—g’U.Aij{C/X} |A 1"|e.B,~j{C/X} I—gA

Prg u(OilF, @le ) : G(C) | A I'10i[7.21:G(C) kg A

O;

Fig. 2. A multi-kinded type system for (co-)data in the sequent calculus.

first purpose, we divide types into four different basic kinds: V for call-by-value constructs, N for
call-by-name constructs, LYV for “lazy call-by-value” (a.k.a call-by-need) constructs [Ariola et al.
1995], and LN for “lazy call-by-name” (i.e., the dual of call-by-need) [Ariola et al. 2011]. In other
words, we use kinds for denoting the evaluation strategy of typed programs, so that (co-)terms
v:A:Vande: A: YV are evaluated under a call-by-value strategy, v : A: Nande: A: N
are evaluated according to call-by-name, and likewise for LV and LN. If we want to refer to
programs involving call-by-value and call-by-name evaluation, then we can restrict the base kinds
down to only V and N, which we call the VN sub-calculus. For the second purpose, we include
a mechanism for declaring new (co-)data types which enriches the type system with new rules
for (co-)terms of the declared type, corresponding to the logical left and right rules of the sequent
calculus. For example, to model pairs from functional languages, we can declare the following
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pair type for types of kind S—instantiating S with V for ML-like pairs and with N or LYV for
Haskell-like pairs—as follows to get the associated left and right rules for pairs:

data(X : S) Xs (Y : S) : SwherePairg : (X : S, Y : SFXXsY|)
Trgo tA|A Fi—gvz:B|AxR c:(T,x1: Axz:Brg A)
. %
T tg Pairs(v,v0) i Axg B|A 0 oS T | jilPairs(xr, x2).cl i Axs B rg A

sL

For this data type, the structure Pairg(v;, v;) is just like a pair from the respective functional
language, and the usual case-analysis expression can be written as: case v of Pairg(x1,x2) = v’ £
pa. (| g[Pairs(x1, x2).(v]|@)]). As another example, function types do not need to be primitives in
this language, since they can be declared as co-data types. In particular, we have both eager and
lazy functions by again instantiating the right kind for S—picking V for eager functions and N or
LYV for lazy ones—to get the associated left and right rules for functions:

codata (X : S) 55 (Y:S): SwhereCallg : (X : S| X 55 Y+ Y:S)
c:([,x:Arg f:B,A) Trtgov:A|A T|le:BrgA
—gR —
I't+g p(Callg[x,fl.c) :A—>s B| A I'| Calls[v,e] :A—s Brg A

sL

The familiar A-calculus notation for function abstraction and application is written as: Ax.v =
u(Calls[x, B].(v]|f)) and v v’ = pp. (v|Calls[v’, B]). In general, we say that a (co-)data declaration
is well-formed with respect to some other declarations G if all the types are of the claimed kind, as
stated formally by the following rules:

>[ >[ >i >[
@)I—g Aijiﬂjj @I—g Bijlﬂijj EF @I—g Aijl(];jj @I—g Bijlﬂij] GF
data F(©) : S where codata G(®) : S where

G+

Gr

. > . >
Kj: (Aij : T + F(©) | Byj 5(uijj) 0;: (Aij i 7 | G(©) + By :(uijj)

Downen et al. [2015, 2016] goes into more formal detail into how the data and co-data features
in the sequent calculus correspond to analogous features from functional languages, including
translation to and from the A-calculus.

Finally, we give an equational theory in fig. 3 for reasoning about the operational behavior of
programs based on the theory by Downen and Ariola [2014]. The essence of evaluation strategy is
captured by the restrictions on the fi and u rules, which may only substitute values for variables
and co-values for co-variables. This avoids the known unfortunate dilemma of computation that all
commands are equal if substitution is unrestricted, since we would have ¢ =,, {u_.c||fi_.c’) =; c’. As
described by Curien and Herbelin [2000], there are (at least) two different disciplines for substitution:
the call-by-value discipline where the substitutable values exclude p-abstractions (as in Value) but
everything is a co-value (as in CoValue), and the call-by-name discipline where the substitutable
co-values exclude fi-abstractions (as in CoValuey) but everything is a value (as in Valuey).

We extend beyond this binary choice to also include two further restricted notions of (co-)values
that add memoization to the basic V and N as formalized previously by Downen and Ariola [2014].
The lazy call-by-value, a.k.a call-by-need, LYV discipline only substitutes call-by-value values but
also restricts co-values to only those co-terms that “need” to their input to continue (as shown in
CoValue yy): each call-by-name co-value needs their input, but so do fi-abstractions that observe
their input variable with another £V -co-value. Dually, the lazy call-by-name LN discipline flips
the priorities around to only substitute call-by-name co-values while also restricting values to only
those terms that are “eager” to produce their output (as shown in Value s y): each call-by-value
value immediately produces a result, but so do fi-abstractions that pass another LN value to their
output co-variable. The demand for input or output in both of the £V and LN may occur within
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VeValue =V :A: V|V : AN E e CoValue:=Eqy : AtV |Exn: At N
| Ve t At LY | Ve AL LN |Epy : At LYV |Epn A LN
Voy € Valuey = x | K(f, l_;) | y(m) Eqy € CoValueqy :=e
Vn € Valuep ==v Epn € CoValuep = a | ﬁ[m] | 0[17, f]
Ve € Value pqp = Vo, Eyq € CoValue gy = Epn | ix.D [<X|ELV>]
Ven € Valuepp == Vey | pa.D [<VLN|0‘>] Ern € CoValuepp = Epn

D € DelayedCxt := O | (v : A: LV |ix:A:LV.D) | {(ua:A:LN.D|e: A: LN)
Core substitution axioms
) (pa.c|E) = c{E/a} um pa. (v]a) = v (a ¢ FV(v))
(1) (Vljx.c) = c{V/x} (nj2) fix. (x|e) = e (x ¢ FV(e))
(Co-)Data fn axioms

1
Given data F(X : S) : S’ whereK; : (Zl F F()_f) | El) € G, then we have the following rules:

(6 (i@ D@ 3 |) = @ (@l enl?)
) B+ K@) = i@ (i@ 1B

Given codataG(X : S) : S’ where O; : (Zl | G()_E) F 73)1) € G, then we have the following rules:

(5%) (n(oir @ el |out®. 21) = (Fliw. uat il @)

(n°) y: G(C) = p(OilF. @ - WIONE, @)

Fig. 3. A multi-discipline equational theory for the sequent calculus.

the context of a series of other delayed £V and LN bindings represented by a context D. We can
then safely merge together these four notions of (co-)values, since we can always use the kind of a
type a (co-)term inhabits to determine whether or not is a (co-)value of the appropriate discipline,’
and we sometimes explicitly write i, and jiqy when substituting a V (co-)value and p and fiy
when substituting a NV (co-)value, and so on, for clarity.

The four different disciplines of substitution represent four different possible evaluation orders
for running programs, where the priority for determining which side of a command is in charge is
reflected in the possible p and ji substitutions. For example, consider a generic typed command
of the form (ua.cq|fix.cz), so that the next step of the command is determined by the kind of A
in the interaction between pa.c; : A and jix.c; : A. When A : V, the p rule is able to substitute
fix.cy for o in ¢; since the fi-abstraction is a V-co-value, and thus the producer pa.c; has priority
to take control of the program. Dually when A : N, the ji rule is able to substitute ya.c; for x in
¢y since the p-abstraction is a NV-value, and thus the consumer fix.c; has priority. When A : LV,
the priorities can shift back and forth as neither side of the command is substitutable, which
represents call-by-need by being demand-driven (by prioritizing the consumer first) and memoizing
(by only duplicating simple values and not complex computations). Instead, we must delay the

% As discussed previously by Downen and Ariola [2014], full static typing is not necessary for deciding which (co-)terms
are (co-)values, since a more coarse-grained distinction can be made with either a bi-typing system [Zeilberger 2009] or
multiple syntactic categories [Munch-Maccagnoni and Scherer 2015]. However, here we use the kinds of types to decide the
(co-)value discipline to reduce the overhead of additional rules or syntax, since static typing gives the necessary distinctions.
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binding and work within ¢, giving it first priority; if it happens that ¢, evaluates to a command
of the form D[(x|E s )] that needs to observe x, then fix.c; = fix.D[{(x|Ez+)] has become a
LV-co-value which is subject to substitution, thereby switching priority to c;. When A : LN, the
priorities are the other way around and are production-driven (by prioritizing the producer first)
and co-memoizing (by only duplicating simple observations and not complex continuations). We
must delay the binding and work within ¢; giving it first priority; if it happens that ¢; evaluates
to a command of the form D[(V, x| @)] that needs return to @, then pa.c; = pa.D[{(Vyn|a)] has
become a LN-value which is subject to substitution, thereby switching priority to c,.

The essence of (co-)data types is captured by the f and 5 rules, which are analogues of the
rules of the same name from the A-calculus. Notice that these rules do not depend on the choice
of substitution discipline because they are not affected by the (co-)value restrictions. The § rules
for both data and co-data types use pattern matching to break apart structures and observations,
selecting the appropriate response and binding the constituent parts with p- and ji-abstractions,
where we make use of the following shorthand notation for a sequence of bindings:

(015 ORllfixs, . . Xp.c) 2 (og|fixy. . .. (oplfixn.c))
(nas, ..., an.cler, ... en) = (pay. ... (uan.clen)ler)

The 7 rules for both data and co-data types expand a (co-)variable of the type into the pattern-
matching construct which breaks down its given structure or observation into all possible cases
and then reconstitutes a fresh copy to forward to that (co-)variable.

3 A TARGET SEQUENT CALCULUS WITH THE POLAR BASIS

Our target language—which we will use for encoding all the constructs from the source—is not
really a different language at all. Rather, it is a limited subset of the source language, consisting of
only a fixed, finite number of different constructs. The idea is to declare just a handful of (co-)data
types up front, collectively named P, and then forget the declaration mechanism entirely to prevent
the language from being extended with any new types, so that we can think of the target language
as a calculus inductively defined with the types built from #. The key, then, is to ensure that all the
programs from the source language can be faithfully encoded into the limited constructs included
in the target, without running into the same troubles of unfaithful encodings from section 1.

The brunt of our pre-defined, primitive data and co-data types is given in fig. 4. Each of these
(co-)data types are chosen for their symmetry—for each one, there is a dual mirror image on the
other side—and because they all reflect one, and only one, aspect of the functionality allowed by the
(co-)data declaration mechanism. The additive (co-)data types reflect the use of multiple different
constructors or observers for a type by giving a choice between two (@ and &) or a choice of no
(0 and T) alternatives. The multiplicative (co-)data types reflect the use of multiple components
within structures or observations, by giving a combination of two (® and %) or no (1 and 1) parts.
And finally, we have the negation (co-)data types, which reflect the ability for data structures to
contain co-terms and co-data observations to contain terms. The typing rules for (co-)data types
are shown in fig. 5, which are derived from the general form from fig. 2.”

"Readers familiar with Girard’s [1987] linear logic will no doubt notice that our additive and multiplicative (co-)data types
in fig. 4 are named after the linear logic connectives. And yet the derived typing rules in fig. 5 are not the rules of linear
logic because the ®R and ¥R rules should join different environments from both premises rather than share them, and
the 1R and LR rules should force the environments to be empty. This discrepancy can be easily fixed by changing the
general rules for (co-)data types so that rules for data structures and co-data observations join separate environments used
to type each of their parts, as done by Munch-Maccagnoni [2009]. The cost, however, is that this presentation needs explicit
structural rules, which we had sought to avoid in section 2 for the purpose of simplicity.
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Additive (co-)data types

data(X : V)& (Y : V) : V where codata (X : N) & (Y : N) : N where
n:X:YeXeY]) m (| X&YFX:N)
p:(Y:VrXeY|) m (| X&YFY:N)

data 0 : V where codata T : N where

Multiplicative (co-)data types

data(X : V)® (Y : V) : V where codata(X : N)® (Y : N) : N where
(L) X:VY: VEXRY]) [-]: (I X®YFX:N,Y:N)
datal:V where (): (- 1]) codata | : N'where []: (| LF+)

Involutive negation (co-)data types
data—(X : N) : V where codata—=(X : V) : N where
- (F=X|X:N) (X V]|=X+)

Fig. 4. Declarations of the primitive polarized data and co-data types.

Additive typing rules
F'rpv:A; | A I'le:Ajrp A
P il ®R; . | i TP &L; .
Trp 1 (0): A1 @Ay | A i=1,2 T |mle]: A1 & Az kp A i=1,2
c1:(T,x:Arp A) c2: (T,y:Brp A) . c1:(Trp a:AA) c3: (Trp f:B,A) &R
Il ln(x).c1l2(@)ez]:A@Brp A I'tp p(mi[al.cr | m2[Blcz): A& B | A
— 0L — X TR
no OR rule T|all:0rp A Trp pu():T|A no TL rule
Multiplicative typing rules
F|—¢>01:A|A FFPUZZB|A®R r|611A|-¢>A F|e2:Bk¢>A79L
T'tp (v1,v2):AQB| A T|[e1,e2]:A®Brp A
c:(T,x:Ay:Brp A) oL c:(Trp a:A f:B,A) -
T|il(x,y).c]:AQBrp A Tt p([a, Bl.e):A®B| A
c:Trp A) c: Trp A)
1 ~ 1L
Trp ):1] A T]aQ.cl:1rp A Trp p([le):L | A T|[l:Lrp A
Involutive negation typing rules
T'le:Arp A c:(Trp a:AN) c: (T,x:Arp A) Trpv:A|A

Trp —(e):—A|A  T|il-(@)cli-Arp A~ Trp p(=[x]c):i=A|A r|ﬁ[v]:ﬁAFpAﬁL

Fig. 5. Derived typing rules for the primitive polarized data and co-data types.

We might think that we have some flexibility in choosing the kinds of types—denoting the
substitution discipline—involved in the declarations in fig. 4. But as it turns out, since we want
to use these (co-)data types as the backbone of faithful encodings, our hand is forced. Intuitively,
each of these declarations follows a simple rule of thumb for choosing the kinds for types: every
type to the left (of +) is V and every type to the right is N, except for the active type whose
kind is the reverse. This rule of thumb has a few consequences. The first is that every data type
is call-by-value and every co-data type is call-by-name, which follows the general wisdom of
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1:10 Paul Downen and Zena M. Ariola

data | g(X :S):Vwhere|g:(X:SF |sX|) codatalg(X:S): N wherelg:(|TsXFX:S)

data gf(X : V) :Swhere gl : (X :VF g1X|) codatagl/(X:N):Swheregl|:(|slX+X:N)

Fig. 6. Declarations of the shifts between disciplines (i.e., base kinds) as data and co-data types.

polarization in computation [Munch-Maccagnoni 2013; Zeilberger 2009]. The second consequence
is that every data type constructor builds on “V types and every co-data type constructor builds
on N types, except for the negation constructors which are reversed because their underlying
(co-)terms are reversed. The last consequence is that the notion of data type values and co-data
type co-values are hereditarily as restrictive as possible, where a structure or observation is only a
(co-)value if it contains components that are (co-)values in the most restrictive sense.

The basic (co-)data types from fig. 4 are still incomplete, though, for our purpose of encoding all
(co-)data types expressible in the source language. In particular, how could we possibly represent a
type like the call-by-name pair A X nr B from section 2? The ® data type constructor won’t do since
it operates over the wrong kind of types. Even worse, how can we represent types that make use of
the two memoizing kinds LV and LN? To address these issues, we need a mechanism for plainly
“shifting” between the different base kinds of types, and to do that we must break our rule of thumb.
For the moment, let’s consider only conversions between V and NV. One way to do the conversion
is with singleton (co-)data types, declared as follows, that wraps a component of the another kind:

data [(X : N):Vwhere | : X:NF [X]|) codataT(X:V): NwhereT:(|TX+X:YV)
The other possibility is a singleton (co-)data type that is of another kind, declared as follows:
codata J(X : N): Vwhere | : (| JX+FX:N) dataff(X:V): Nwhere|: X : V+ X |)

As it turns out, we will use both styles of shifts because they are each useful in different situations
for encoding complex (co-)data types. And in the more general case where we have all four different
base kinds, we will rely on both the ability to shift into the canonical V' and N kinds and then out
again. As a technical device, we will use a family of shifts parameterized by a base kind as defined
in fig. 6, with the above as defaults when a kind is unspecified. The idea is that | ¢ and T shift to
V and N (respectively) from S, whereas s} and s|} shift from V and N (respectively) to S. More
explicitly, this means defining a quadruple of shift connectives for each of the four base kinds in the
language. These parameterized shifts include some redundancy (as we will see in section 6.3), but
they are useful notationally for generically manipulating types, and also accomodate the addition
of more evaluation modes like call-by-need that go beyond basic call-by-value and call-by-name.

By combining the polarized types from fig. 4 with the shifts from fig. 6, we get the polarized
basis P for all user-defined (co-)data types. In particular, the polarized basis is expressive enough
to translate programs using any collection G of user-defined (co-)data types as shown in fig. 7, so
thatif ¢ : (T kg A) then [c] 4 : ([T]g +» [Alg) (where [I]4 and [A]; are defined pointwise). We
informally use deep pattern matching to aid writing the translation, with the understanding that it is
desugared into several shallow patterns in the obvious way, and to express the repeated composition
of the binary connectives, we define the (“big”) versions of the additive and multiplicative polarized
connectives over n-ary vectors of types as follows:

Pezo @(A,ﬁ)éA@(EBE) Rest ®(A,§)éA®(®§)
&e2T &(A,ﬁ)éA&(&ﬁ) sl @(A,E)éA@(?gﬁ)
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[X]g L2 x [xlg Ly [na.clg = pafe]g [(wleY]g £ <[[U]]g||[[eﬂg> [[ﬁx~c]]g 2 pixle]g lelg Sa

Given data F(©) : S whereK; : (A,l ,] F F(®) | Bij : Uij ) €EG:

[FO)lg 2 s @(@ (—(Tw,.,. (Bl g0 - 17, [41] gej)i)) (9= {H%/X})

(K@, 53] g 2 =Ty, [Le] g+ Lo, (Lol g )
G G G

[[mm(@f',ﬁﬂ).cii]] ;s =CTu, [aig V. Ly, ey D Leil

i

Given codata G(®) : S where O; : (Al] ij | G(©) + Bjj : (L{U ) €g:

1>

[6@)] 42 sb &(@(ﬂu% [4] 40 Tus, [[B,-,-ﬂgej) )) (0={[[0ﬂg/X})
[[O [Ulj elj ]]g SU[”i[_‘(l‘ﬁj([[Uijﬂg))j’T’L{,l[[[eij]]gj

Hﬂ(oi[ﬁj,@j]-cig]l . 2 #(sll[ﬂi[—'[lfr,-j(xij)] Tl ¥ [[Cz]]g)

Fig. 7. A polarizing translation from the source language into the target #.

1i (v) £ 2 ( Iy (U)) (Vns .. .»01) £ (On, (. (01, 00)))
mile]l & my |1 [e]] ler, ... en] = [en, [ ., [en [111]

This encoding is sound in that equations in the source, including 7, are preserved in the target.

THEOREM 3.1 (POLARIZATION SOUNDNESS). Fori=1,2,

a) ifc; : (T kg A) and ¢y = c; then [ci] g : ([Tl g tp [Alg) and [ci] g = [c2] g,

b) ifT kg v; : A| A and vy = vy then [T] g rp [vilg : [Alg | [Alg and [vi]g = [v2] g, and
c)ifT |ei:Avrg Aande; = ey then [T] 4 | [eil g : [Alg o [Alg and [ei] g = [ez] g, and

But is the converse statement of completeness—that if the encodings of two commands or
(co-)terms are equal then they are equal to begin with—also true? Unfortunately not so directly; the
polarizing encoding has the effect of “anonymizing” types by moving away from a nominal style,
where the different declarations lead to distinct types, to a more structural style, where differently
declared types can be collapsed if they share a common underlying pattern. This collapse of types
doesn’t mean that all hope is lost, however, because the nominally distinct (co-)terms are only
collapsed between types not within types; there is still a one-for-one correspondence between typed
(co-)terms of the same type in the source with the encoded (co-)terms in the target. To argue this
case, we turn to applying the idea of isomorphisms between types [Di Cosmo 1995].

4 WHAT IS AN ISOMORPHISM BETWEEN TYPES?

Usually, we can say that two types are isomorphic when there are mappings to and from both of
them whose composition is an identity mapping. In the setting of the sequent calculus, we interpret
“mappings” as open commands with a free variable and co-variable, and the “identity” mapping is
the simple command (x| a) connecting its free (co-)variables.
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1:12 Paul Downen and Zena M. Ariola

Definition 4.1 (Type isomorphism). Two closed types A and B are isomorphic, written A = B, if
and only if there exist commandsc: (x : A+ f:B) andc¢’: (y : B+ a : A) for any x, y, @,  such
that the following equalities hold:

(uB.cliiy.c’y = (xla) : (x: Ak a: A) (ua.c'ljix.c) = yIp) : (y: B+ B : B)

Moreover, two open types A and B with free type variables X : S are isomorphic, written as
X :S F A= B,ifand only if for all types C : S, it follows that A{C/X} = B{C/X}.

Note that this definition of isomorphism between types is equivalent to a more traditional
presentation in terms of inverse functions within the language. In particular, two types A : S and
B : § are isomorphic in the sense of definition 4.1 if and only if there are two closed function values
V:A—-gBandV’':B —g Asuchthat V' oV =id:A—>gAand VoV’ = id: B—g B, because
we can always abstract over the open commands to get closed functions, or call the functions to
retrieve open commands, and one form is inverse whenever the other is. However, definition 4.1
has the advantage of not assuming that our language has a primitive function type (since they
are just user-defined co-data types like any other), and of avoiding the awkwardness of mapping
between the different kinds of types that might be isomorphic to one another.

But do type isomorphisms give us the right sense of a one-for-one correspondence between
(co-)values of those types? As it turns out, an isomorphism A ~ B provides just enough structure to
convert all equalities between A-typed (co-)values to B-typed (co-)values. Note that this conversion
is a compositional mapping within the language, which makes it a potential syntactic transformation
for marshaling between two different but isomorphic interfaces in the context of a compiler.

THEOREM 4.1. For any isomorphism A ~ B and environments I' and A, there are contexts C
and C’ such that if T +g V;:A|A andT +g E;:A|A (fori = 1,2), thenT +g C[V;]:B|A and
I'+g C'[E;]:B| A, vy = vy ifand only if C[V1] = C[V,], and E; = E; if and only if C'[E,] = C'[E,].

ProOF. Letc: (x: A+ f:B)and ¢’ : (y: B+ « : A) witnesses the isomorphism A ~ B, where
x,y ¢ T and @, f ¢ A. The desired contexts are then C £ pf. (O|fix.c) and C’ £ fiy. (pa.c’|0).
C[V1] = C[V;] follows from V; = V; and C’[E;]| = C’[E;] follows from E; = E, by just applying the
assumed equalities within the context C and C’. More interestingly, we can derive V; = V, from
C[V1] = C[V;] from the definition of the isomorphism by placing them in an even larger context
where we have the equality:

pec AClVilliiy.c’) = pa. (upB. Vil fix.c)liy.c’y =5 per. (Vilfix. (pp.clfiy.c))
=10 pa- Vil ix. (xe)) =y, Vi
And since C[V;] = C[V;], we have Vi = pa. (C[Vi]|fiy.c’) = pa.{Clv:]|fy.c’) = Vo. E1 = E;
follows from C’[E;] = C’[E,] similarly because of the fact that jix. (uf.c|C[E;]) = E;. O

Having defined isomorphisms between types, we should ask if they actually form an equivalence
relation as expected; are type isomorphisms closed under reflexivity, symmetry, and transitivity?
The reflexivity and symmetry of the isomorphism relation between types is rather straightforward.

THEOREM 4.2 (REFLEXIVITY AND SYMMETRY). (a) A~ A, and (b) if A~ B then B = A.

Proor. The symmetry of type isomorphism follows immediately from its symmetric defini-
tion. More interestingly, we can establish the reflexive isomorphism of any type with the ex-
tensionality laws of y- and ji-abstractions. In particular, for a given A, we have the command
(x|a) : (x : A+ a : A) which serves as both open commands of the isomorphism A ~ A. The
fact that the self-composition of this command is equal to itself comes from the 7, and 7; axioms:

(pa (xllay | fix. xla)) =y, (xlix. (xla)) =y, (xla). o
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In contrast, transitivity of type isomorphisms is tricker, and in fact it is not guaranteed to hold in
every possible situation. In particular, the transitivity of isomorphism relies on the exchange of u-
and fi-bindings, which reassociates the composition of commands, but this not always valid in the
multi-discipline scenario. Specifically, given two any two kinds of typed (co-)terms, v : A : S and
e : B: 7, the kind-sensitive exchange law ys.7 is:

(xser)  @laxAS. (pa:B:T cle)) = (pa:B:T . (v|ix:A:S.c)le)  (x ¢ FV(e),a ¢ FV(v))
And when exchanging bindings of the same kind S, we just write ys for ys;s. This exchange law
can be used to re-associate the binding structure of a program and in turn justify the transitive
composition of type isomorphisms. However, exchange is not valid for some kind combinations.
For any S, ya:s is derivable from the universal strength of the iy axiom and likewise ys, is
derivable from the strong p« axiom. So for all combinations of N and V, each of ynin, Y Vv,
and yar hold, but yq n is invalidated by the following counter example:®

(pAV 1| i AV (pa:BN el imB:N .c2)) =pqy €1 # c2 =p (pa:BN . (uAV er| ix: AV .c)| i-:B:N .cz)

And when we encounter lazy bindings for types of kind LYV or LN, which perform memoization
with delayed computations, both p and fi substitution laws have been restricted so we can no longer
lean on their universal strength for justifying y s and yrn.

Transitivity is not only important for the purpose of saying that type isomorphism is an equiva-
lence relation; just like composition in programming, it is a key source of compositionality that
lets us assemble little isomorphisms together incrementally to get a big result. So if we can’t
rely on always having ys, ¢ for any combination of S and 7, what can we do instead to ensure
transitivity? As it turns out, the specific witnesses maps of the isomorphisms we’re interested in
here have special properties themselves that ensure that we can exchange bindings as in the y
law. In particular, some terms behave similarly to values (but are not necessarily values) and are
thunkable in the production of their output whereas some co-terms behave similarly to co-values
and are linear on the use of their input, which allows for the same sorts of binding re-associations.’

Definition 4.2 (Thunkability and Linearity). A term v is thunkable if and only if for all e, c,
x ¢ FV(e), and a ¢ FV(v), (v|jix. (ua.c|e)) = {ua.{(v|jix.c)|e). Dually, a co-term e is linear if and
only if for all v, ¢, x ¢ FV(e), and a ¢ FV(v), {(ua. (v|ix.c)|e) = (v|jx. (pa.c|e)).

We can then use the idea of thunkability and linearity—a semantic generalization of the syntactic
idea of values and co-values—to restrict the sorts of maps that are allowed as witnesses of type
isomorphisms thereby strengthening their compositionality. This gives us a polarized view of type
isomorphisms, where positive isomorphisms are built on linear maps and negative isomorphisms
are built on thunkable maps.

Definition 4.3 (Polarized type isomorphism). Two closed types A and B are positively isomorphic,
written A ~" B, if and only if there is an isomorphism A ~ B witnessed by the commands
c:(x:Ar f:B)and ¢’ : (y:BF a: A) such that fix.c and fiy.c’ are linear. Dually, A and B are
negatively isomorphic, written A ~~ B, if and only if there is an isomorphism A ~ B witnessed
by the commandsc: (x: A+ f:B)andc’ : (y: BF a: A)such that pa.c’ and pf.c are thunkable.
Moreover, we writeX : S E A~* BandX : S E A~ Btomean forall C : S, A{C/X} ~" B{C/X}
and A{C/X} ~~ B{C/X}, respectively.

Note that, while all isomorphisms between two V-kinded types are positive and all isomorphisms
between two N-kinded types are negative, the definition of A ~* B and A ™ B does not refer to a

8nvalidity of yn corresponds to the loss of associativity in categorical models of polarity [Munch-Maccagnoni 2013].
This is a syntactic rephrasing and generalization (beyond just combination call-by-value and call-by-name) of thunkable
and linear morphisms in duploids defined in terms of their associativity properties [Munch-Maccagnoni 2013].
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prescribed V or N discipline, but rather about the behavior of particular programs independent of
their discipline. This polar view of type isomorphism does give us a computation-based equivalence
relation on types regardless of the particular discipline involved.

THEOREM 4.3 (POLARIZED ISOMORPHISM EQUIVALENCE). a) Ax" Aand A~ A,
b) ifA~" BthenB=* Aandif A~ B thenB=~" A, and
¢) ifA~" Band B~" Cthen A~* Candif A~ BandB =~ C thenA~" C.

Finally, we extend the idea of type isomorphisms to (co-)data declaration isomorphisms.

Definition 4.4 (Declaration isomorphism). Two data declarations are isomorphic, written'’

dataF(0) : SwhereK : (T + F(©) | A) ~ dataF’(©) : S’ where K’ : (T + F'(®) | A)

ifand only if ® F F(®) ~ F'(®). Dually, we say that two co-data declarations are isomorphic, written

codataG(0) : Swhere O : (' | G(©) + A) ~ codataG’(®) : S’ where O’ : (I'" | G'(®) + A)

if and only if ® F G(©) ~ G’(®). Positive and negative declaration isomorphisms are defined
similarly in terms of positive and negative type isomorphisms, respectively.

THEOREM 4.4 (POLARIZED DECLARATION ISOMORPHISM EQUIVALENCE). The positive and negative
(co-)data declaration isomorphism relations are both (a) reflexive, (b) symmetric, and (c) transitive.

Proor. The closure properties follow from the type isomorphism equivalence relation (theo-
rem 4.3) underlying definition 4.4. O

This more specific notion of type-based isomorphism is the backbone of the syntactic theory
that we will develop for the purpose of reasoning more easily about (co-)data types in general, the
polarized basis P of (co-)data types, and eventually the faithfulness of the polarization translation.

5 A SYNTACTIC THEORY OF (CO-)DATA TYPE ISOMORPHISMS

Before turning to our main result—that every user-defined (co-)data type can be represented by an
isomorphic type composed solely from the polarized basic connectives—we first explore a theory for
type isomorphisms based on data and co-data declarations. The advantage of focusing on (co-)data
type declarations for studying type isomorphisms is that the declarations themselves provide a
larger context for localized manipulations surrounded by extra alternatives (of other constructors
and observers) and extra components (within the same constructor or observer). The end result
is that we only need to manually verify a few fundamental (co-)data type isomorphisms by hand,
while the particular isomorphisms of interest can be easily composed out of basic building blocks.

5.1 Structural laws of declarations

We present an theory for the structural laws of data and co-data type isomorphisms in figs. 8 and 9,
which are exactly dual to one another and capture several facts about isomorphic ways to declare
(co-)data types.

e Commute: The first group of laws state that the parts of any declaration may be reordered,
including (1) the order of components within the signature of a constructor or observer, and
(2) the order of constructor or observer alternatives within the declaration. These axioms are
useful to show that the listed orders of the various parts of a declaration don’t matter.

10 f TR B 7 ertelad .
We reuse I' and A as shorthand for the list of types A : 7 and B : U within the signatures of constructors and observers.
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e Mix: The second group of laws states how two isomorphisms between (co-)data type dec-
larations may be combined together. In particular, there are two ways to mix declaration
isomorphisms: (1) an isomorphic pair of single-alternative declarations can have the compo-
nents of their single constructor or observer mixed into the signature of all the alternatives
of another declaration isomorphism, and (2) a pair of declaration isomorphism can have their
respective alternatives mixed together. These inference rules let us use localized reasoning
within a small (co-)data type declaration, and then compose the results together into a large
declaration isomorphism that does everything all at once.

o Shift: The third group of laws state that every (call-by-value) V' data declaration isomorphism

and every (call-by-name) N\ co-data declaration isomorphism may be generalized to (co-)data

types of any kind S.

Interchange: The fourth group of laws show how isomorphisms between data type declarations

and co-data type declarations can be interchanged one-for-one with one another, so long as

the data type is call-by-value (V) and the co-data type is call-by-name (N).

Compatibility: The final group of laws state that certain isomorphisms between types can be

lifted into an isomorphism between data and co-data type declarations with constructors

and observations containing a component of that type as either an input or an output.

These laws let us derive other facts about isomorphisms between (co-)data types. As an example,
applying the shift laws to the trivial cases of the commute laws for data declarations lets us rename
constructor and type names, telling us there is only one empty and unit type for any kind S:

data F(©) : SwhereK : (+ F(®) | ) ~ dataF’(®) : SwhereK’ : (- F'(®) | )
data F(©) : S where ~ dataF’(®) : S where

Additionally, the mix laws let us extend an existing isomorphism by combining it with a reflexive
isomorphism of any declaration, letting us add on arbitrary other alternatives or components to
two isomorphic data declarations:

dataF;(©): Vwhere  dataF|(®):Vwhere  dataF,(®): 7V where  dataFy(®): 7V where
K@ rFOIA) K r FO)A)  Keir FO)IA)  Korll - FO)[A)
data F(©) : V where m ~ data F’(®) : V where K| : (T} + F'(©)|A])
Kz: (T2 F F(©)[A) Kz:(T; F F(©)[A)

dataF1(©) : V where data F{(©) : V where dataF2(©) : V where data F5(©) : V where
Ki:(T - F©) A K :([) - F'(©)| A]) Kz: (T F F(©)[Az) ~ Kz:(Iz - F(©)]Az)

dataF(©) : V where Ky : (I, T1 + F(©)| A1, A1) = data F/(©) : V where K/ : (I3, T + F/(©) | A1, Az)

We can justify the laws in figs. 8 and 9 in terms of the definitions of type and (co-)data declaration
isomorphisms. In particular, we can calculate when specific instances of two (co-)data types happen
to be isomorphic, so that the laws for declaration isomorphisms are sound when the specific
instances hold in general for any matching choice of types.'! Each specific isomorphism instance
justifies the soundness of the proposed structural laws for (co-)data declarations.

THEOREM 5.1 (STRUCTURAL LAWS). The declaration isomorphism laws in figs. 8 and 9 are all sound.

There is one more property about (co-)data declarations that will be useful in the following
sections: certain singleton (co-)data types are just trivial wrappers around another type. In the right

11 The statement and proofs of these facts can be found in appendix C.
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Data Commute
dataF(©):V where  data F/(©):V where

Ki:(It - F(®) [ A1) »* Ky:(Tz + F'(©) | Az)
Ka:(Iz - F(©) | Az) Ki:(I - F/(©) ] A1)

data F(©):V where ,data F/(©):V where
Ki(I2. Ty - F(©) | A1, A2) ~ K'(Ty, Ty + F/(©) | Ag, Ay)

Data Mix
data F1(©):V where dataF{(©)V where  dataF»(©):V where  dataF,(©):V where
KM F Fi©)[A) K[ Fl(©@)|A]) Kol F F2(6) | Az) T KLy R F(O) | AY)

data F(©):V where K:(I;, I  F(©) | Ay, Ap) = data F'(©):V where K":(I,, I} + F'(©) | A7, A))

data F1(©):V where dataF{(©):V where  data F2(©):V where data F7(©):V where
K - Fi©)[AD) K[ - F(©)[A]) Koo+ F2(0)[A2) KTy + F4(©)|A))

data F(©):V where Ky:(Iy + F(©) | A1) ~* data F’(©):V where K{:(I] + F'(©)| A7)

Ko:(Ty + F(®) ] Ag) KL, + F'(©) ] As)
Data Shift

data F(©):V where K:(T + F(®) | A) ~ data F’(©):V where K:(T" + F/(©) | A’)
data F(©):S where K:(T' + F(©) | A) ~* data F/(©):S” where K’:(T" + F/(®) | A’)

Co-data-Data Interchange

codata G(©):N where O:(T | G()_f) F A) ~ codata G’(©):N where O":(T” | G'()?) FA)

data F(©):V where K:(T + F(©) | A) ~* data F/(©):V where K’:(T’ + F’()?) |A)

Data Compatibility
OrAYV OrBYV OFA=x~B OFA~" B
data F(©):V where = data F/(©):V where data F(©):V where . data F/(©):V where
K(AVFF®)|) ~ K:(BVFF(O))) K(A:SFF@O)]) = KBS+ F(©)])
OrAN OrBN ©OFA=xB OFAx"B
data F(©):V where = data F’(©):V where data F(©):V where " data F/(©):V where
K:(F F@)|AN) = K'i(r F(8)|BN) K:(FF@O)|AS) ~  K'i(r F(0)|B:S)

Fig. 8. A theory for structural laws of data type declaration isomorphisms.

circumstances, these wrappers can be identified with their underlying types, up to isomorphism,
which lets us connect the world of (co-)data declarations with the world of actual types.

LeEMMA 5.1 ((Co-)DATA IDENTITY). a) For any dataF(®) : U whereK : (A: 7 + F(©) |), if
T =V then® F F(©) =" Aand if U =V then ® F F(©) ~ A.

b) For any codata G(®) : U whereO : (| G(O)+F A:T), if T = N then® E G(©) =~ A and if
U = N then® F G(©) ~ A.
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Co-data Commute

codata G(®):N where  codata G’'(©):S where
Oi([1|G(O) F A1) ~~ Ox(I2|G'(©) F Az)
02(I2| G(©) + Az) O |G'(©) + A1)

codata G(©):N where _codata G’(©):N where
Q2,11 [G(O) F A1, A2) ~ OXI, 2| G/(©) F Az, Ay)

Co-data Mix
codata G1(®):N where codata G{(0):N where codata G,(©):N where codata G;(0):N where
Or(Ii [Gi(®) F A1) O} | G}(©) F A}) 02:(I21G2(@) F A2) ~ 04:(Ty | GH(©) + AY)

codata G(©):N where O:(I2, I | G(©) + A1, Az) ~~ codata G’(©):N where O":(I,, T | G'(©) + A1, A))

codata G1(©):N where codata G;(@)IN where codata G»(©):N where codata G;(@):N where
Or(I1 [G1(®) F A1) O}(I]|G}(©)  A)) 02:(I2|G2(@) F A2) ~ 04:(Ty | G4(©) + AY)

codata G(©):N where O1:(I1 | G(®) + A1) ~~ codata G’(0):N where O7:(I] | G’(©) + A])
02:(I2 | G(O®) F A7) 0,:(Ty | G'(©) + A))

Co-data Shift
codata G(0):N where O:(T' | G(©) + A) ~ codata G’(©):N where O’:(T" | G’(©) + A’)
codata G(®):S where O:(I'| G(0©) + A) ~~ codata G’(0):S” where O”:(I'" | G’(©) + A)

Data-Co-data Interchange

data F(©):V where K:(T' + F(©) | A) ~ data F/(©):V where K":(T’ + F’()?;) |A)

codata G(©): N where O:(T | G()'(») F A) ~~ codata G’(©):N where O":(T” | G’()?) FA)

Co-data Compatibility

Or AN ©O+rBN OFA=xB OFAX'B
codata G(®):N where ~ codata G’(®):N where codata G(©):N where  codata G’(©):N where
O:(|G@O)F AN)  ~  O'(|G/(©)  BN) O(|G@) FAS) T 0'(|G(O)F B:S)
OrAYV OrBYV OFA=xB OFA=~" B
codata G(©):N where ~ codata G’(®):N where codata G(©):N where ~ codata G’(©):N where
O(AV|G@O)F) ~  OBV|G(O)F) O(AS|GO)F)  ©  OMBS|G(O)F)

Fig. 9. A theory for structural laws of co-data type declaration isomorphisms.

5.2 Internal polarized laws of declarations

Now that we have established some basic structural laws about isomorphisms between general
user-defined (co-)data types, we can focus on some more specific laws about the polarized primitives
from fig. 4. In particular, we can show that the polar basis play a part in a family of isomorphisms
that closely resemble some of the logical rules of the sequent calculus. Namely, each of the left rules
for the positive data types and the right rules for the negative co-data types from fig. 5 correspond
to an isomorphism between (co-)data declarations with signatures matching the premises and
conclusion of the rules, as shown in fig. 10. The role of using declarations for this purpose is to
give enough structural substrate for stating the rules: sequents with multiple inputs and multiple
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Additive laws
ta F(©): h ta G(0): h
data F(©):V where data F/(©)V where codata G(©):V where codata G'(@):N where
Ki:(AVEFO)|) ~f 01:(|GO)FAN) =~

oLK’: (A® BV F'(©)]) T&R O (|G/(©)F A& B:N)

Ka: (BV - F(©)]) 02:(|G(®)F B:N)

data F/(©):V where codata G’(©):N where

codata G(©):N where ~_

F(©): h ~F
dataF(O)1V where O (/) )

0L K’: (0:V+F'(®)])
Multiplicative laws

data F(©):V where . data F/(©):V where codata G(©):N where ~_ codata G’(©):N where

K:(AV,BVrF@O)|) ®LK": (A® BVFF(0)]) O:(rG(®)|AN,B:N) ®RO': (- G'(©)| A% B:N)

data F(©):V where . data F/(©):V where codata G(0):N where = codata G’'(©):N where

K:(FF(©)]) TILK (1Y EF(©)]) 0:(|G(O)F) TLRO:(|G'(©)F LN)
Negation Laws

data F(©):V where . data F/(©):V where codata G(©):N where = codata G’(©):N where

K:(FF@©)|AN)  “-LK':(—AVFFO)]|) O:(AV|GO)F) RO (|G(O)F -AN)

Shift Laws
data F(©):V where N data F’(©):V where codata G(©):N where  codata G’(©):N where
Ki(ASEF©)])  TIsLK: (|gAV+F(©)]) K(IGO)FAS)  “TsRO:(|G'(©)+ T5AN)

Fig. 10. Isomorphism laws of internal polarized sub-structures

outputs can be expressed by the types of constructors or observers, and multiple premises can be
expressed by multiple alternatives for constructors or observers. As a result, we can reason about
the polarized primitives appearing as part of the structure of larger (co-)data types.

THEOREM 5.2 (POLARIZED LAWS). The declaration isomorphism laws in fig. 10 are all sound.

In addition to the specific laws of fig. 10, each of the polarized connectives is compatible with
isomorphism. For example, if we have A ~ A’, then we also have A@B~ A’®Band B&A~ BOA'.
The only limitation is that we limit the types and programs to just the call-by-value (V) and
call-by-name (N) base kinds in order to establish the compatibility of the V-N shift pairs. This
fact lets us apply type isomorphisms within the context of certain larger types: if two types are
isomorphic, then we can build on them with polarized connectives however we want and still have
an isomorphism. Said another way, for any type A made from polarized connectives and the V and
N shifts, and any other isomorphic types B = C, we can substitute both B and C for X in A and
still have the isomorphism A{B/X} ~ A{C/X}.

THEOREM 5.3 (POLARIZED ISOMORPHISM SUBSTITUTION). In the VN sub-calculus, for any types
0,X:StpA:T,0+gB:8,and®rg C:S,if0F B~ Cthen®F A{B/X} ~ A{C/X}.

6 A SYNTACTIC THEORY OF POLARIZED TYPE ISOMORPHISMS

We have just seen in the previous section that there is an encoding of user-defined (co-)data types
solely in terms of the basic polarized connectives. However, how do we know that this encoding
is canonical, or that there are not many different and unrelated encodings for the same purpose?
Does it matter what order in which the components of (co-)data types are put together, or in which
way they are nested? Or maybe we could instead encode (co-)data types in terms of the positive @
and ® connectives instead of the negative & and %7
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A®B~x"Bo A A®B~x"B®A AR(BoCO)x" (A®B)®(A®C)
(AeB)oC~x"A®(BoC) (A®B)®C~*"A®B®C) (A®B)®Cx" (A®C)®(B®C()
00A~" AxT AD0 1A~xTAx" A®1 A0~ 0~ " 0QA

A&B~ B&A A®B~ B®A A®(B&C)~ (A®B)&(A®C)
(A&B)&C~ A& (B&C) (A®B)®C~ A®B®C) (A& B)®C~ (A®C)&(B®C)
T&Ax Ax" A&T 1B®Ax" Ax" A® L AR T T T®A

Fig. 11. Algebraic laws of the polarized basis of types.

As it turns out, none of these differences matter. The advantage of using the polarized connectives,
as declared in fig. 4, as the basis for encodings is that they exhibit many pleasant—if none too
surprising—properties, some of which have been explored previously by Zeilberger [2009] and
Munch-Maccagnoni [2013]. That is, in contrast with types like call-by-name tuples or call-by-value
functions, the relationships between types that we should expect—corresponding to common and
well-known relationships from algebra and logic—-are full-fledged isomorphisms between polarized
types even in the face of effects that allow for terms to diverge without a result.

6.1 Algebraic laws

Let’s begin by first exploring the algebraic properties of the polarized connectives, in particular,
the isomorphic relationships between the additive and multiplicative connectives from fig. 4

e On the positive side, the @ and 0 connectives form a commutative monoid of types up to
isomorphism—meaning they satisfy commutative, associative, and unit laws as positive iso-
morphisms between types—and so do the ® and 1 connectives. Furthermore, all four together
form a commutative semiring up to positive isomorphism—meaning that the “multiplication”
® distributes over @ and is annihilated by 0.

e On the negative side, the & and T connectives form a commutative monoid up to negative
isomorphism and % and L do as well. All four together form a commutative semiring.

The algebraic laws of the additive and multiplicative connectives are summarized in fig. 11.

We can verify that each of these isomorphisms are, in fact, isomorphisms using the previously-
established laws of (co-)data declarations in general and internal polarized-substructures in par-
ticular from figs. 8 to 10. The technique follows the observation that, because of lemma 5.1, if we
have either a singleton data or co-data declaration isomorphism of the form:

dataF() : V whereK: (A: V+ F() |)~" dataF’() : V whereK' : (A" : V+F()|)
codataG() : N whereO : (| G()F A: N) ~™ codataG’() : N whereO" : (|G'()+ A" : N)

then we have A ~ A’ by composing A ~* F() =" F/() ®* A’ or A=~ G() »~ G’() ¥~ A’. Therefore,
we can prove isomorphism laws about the polarized (co-)data types by (1) placing both sides of the
proposed isomorphism within a singleton data or co-data type, as appropriate, (2) “unpacking” the
two sides within the structure of the containing (co-)data type declaration, and (3) use the laws of
declaration isomorphisms to show the two sides are indeed isomorphic. For example, combining
the binary connectives with their corresponding units is an identity operation that leaves types
unchanged, up to isomorphism. These unit laws rely on the fact that the right and left laws for the
nullary connectives “cancel out,” in an appropriate way, any occurrence of the nullary connective
within a (co-)data declaration as described by the 1L, 0L, LR, and TR laws. For the multiplicative 1
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—(A&B)x" (-A)®(-B) -T=x"0 —-(A®B)~"(-4A)®(-B) —-L=x"1 —(-A)="A
“(A®B)~" (mA)&(=B) -0~ T -(A®B)~ (mA)®(-B) -1 L =(-A)= A

Fig. 12. De Morgan duality laws of the polarized basis of types.
lyAx* A~ oA TwAR" A= yllA
Fig. 13. ldentity laws of the redundant self-shift connectives.

and L connectives, we use the fact that 1 vanishes from the left-hand side of a constructor and L
vanishes from the right-hand side of an observer:

dataF{():V whereK: (1® A:V+F1()]) codataG1(): N whereO: (|G1()F L ® A:N)
~gr dataFy():V whereK: (1:V,A:VFFy()|) =g codataGy(): N whereO: (|Ga2()F L:N,A:N)
~1 dataF3():V whereK: (A:V+F3() ) ~, g codata G3(): N where O: (|G3()F A: N)

~qp dataF4():V whereK: (A:V,1:V+F4()|) ~.g codataGs(): N whereO: (|G4s()+A:N,L:N)
~gr dataFs():V whereK: (A® 1: V+F5()|) ~gr codataGs(): N where O: (|G5s()FA® L:N)

Note the use of the mix law to extend 1L and LR to allow for an extra component along side the
unit connective. The rest of the algebraic laws in fig. 11 can be derived from the laws in fig. 10.

6.2 Duality laws

Isomorphism of types also gives us common logical properties of the polarized connectives based
on duality, established with the same technique used in section 6.1. In particular, we get two parallel
copies of the De Morgan laws—one for — negation and the other for - negation—that relates the
positive data types with the negative co-data types as shown in fig. 12. The positive “or” (&) is
dualized into the negative “and” (&) and the positive “and” (®) is dualized into the negative “or”
(®). Additionally, the two negation connectives cancel each other out, up to isomorphism. That is
to say, they are a characterization of involutive negation as data and co-data types.'”

6.3 Shift laws

The last group of polarized connectives, the shifts, have not appeared in any of the algebraic or
duality laws here. That is partially because their role is not to represent the structural aspects of
(co-)data types—like the ability to contain several components or offer multiple alternatives—but
instead serve to explicitly signal the mechanisms, like the ability to delay a computation and force
it later, that integrate different evaluation strategies. In fact, the presence of shifts have the effect
of prohibiting the usual algebraic and dual laws of polarized types as we previously saw in the
counter-examples from section 1 that appear in practice in functional programming languages.

Returning to the examples of unfaithful encodings from section 1, consider again the problem of
encoding triples in terms of pairs in a Haskell-like lazy language, where lazy pairs are described by
the X data type declared previously in section 2, and lazy triples are represented as:

data LazyTriple(X:N, Y:N,Z:N) : N where L3 : (X:N,Y:N,Z:N + LazyTriple(X,Y,Z) | )

12This fact was noticed in another guise by Zeilberger [2009] and further brought to the forefront by Munch-Maccagnoni
[2014]. The key is to have two dual negations, where one can be encoded with implication (mA ~ A — 1) and its dual can
be encoded with the logical dual of implication called subtraction (—A ~ 1 — A).

Proc. ACM Program. Lang., Vol. 1, No. 1, Article 1. Publication date: January 2018.  2017-07-07 21:45 page 20 (pp. 1-54)



A Polarized Basis for Simple Types 1:21

By applying the polarization encoding from fig. 7 to a G containing both X and LazyTriple, we
get that X:N, Y:N, Z:N E [LazyTriple(X, Y, Z)[5 ~ T(IX ® (1Y ® [Z)) and X:N,YV:N,Z:N F
[X xpn (Y Xp Z)ﬂg ~ NMUX® [N(Y ® 12)),” but these two types represent very different spaces
of possible program behaviors because of the extra shifts in the encoding of X X (Y Xn Z). In
other words, the difference between the two is that the type X X (Y X Z) allows for extra
values like Pairp(x, p—. (y||f)), where u_. (y|f) is a term that does not return any result, but
LazyTriple(X, Y, Z) does not, which is explicitly expressed by the presence or absence of shifts in
their encoding. Furthermore, whereas we can apply properties like associativity of ® within the
encoding of LazyTriple(X, Y, Z), where X:N, VN, Z2N E f(IX®(lY®|2)) =~ N((IX®]lY)® |Z),
this is blocked by the extra shifts in 1(|X ® [ 1(lY ® |Z)), which prevent the law from applying.

We can also view the troubles with currying in an ML-like eager language in terms of the extra
shifts that appear in the representation of call-by-value functions described by the —«, co-data
type from section 2, whose encoding simplifies to X:V,Y:V E [X —q Y]]g ~ (=X ® 1Y)
Again, the shifts get in the way when we try to apply the algebraic or logical laws of the polarized
connectives. The type of uncurried call-by-value functions is X:V, Y:V, Z2V E [(X ® Y) >y Z] »
J-X®Y)®TZ2) =~ (=X ® Y ® 1Z), whereas the type of curried call-by-value functions is
XV YV, ZVE [X -4 (Y 54 2)] = J(=X % T{(=Y ® 1Z)), which is not the same because
of the extra shifts that appear in the curried call-by-value function.

This does not mean that the shifts are completely lawless, however. Since we began with a
large family of shifts—singleton data and co-data type constructors mapping between any kind
S and V or N—some of them turn out to be redundant as shown in fig. 13. The data shifts
1o and /1] for wrapping a V type as another V type and the co-data shifts T, and x| for
doing the same to N types are all identity operations on types, up to isomorphism. In particular,
the data declarations for |4, and ¢/ are the simplest instance of lemma 5.1 (a) which means
that |A =* A =% 1A, and likewise TyA ~~ A »~ n|lA because of lemma 5.1 (b). This fact
tells us that the polarizing translation on already-polarized types is actually an identity up to
isomorphism, ie., for any © +rp A : S, it follows that © F [A], ~ A. For example, we have
XV, YVE[XeY], 2 (X @)@ (lyY ®1)®0) ~ X @Y for the additive data type,
and X:V F [-X]p £ y(T & (L ¥ (=] X))) ~ =X for the negation co-data type, justifying our
rule of thumb for deciding the appropriate disciplines for the polarized basis ¥ of (co-)data types.

6.4 Functional laws

So far, our attention has been largely focused on properties of the polarized basis of (co-)data types
from fig. 4, some of which, like %, are unfamiliar as programming constructs. But what about a
more familiar construct like functions? We have seen that call-by-value functions don’t behave as
nicely as we’d like, which can be understood as inconvenient extra shifts between kinds denoting
an unfortunate choice of discipline. So is there a type of function that avoids these problems? As it
turns out, there is a multi-discipline, “primordial” [Zeilberger 2009] function type that captures the
best of both the call-by-value and -name worlds, represented by the co-data declaration:

codata(X : V > Y:N): Nwhere _- _:(X:V|X—>Y+rY:N)

which corresponds to the call-by-push-value function type [Levy 2001]. The particular placement
of V¥V and N again follows the rule of thumb from section 3, so as a consequence the polarized

3More specifically, the immediate output of translation is [LazyTriple(X, Y, Z)]}g 2M(UX®(lY®(lZ®1) ®0)and
[X xn Y]]g 2 (X ® (LY ®1)) ®0), which is cleaned up as shown by the laws in section 6.1.
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A—>B=x (-B)—> (mA) A—> B&C)~ (A—B)&(A— O

(A B) > Cx " A—>(B—->C) (A®B)-»Cx= (A—>(C)&(B—>C) —-(A—B)= A®(-B)
1>A~" A A>T~ T A— (=B)~” -(A® B)
A— 1Lz A 0—>A=x T

Fig. 14. Derived laws of polarized functions.

encoding for A — B avoids any non-trivial shifts. Because of the identity laws for shifts from fig. 13,
the polarizing encoding for the above declaration G simplifies down to just — and %:

X:VYNE[X>Y][g~ pl(-lyX) B (TyY) 2 XY

This gives us the most primitive expression of functions in our multi-discipline language; the rest
can be encoded in terms of the above polarized function type by adding back the extra shifts.

Alternatively, we could have chosen to replace the unfamiliar % with this function type. Because
of the involutive nature of the dual — and — negations, we have the following encoding of %
disjunction in terms of — implication and — negation:

A® B~ —~(-A)®B~ (-A) —> B
Certainly functions are more familiar than % as a programming construct, but the cost of leaning
on this familiarity is the loss of symmetry because functions are a “half-negated disjunction.” In
particular, we can recast all of the algebraic and logical laws about % in terms of — as shown in
fig. 14—some of which are familiar properties of implication—that are all derived from the encoding

A — B =~ =A% B. The commutativity, associativity, and unit laws of the underlying % give us
contrapositive, currying, thunking, and negating laws:

A— B=x" (mA)® B~ B® (=A) =" (=(-B)) ® (=A) =~ (-B) — (-A)

(A®B) > C=~ (w(A®B)®C=~ (mA)®(-B)®C~ (w4 B (-B)®C)~" A->B—-C)
15 A~x (") WA~ LA A
A-> 1~ (RA® LA -A

Likewise, distributing % over & and annihilating it with T recognizes certain functions types as

products or trivial unit types:

A-B&CO)~ (FA®B&CO) = (FA)X®B)&((nA)BC)~ (A—=B)&A—0)

(A®B)—C =~ (~(A®B))®C =~ ((~A)&(—B))®C ~~ ((nA)®C)&((-B)®C) =~ (A—=C)&(B—C)

A>T (RAB®T T
0> A~ (H0O) A TRARX T

And finally, the De Morgan duality between % and ® tells us that the continuation of a — function
is a @ pair, and dually that a continuation for a ® pair is a — function:

—(A—=B)~" —((~4)® B) ™ (-(-A)) ® (-B) ~~ A®(-B)
A — (=B) 2™ (-A) ® (-B) ~” ~(A® B)

7 THE FAITHFULNESS OF POLARIZATION

Now that we have laid down some laws for declaration isomorphisms, we can put them to use for
encoding user-defined (co-)data types in terms of the polarized basis from fig. 4. In particular, we
can extend the laws from fig. 10 for polarized sub-structures appearing within a simple singleton
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declaration to apply to any general (co-)data type using the mix laws from figs. 8 and 9. For example,
given a declaration of the form

data F(©) : V where
KO : (r(),A : (V,B Vi F(@) | A())
K:(+F®©)|A)
we can combine the A and B components of the K, constructor with the ® connective by starting

with the ®L law, and then building up to the full declaration of F by applying the mix law to the
appropriate reflexive isomorphisms as discussed in section 5 as follows:

data F(©): V where K: (A:V,B: V+ F(©)|) ~* dataF’(®): V whereK’: (A® B: V+F'(0)|)
data F(©): V where Ko: (A:V, B:V, Ty + F(©) | Ag) =* dataF’'(©): 'V where K{: (A® B:V, Ty + F'(©) | Ag)
data F(©): 'V where Ko: (A:V,B:V, Ty + F(©)| Ag) ~* dataF’(©): V where Kj: (A® B:V, Iy + F'(©) | Ag)
K: (T+F(©)]A) K: (TrF(©)]A)

Similarly, other combinations of components at different positions in constructors of F can be
isolated and targeted with the commute laws for data declarations. This idea is the central technique
for proving the faithfulness of the polarizing encoding, which just repeats the above procedure
until we are left with only a singleton (co-)data type that “wraps” its encoding. First we consider
how to encode a just one (co-)data type declaration in terms of the polarized basis.

THEOREM 7.1 (POLARIZING (CO-)DATA DECLARATIONS).

a) For all data F(©):S where K,-:(Al-j:7{jj FF(©)] Bl-j:'Ll,-jj) € g © F F(©) =" [FO)]g4

b) For all codata G(©):S where Ol-:(Aij:’/'{jj | G(@)+ Bij:’Llijj) €G,0FGO)~ [GO)]4

Proor.  a) Observe that we have the following data isomorphism by extending the polarized
laws from fig. 10 with the mix and commute laws from fig. 8:

data F{(®) : V whereK; : (A,-j : 7{11 F F1(®) | Bjj : (lll-jj)

zIL data F»(©) : V whereK; : (lq;inj : "Vj F F2(©) | B; :(Llijj)

zJ{R data F;(©) : V whereK; : (l(i{inj :(Vj F F3(0) | TfuijBij : Nj)

i

~*, dataF4(0) : V whereK; : (lTiinj V' Z(Ta,By) V' + Fa(©) | )

1

~]1 o1 dataFs(0©) : V whereK; : (® (lfr,-injj, —(Tfu,-jBij)j) Vi Fs50) | )

N ]
~i1 o1 dataFg(®) : V whereK : (EB (@ (i,,_iinj’, —(T%B,,.)f) ) LV k F4(0) | )
With the above isomorphism between F; and Fg, it follows from the data shift law that:

data F(©):S where data F'(6):S where

Ki: (Al]_(];;j FFO)| IT(UJ’)L i K: (@ (® (l‘TijA"fj’ _(T'L’ijBij)j)l) “VFe(©)]
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Therefore, we get © F F'(©) ~* s (EB (® (lﬁinjj’ _(T'LlijBij)j)l)) = [F(©)]g by apply-

ing data compatibility' to the reflexive isomorphism of (EB (® (lq;_Aijj, —(T(uifBij)j) )),

so by positive transitivity © = F(©) ~* [F(©)] 4
b) Analogous to the proof of theorem 7.1 (a) by duality. O

Now that we know how to encode individual (co-)data types in isolation, we look to a global
encoding of types in the VN sub-calculus made out of a collection G of (co-)data declarations. The
only limitation on the group of declarations G is that they be well-formed and non-cyclic, written

+ G defined by the following inference rules, where € is the empty list of declarations:

FG Gtdecl
Fe F G, decl

The non-cyclic requirement ensures that the dependency chains between declarations is well-
founded, so the process of inlining the encodings of (co-)data types will eventually terminate and
give a final, fully-expanded encoding.

THEOREM 7.2 ((Co-)DATA POLARIZATION). In the VN sub-calculus, for any well-formed + G and
type®@ g A: S, wehave ® F A~ [A] 5.

Proor. By lexicographic induction on (1) the derivation of + G, and (2) the derivation of
© g A: S. Note that in the VN sub-calculus, every isomorphism A ~ B between types of the
same kind is either positive or negative, so the so same-kinded type isomorphisms are always
transitive. The case when A is a variable is immediate. The case where A = F(E‘)) for some

dataF(X : S’) : S whereK : (A:fn F(X’)|B:(u) cG

follows from theorems 5.3 and 7.1. In particular, we have ® F C ~ [C] g, X : 8" F Aj; ~ [Aj]
and X : 8" F B;; ~ [Bj] g from the inductive hypothesis for some G’ strictly smaller than G.

From theorem 7.1, we have F(C) ~ 3ﬂ(€B(®(lTUA,~jUj, —(TﬂijBijaj)))) where o = {C/X}, and
from theorem 5.3 we know that

oF o (@ (® (. ‘”%fB"""j))i))
< (EB (® (b Ballelg ~Cra, ﬂBffﬂg”““@“)i))

where [o] g = {[[C]]Q/X} Therefore, we have © F F(C) ~ [[F(g)]] g by distributing the substitu-
tion o over translation. The case for a co-data declaration in G follows similarly. O

Note that as an immediate consequence of the full (co-)data polarization encoding (theorem 7.2),
we can generalize the fact that isomorphism distributes over substitution into a type made from
polarized connectives (theorem 5.3) to conclude that isomorphism distributes over substitution
into any type built from (non-cyclic) (co-)data type constructors. In the VN sub-calculus, for any
FG:0,X:StgA:T;0rg B:S;andO® g C: S,if O F B~ Cthen® F A{B/X} =~ A{C/X}.
This fact means that we can apply any isomorphism within the context of any VN (co-)data type.

14The particular instance of data compatibility used here is specified and proved in the appendix lemma C.3 (a).
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8 RELATED WORK

Multi-discipline languages. We use a multi-discipline target language based on polarity in logic
[Andreoli 1992; Girard 1993; Laurent 2002] to faithfully encode user-defined types from both
strict and lazy functional languages. Similar polarized languages have been used as a framework
for modeling other functional features like the extensionality of sum types [Munch-Maccagnoni
and Scherer 2015], sub-typing [Zeilberger 2009], dependent types [Licata and Harper 2008], and
delimited control [Munch-Maccagnoni 2014; Zeilberger 2010]. As a related approach [Curien et al.
2016], Levy’s [2003] call-by-push-value paradigm mixes both functional and imperative features.

In contrast, monadic languages, like Moggi’s [1989] computational A-calculus, is a more estab-
lished technique in functional programming for combining call-by-value and -name evaluation
within programs where the evaluation strategy can be seen as an effect, which can be used as an
intermediate language for compiling both strict and lazy functional languages [Peyton Jones et al.
1998]. However, the two styles are not so distant; polarity and call-by-push-value revolve around a
more fine-grained adjunction model of computation [Curien et al. 2016] where the shifts between
call-by-value and call-by-name types (a la fig. 6) form an adjunction, so that a round-trip of shifting
gives a monad contained within just one kind of type [Levy 2003; Zeilberger 2008].

Polarized type isomorphisms. Our interest in type isomorphisms [Di Cosmo 1995] are as a
technical device for ensuring that encodings programming constructs are faithful. Isomorphisms
between polarized types are especially interesting because of the competition between different
evaluation strategies, and several definitions arose with various levels of generality. On the more
specific end, Zeilberger [2009] separately defines isomorphisms between positive data types and
between negative co-data types. Munch-Maccagnoni [2013] gives a more general definition of
type isomorphisms with inverse mappings between any two types such that either (1) the types
have the same polarity, or (2) the mappings are both thunkable and linear. As we saw here, the
thunkable and linear restrictions work to reconcile the impact of competing evaluation strategies
on the transitive relationship between types. In comparison, the polarized notion of syntactic type
isomorphisms considered here further generalizes Munch-Maccagnoni’s [2013] by only requiring
thunkability (for a positive isomorphism) or linearity (for a negative isomorphism). Furthermore,
the first option in which both types are V-kinded or N-kinded is subsumed since a ¥V isomorphism
is always positive and a N isomorphism is always negative by definition. The benefit of this further
generalization is call-by-need and other evaluation strategies can be integrated into the language
while still preserving the same sorts of type isomorphisms from the VN setting. Levy [2017]
formulates a single definition of type isomorphism that applies uniformly to many languages,
including multi-discipline ones, by analogy to contextual equivalence of programs: two types are
contextually isomorphic if they give the same type (up to ordinary isomorphism) when substituted
into any context. This makes a property like theorem 5.3 into the “gold standard” definition.

Complex connectives. The idea of synthesizing complex connectives in terms of basic polarized
building blocks appeared before in Girard’s [1993] chimeric connectives. This idea appears again
in Levy’s [2006b] jumbo A-calculus, where the jumbo connectives serve a similar purpose as user-
defined (co-)data types, except limited to only intuitionistic types that would be found in a functional
language, and not classical ones with multiple conclusions like A % B or —A. Levy [2006a,b] shows
that encoding globally call-by-value and call-by-name languages with jumbo connectives into
call-by-push-value primitives gives equivalent types using denotational methods, but only considers
type isomorphisms based on syntactic program transformations for effect-free languages. Here,
we bring out the symmetries underlying encodings of complex connectives by using the basic
connectives from classical linear logic [Girard 1987] while retaining the entirely syntactic form
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of type isomorphisms that could be used as program transformations in compilers. We also show
how multiple evaluation strategies can be mixed inside complex connectives, including additional
evaluation strategies like call-by-need that goes beyond call-by-value and -name.

Multi-language semantics. The multi-discipline language used here could also be seen as a
combination of many languages—one for each kind—into one. The idea of multi-language semantics
[Matthews and Findler 2007] has been used for ensuring full abstraction—a one-for-one soundness
and completeness between source and target languages—but for different applications in compilation
including continuation-passing style translation [Ahmed and Blume 2011], closure conversion
[New et al. 2016], and modular compiler verification [Ahmed 2015; Perconti and Ahmed 2014]. The
connection between shifts (fig. 6) and language barriers deserves more investigation.

9 CONCLUSION

We employ encodings all the time as programming language designers, implementers, and theorists,
but those encodings are not always accurate representations in practical languages where program
features, like exceptions or even just recursion, can sometimes turn “obvious” encodings into leaky
abstractions. Here, we have seen how a polarized basis of types let us rely on the common encodings
we know and love for supporting both user-defined data and co-data types in eager, lazy, and mixed
languages. We used the idea of type isomorphisms as a technique for making sure that the proposed
encodings are faithful, so that we can encode and decode without any loss of information, and that
they exhibit the mathematical and logical properties that we should expect. In order to support
evaluation strategies beyond just call-by-value and call-by-name, we saw how two pairs of shifts
were needed to enter and exit the call-by-value and -name worlds where (co-)data behaves best.

We limited the source language to simple types for simplicity, but the technique presented
here straightforwardly extends from monomorphic types to polymorphic ones. In particular, we
can model polymorphism in system F,, style with explicit type abstractions and instantiations by
extending the language with type functions and letting constructors of data types and observers of
co-data type include hidden quantified types (generalizing the 3 and V quantifiers) as shown by
Downen et al. [2015]. The generalized type quantifications in user-defined types be encoded using
an existential 3 data type and universal V co-data type, and since the addition of parametrically
quantified types does not change the dynamic behavior of programs, all the same sorts of type
isomorphisms hold. Extending the polar basis to represent recursive (co-)data types, however,
would require some more work to treat formally in a similar approach as the one taken here.

In this paper, we looked at a multi-discipline language that lets programs combine four different
kinds of evaluation strategies: call-by-value, call-by-name, lazy call-by-value (call-by-need), and
lazy call-by-name (the dual of call-by-need). However, the sequent calculus that our source language
was based on [Downen and Ariola 2014] is actually much more general, and accommodates any
number of different base kinds for controlling the substitution disciplines. We can add any other
base kind D to the source language and the same encoding technique only requires that 9 satisfies
some basic sanity conditions [Downen et al. 2015] of stability (i.e., (co-)values are closed under
substitution) and focalization (i.e., that there are enough (co-)values). Then in the target polarized
language, we get another quadruple of shifts from fig. 6. This way, the encodings presented here
bridge the gap the languages we want to use and their polarized foundation.

The style of accepting multiple kinds of types can be used for a practical model of intermediate
languages for implementing functional languages, and arguably already has been put to use in a
preliminary form. The core intermediate language of the Glasgow Haskell Compiler (GHC) includes
(roughly) two distinct kinds of types: types with a lazy semantics that correspond to ordinary source
Haskell types and unboxed types [Peyton Jones and Launchbury 1991] for representing things
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like machine integers which correspond to positive types that (must) have an eager semantics.
In this light, GHC’s core intermediate language can be understood as a limited form of polarized
intermediate language. We intend to build on previous work by Maurer et al. [2017] and Downen
et al. [2016] to investigate how GHC can be extended with additional constructs from polarized
logic; there is already current work on implementing unboxed (i.e., positive) sum types, but what’s
still missing are unlifted (i.e., negative) functions and other negative co-data types. In the end, the
polarized basis of types gives us a unified core language that fuses purity with impurity for both
lazy and eager functional languages alike.
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A  PROOF OF SOUNDNESS OF THE POLARIZATION ENCODING

The polarizing encoding of (co-)data types as shown in fig. 7 is stated in terms of deep pattern
matching on data structures and co-data observations, which avoids the terrifying bureaucracy of
the many levels of shallow patterns needed to implement the translation. Thankfully, these deep
patterns fit a certain form which makes them much easier to desugar compared to fully general
patterns. In particular, every pattern used in the encoding begins with a match on a sf} or s} shift,
then several nested matches on the additive structure of type A ® B or A & B, and then concludes
with a match on the multiplicative structure of the following form:

p € Pattern == g (p”) q € CoPattern ::= g [q"]
p+ € AddPattern == p* | 11 (p*) | 12 (p*) q" € AddCoPattern == q* | my [q"| | 72 [q7]
p* € MultPattern == x | () | (x,p) | =(¢") | Ls(x) ¢ € MultCoPattern == a | [] | [e, g1 | =p* | 1s[et]

We can then easily desugar (co-)patterns of this form by just un-nesting the pattern one level at a
time within the alternatives of every pattern matching (co-)term as follows:

il sho7) ] 2 il st (xfafpi e’ ])] u(m) 2 (sl (i< )[))

>

[ o (7). o & I (x).<x|ﬁ[pi+.ci ]> (m [q;'].cil ) L m [a].<u(cﬁ—.C:l)|a>
Rt 1 Pl | T H — i
1o (p/F).c 12 (). < |y[ Mt ]> m (4] < Ty [a].<y(q§+.c{ )|a>
fi[x.c] = fix.c p(a.c) £ pa.c
Aly.p)-c] = Al x)(xfap*.c])] u((B.q°1.c) = p((B. al-{u(g".c) |e))
Al=(q")-c] = [ =(e)-(u(q" c)|)] p(=[p].c) 2 p(=lxl(x|i[p*.c]))

Additionally, in order to prove the soundness of the 7 law for (co-)data types with respect to the
encoding, we use a couple helpful tricks with 7. First, note that the seemingly stronger version
of the n law for co-data types which applies to values (or the stronger 1 law for data types that
applies to co-values)

() E:F(C) = i[K@ F)K@ DNE| 19V : 6(C) = u(OF, ZIVIOIR, 71

can be derived from the n law on (co-)variables by combining with the 7, and 7; rules for y- and
[i-abstractions as follows:

E:F(C) =y, jiy: F(C). (up: F(C). (yIB)|E)
=, iy (). (e ). (o[ K@ )@ 2155 | )|E)
=, iy F(O). (y[i[ K@ F)CK@. F1ES

=, i|K(@. %) (K@ DL |

V:G(C) =y, 1B G(C). (V]iiy: G(C). (1B
=¢ 16:G(C). (V- G(©). (n ( ¥ Z1wlol%, 717 )|5))
= 1 G(C). (u(O[F. FIVIOLE. 7T )|B)
=yc 1(O[%. @I VIO[X. 1))
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Second, note that we have the following equalities

(/jﬂg) c= <Z I][K(&), X).c{K(<, ?)/Z}D (fiz.c: F(B) € CoValues)

@9 o= (u(HF @1 ZT)y)  re: 6@ e Values)

the first of which is derived from the 7 law of the F as follows:

¢ =5 (2liz.c)
=k <z ﬂ[K(E{’, %) (K(d, Y)||ﬁzc)]> (fz.c: F(E)) € CoValues)
=i (o[ K@ ) (k@ 3/ )

and the second of which is likewise derived from the n law of G as follows:

¢ =ps (py-cly)
= @(H[}’, AR LER a’]>)|y> (uy.c : G(C) € Values)
=5 ((HIZ. @1e (HIZ. @1/vT )|y)

As examples, the particular instances of this rule for the polarized data types are:

(fin%,) ¢ = (z]al(x,y).c {(x, y)/z}]) (z:A®B)
(fin%,) ¢ = (zlln (x).c {n (0)/z}1z (y).c {12 (y)/2}]) (z:A®B)
(finey) ¢ = (z]a[0-c{0/z}]) (z:1)
(finey) ¢ = (z|all) (z:0)
(Ana) ¢ = (z]al~(a).c {=(a)/2}]) (z:-4)
and the instances for the polarized co-data types are:
(Hmx) ¢ = (u([a, pl.c {[a. B1/y Dly) (y:A%® B)
() ¢ = (p(m lal.c {m [a]/y}m: [B].c {m2 [F1/y Dly) (y:A&B)
(k) ¢ = (u(l.e{/yDlr) (y:1)
(umx) ¢ = (uOly) (y:T)
(1 x,) ¢ = (u(=lx].c {=[x]/yDly) (v :-4)

With the above observations about pattern matching and extensionality, we are now ready to
prove that the translation is sound.

THEOREM 3.1 (POLARIZATION SOUNDNESS). Fori = 1,2,

a) ifc; : (T kg A) and ¢y = ¢y then [ci] g : ([Tl g e [Alg) and [ci] g = [c2] g,
b) ifT kg v; : A| A and vy = vy then [T] g rp [vilg : [Alg | [Alg and [vi]g = [v2] g, and
c)ifT |ei: Arg Aande; = ey then [T | [eil g : [Alg o [Alg and [ei]g = [ez] g, and

ProorF. The fact that well-typed commands and (co-)terms have the associated translated type
follows straightforwardly by (mutual) induction on their typing derivations. More interesting is
the translation of equalities across the encoding. Note that since the translation is compositional
and hygienic, the reflexive, symmetric, transitive, and (importantly) congruent closure of the
equational theory is guaranteed. Therefore, we only need to check that each axiom is preserved by
the translation. In that regard, it is important to note the fact that (1) that (co-)values translate to
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(co-)values and (2) substitution distributes over translation (that is, [c] 5 {Iv] G [/x} =q [c{V/x}] G
etc.), both of which can be confirmed by induction on the syntax of (co-)terms.

The substitution axioms translate directly without change because of the above mentioned two
facts about (co-)values and substitution, like so:

(1) pa. (v]e) = v translates to [ua. (v]a)] g = pa([vlgla) =y, [v]g
(n3) fix. (x|e) = e translates to [jix. (x[e)] 4 2 fix (x| lelg) =y, [elg
(1) (ua.c|Ey = c{E/a} translates to [(ua.c|E)] = <pa.[[cﬂg|[[E]]g> =, [[c]]g {[[E]]g/a} =4
[c {E/Of}]]g
() (Vljix.c) = c{V/x} translates to [(V|jix.c)] £ ([[V]]glﬁx[[c]]g> =5 [[cﬂg{[[Vﬂg/x} =4
[e{V/x}g

i

Given data F(©) : S whereK; : (Ail : 71'11 + F(©) | B;; :%Iijj) € G we have:

) <|<,-<e7-jf,z7-,-f> ;

[K-(a_,-}] xij').ci ]> = <ya_,-;J. <Z)—J|ﬁx_u’]c,>|e_,;j> translates by induction on

thepatterntl( [T(u][al]]] m)to:
el
(o[~ fra Tt ] (]

=pon; <([ Lol 47 ([l )[( lrr(xu))uclug
A (7 P [ e (e >)\

i

p[ll( DZU l7’ (xl_]) ) Hclﬂg

|
|

‘ﬁ[(ﬂ[ml[aiﬂ] ----- [Tt Liml] s Ly, (i) )[[CJ]QD
([t
o L el
[T, lanl].... A (lrz;,-([vu]]g)j)ﬁ[mj~ﬂciﬂg]>> >

[mj.ﬂq]}gw Tw,—m[[[el'm]]g]>

Y

wlod)
=T, <Wz’1.«--<W1m»<(l‘ﬁ,~([”ij]]g)1) ﬁ[mj-ﬂciﬂgw
<Wl, <(mj) e Mg]> P >

=pgepiy, <Ila—i}j- <lfn1 ([[Uill]g)lﬁ[lfi;l (xi1).. .. <l¢,~,, ([[Uinﬂg)lﬁ[l?}n(xin)‘ﬂci]]g]ﬂ>

[[eimﬂg> [[eill]g>
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[vinﬂg|ﬁxi"'ﬂciﬂ§>>|mj>
[eis] gj>

=iy, <W_ifj- <[[vi1]]g|ﬁx1'1

|
<ﬂau ~<[[vu]]g fixij’ [[Cl]]g>

£ [uaii - (@il en)lei’)]

(nF) B: F(C)= ﬁ[Ki(&Zj,xU ). <K,~(&Zj,x,]j)|ﬂ> ] translates by induction on the pattern

&

st (~(adonl] o ) s (- ] S )

sﬂ(h( ] >j 7 o s (bl o)
s 10 (e ) sl (e ) |

i e 1B |
G

i

)

1

=

=

1

~fang, ,ﬂ Sﬂ([l (yu ?xlj )) <Sﬂ Li yu 9xlj |ﬁ> ]

=ty B 5T () (TG CIBS |
=me, ALsTC)(SNIA)]
=,7ﬂ ﬁ

i

Given codata G(©) : S where O; : (A,-j : ’Ejj | G(®) + By : (L(,-jj) € G we have:

(B°) is analogous to the translation of A by duality.
(n°) is analogous to the translation of 7" by duality. O

B PROOFS OF TYPE ISOMORPHISM PROPERTIES

THEOREM B.1. Two types A and B are isomorphic if and only if there are two closed valuesV, : A — B
and V, : B — A such that the following equalities hold:

VooVi=Axx:A—> A VioV,=Ayy:B— B

ProoF. Recall that the A-abstraction Ax.v is syntactic sugar for the object p(x - a.(v|a)), so that
the identity function Ax.x expands to p(x - a.(x|a)). Additionally, the composition of functions,
f o g, is defined in the sequent calculus as:

fog= ux-alflup.(glx-B)-a))
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First, we show that an isomorphism between types A and B gives us two inverse functions
between types Aand B. Letc; : (x : A+ f:B)andc; : (y : B+ a : A) be the open commands given
by the isomorphism. These commands can be closed as the two functional objects:

Vi:A— B2 pu(x-B.cy) Va:B— AL u(y-a.cy)
To show that these are inverses, we have V5 o V;:

VaoVi £ pux - a.(Valup. (Vilx - By - a))
=p-ui B - a(Vo|pB.ci - a))
=gy Hx - a.(up.ciljiy.c2))
=gso p(x - a.(x[a))

A
= Ax.x

The fact that V; o V; = Ay.y follows analogously.

Second, we show that two inverse functions between types A and B give us an isomorphism
between types Aand B. Let V; : A — Band V, : B — A be the closed inverse functions. These
functions can be applied as the two open commands:

a2 (Vilx-B): (x: Ar f:B) ¢ 2 (Vily-a):(y:Bra:A)

To show that these commands form an isomorphism, we have:

(up-cility.c2) = (up. (Villx - B)ljy. (Velly - @))
=~ (Valpp. (Vilx - B) - @)
=g~ (H(V2llpB. Vilx - B) - a))lx - @)
£ (Vo Vi|x - a)
=t (p(x - a{xla))lx - @)

=pg-pup (xler)

The fact that (ua.c;|fix.c1) = (y||f) follows analogously. o

LeEmMA B.1 (LINEAR AND THUNKABLE COMPOSITION). For any commandscy : (x : A+ f: B) and
c2:(y:Br a:A),

a) if fix.c; and fiy.c; are linear then fix. {(uf.c1|fiy.cz) is also linear, and

b) if pa.c; and pf.cy are thunkable then po. {uf.c1|fiy.cz) is also thunkable.

Proor.  a) Let v be any term and ¢ be any command such that B,y ¢ FV(v). The linearity of
the co-term fix. (uf.c1|fiy.c;) follows from the linearity of both fix.c; and fiy.c,:

(uy - (wlz.o)lix(pp-cilfiy.c2)) =vin (- (py - (lfz.c)lfix.c1)l fiy.c2)
=Lin (up. (vlfz. (py -l fix.c1)) | iy-cz)
=zin (Olfiz. (up. (py -clfix.co)l fiy-c2))
=Lin (Vllfiz. (py clfix. (pp.c1lity.c2)))
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b) Let e be any co-term and ¢ be any command such that y, z ¢ FV(e). The thunkability of the
term pa. (uf.c1||fy.cz) follows from the thunkability of both pa.c; and pf.cq:

(uec. (up.ciljiy.ca)ljiz. (py-cled) =me (uB-cility. (par.coljiz. (py cle)))
=1k (up-crliy. uy. pacoliz.c)le))
=ik 1y (e lfiy. pec.caliz.c)) e)
=1k {ay- e (pp.crlfiy.co)ljiz.c)le) 0

LEmMMA B.2.  a) v islinear ifv = V for some value V.
b) e is thunkable if e = E for some co-value E.

Proor.  a) Suppose we have any command c, co-term e, variable x ¢ FV(e) and co-variable
a ¢ FV(v). Because we assumed that v = V for some value V, we have the following equality:

(ljix. (pac.cle)) = (Vljix. {ua.cle))
= (pac {V/x}le)
= (e (V]jix.c)le)
= (ua. (oljix.c)le)

b) Analogous to the proof of lemma B.2 (a) by duality. o

LEmmA B.3. a) For any types A:V and B:V, A~ B ifand only ifA =" B.
b) For any types A: N andB: N, A~ B ifand only if A =~ B.

Proor. Note that both A ~* Band A »~ B imply A ~ B by definition, so we only need to
show that A ~ B implies A #* B and A ~~ B in the appropriate case. Suppose that A ~ B is
witnessed by the commandsc: (x: A+ f:B)andc’ : (y : B+ a : A). Note that every V-co-term is
a V-co-value (i.e, e € CoValuey for alle : A: V), so all co-terms e : A : V are trivially linear by
lemma B.2 (b). Thus, when A: V and B: V, fix.c : A: V and fiy.c’ : B : V are linear as required
by A =" B. Dually, note that every N-term is a N-value (i.e., v € Valuey for allv : A: N), so all
terms v : A : N are trivially thunkable by lemma B.2 (a). Thus, when A: Nand B: N, par.c’ : A: N
and pf.c : B : N are thunkable as required by A =~ B. O

THEOREM 4.3 (POLARIZED ISOMORPHISM EQUIVALENCE). a) A~ Aand A~ A,
b) ifA~" BthenB~" Aand ifA~" BthenB~" A, and
¢) ifA~" Band B~" Cthen A~" Cand ifA~" Band B~ C then A~ C.

Proor.  a) Note that in the witness of isomorphism reflexivity in the proof of theorem 4.2 (a),
(xla) : (x : A+ a : A), we have that jix. (x|a) =5, @ is linear and pa. (x| a) is thunkable via
lemma B.2, so the reflexive isomorphism is both positive and negative.

b) The symmetry of positive and negative isomorphisms follows immediately from their sym-
metric definition.

¢) Suppose that A ~* B is witnessed by the commandsc¢; : (x: A+ f:B)andcy: (y: BF a: A)
and B ~* C is witnessed by the commands B ~* C is witnessed by the commands c; :
(y :Bry:C)and ¢4 : (z:C+ B’ :B). The isomorphism A ~* C is then established by
composing c¢; with ¢3 and ¢, with ¢4 as follows:

¢ 2 (up.eiliiy.cs) : (x Ak y:O) ¢ 2 (upcalliy.c2) s (z: C+ @ : A)
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From the linearity of fiy.c; and fiz.c4 implied by A ~* B and B =% C, we get that the
composition of ¢5 and cg is the identity command (x|a) : (x : A+ a : A) as follows:

(py.csliiz.ce) = (py (pp.cill ity .cs) iz (up’ calfiy.cz))
=sin (P’ (py pp-cil iy’ .cs) | iz-ca) | jiy.c2)
=pin (PP (pB.ciliy’. (py csllfiz.ca))fiy.cz)
=10 (P’ pB-cility’. <y IB M y.c2)
= B’ (pB.cil B iy.cz)
=n, (Hp-cilfty.cz)

=Iso (x||0{>

And from the linearity of jiy’.c; and fix.c; implied by A ~* B and B ™ C, we get that the
composition of ¢s and cs is the identity command (z|y) : (z: C + y : C) as follows:

(na.coliix.cs) = (pa(up’ cality.co)lfix.(up.ciliiy’.cs))
=Lin (P (e (up’.callfiy.co)l jix.c1) |y’ .c3)
=Lin (PPB- (P’ -calfy. (par.col fix.co)) |y .c5)
=10 (HB- (B -calty. Yl iy’ c3)
=pa (HB- B -ca BY iy -c5) =y, (up-callfiy’.c3) =150 {2ly)

Finally, we get that the co-terms fix.c5 and fiz.cs are linear from lemma B.1 (a).

The transitivity of negative type isomorphisms are similar to the positive case. Suppose that
A =~ B is witnessed by the commands ¢; : (x : A+ f:B)andc;: (y: BFa:A)and B~ C
is witnessed by the commands B ~* C is witnessed by the commands ¢3 : (y’ : B+ y : C) and
¢4 : (z:C+ B’ : B). The isomorphism A =~ C is then established by composing c¢; with c3
and ¢, with ¢4 as follows:

¢s 2 (pp.cillfty’.cs) : (x = Ak y : 0) c6 = (up’-calliiy.c2) : (z: Cr o+ A)

From the thunkability of yf.c; and py.cs implied by A ~~ B and B =~ C, we get that the
composition of ¢5 and cg is the identity command (x|a) : (x : A+ a : A) as follows:

(uy esljiz.cs) 2 (uy (pp.ciliy’ es) iz (up cal fiy-c2))
=tk (pB-crlfy’. (py.csliiz(up’ .caliy.c2)))
=tk {pB.cility’. (up’. (py -cslfiz.ca)l fiy.c2))
=10 (uP-cillfiy’. (ph’- Y 1B fiy.c2))
=y, (pB-ciliiy’. (y'lfiy-c2))
=y (HB-c1lfiy.c2)

=Iso <x||0t>
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And from the thunkability of uf’.c, and pa.c, implied by A ™ B and B ~~ C, we get that
the composition of ¢ and ¢s is the identity command (z|y) : (z: C + y : C) as follows:
(per.collfix.cs) = (pa.{pp’ cality.co)|jix (up.cill iy’ .cs))

=i (P’ -cal fiy. (pa.collfix-(pp.cil iy’ .cs)))

=mik (P’ -cal fty. (up. (pa.colljix.ci) iy’ .cs))

=10 (P’ -cal fry. (- YA iy .c3))

=, (B’ -cality. Cylity’ .cs))

= (P’ -cal iy’ .c3)

=150 {zly)

Finally, we get that the terms py.cs and pa.cq are thunkable from lemma B.1 (b). O

C PROOFS OF THE (CO-)DATA STRUCTURAL LAWS
LEMMA C.1 (DATA COMMUTE INSTANCE). F(g) ~* F'(E’)for anyC :S,C’ : 8’ and declarations

data F(X—:S) ):V where data F'(X':S"):V where

a = and .
KT Ty - F(X) | Ay, Ay) KT T F FOC) | AL A))
such thatTh0 = T/0', T,0 = T,0', 10 = A10’, A0 = A10’, 0 = {C/X}, and 0’ = {C'/X"}, or
data F(X_:é )=V where data F'(X":S’):V where
b)) Ku@rFX)|A)  and KTy F F/(X) | A)
Kai(Tz + F(X) | Ay) KI(T F FOC) | A

such that 0 =T70", 1,0 =T,)0", A10 = A10", A0 = A)07, 0 = {C/X}, and 6 = {C"/X'}.
Proor. The isomorphisms between F(?) and F’(E’) are established by ¢ : (x : F(?) Fal: F’(?))
and ¢’ : (x" : F/(C’) F a : F(C)) as follows:
¢ = (x| alK(By, B2, 93, 1)K (B2, B 71, g2l )])
a a3 a > > 5 > >
¢! & (XNAK (B2, Br. y1. 52)-(K(B1. fo. U3, y1) @) ])
N Ki(Br, y1)-(K{(Br, g1)lla”) s a |G (B, y2) (Ka(Be, y2) )
b)C:X a3 - 1 o> ’ c:x‘u/_’» r
Ka(B2, y2)-(K5(B2, y2) ") Ki(B1, y1)-(Ki(Br, 1)l @)

And note that since both F(g) :Vand F/ (57 ) : V, the isomorphism must be positive (lemma B.3 (a)).
For part (a), the composition of ¢’ and ¢ along a and x of type F(C) is equal to the identity
command {x’|a’) via the 87 and " axioms as follows:

I

(per.c' i)
o (e AR B B 5 5)-(KBL B 5. D))
e UKL B . 0K B B )10
(e G VALK B B . 3K B B . D))
AIKBT, B 53, 5D B B 7 )l )
= WAL (B B 57 53)-(K (B B 5, gDUALKCBL. B 55, 51)-(K (B B 5 99l Y D)

:'7/1
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=i NAIK By Brs 31, 52)-(K (B, B 7, g2)l@”)])

= (1)

command {x|a) via the 7 and .

And the reverse composition of ¢ and ¢’ along o’ and x” of type F’(a ) is equal to the identity

For part (b), the composition of ¢’ and ¢ along « and x of type F(E:) is equal to the identity
command {x’|a’) via the 7 and " axioms as follows:

(pa.c’|jix.c)

. < < :
= \pa.\x (i
:'][‘ <Il0{ <x’ /‘1

~IK§(/72)’ 7)-{Ke(Br. 7))
Ki(Br, 57K (Br., 7))
Ky(Ba. 32)- (Ko (B ) )
K} (Br 71)-(Ka (Br. 7))

[ix. <x

i

Ki(BL. 90)(K} (B ;7;>||a’>l>>
Ke(B2. 33)-(5 (B 33’

K: (B 7)-(K{ (B af>||a'>l>
Ka(B2. 33)-(K5 (B, 73’y

< 1| kaBm)-(ke B 0| KB 5 (<1 B 5N | el 32)-(K3 B 7)1 )

=pFuji <x’ H

= (la’)

K181 90)-{Ku 81 D[ K3 BT 30)- (UL 7)1 | el 3)-<K B 1)) >
Ky (Ba. 43)-(K; (Ba. D)l
Ki(Br. 9K (B uDlla”)

And the reverse composition of ¢ and ¢’ along o’ and x” of type F’((_?7 ) is equal to the identity

command (x| a) via the ﬁF/ and 7.

]

LEmMA C.2 (DATA MIX INSTANCE). For any typesandC : S, C’ : 8’ data declarations

dataF{(X:S):V where

Ki: (rl F FI(X)) | Al)

data F5(X:S):V where

Ks: (rz F Fz()?) | Az)
data F3(X:S):V where
Ks: (I‘3 E F3()'<>) | AS)

data F(X:S):V where

Kyg: (I‘3,F1 F F()_E) | A1,A3)

Ks: (F3, L+ F()?) | Az, A3)

if F1(C) ~ F{(C), Fo(C) ~ FY(C7), and F5(C) ~ F(C7), then F(C) ~* F/(C)).
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dataF{(X':8’):V where

Ki: (1Y F FIOO) )

dataFy(X’:S"):V where

K+ (T F FR00) 1 4)
dataFy(X’:S"):V where
Ki: (05 F ) 185

data F'(X':8S):V where

K+ (T T+ FOO) A7, 89)

KL (r;,rz’ FFX) AL, A;)
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Proor. Suppose that the isomorphisms F1(8) ~ F;(?), Fg(z‘)) ~ F;(?), and F3(5) ~ F;(a)
are witnessed by the commands

i R (C) ke F(C) il Fa(C)Fa): FYC)) st (xs: Fa(C) ke s F(C))
¢ (x] F(C) ke s Fi(C) (g FC) ki Fa(C)) ) () F(C) ks 2 F5(C))

res;_)gctively. Then isom_o)rphisms between F(E:) and F’(C?’ ) are established by ¢ : (x : F(E:) Fal:
F'(C"))and ¢’ : (x” : F'(C’) + a : F(C)) as follows:
I

|

[Kmﬂu 5i7)-(Kaj By 5. 3. By D

ﬁ[Ké(ﬁé’yé) <K4J(ﬁ1] ﬂ3’y3 y1J

20 > — r-vwr (27 T ’
Kai(P1is B3, 43, y1i)-{ vy, | [ K3 (Bij- y15)-( o3

J ]

ﬁW@@<%ﬂ%%

Ksi(B2i, f3, 173:’ 9_2;)<U§, i Kéi(ﬁé}" yéj)~<vé

< Kai(ﬂ{i’ﬂé,yé,y{i)'<v3 j KS(,BS y3) <Ulz
ra | s~
¢ = (x

Kéi(ﬂéi,ﬁé,yé,yéi)-<vs ii|Ks(Bs, 73). <vzl

[KZJ(:BZJ y2j)- <Ksj(ﬂ1; Ps. 43, ﬁlj)l >
where we make use of the following shorthand:

o1 £ pon (KBl Yl e])  va = paa (Ko (B v lixg.c3) 03 2 pas. (KBS, )l ixcs.c3)
vy; £ pa] (Kyi(Buis yr)liixcr) vy = pory (Koi(Bois zi)fixe.co) 05 2 pas.(Ks(Bs, g3l fixs.c3)

And note that since both F(Z) :Vand F/ (57 ) : V, the isomorphism must be positive (lemma B.3 (a)).

The composition of ¢ and ¢’ along @’ and x” of type F’(E’ ) is equal to the identity command
(x| ler) via the combined strength of the ji and 5 axioms for the call-by-value data types F{, F}, and
F%, as previously discussed in appendix A, as well as the call-by-value y axiom to reassociate the
bindings to bring the isomorphisms for those data types together, as follows:

(pa .c|fix’.c")

=n;

i

Tl
) |

— radre B ’ l
g[Kuwu,y—ﬁ>.(l<4j(ﬁu,ﬁa,y—;,ﬁu>|“> l>]> >

Kai(Bris 3, U3, Y11)- <Ull

— — 3
mﬂy<um@%WQWﬁwwm

po |\ x|

Ksi(ﬁZi,ﬁa,gg,y_zf)~<vzl Kzl(ﬁzj yz] <

—_— = ==
3(33 y3 <K§j(ﬁ§jvﬁ§vy§’y§j)

K;i(ﬁ{i’ﬁé’yé’yii)'<v3

Iz K3(ﬁ3,!75)~<vli

Kgi(ﬁéi’ﬁé’yé’yéi)'<v3 I

K3(E§J7§)~<02i

> > > > J '
ﬂ[Kz,wzw@*).(Ksj(ﬁu,ﬁa,yg,ﬁu>|a) m>
“uip”
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x|

— =
Kai(B1i, B3, U3, y17)- vy

P "
ALK, (BL 5y )- (04 IATKS (B 1) - (03 ALK (B, 53)- 01 1K1 (Bres Ti)- (Kax (Brk B 73 B lae) DD 1)

2 a = —> ’ d
Ksi(Bai, B3, U3, Y21 )- (vg; ]

13

—_— —> — — — — — — — k 7
L[y By va ) - (03 | ATKS (B3, y3) - (03 | AlK3 (B3, U3) - (w2 Al K2 (Bak s Y2k )- (Ko (Bakes B35 43, Baic ) le) DI

=

fing

=

(-

=lsony

(<

= ¥
ey 17

=Iso

aupts

| KaiBri B3 5390 04 TR (B ) )- €0 K (B« 58 - (Kake B B 3 Bl ) 1) >

— = _, — . , - ,r~ — — — _ — k
_|Kai(Bri> B3, 43, yni) - (Kai(Bri, yri) ljpxr - (pas - ea Nl ey - (e e ALK (Buie, i) - (Kake (i B3, 53, Bu ) ) 1)) >
H N

[ —_— —> —_— — — — — k d
. K4i(/31i,53,!7§,}/_1;)-(K1i(ﬁ1i,y1i)||ﬁx1~(ﬂa1-(#a{fllﬂx{f{)||ﬂ[K1j(/31k,y1k)~(K4k(ﬁ1k,ﬁ3,y3,ﬂ1k)||0l>]>> >

r — —> —
Kai(Bri> B3» 53, 517 )- (K3 (B3, 73) [l fixs. (0]

J

— —> — — e — k
VALK, (B -ty e iy (e . L TKs (B 2. oy WilKny e T Rate Bt B Br ) DI 1) >
Kst(Boso o 720 720) - (KB ) s (]| 1

— —> — — — — — k J
L ALK (Bosyay)- (pecs - csl iy (pas .5 | ATKs (B3, 43)- (v2; | Al Ke; (Bakes Y2k )- (Ksk(Bakc B3. 3. Barc )l ) DI 1))

[ 2 > —> o ||~ ’
Ksi(Pris B3- U3, y17)- (K3 (B3, y3) | fixs. (vy;]

—_— —> — — — — — k 7
ALK (B y1)- (s (pay.cs| i es VI ATKs (B3, B3)- (017 | ALK (Buies 18- (Kaie (Bik B3, B3 B ) le) DI 1)) >

2 > —> 2> o\~ !
Ksi(B2i» B3, 53, Yai)- (K3 (B3, 43) | fixs. (v3; ]

— —> — — — — — k 7
|AKY; (B yay)- (pess. (pay.cs|fixy .5 VI ATKs (B3, 53)- (027 | ALKz (Bakes U28)- Kok (Baks B3, 73 Bar ) la) DY) |

i

Kai(Bri, B3, 53, y11)- (Ks(B3, 53) | fixs. (07|

—_— —> — — — — — k /
A[K(B1 52 y1)- Cxs | AKa (B3, §3)- (o1 ALK (Bure 910) - (Kare (Buke- B3 3. ri) ) DD TY) >

— = , — 5 i
Ksi(B2i> B3, U3, Yai )- (K3 (B3, y3) | fixs. (0]

— —> > — — —> — k 7
L LALKS:(Bojya)- (s 12K (B, 53) - (w2 ALKz (Bake, 928 - (Ksie (Bak» B3, 53, Bar ) ey DD 1)

>i
Ags

>i

Ksi(Bor Bas 53 92 (05 1ilKn; (Bl 0 )- 02 il Kaj (Bt + 528))- (Kske Bt B 53+ Bt la) 1)

/e
FZ

i

i

%
> — . . . — — = —
Ksi(Bai» B35 U3, 527 )- (Kzi(B2i» U27) | fixz - (pey . c2 || ixg . (paz . ¢ | i[Kaj (Bare» 2k ) - (Ksxe (Bok» B3 U3 Barc )l ) 1))

13

2 2 > — N ’ ~ 7 I\~ — — = 5 = k
Ksi(B2i- B3. 33 Y21 {Kei(Bai, 2 )l ixz . (para. (pery.caljixg . ch) | ilKaj Bk ok )- (Ksk (Bak» B3, G- Barc M) 1)) |
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i

[ —_— — — — — — — k
<x | Kai(Bris 3. 43, 910)- (Kui (Buin yad) aoxr - (pers - Cen lla) NATKj (Buies 91)- (Kake (B B3, 3. Buc Nl ) 1))

13

— — — — —> — k
|Ksi(B2is 3.3 Yai)- (Kai (Bai» Yai ) ixa. (paxz. (xallaa) | AlKzj(Bor» G2k )- (Ksk (Bakc» B35 U3» Barc M @) 1))

Snun;

i

<x | Kai Bt B 73,510 (i Bt T VLK B 510 - (Kake B B B30 Bri) e 1)

Ksi(B2i» B3, U3, Y21 )- (Kai(Bei» Y21 )| AlKej (Bak» U2k )- (Ksx (Bake» B3, U3 Barc ) ) 1)
nipF1ph
[ = = 5 — = S, = i
< | Kai(B1i> B3 Y3 y1i)- (Kai (Bri» B3, 3, i) ) >
x|a ;
»KSi(ﬁZi,ﬂS’g;»gz‘ib)-<K5i(ﬁ2i,ﬁ3,5‘/3>’52i)”0’>

:,]F

(x|l

And the reverse composition of ¢’ and ¢ along & and x of type F(B) is equal to the identity command
(x’|@”) similarly. O

LEMMA C.3 (DATA COMPATIBILITY INSTANCE). For any types A: T, A" : T, c:8.0:8,
data F(X—:g ) : V where data F'(m ) : V where
K:(A:TrEX)|) “ K (AT FF(X)|)
ifeitherA{C/&z; A{C'/X"} or A{C/X} =~ A’M’} andT =7"' =YV, and
dataF(X : S) : V where dataF (X’ : 8’) : 'V where
rFE AT M KR T
if either A{C/X} =* A/{C"/X"} or A{C/X} ~ A{C'/X’} and T =T ' = N.

a) given then F(a) ~t F'(E’)

b) given then F(?) > F’(E’)

Proor. Let B = A{C/X}, B’ = A’{C’/X"}, and suppose that the commands ¢; : (y : B+ ' : B’)
and ¢; : (y' : B’ + B : B) witness the isomorphism B ~ B’. The isomorphisms between F(E’)) and
F’(a) are established by the commands ¢ : (x : F(g) Fa': F’(a)) and ¢’ : (x: F’(a) Foa: F(E))
as follows:

a) ¢ 2 (xIAlKy).(pp ey’ (K'G)la )]
b) ¢ 2 (x| A[K(B)-(up". (K" (B My’ .c)1)

For part (a), the composition of ¢ and ¢’ along a’ and x’ of type F’ (E’ ) is equal to the identity
command (x’|a’) via 7 and 5" along with either thunkability or the call-by-value y- to reveal
the isomorphism, as follows:

(na'cljix’ ¢y =y, {pa’. (xNAIK(y).(pp erlliy’. (K @) WO AIK (') (uB.ci|iiy. (K)la))1)
= (x| [K@)-(pp’ i |y’ (K'@O|ALK @) (pB.ci|iy. (Kla))1))])
=7 (x| K@)-{pp 1|y’ (pp.ciliy. (K@led))])
=t/ ey (X|A[K@).-(uB. (pp’crfiy’ e )iy (K(w)lery)])
=10 (xIAIK@)- (1B YIA iy (K@)lla))])
=i XIAK@Y) (K@) e)])

=y¢ (xa)

¢ & (M AlK (') (pp-ct|ity. (Ky)ler) )]y
¢! £ (X |AIK'(B))(up. (K(B)le) lfiy-c1)])

’
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Note that the equation marked Thk/ y+ follows in the case that either pf’.c] is thunkable (by the
definition of thunkability) or 7 = V (in which case fiy. (K(y)| ) is co-value and the 4 axiom
applies). Likewise, the composition of ¢, and ¢; along & and x” of type F;( E')) is equal to the identity
command (y’|f’) analogously to the derivation above.

For part (b), the composition of ¢ and ¢” along o’ and x’ of type F'(E’) is equal to the identity

command (x’|a’) also via 7 and 5" along with linearity or the call-by-name yx to reveal the
isomorphism, as follows:

(e cljix ') =y, (e el ilK(B) (. (K (B iy YDIIK(B")-{u. (K(B) ) l.0)1])
=y (DAIK(B)- (B’ K (BONALK (B)) A (K(Beo) iy D |y .e1)])
m%ﬂwKwMM30$<WmWWw0MM/d>
=Lin/ oy (KIAIK(B)-(up. (KB iy (up” 1|y 1))
=150 (XIAIKB)-(pp- (KBl |y Cyl B
=nau (XIAIK(B)-(K(B)l ) ])
=y (x[a)
Note that the equation marked Lin/ yy follows in the case that either jiy’.c] is linear or 7 = N

(in which case pf. (K(B)| ) is a value and the ji5 axiom applies). Likewise, the composition of c;
and c; along o’ and x’ of type Fl(z‘)) is equal to the identity command (y’||f’) analogously to the
derivation above. N R
Finally, note that the isomorphism F(E’)) ~ F’(C”) must be positive since F(Z:) :VandF'(C"):V
(lemma B.3 (a)). )

LEmMA C.4 ((Co-)DATA INTERCHANGE SHIFT INSTANCE). Forany typesC : §,C’ : 8’ and (co-)data
declarations

data F(X—:S> ) : 7 where data F’(m ) : 7 where
K : (r FRX:S) | A) K’ - (r’ FEX S| A’)
codata G(X—:é ) : U where codata G'(m ) : U where
O:(T|FX:S)F A) O (I' | G'(X : S) k A)

F(C) ~ F/(C') implies G(C) ~~ G'(C’) when T =V and G(C) ~ G'(C’) implies F(C) ~* F/(C’)
when U = N.

Proor. First, suppose that the commands ¢; : (x; : F(g) ko F’(a)) and ¢] : (x7 : F’(a) Fap:
F(a)) witness the isomorphism F(g) ~* F/(C’). Then the negative isomorphism between G(E‘))
and G’(C’) is established by:

——

e <u 01y} B1. <ua1 (KiCBT. g i< )| B 3)- Gl B 1) a;>

: (xZ:G(E)) F aé;c’(?))

¢ 2 <u oi[zﬁ,/?i].<ua{.(K,-(E,zﬁ>|ﬁx1.cl> A\ KByl BT > a2>
(x5 G/(C) + a2 G(C))
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Note that both pa.c; and pa;.c; are thunkable (by lemma B.2 (a)) because they are both 7,,-
equivalent to a value for any choice of U. So we only need to demonstrate that both compositions
of ¢c; and ¢} are equal to the appropriate identity commands.
The composition of ¢, and ¢, along a; and x; of type G(E')) is equal to the identity command
<xé|(xé> via the ﬂG, ryfv, ,BF/, and ryG' axioms as follows:
0(2>

)
)

7 J
(1 (e B 7 [ ) R >
m oo T Of[g;’ﬂf]>>
HKl(ﬁ,,y,).<x2||O,[y,,ﬁ,]> ]>

<yag.c§|ﬁx2.02>

e}

ﬁ[K}(/?;,zT;>.<x;||o;[?;,F;J>’]> )

izt Bl . (B 7 1

fixg. { p

b

"

ﬁ[K,—(E, z7j>.<xz||oj[fj,i§]f]> )

0] B e (75 i)

i@ -0 7 ) )

Oi[g;,ﬁ:]-<lla{- <Ki(E, y_;)lﬂxl-61>

AT AN O (T Y

ﬁ[mﬁ?, y—;).<xz||oj[y‘;,/7j]>’]> )

fix2. <ll

’ _7 _7 ~ ! 7
pon A KB, y7)|ixg.cq

=i <ﬂ Oilyi. Bl

i| (). !7})-</1 Ok[yF Br]-

(s (KB D[ 1)

=46 <# Oilyi. 1.

. p— =l ] aé>
i F -0 B )

ﬁlKju?j, 17})~<ua{- (K17

it -eiona a0 ) )

=, <y(0§[y;,ﬁ{].<ya1. <K;(ﬁ{,y;)|ﬁx{c{> fix1 . <ya{.cl

fix]. <ya{. (po .cf|fix.c1)

i e -0 A ) )

’

S E—i T
i <10 A ) )

’

- — —> — = — = nd! !
_ <u(o;[y;,ﬂ;1.<K;<ﬂ;,y;>|ﬁ[n<;<ﬁ;,y;>.<xguo;[y;,ﬁ;1> ]} )

’
a

,/?{D’)

i <u(o;[zZ,F;J-<K;<F{,zT;>

e ot 0 st

i (. a1l

=

S <u(o;[y;,ﬁ;].<xguo;[y;

=¥ <x§|aé>

The composition of ¢; and ¢; along a; and x; of type G'(Z’)) is equal to the identity command
(x3]z) via the <, ryf{/, BF, and 5 similarly.
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Second, suppose that the commands ¢; : (x; : G(E‘)) Fa, G'(E’)) and c; : (x; : G’(a) Foa
G(E:)) witness the isomorphism G(E‘)) ~ G’(C’). Then the isomorphism between F(a) and F'(C”)

is established by:
o2 <x1 | K. zz>.<u(o;[17;ﬁ;].<n<;<z7;, /T;>||a{>’) i (.ol 1) >
(i F(C) k[ F/(C))
o2 <x; RN ST AR AT | e o)) >

((xF(C7) Faa: F(C))
Again, note that both jix;.c; and jix].c] are linear (by lemma B.2 (b)) because they are both ;-
equivalent to a co-value for any choice of 7. Furthermore, both compositions of ¢ and ¢’ are equal
|

to the identity command analogously to the previous part by duality.

LEMMA 5.1 ((Co-)DATA IDENTITY). a) For any data F(®) : U whereK : (A: 7 + F(©)|), if
T =V then® F F(©) =" Aand if U =V then ® F F(©) ~ A.
b) For any codata G(©) : U where O : (| G(O) - A: T), if T = N then © = G(O©) =~ A and if
U =N then® E G(O) ~ A
a) Let ® = X : S, suppose C : S, and let B = A{C/X}. F(Z’)) ~ B is established by

Proor.
the commands:

e 2 (x|ilK(y)(yIA) = (x : F(C) + B B)

First, the composition of ¢; and ¢; along @ and x of type F(E:) : U is equal to the identity
command (y||8) by using the 1, and n; axioms to reveal the F redex as follows:

¢z 2 (K@)l@) : (y : B a: F(C))

(ua.colix.cr) = (pa. (Kl lfx. (xIAIK(Y)-IAD))

=nuna (KOIAK@)-WIAD

=p liy. B

=i (Ylp)
Next, suppose that 7~ = V. The composition of ¢; and ¢; along f§ and y of type B : V is equal
to the identity command (x| &) by using the strength of the 1, axiom to reveal the n" redex
as follows:

(up.cilliiy.cz) = (up. (xIAIKY)-WIAD Y. (K@)ller))
=y (XIALK@)-(Ylay. (K@)l e))])
=i (xlA[K(y) - (K@)l e)])

=y (xa)
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Otherwise, suppose that U = V. The composition of ¢; and ¢, along  and y of type B : 7~
is equal to the identity command (x|a) by using the combined strength of the yq, and
axioms to percolate out the case analysis on x and create an inner " redex:

(uP-cillfzy.c2) £ (up. xIAIK®)-YIA DIAyY. (K@)lad)

=y Xl (. (xNAK@)-wIA DIy (Ky)la)))

=yt XIAIK@)- (K@)l jix. (pp. x| Al @)y B DI iy (K)la))) D

=jiy (XNAK@)- (. (KWIAK(Y)- I Dy (Kl 1)

=pri XIALK@)-(pB- B iy (K@)l )

=nui (XIAK@) (K@)} ]) =y (x|a)
Finally, we need to demonstrate the required linearity constraints for a positive type isomor-
phism. First, note that by lemma B.2 fix.c; is linear and pia.c; is thunkable for any choice of 7
and Y. In the case that 7" = V, then fiy.c; : V which is trivially linear since all V-co-terms

are co-values, and thus © F F(@) =* A.
b) Analogous to the proof of lemma 5.1 (a) by duality. O

THEOREM 5.1 (STRUCTURAL LAWS). The declaration isomorphism laws in figs. 8 and 9 are all sound.

Proor. The data laws all follow by generalizing the particular instances where the data types
are isomorphic: the commute, interchange, and compatibility laws are all immediate consequence
of lemmas C.1, C.3 and C.4, both mix laws follow from lemma C.2 by taking either F; and F] to be
the empty data declaration of no alternatives or taking Fs; and F; to be the unit data declaration of
one alternative with no components (both of which are isomorphic by reflexivity), and the shift law
follows by applying lemma C.4 twice. The co-data laws follow from the data laws by lemma C.4. O

THEOREM 5.2 (POLARIZED LAWS). The declaration isomorphism laws in fig. 10 are all sound.

Proor. Due to the (co-)data interchange laws from figs. 8 and 9 we only need to demonstrate
half of the isomorphisms in fig. 10 since each side implies the other. So let us focus only on the
more familiar data type declarations, because all the laws for polarized co-data sub-structures
are derived from those. In each case, the main technique for establishing these laws is that, for
any substitution 6 matching the environment ©, the data type F'(©)0 on each right-hand side is
positively isomorphic to the single component of the single alternative under the substitution 8
according to lemma 5.1 because that single component is call-by-value (e.g., 1 : V). What remains
is to then demonstrate that in each case, the data type F(©)0 is also positively isomorphic to that
same single component type.

The sub-structure laws for the nullary data types (0, 1) are the easiest to show. Note how for
the 0L law we directly have that F(®) ~* 0 as a trivial case of lemma C.1 (b), and F'(®) ~* 0 by
lemma 5.1 (a), so together we know F(®) ~* 0 ~* F’(®) by positive transitivity (theorem 4.3 (c)).
Similarly for the 1L law, we have F(©) =* 1 as a trivial case of lemma C.1 (a), and so we get
F(®) ~* 1 ~* F/(©) from lemma 5.1 (a) and theorem 4.3 (c) as well.

The sub-structural laws for the unary data types (—, | g) follow a different line of reasoning, but
are not much more difficult to demonstrate. For instance, consider the negating —L law, where we
know that F(©)8 ~* —Af by lemma C.3 (b) because Af ~* A0 by reflexivity, and F’(©)0 ~* —Af
by lemma 5.1 (a). Additionally, the shifting | gL law is sound because we know that F(®)8 ~* | A0
by lemma C.3 (a) because of the reflexive isomorphism Af@ ~~ Af, and F'(©)0 ~* |gAf by
lemma 5.1 (a).

And finally, the sub-structural laws for the binary (co-)data types (®, ®) require the most effort.
This is because each of these types have two parts, and so we must relate one part at a time and then

Proc. ACM Program. Lang., Vol. 1, No. 1, Article 1. Publication date: January 2018.  2017-07-07 21:45 page 44 (pp. 1-54)



A Polarized Basis for Simple Types 1:45

mix the result together. In particular, we know that F1(©)8 ~* F{(A, B)d and F;(©)0 ~* F/(A, B)§
for the declarations

dataF{(0):V whereK;: (A:V+F(©)]) dataFj(X:V,Y:V):V whereK;: (X:V+F(©)])
dataF,(©):V whereKy: (B: VFFy(0)]) dataFy(X:V,Y:V):V whereK: (Y:VFFy(©)])
by applying lemma C.3 (a) to the reflexive isomorphisms A0 ~~ X {A0/X} and B6 ~~ Y {BO/Y}.
Now note the two different ways to mix these isomorphisms together with lemma C.2. First, we
could mix the above F1(©)8 ~* F|(A, B)d and F»(©)0 ~* F,(A, B)f as the first two isomorphisms
while the third is F3(®)0 =™ F;(A, B)§ given by lemma C.1 (a) of the trivial data declarations

dataF3(0):V whereKs: (- F3(0)]) dataF;(X:V,Y:V):V whereK;: (rF;(X,Y)])

which tells us that F(©)0 ~* A @ B as required by the &L law. Second, we could mix together
F1(©)8 = Fi(A, B)0 and F(©)8 ~* F (A, B)f as the second two isomorphisms while the first is
Fo(©)0 ~* F((A, B)f by lemma C.1 (b) of the trivial data declarations

data F5(®) : V where dataF;(X : V,Y : V) : V where
which tells us that F(©)0 ~* A ® B as required by the ®L law. ]

THEOREM 5.3 (POLARIZED ISOMORPHISM SUBSTITUTION). In the VN sub-calculus, for any types
0,X:StpA:T,0+gB:S,and®+g C:S,if6 B~ Cthen® F A{B/X} ~ A{C/X}.

Proor. By induction on the typing derivation of ®,X : S Fp A : 7 and the fact that each
polarized connective is compatible with isomorphism. For example, in the case of ®, given A; : V
and A, : V and that A; = A] and A; = A}, from the inductive hypothesis, we have

dataF():V whereK: (A; @ Ay: V+Fi()|)

~g, dataFy():V whereK: (A;:V,A;:V+F()|)

~7y dataF3():V where K: (A7:V,A,:VEF50)])

~g; dataFy():V whereK: (A] ® A}: VI Fs() )
by the ®L, data compatibility, and data mix laws, and so A; ® A; = F1() 2% F4() =" A] ® A} by
lemma 5.1. The compatibility of the other polarized connectives follows similarly. The trickiest
cases are for the shifts. s} follows immediately from lemma C.3 using a similar argument as ®
since the single component is call-by-value, and sl is dual since its component is call-by-name. | g
follows for the same reason as s} when S = V. Otherwise S = N and we have A : N, A’ : N,

and so A ~ A’ implies A =~ A’ (lemma B.3 (b)), so [yA &% |yA’ by lemma C.3. Likewise, the
compatibility of Tg follows dually to the case for | s. O

D PROOFS OF THE ALGEBRAIC AND DUALITY LAWS
As described in section 6, all of the follow laws are derived from (co-)data declarations of the form
dataF() : V whereK: (A: V+ F() |)~" dataF’() : V whereK' : (A" : V+F()|)
codataG() : NwhereO: (|G F A: N)~ codataG’() : N whereO': (|G’ r A" : N)

via lemma 5.1 to get A A’ by composing A ~* F() " F/() 8™ A orA~~ G() »~ G’'() »~ A"
The specific (co-)data declaration isomorphisms needed for each law are derived from the laws for
polarized connectives appearing in (co-)data declaration in fig. 10 extended with the general laws
in figs. 8 and 9.
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D.1 Proofs of the algebraic laws

D.1.1  Commutativity. The commutativity laws for reordering the binary connectives, unsur-
prisingly, follows from the commutativity laws for reordering the parts of declarations. For the
multiplicative ® and %, we use the first commute law to reorder the components within a single

constructor or observer, as follows:
dataF;(): VwhereK: (A®B:V+ Fi()])

z;L dataF,() : VwhereK: (A: V,B:V+F()|)
~* dataF3() : V where K: (B: V,A: V+ Fs() |)
~7; dataFy() : V whereK: (B®A: V FFs() |)

codataG;() : NwhereO: (|G )rA®B:N)
~pg codata Gy() : N where O : (| G,()F A: N,B: N)
~~ codataG3() : N whereO: (| Gs()F B: N,A: N)
~p; codataGy() : N whereO : (| G4() r B® A: N)
Whereas for the additive @ and &, we use the second commute law to reorder the alternatives
within a declaration as shown in the following isomorphism:
dataF{() : V whereK: (A®@B:V+F()])
~¢; dataFy() : V whereK; : (A: V + F,() |)
Ke:(B:V+F0[)
~* dataFs;() : V whereK, : B: V + F5() | )
Ki:(A:VEF(0])
~g; dataFys() : V whereK: (B@A:V + Fy() | )

codataG;() : N whereO: (| G;()+ A& B:N)
~gg codata Gy() : N where O; : (| Go() - A: N)
O2:(|G()F B: N)
~~ codata G3() : N where O, : (| Gs() - B: N)
O1:(1Gs(0FA:N)
~gg codata G4() : N whereO : (| G4() - B&A: N)

D.1.2  Unit. Combining the binary connectives with their corresponding units is an identity
operation that leaves types unchanged, up to isomorphism. These unit laws rely on the fact that the
right and left laws for the nullary connectives “cancel out,” in an appropriate way, any occurence
of the nullary connective within a (co-)data declaration as described by the 1L, 0L, LR, and TR

laws. For the multiplicative 1 and L connectives, we use the fact that 1 vanishes from the left-hand
side of a constructor and L vanishes from the right-hand side of an observer:

dataF;() : V whereK: (1 A: V+ F()])
~gp dataFy() : V whereK: (1: V,A: VFF()|)
~, dataF3() : V whereK: (A: VF F50) |)

~, dataFy(): V whereK: (A: V,1:V+F,()|)
~¢; dataFs() : V whereK: (A®1:V+ F5() | )
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codataG() : NwhereO : (|Gi)+r L®A:N)

~pg codataGy() : N whereO : (| Go()F L : N,A: N)
~ | g codata G3() : N whereO : (| Gs() - A: N)

~ g codata G4() : N whereO : (| G,() - A: N, L:N)
~g codataGs() : NwhereO: (| GO A® L: N)

Note the use of the mix law to extend 1L and LR to allow for an extra component along side
the unit connective. Alternatively, for the additive 0 and T connectives, we use the fact that any
constructor containing a 0 on its left-hand side completely vanishes itself, whereas an observer
containing a T on its right-hand side vanishes:

dataF() : V whereK: (00 A: VFFi()])
~g; dataFy() : V whereK; : (0: V F Fy() | )

Ko (A:VERO D)
~;, dataF3() : V whereK: (A: V F F30) |)
~y;, dataFy() : V whereK; : (A:V + F4() | )

Ko (0:VEFOI)
~¢; dataFs() : V whereK: (A 0:VF F5() |)

codataG() : NwhereO : (|G Fr T&A: N)

~gg codata Gy() : Nwhere Oy : (| G,()F T : N)
O2: (|G- A:N)

~1p codataGs() : N where O : (| Gs() - A: N)

~1p codata G4() : N where Oy : (| G4() - A: N)
O2:([GsOFT:N)

~gg codataGs() : N whereO : (|G5() - A& T : N)

Again, the mix law is used to extend 0L and TR for (co-)data declarations with another alternative.

D.1.3  Associativity. Nested applications of the same binary connective can be reassociated, up to
isomorphism. This is because (co-)data declarations are “flat:” there is a single, flat list of alternative,
with each one containing a single, flat list of components on either side of the turnstyle. Therefore,
after we fully unpack a nested application of a connective, it flattens out, so that we may repack the
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same parts back together in the other order. For the multiplicative ® and %, we have the following
isomorphism:

dataF;() : V whereK: (A®B)®C:V+ F()]|)
data F5() : V where
®L K:(A®B:V,C:V+F(|)
data F5() : V where
~eL K:(A:V,B:V,C:V+F()])
data F4() : V where
®L K:(A:V,BC:V+Fs)|)
data F5() : V where
el K:(A®(B®C):V+Fs() )

~
=~

~
=~

codata G;() : N whereO: (|G )+ (A®B)®C:N)
_ codata G,() : N where
¥R 0:(|G)FA®B:N,C:N)
_ codata G3() : N where
L O:(|GsO)+A:N,B:N,C:N)
_ codata G4() : N where
¥R 0:(|G)FA:N,BRC:N)
_ codata G4() : N where
PR 0:(|GOF AR (BBC):N)

Note that the mix law is used to extend ®L and %R to allow for an extra component on either side
of the main pair. For the additive @ and &, we have the following isomorphisms, again using mix
to extend ®L and &R to allow for an extra alternative before or after the main pair:

dataF,(): V whereK: (A@B)®C:V+ F(|)
~¢; dataFy() : V whereK; : (A®@B:V+ F() |)
Ko: (C:VEF(|)
~}, dataF3() : V whereK; : (A: V F F50) | )
Ke:(B:V+F()])
Ks: (C:VFrF()|)
~pp dataF4() : V whereK; : (A:V + F,() |)
Ki:(B&C:VEF(])
~¢; dataFs() : V whereK: (A@ (B&C): V F5(0) | )
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codataGy() : NwhereO : (| Gi)+ (A& B)&C: N)

~gg codata Gy() : N where O,
0O,
~gg codata Gs() : N where O,
0O,
05
~¢g codata G4() : N where O,
0O,
~¢g codata Gs() : N where O

(]GO A&B:N)
(G0 FC:N)
(1G30FA:N)
(1630 +B:N)
(G0 FC:N)

(|G OFAN)

(| GO B&C:N)
(|GsO)Fr A& (B&C): N)

D.1.4 Distributivity. Distributing a multiplication over an addition also arises from the flat

nature of (co-)data declarations much like reassociating a binary connective. The difference is that
when the addition is flattened out into the structure of the declaration, the multiplied type is carried
along for the ride (via the mix law) and copied across both alternatives, as shown in the following
isomorphisms:

dataF;() : V whereK: (A® (BoC): V+ F()|)

~g, dataFy() : V whereK :

~g, dataF3() : V where K,

KZ:

~g; dataFy() : V where K,

Kzl

~g, dataFs() : V where K,

K25

data F4() : V where

oL
codataG;() : N whereO: (|G
~yg codata Gy() : N where O :
~gg codata G3() : N where O,

O,
~pg codata G4() : N where O,

O
~pg codata Gs() : N where O,

O

codata G¢() : N where

SR 01 (|G()F (AW B)

D.1.5 Annihilation. When a type is multiplied by

(A:V,B&C:VrF()|)
(A V,B:VrF(0])
A:V,C:V+rF(0|)
(A®B:V+rF()|)
(A:V,C:V+F01)
:(A®B:V+rFs()|)
(A®C:VrFs()|)

K:(A®B)@(A®C): V+Fs() )

{OFA®B&C): N)
(|GOFA:N,B&C:N)
(1 GsOFA:N,B:N)
(]G0 FA:N,C:N)
(| GsO+ A®B:N)
(]GO FA:N,C:N)
(]G5O A® B: N)
:(|GsOFA®C:N)

&(A®Cx): N)

the additive unit, it is cancelled out. This occurs

because, unlike an addition, the multiplication places the type next to the unit where it is in harms
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way. Thus, when 0L and TR are extended (by the mix law) to allow for an extra component alongside
the units, it is swept aside as the entire alternative is deleted, as in the following isomorphisms:

dataF;() : V whereK: (A®0:V+F()])
~5, dataF,() : V whereK: (A: V,0: VFF()|)
~g; dataFs() : V where

~,, dataFy() : V whereK: (0: V,A: VF,)|)
~§; dataFs(): V whereK: (0@ A:V+ F5() | )

codata Gi() : N whereO: (|G ) - AR T:N)

~pp codata Gy() : NwhereO : (| Go()F A: N, T: N)
~7p codata G3() : N where

~1g codata G4() : N whereO: (| G,()+ T: N,A: N)
~yp codataGs() : NwhereO: (| G;()r T®A: N)

D.2 Proofs of the duality laws
D.2.1 Involutive negation. Double negation elimination is, perhaps, deceptively simple: the

—L and —R laws just flip the double-negated type back and forth across the turnstyle until both
negations disappear:

dataF;() : V whereK: (=(=A): VFF;|) codataG;(): VwhereO: (| G;+ —(=A): N)

~7, dataFy() : V whereK: (+ F; | mA: N) =7 codataG,() : V whereO : (-A:V |Gy +)

~Tp dataFs() : V whereK: (A:V+ F3 ) ~_; codataGs() : V whereO: (| Gs+ A: N)
Note that in the case of —(—A), =R must be used in a data declaration instead of a co-data declaration,
and likewise —L must be used in a co-data declaration for —=(—A). This can be accomplished with

the (co-)data interchange laws, that let us convert each data isomorphism from fig. 10 into a co-data
isomorphism and vice versa.

D.2.2  Constant negation. Involutive negation converts “true” into “false” and “false” into “true,”
but it also swaps between the data and co-data formulations of each. For the multiplicative units,
the data type 1 for true is the negation of the co-data type L for false because both represent a
(co-)data type with one alternative containing nothing:

dataF;() : V whereK: (—L:V+F[) codataG;() : N whereO: (| Gy + —1: N)
~f, dataF,() : 'V whereK: (r F, | L: N) =~Tj codataGy(): N whereO:(1:V |Gyt )
~ g dataF3() : V whereK: (F F5 |) ~]; codata Gs() : N whereO : (| Gs )

~f dataFy(): VwhereK: (1: VFFs|) =~ pcodataGy(): N whereO:(|Cst L:N)

For the additive units, the data type 0 for false is the negation of the co-data type T for true because
both represent a (co-)data type with no alternatives:

dataF() : V whereK: (=T : V+ Fi() |) codataG;() : 'V where O : (| Gi() F =0 : N)
~', dataF,() : 'V whereK: (r F;() | T: N) ~Z, codataGy() : V whereO: (0:V | Gy() +)
~1 . dataF3() : V where ~,; codata Gs() : V where

~y, dataFy() : V whereK: (0:V + Fy()|) ~7g codataGy(): V whereO: (| G4+ T : N)
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D.2.3  De Morgan laws. Involutive negation also converts “and” into “or” and “or” into “and”
while interchanging data with co-data. For the multiplicatives, the connective ® is an “and” pair
that amalgamates two pieces of data into a single structure, and this is the negation of % which is
an “or” pair that conjoins two observers together:

dataF;(): V whereK: (—(A® B): V+F()])

~', dataFy() : V whereK: (r F2() | A® B: N)

~pr dataF3() : V whereK: (- F3() | A: N,B: N)
~7, dataFy() : V whereK: (~A: V + Fs() | B: N)
~', dataFs() : V whereK: (—A: V,-B:V+ F5() |)
~g; dataFe() : V whereK: (-A) ® (-B) : V + Fs() | )

codata G;() : N whereO: (| G;() - -(A® B) : N)
~_p codataG,() : NwhereO: (A®B:V | G()+)
~g; codataGs() : NwhereO: (A: V,B:V |Gs()+)
~_p codataG4() : N whereO: (A:V | G4() - -B: N)
~_p codataGs() : N'where O : (| Gs() - =A: N,-B: N)
~pp codata Gg() : N where O : (| G4() F (=A) % (=B) : N)
For the additives, the connective @ is an “or” that yields one of two possible alternative types of

answers, and this is the negation of & which gives observers the option of one of two possible
types of questions:

dataF;() : V whereK: (—(A&B) : V+ Fi() |)

~7, dataFy() : V whereK: (+ F2() | A& B: N)

~gr dataF3() : V whereK; : (F F3() | A: N)
Kz :(F F30[B:N)

~7, dataFy() : V whereK; : (A: V F F,() | )
Kz : (+F F4() | B:N)

~7, dataFs() : V whereK; : (~A:V+Fs5() |)
Ke:(=B:VFFs( )

~g; dataFe() : V whereK: (-A)® (-B) : V + Fs() | )

codataG;() : N whereO: (| G;()+ =(A® B): N)

~_p codataG,() : NwhereO: (A®B:V |G()+)
O1:(A:V[Gs0F)

Oz :(B:V[Gs(OF)

O1: (|G F-A:N)
O2:(B:V[Gs(OF)

O1: (G50 F—A:N)
O2:([Gs()F=B:N)

~gg codata Ge() : N where O : (| Go() F (=A) & (=B) : N)

~g; codata G3() : N where
~g; codata G4() : N where

~g; codata Gs() : N where
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E NONLINEAR SHIFT LAWS

In section 1, we mentioned that the well-known isomorphism (AXB) - C~ A —» (B — O)
doesn’t hold under the naive reading in either ML or Haskell because currying and uncurrying are
not truly inverses of each other. This is in stark contrast to the pure, call-by-name A-calculus with
products where the currying isomorphism does indeed hold. This is because in the call-by-name
A-calculus with products, we get to use the full 5 law for functions (Ax.f x =, f) as well as the
surjectivity law for products ((7; x, 72 X) =gy x). Then using the ordinary definition of curry and
uncurry in terms of projection,

curry £ Af Ax.y. f (x,1y) uncurry £ Af Az.f (7, z) (73 2)

we can demonstrate that the composition curry o uncurry is the identity function because of the
call-by-name 7 law for functions

curry o uncurry =g Af.curry (uncurry f) =g Af .Ax.Ay.uncurry f (x,y)
=5 Af Ax.Ay.f (m(x,y)) (m2(x,y))) =z Af AxAy.f xy =, Af.f

and we can also demonstrate that the reverse composition uncurry o curry is the identity function
because of the surjectivity law for products

uncurry o curry =g Af.uncurry (curry f) =g Af .Az.curryf (m z) (m, 2)

=g Af Az.f (m1 2, M3 2) =gy Af Az.f z =5 Af.f
So what goes wrong in real programming languages like ML and Haskell? In ML, we can only rely
on a restriction version of the 5 law, so that Ay.(f x) y # f x because the function call f x is a
computation which might case effects—like nontermination, exceptions, or mutation—instead of a
value like Ay.(f x) y which causes no effects. In Haskell, we cannot rely on the surjectivity law for
pair types, because the context case U of (x,y) — () distinguishes between a constructed pair and
a computation of a pair, so that case z of (x, y) — () will not return any result if z never returns a
pair (like any expression that causes an error or loops forever), but case (fst z, snd z) of (x,y) — ()
always returns () regardless of what z is.

But then where does that leave our polarized analysis of such encodings? We should expect
that if the call-by-name A-calculus is capable of proving that currying and uncurrying form an
isomorphism, then the analogous isomorphism should hold up in the polarized calculus as well. The
issue is that since the polarized function space takes a positive argument rather than a negative one,
we have that the purely call-by-name function type is A — x B = (| A) — B That means that the
corresponding uncurried function type, where surjective products are represented as the negative
& product type, is | (A & B) — C, which does not fit the mould of our currying isomorphism
(A®B) > C~ A— (B— () from fig. 14.

As it turns out, there are some additional laws about the shift connectives besides the simple
identity laws we used in section 6.3. In particular, [Zeilberger 2009] mentions laws for distributing
shifts over other connectives:

L(A&B)~ (lA)® (|B) lT~1
T(A® B) =~ (TA) ® (1B) To~ L

The ability to distribute shifts over negative products lets us derive the law exactly corresponding
to currying in the call-by-name A-calculus as follows:

(A&B) >y C=~ |[(A&B) > C=~ (lA®(B) > C~(JA) > (B) > C~A—>xyB—-oxNC
The proofs of these distributive shift laws are actually interesting, because they differ from all the

previous ones we used to encode (co-)data types. In particular, distributing shifts over the additive
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connectives is explicitly nonlinear, and requires copying or erasing objects, which is in contrast to
all the previous isomorphisms which are linear in the sense of linear logic (not to be confused with
the similarly named “linear co-terms” from definition 4.2 which generalize co-values). For example,
the isomorphism | T = 1 is established by the following two commands:

c2(0la):(x:lTra 1) ¢ £ (LuOa) : (" : 1r a: |T)

Notice how we completely drop the input x and x’ from these commands. The proof that the
composition of these commands is the identity relies on the incredible strength of the 1§, and r;}v
laws, which let us prove that every value of the 1 and T types are interchangeable.

(pa’.cljix’.c’) =y, COlix". (LuOa)) =i (L(uO)la)
=int KA @)- Q@O ]) =y xall@)- Al ]) =, (x|a)

(na.c’lix.c) =y, (LuO)ax. {Ola”)) =z (Olla) =, NALO-(Ola)]) =y (xla)

Scaling up, the isomorphism | (A & B) = (| A) ® (| B) is established by the following two commands
(where we make use of a little deep pattern matching for notational convenience):

¢ £ lAll@)-(Lwpr- ylm B, L(pps- Yl [BD))]a)])
((x: [(A&B)Fa’': (JA)® (IB))

¢’ = (ALY, Ly2)- (Ll [Byil o) | 72 [Be)-(wall B2 Da)])
(" (lA)@(B)Fa: [(A&B))

Notice that in c, the inner value of type A & B is necessarily duplicated and observed twice to
extract both the A and B components to build the pair. Contrarily in ¢’, the inner values |A and | B
are each only referenced in one branch of the product case analysis, effectively dropping one or the
other depending on which projection is requested which violates the normal discipline from linear
logic. However, these commands are also inverses thanks to the correctly chosen disciplines for the

respective types and the strength of the call-by-value r]i, law.

</w/.c ﬁx'.c'}
_ wa xall@) (L (ylm (B, Lppe- (yllmz [B2D )] ) DI
T AL, Ly2) (L [Ba]-yall Br) | 2 [B2]-Cy2llB2)))led])

_ <x il 1. LByl (B, Loyl [B21)) ]>
g AL ). L)L (Bl | 2 [Bel- (w2

_. <x ﬁ[l(y) T RTEATAN] ]>
s AL (LGB (Wl [BIDNALLw2)-(L (s [ 1w 1) | 2 [Ba] w2 IB DI ])])

=1 XAl @)-(upr- lm (B Ay ppz. (Ylmz (B2 2. (LuCrr [B1]-(yall fr) | 72 [B2]-Cy2ll B2 ) ])
=jnp XIALL @)Ly [Pyl [B]) | w2 [Be] Cy2llme [B2 D)) ])
=y KA @)-L@l)])

=1 (xla)
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(pa.c’|jix.c) =, (pa. (A1), Ly2))- (L [Pl (il Br) | w2 [Ba]-Cyzl B2))) ) DI
ST AL @) A Byl [, L(upBe. (Yl [B2D)a))

I P Ay [B1] Ayl Br) | 72 [B2].Cy2ll f2)))
—,,,,< “[(“y”’“yz”' L)AL e D)), L(uBa (ylles [B D)) ]) ]>
=i <x’ ﬁlu(yl), l(yz))-< am

(- (pCr [B1]Cyal 1) | w2 [B2]-Cyzl oDl [B1])),
LBz (u(ry [B1]-Cyalfr) | 72 [B2]-Cy2l B2)) 2 [B21)))
=g (Al (L@, L) ((Lwbr- wilB), Lupe- (w21 B2))]e)])
=gl (x'[a] (L), L) (L), Ly)|e’)])
=in, (i1, y2) {1, y2)|’)])

=ne <x’|a'>
The other isomorphisms for distributing shifts, T(A® B) = (TA) ® (TB) and T0 =~ L follow a
dual construction as above.
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