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Abstract

The pattern matching calculi introduced by the first author are a refinement of the A-calculus that
integrates mechanisms appropriate for fine-grained modelling of non-strict pattern matching.

While related work in the literature only uses a single monad, typically Maybe, for matchings,
we present an axiomatic approach to semantics of these pattern matching calculi using two monads,
one for expressions and one for matchings.

Although these two monads only need to be relatively lightly coupled, this semantics implies
soundness of all core PMC rules, and is a useful tool for exploration of the design space for pattern
matching calculi.

Using lifting and Maybe monads, we obtain standard Haskell semantics, and by adding another
level of Maybe to both, we obtain a denotational semantics of the “matching failure as exceptions”
approach of Erwig and Peyton Jones. Using list-like monads opens up interesting extensions in the
direction of functional-logic programming.

A short version of this report appears as [[Kahl, Carette™ 2004)].
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1 Introduction

Although (pure) functional programming in general is very accessible to equational reasoning, the
addition of pattern-matching function definitions introduces non-equations looking like equations, for
example the second line in

isEmptyList (x : xs) = False
isEmptyList ys True

The operational semantics of such definitions employs the functional rewriting strategy defined over
several pages by Plasmeijer and van Eekelen [Plasmeijer, van Eekelen 1999 or, essentially equivalently,
in the section on case expressions in the Haskell report || [Peyton Jones™ 20()3” This implies that
syntactic use of the definitions of a program in reasoning about that program has to take into account
that complex strategy, and loses the simplicity of equational reasoning.

The pattern matching calculus (PMC) introduced by Kahl [Kahl 2004] remedies this situation.
It separates pattern matching aspects into a separate syntactic category of “matchings”, not unlike
groups of “case branches p -> e” considered by Harrison et al. [Harrison, Sheard” 2009, but with
an additional “argument supply” constructor that rationalises and generalises the pattern guards
proposed by Erwig and Peyton Jones [Erwig, Peyton Jones 2001]]. PMC is equipped with a confluent
(second-order) rewriting system, thereby enabling equational reasoning starting from the definitions
of a program. The rewriting system directly gives a normalisation strategy [[Kahl 2004].

PMC allows straightforward internalisation of pattern matching definitions without the ballast of
having to introduce the new variables necessary as case arguments (the syntax will be explained in
detail in Sect. P)):

isEmptyList = {| (z : zs) = |False| | ys &= {Truel |
Application to the empty list [] induces the following reduction sequence:
isEmptyList || — {(z:xs)= 1False] | ys= 1Truel | []

— {[]>((z:2s) = 1False| | ys= 1Truel) |}
— {[I> (x zs) = |False] | [|> ys = 1Truel |

— {= I [>ys 1Truel |}
— {l>ysE 1Truel |}
— {1 True| |}

—  True

There is also a “conservative embedding” of the A-calculus into PMC: Application is the same, and
abstraction translates into a one-alternative variable-pattern matching:

Av.e = {velel|

With this definition, S-reduction can be emulated by a three-step reduction sequence in PMC (the
reduction rules are listed in Fig. [] and explained in Appendix [§):

ANv.e)a = {ve el a

— abvE e
o lel}

—— {lellv\a]}

(>v)
= {lelo\d]l}

E— e|v\a
[CRAND) [ \ ]



4 1 INTRODUCTION

[B-normal forms translate into PMC normal forms, and PMC reduction sequences starting from trans-
lations of A-terms essentially correspond to B-reduction sequences, so the embedding is faithful.

Pattern guards extend Boolean guards with the ability to bind additional variables; Peyton Jones’
standard example is:

clunky env vl v2 | Just rl <- lookup env vl
, Just r2 <- lookup env v2 = rl + r2
| otherwise = vl + v2

This directly translates into PMC, with a slightly different structure (with appropriate conventions,
we could omit more parentheses):

clunky = { env = v; =& v = ((lookup env vy > Just(r) =
lookup env vy > Just(ra) = 1r) + m2])
[ 11 + wal)

i

PMC is really a family of calculi based on a common core syntax: starting from the rewriting system
corresponding to Haskell evaluation or the standard functional strategy and exchanging a single rule,
we obtain a system that corresponds to Erwig and Peyton Jones’s proposal [Erwig, Peyton Jones 2001]]
to treat pattern matching failure as an exception that can be caught in the same or in another case

expression.

In this paper, we provide a semantic basis for the exploration of these and further pattern matching
calculi by giving a compositional monadic semantics for the core PMC syntax. The interesting aspect
is that the two syntactic categories of PMC correspond to two separate monads that are, in general,
only relatively lightly coupled. As we fundamentally use the separate notions of “computation” in
each syntactic category, it is very natural to use a monadic formalism, and from there to continue
using a categorical setting throughout for our semantics. It has been suggested to us that using a
metalanguage like that of [Mogg ]| could clarify our presentation; while we agree with this, we
do not yet know how to model the necessary “pointwise extensions” we need (see Sect. [L.1) in the

metalanguage. Thus we have opted to stay with a purely categorical presentation.

The main contributions of this paper are the clean separation of concerns between the (monadic)
semantics of expressions and of matchings, the crucial observation that the interpretation of function
types must be different for matchings and expressions, and a clean isolation of the design choices
available when considering pattern-matching semantics. Another important technical ingredient was
the need to create appropriate “pointwise extensions” of operations in the base monads to function
types — something routinely done in mathematics, but seldom done in statically typed programming
languages.ﬂ

After presenting and explaining the abstract syntax of simply typed PMC in the next section, we
fix some category-theoretical notation and terminology in Sect. before defining the bimonadic PMC
semantics in Sect. []. In Sect. [] we give the soundness theorem for the core reduction rules from [Kah]
2(04] (listed in Appendix [J) with respect to our semantics without further constraints on the two
monads, and explain the core of its proof steps. We then start an exploration of possible bimonadic
constellations for alternative interpretations of PMC in Sect. [f.

Acknowledgement. We would like to thank the anonymous referees of draft versions of this report
for their valuable comments.

'Maple™and Mathematica™ both overload arithmetic operators so that f + g means pointwise addition, but both
of these languages are dynamically typed.



2 Abstract PMC Syntax

PMC has two major syntactic categories, expressions and matchings. These are defined by mutual
recursion.

When considering the analogy to functional programs, only expressions of the pattern matching
calculus correspond to expressions of functional languages.

Matchings can be seen as a generalisation of (groups of) case alternatives. Matchings can expose
patterns to be matched against arguments; we say such matchings are waiting for argument supply,
and give them function types. Complete case expressions correspond to expressions formed from
matchings that already have an argument supplied to their outermost patterns; matchings that have
arguments supplied to all their open patterns are called saturated. Argument supply to patterns is
separated from performing pattern matching itself; depending on the outcomes of the involved pattern
matchings, saturated matchings can succeed and then return an expression, or they can fail.

Patterns form a separate, auxiliary syntactic category that will be used to construct pattern
matchings.

In this paper, we will consider a class of simply-typed pattern matching calculi with common
syntax; the abstract syntax of these calculi is defined by the following grammar:

Pat == Var variable

| Constr(Pat,...,Pat) constructor pattern
Expr = Var variable

| Constr(Expr, ..., Expr) constructor application

| Expr Expr function application

| { Match |} (result) extraction

| OType empty expression
Match := 1Expr]| lifting

| “Type failure

| Pat = Match pattern matching

| Expr > Match argument supply

| Match | Match alternative

Since this syntax has a number of unusual aspects, we explain the intuition behind it in more detail
below.

Throughout this paper, we will use the following conventions for meta-level variables:

e a. «ay, B, ... are types; T, 7; are constructed types.

e v, v, W, T, T, Y, y; are variables; ¢, d are constructors.

® p, p1, P2, ..., q are patterns; m, my, mg, ... are matchings,
e a, b, e, e, e, ..., [ are expressions,

e i, k, n are natural numbers,

Types are generated from data type constructors and the function type constructor. Technically, we
assume a family (TConstry)ren of disjoint countable sets of data type constructors of arity k, and
types are generated by:

Type := TConstri(Typey,..., Types) constructed types
| Type — Type function types
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For the sake of simplicity, we do not consider polymorphism in this paper, so there are no type
variables, and therefore no concept of principal types; each well-typed expression or matching has
exactly one type.

We then assume that the set of constructors is organised as a family of disjoint countable sets
Constra, x...xa,—r for all types ai, ..., ap, 7.

We also assume that the set of (expression) variables is organised as a family of disjoint countable
sets

Var = kl-J Var,,
acType

and a function type : Var — Type to be given such that v € Vargpe , for each variable v € Var. Type
judgements then need no context.

For the purpose of our examples, all literals, like numbers and characters, are assumed to be
constructors of appropriate types, and are used only in zero-ary constructions (which are written
without parentheses). Constructors will, as usual, be used to build both patterns and expressions.
Indeed, one might consider Pat as a subset of Expr.

Typing judgements expressing that pattern p, expression e, respectively matching m are well-typed
of type « are written in the following way:

Fp:a Fe:a Fm:a«
P E M

Patterns are built from variables and constructor applications. All variables occurring in a pattern
are free in that pattern; for every pattern p : Pat, we denote its set of free variables by FV(p). In the
following, we silently restrict all patterns to be linear, i.e., not to contain more than one occurrence
of any variable. The pattern typing rules are shown in Fig. I

c € Constro, x..-xan—r II; Py e I; Dn : Qp

F v:typew
P l;c(pl,...,pn):T

Figure 1: Pattern typing rules

FEzxpressions are the syntactic category that embodies the term construction aspects; besides variables,
constructor application and function application, we also have the following special kinds of expres-
sions: Every matching m gives rise to the (result) extraction {m[}. If the type of matching m is a
function type, then {m [} extracts a function from m. If m is not a pattern matching again, then it
can either succeed or fail; if it succeeds, then {m [} extracts the value(s) “returned” by m; otherwise,
{m] extracts “nothing”, which can also be expressed as the expression @, which is henceforth called
the empty expression.

We use this somewhat uncommitted name “empty expression” since we shall consider two inter-
pretations of @:

e [t can be a “manifestly undefined” expression equivalent to non-termination, following the com-
mon view that divergence is semantically equivalent to run-time errors.

e It can be a special “error” value, propagating matching failure considered as an “exception”
through the syntactic category of expressions.

None of the expression constructors binds any variables; we overload the FV(_) notation and use it to
denote the set of free variables FV(e) for an expression e : Expr. Expressions are typed according to
the rules in Fig. f.



Em «
F v:typew F Q4
E E Edml}:a
E
c € Constro, xxan,—r = €101 - F oepiay Fe:a—p Foe:a
E E E E
Ec(el,...,en):T IE(el e): B

Figure 2: Expression typing rules

Matchings are the syntactic category that embodies the pattern analysis aspects:

For an expression e : Expr, the lifting or expression embedding |Expr[ can be seen as the matching
that always succeeds and attempts to lift the result e into the enclosing expression, so we propose
to read it “lift e”.

Failure < is the matching that always fails.

The pattern matching p = m waits for supply of one argument more than m; this pattern
matching can be understood as succeeding on instances of the (linear) pattern p : Pat and
then continuing to behave as the resulting instance of the matching m : Match. It roughly
corresponds to a single case alternative in languages with case expressions, or to pattern-binding
A-abstractions.

argument supply at>m is the matching-level incarnation of function application, with the argu-
ment on the left and the matching it is supplied to on the right. It saturates the first argument
m is waiting for. “a > m” can be read “a into m” or “a feeds m”. The inclusion of argu-
ment supply into the calculus is an important source of flexibility. By separating the aspects of
traversing the boundary between expressions and matchings, and matching patterns against the
right arguments, the design of the reduction system is made more modular.

the alternative my | mo combines the possible matching results of m; and ms in some way that can
usefully be understood as “alternative”. In instances corresponding to conventional functional
programming, it has to be understood sequentially: m; | mo then behaves like my until this fails,
and then (and only then) it behaves like ma.

The typing rules for matchings are again straight-forward, and are shown in Fig. fJ.

Fe:a Fom o F mo: o
E M M
F &, _
M l\'_/|1€f304 '\ljl(mllmg):a
Foe: - : Fop: - :
- era L om a— [ S pra Mmﬁ
F : F :
¥ (e>m): E (pem):a—p

Figure 3: Matching typing rules

Pattern matching p = m binds all variables occurring in p, so FV(p & m) = FV(m) — FV(p),
letting FV(m) denote the set of free variables of a matching m. Pattern matching is the only variable
binder in this calculus — taking this into account, the definitions of free variables, bound variables,
and substitution are as usual. Note that there are no “matching variables”; variables can only occur
as patterns or as expressions.
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We will omit the parentheses in matchings of the shape a > (p = m) since there is only one way
to parse a > p = m in PMC.

As-Patterns and Irrefutable Patterns

Several “more advanced” pattern matching facilities have been proposed in the literature; Haskell98
defines two of those, namely as-patterns and irrefutable patterns. Both are defined via syntactic
translations in the Haskell98 report. For as-patterns, the following translation is used:

case v of {z@Qp — ¢; _ — €'} = case v of {p = Az —¢) v; - — €'}

In PMC, we can arrange this slightly more economically, thanks to the possibility to have sequential
matchings — in Haskell with pattern guards, the same approach would be possible:

zQp = m = TE T>pE M

Although irrefutable patterns appear to be much more intricate, the Haskell98 report formally defines
these using a straight-forward translation:

case vof{"p —e; _— e} = (Am...z, — e) (case v of {p — x1}) ... (case v of {p — z,})
where x1,. .., , are all the variables in p

Non-strictness implies that matching (with potential failure) is only performed when evaluation of e
requires one of the z;. We can follow the same approach:

pEm = ye(yppEn)bu=E .. (YppE ) > o, B m

where x1, ..., z, are all the variables in p and y is a new variable.

The above two translations could be used as reduction rules. Another option is to restrict ourselves
to a core calculus where only variables can be arguments of constructors in patterns; then the above
two translations turn into expansion rules and we can consider as-patterns and irrefutable patterns as
syntactic sugar. This approach also requires an expansion rule for nested patterns, considering them
as just an abbreviation for sequential matchings:

c(pr,..,pn) M = Wi, Un) B P PLE Y DDy B M

where y1, ..., y, are distinct new variables.

With this, pattern semantics becomes slightly easier to formulate, but nothing else really changes.

3 PMC Monads

We will define the semantics for PMC in an abstract categorical setting; we assume some “standard”
familiarity with category theory basics (some more details are supplied in the appendix). We quickly
introduce the notations we need in Sect. B.1], then characterise the bi-monadic setting for PMC-
semantics in Sect. B.3, and also explain some simple instances of this setting.

3.1 Summary of Categorical Notation

We will define the semantics for PMC in an abstract categorical setting; in this section we assume
some “standard” familiarity with category theory basics, and quickly introduce the notations we need;
some more details are supplied in Appendix [A].



3.1 Summary of Categorical Notation 9

We write f : a — b for a morphism with source object a and target object b. The identity on
object a is id,, and composition of morphisms f : a — b and ¢ : b — ¢ is written fig.

We assume a choice x of binary products with projections fst, , : a x b — a andsnd,, : ax b — b,
and morphism pairing (f, g) : ¢ — a x b for morphisms f : ¢ — a and ¢ : ¢ — b. We will denote by
term, : @ — 1 the unique morphism into the terminal object 1.

As we restrict ourselves to cartesian closed categories, for every two objects a and b, there are an
exponential object (for “functions from a to b”) written [a — b], a “function application” morphism
evaljg_p) : [a — b] X a — b, and a currying operation A that maps every morphism f : ¢ x a — b to
the unique morphism Af : ¢ — [a — b] such that (Af x id,)seval,_; = f.

We essentially follow Barr and Wells [Barr, Wells 1999] in adopting the following notations: we
write I1i : Z o a(i) for the indexed (but not necessarily ordered) product over the finite index set Z,
with component a(i) for index i; the projection to the sub-product indexed by elements of a subset
J CTis

projf. ; : (Ili : Z e a(i)) — (IIi : J e a(i)) .
We identify singleton products with their components: (Ili : {j} e a(i)) = a(j).

We will follow category theoretic usage in writing both the object mapping and the morphism
mapping of a functor as an application of the functor name (Haskell uses the the Functor class member
fmap for the morphism mapping). So for a functor H and a morphism f : a — b, we have H f :
Ha— Hb.

Given two functors H and K between the same two categories, a natural transformation t : H — K
is a function mapping each object a in the source category of H and K to a morphism ¢, : H a — K a
in the target category, such that for f : a — b, the following diagram commutes (the naturality
condition):

Ka—51 gy
ta t ie, Hfstp=1t,:Kf
Ha—HT gy

A monad is a triple (M, return™ ,join™ ) consisting of an endofunctor M together with two natural

transformations which, for readability, we also present as polymorphic morphisms:

return™ : id — M , Le., returnM a— M a
joinM . MM — M ie., joinM M (Ma)—Ma
(The required laws are listed in Appendix [A.3)
M

Every monad M gives rise to a so-called Kleisli category; it has return™ morphisms as identities, and

for arrows f: a — M b and g : b — M ¢, composition is defined as:
foOmg : a—Mc
fomg = f+Mgsjoin

An additive monad in addition has two natural transformations

zeroM . 1 - M , l.e., zerog/f 1 —-Ma

plus © Mx M — M , i.e., plusy : MaxMa—Ma
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with zero™ being (up to the canonical isomorphisms) a right and left unit for plus™, and plus™
associative.

As Moggi explains in [Moggi 1991H], we need strong monads for being able to deal with expressions
with more than one free variable; a strong monad M has a natural transformation

strengtth{b cax M b— M (axb)

called tensorial strength satisfying several properties listed in the appendix [A.4 Using the isomorphism
(swap, , from a x b to b x a), we can define the “swapped version” strengthRg/{b M axb— M (axb).
This allows us to define

@m: (M ax Mb)— M(axb)

as well as an n-ary version of the same via folding over ordered tuples, still denoted ®p.

For additive strong monads, we also demand (id, x zero'g/');strengthL%b = zero';"xb.

3.2 The Bi-Monadic Setting

We need a monad E for the expression semantics, and an additive monad M for the matching semantics,
so we have zeroM and plusM. In addition, there should be two natural transformations

extract : M—E , 1.e., extract, : Ma—Ea

lit : E—M , 1.e., lift, : Ea—Ma
satisfying the following additional laws:

liftsextract = idg , l.e., liftsextract, = idg 4 (liftsextract)
returnSilift = return™ , le., returnEilift, = returnM (returnEilift)
The law (liftsextract) ensures that lift, is injective; a further consequences of these laws is:

M E

. _ E
return, sextract, = return,

iliftgsextract, = return, .
Although it is tempting to demand that lift and extract should be monad homomorphisms, i.e., not
only preserve return, but also join, we have not found it necessary to make that assumption for proving
that the core PMC reduction rules are sound with respect to the semantics given in Sect. [].

Two particularly simple patterns of binmonadic settings will cover most of the examples discussed
in Sect. [J:

Setting 3.2.1 (M =E)

We can use the same monad in both roles of matching monad and expression monad, with identical
natural transformations for extract and lift. Such a setting trivially satisfies the laws (liftsextract) and
(returnEilift).

Setting 3.2.2 (M =E+1)

More interesting is the case where the image of zeroM is disjoint from the image of lift,.

On the first class of settings we consider, the matching monad M is the monad coproduct (see
ILiith, Ghani 2007)) of the expression monad E and the constant monad 1. This gives us as the two
monad coproduct injections the natural transformations lift : E — M and zeroM : 1 — M; since these
commute by definition with return and join, the law (returnFlift) is automatically satisfied.
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For any choice of monad homomorphism empty® : 1 — E, we then define extract : M — E as
the mediating morphism extract := [idg, emptyF], and from the coproduct definition we immediately
obtain (liftiextract), and:

zeroMsextract = zero™s[idg, empty€] = emptyE (zerosextract)
For the additive part of M, we still need to define plusM : M x M — M. To be able to essentially follow

the additive pattern of the Maybe monad, we restrict ourselves to cases where there is a distribution
isomorphism distrLg 1 from M x M = (E+ 1) x M to (E x M) + (1 x M), so we can define:

plusM = distrLg 4 5 [fste mslift, sndy m]

4 Monadic PMC Semantics

The semantics in this section is very much influenced by previous work, more specifically [Moggi 19914;
Moggi 1991H; Pung, Fiore™ 1994).

4.1 Type Semantics

The interpretation of function types is different for matchings and expressions. Therefore, for defining
type semantics in the setting of the two monads E and M, we will use K € {E,M} as a meta-variable
to unify treatment of expression and matching semantics.

For each of our two syntactic categories of expressions and matchings, we will define below two
different type semantics (both parameterised with a monad K) for each type «:

e the “raw” type semantics [a]k, and

e the “standard” type semantics [a].

As a mnemonic rule, one could remember that “superscript semantics” [a]X = K [a]k is, in a gen-
(134

eralised way, “in” the monad, while subscript [a]k semantics only “involves” the monad, where “in-
volving” means that the type typically is a container of items “in” the monad.

Constructed Types

For each constructed type 7, the type semantics is obtained from the raw type semantics by application
of the corresponding monad:

[71 =K [r]k .

and the “raw” semantics [7]k is the direct sum (over all constructors producing this type) of the
direct products of the corresponding constructor argument types.ﬁ Since constructor applications
take expressions as arguments, these argument types have to be wrapped in the expression semantics
monad E — the raw semantics of constructed types 7 does indeed not depend on K.

[l = ) [@e

neN,(c:aq XX an—7)EConstr

where we use [@]g to denote
[oa]E x - x [an]E

2Since, normally, only finite sets of constructors are considered, practical applications only require finite sums to exist
in the underlying category.
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A constructor ¢ : a1 X -+ X a;, — 7 is then interpreted by the corresponding constructor injection
cE : [aJe — [r]e together with the corresponding destructor morphism:

k. [7]le = M ([@]g)

such that ¢&¢F = returnﬁ[\"a]]E and, if ¢ # d, with d : 81 X - -+ X B, — 74, then:

E~E _ c . M
di¢t = term _izeropg).

(61

Function Types

Now consider the raw semantics of function types. Since all application constructs of the PMC syntax
(constructor application, function application, and argument supply) take expressions as arguments,
the argument type in the K-semantics will always be the expression type semantics of the argument
type 3. The result type however depends on the context, and will therefore be the (raw) K-semantics
of the result type ~v:

8=k = [8F — Il
[B—1% = [I5F — In]"
In order to ease analysis of our semantics, we provide essentially full type information, but this tends

to blow up our notation. We therefore incorporate the function type semantics pattern into a variant
notation for eval:

Eval, : [B—1]*x[8]F — [I¥

K -
Eva|577 = eval[[[/@]]E_,MK]

Point-wise Extension Combinators

Since the semantics of function types is not directly monadic, we need a generalisation of Kleisli
composition: If f : ¢ — K r and g : r — [o]X, then (f X g) : ¢ — [a]X is defined by:

fEg = foxyg

S g = A((( x idgse)strengthRY oge) T (g x idgspeEvalf,))

This behaves “mostly like” Kleisli composition: we have (fig) OK h = fi(g BX h) (Lemma [C3), so we
can omit those parentheses, and we also have returnX X ¢ = ¢ (Lemma [C.]).

Because of the way we treat of function types, we shall frequently need a construction that corre-
sponds to “point-wise extension to function types” of the composition fif[,] of a morphism f : ¢ — [7]¥
with a transformation ¢ : K — H. For this purpose, we define the following “generalised composition”
operation inductively over the function type structure.



4.1 Type Semantics 13
If f: ¢ — [a]X, then | f@ t]:q— [a]" is defined byf]

LT t] = fitm
LIGPT t] = Al (f xidpge)Evals, [T ¢ ]

This even works for K = 1 since the constant functor 1 is trivially a strong monad; in this case all f
arguments are morphisms to the terminal object 1.

Similarly, we need a “pointwise extension” of plus™ to function types: For two morphisms g1, o :
q — [a]M, we define g1 B, g2 : ¢ — [a]V as:

y (g1 x idpge )sEvaly
g1 8- g2 = (g1, g2)splus g Hsyp=A| H,
<g2 X id[[ﬁﬂE)?EVNg[,y

The following properties enable high-level reasoning using the point-wise extension combinators defined
above; the proofs of these and more can be found in Appendix [J:

Pt xgrBvall, = [, (F x g)Evalf [3] ¢
oGt = g fe ]
It w]l = [ F[5] tul
[(gBag) = fig1Hafig2

((91Bp—ry g2) x h)Evaly = ((g1 x h)Evalfj ) B, ((g2 x h)Evaly_)

Examples

Throughout the following examples, we assume an arbitrary but fixed expression monad E.

For zero-ary constructors, the product [@]g = [o1]F x - - x [ag]F of argument types is a zero-ary
product, and therefore the (more precisely: a) terminal object 1.

With Bool defined by data Bool = False — True, we therefore obtain for any monad K:
[Boollx =1 + 1 and [Bool[K =K (1 +1) .
For the function type Bool — Bool we obtain:

[Bool — Bool]k = [[Bool]® — [Bool]] and [Bool — Bool]¥ = [[Bool]® — [Bool]¥]

If we define data BoolFun = BF (Bool — Bool), we obtain:

[BoolFun]k = [Bool — Bool]E = [[Bool]E — [Bool]F]

3Note that the transformation ¢ has to be mentioned in [ f Da t ] without type argument, since it will be instantiated
q

as t, : K a — H a at different types a.
Also note that we put the subscript ¢ not close to the box, but after the opening parenthesis, since ¢ is the type
“before f”.
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and
[BoolFun]¥ = K [[Bool]E — [Bool]F] .

Expanding these one step further:

[Bool — Bool][x = [[Bool]E — [Bool]x] = [E(1+1)— (1+1)]
[BoolFun]x = [[Bool]f — [Bool]f] = [E (1 +1)— E (1+ 1)]
and:
[Bool — Bool][K = [[Bool]E — [Bool]X] = [E(1+1)— K (1+1)]
[BoolFun]¥ = K [[Bool]F — [Bool]f] = KI[E(1+1)—E (1+1)]

4.2 Organisation of the Semantic Functions

While in strict languages, in the rewriting semantics only values can be substituted for variables, and
analogously only values need to be bound to variables by the valuations in the denotational semantics,
we are here targeting non-strict languages, where the operational semantics can substitute arbitrary
expressions for variables, and therefore, analogously, the type of the denotational variable semantics
has to coincide with that of the expression semantics. The object associated with a variable is therefore
the E-image of the object that interprets the variable’s type.

For the sake of conciseness and readability, we abbreviate the object corresponding to the type of
a variable v by

vE = [type(v)]®

and also introduce similar notation for each set V of variables:

VE=TIv: Ve [[type(v)]]E

Since we want the reduction rules to translate into semantic equations, both sides of a rule always
have to be interpreted in a compatible way; since the reduction rules do not preserve all free variables,
we have to externally impose a source object for the semantic morphisms.

Therefore, given a variable set V, we define the semantics of an expression e of type a with FV(e) C
V as a morphism from the product corresponding to the variable set )V to the object corresponding to
a:
[e]5,0 : VE = [o]®
(When the type a is clear from the context, we write [e]5 instead of [[e]])E/’ o and analogously for the
other semantics functions.)

For each matching m of type a, we define its semantics as a morphism in the Kleisli category for
M from the variables to the result type:

[m]Va - VE = o™

Finally, to each pattern p of type «, we associate a morphism in the Kleisli category of M from the
object used for expression semantics of type a to the object corresponding to the set of free variables
of the pattern:

P E E
[Pl = [el™ — M (FV(p)~)
Constructor pattern semantics have to be “strict” as can be seen from the first occurrence of ©p in
the corresponding clause in Fig. [].

The definitions for all three semantics functions are listed in Fig. [
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Pattern semantics:

[»]5 : [o]® = M (FV(p)F)
[v]P = returnz/'E
[e(pr,- - pa)]® = liftpy Om EE Om (([a]” > - % [pa]") @)

forc:a; X - X a, —T.
The target type here is isomorphic to M (ITv : FV(p) e [type(v)]F);
for the sake of conciseness we consider these two types as identified.

Expression semantics:

[e].0 : VE > [o]f

[[U]]I\E) = PrOJ.T/i{U}

[e(er,...,en)]S = ([elSs..., [[en]]lE;);cE;returnfa]E
If al,, = (I/15,5_,[al§ 5):Evalf

ve [m¥, ma extract |

[
2ol = [pe term$; Hs zeroMiextract |

Matching semantics:
[m]}, e
Tel ]“,"@ = [ [e]§ Higli
“a) = [pe term$; Hs zeroM |
<[[m]]%\//|ﬂ~'y’ [[GHE,B>;EV3|%7
y [[ml]]%\}/l,a EEla[[mQ]H\/A,Oc
. E
pEmlys . = A ((prOJT)H/, X [[p]]g) ; strengthL”EvFV(p)E DL\YA [[m]]Z'@FV(pm)

where U = V \ FV(p), and a product rearrangement morphism is
again omitted

Figure 4: PMC semantics

5 Soundness of the Core Reduction Rules

For the core reduction rules of PMC listed in Fig. I (see [Kahl 2004] and Appendix [J for more
explanation), we prove the following soundness result in Appendix [J:

Theorem 5.1 All core reduction rules listed in Fig. [] are sound at arbitrary types. O

Here is a quick summary of which assumptions were crucial for the proofs to succeed; the detailed
proofs, to be found in Appendix [, mostly proceed at the level of the semantics definitions of Fig. [,
thanks to the properties of the “pointwise extensions” operators EO‘ and H, listed in Sect. [L]].

e (%) relies on zero being a left-unit for plus.

e (>]) relies crucially on the type-dependent, recursive definition of H.
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“lm — m (1) er (mi|mp) —- (ermi)|(e>mg) 1)
el — © {<=h) {Tellh — e d1re
oe — o  (0@) imba — faom) (4 ha)
e — & (>%) avfel — feal (>11)
arvE Mmoo m[v\al (bv)

dler,...,ex)>c(pry...,pn) E>m o < ifcAdork+#n (d>c)
cler,...,en)>c(pry...,pn) B m o eI>bPLE ey DDy B m (c>c)

if FV(c(er,...,en)) NFV(c(pr,...,pn)) = {}

Figure 5: PMC core reduction rules

e ({<|}) relies on compositionality for BO‘.

o ({11]) is because lift;sextract; = id,

e ({ @) and (>1]) are both a reflection of the symmetry of the rules for supply and application,
as well as commutativity of H and Eval.

e (0Q@) and (>%) rely on the same properties as ({ [@) and (>1]), but also on the definition of @
and £ at function types, which reflect their being defined “pointwise”.

e (>v) corresponds to [-reduction in A-calculi, and relies on standard categorical and monadic
properties.

e (¢ c) relies crucially on the fact that c¢5cF = returng/'[[a]]E_)[[T]], as well on returnMsextract, =

returnt, and on A being able to curry multiple variables.

(d > c¢) relies on d&cF = termC_]] ;zeroh\/la]]E for d # ¢, and on propagation of zero™ by strength.
E

[5

6 Using Different Monad Instances

Depending on the choice of monads E and M, additional rules become sound. For deterministic
functional programming, [Kahl 2004 proposes a rule that turns expression matchings into left-zeros
for alternative, and so essentially prohibits backtracking (and non-deterministic choice):

lellm  — fel (arn

For the case where an empty expression is matched against a constructor pattern, [Kahl 2004 offers
two different right-hand sides:

e The first rule corresponds to interpreting the empty expression as equivalent to non-termination,
as usual in Haskell:

®[>C(p17"'7pn)':>m V 1®r (@DC—>®)

e The second rule corresponds to interpreting the empty expression as propagating the exception of
matching failure as in the approach proposed in [Erwig, Peyton Jones 2001, this rule “resurrects”
that failure:

o>l )M o & (0> c— %)
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For each of these two variants of deterministic functional programming, we now show a corresponding
bimonadic semantics, and then go on to explore more general monads.

6.1 Preliminaries: The Haskell Monad H

Haskell uses a non-strict cpo semantics where all objects have a least element undefined, but morphisms
need not preserve this least element.

Since we need access to that least element from our semantics, it makes sense factor this out and
consider Haskell as based on an appropriate category of “potentially unboxed types”. Dcpos, i.e.,
directed complete posets (which need not have a least element) form a cartesian closed category that
is also closed under finite sums [[Gunter 1987, and therefore serve our purpose nicely.

Types considered as expression types in Haskell do have the least element undefined, and we
consider this to be added by the “Haskell monad” H, which we therefore define to be the lifting
monad, a special case of monad coproduct:

H:=(O)t=id+1

We denote the two natural coproduct injections as return™ and bottom, so we have:

return!! a—Ha
bottom, : 1 —H «

6.2 Haskell

For standard Haskell semantics, we choose the above Haskell monad H as the expression monad E := H,
and complete this to a bimonadic setting as in Setting with M = E + 1, choosing empty® : 1 — E
as empty® = bottom, so that it maps failure to L. As described in Setting B.2.9, lift is then the first
monad coproduct injection, from E to M, and zeroM is the second monad coproduct injection.

Since E = H = id+1, undefined computations propagate as a second left-zero through the matching
monad, i.e., forany FF':a — M g and G : a — (-

(bottomyilifty) ©m F = bottomgslifts (1)
(G,termasbottomv;liftﬁ;strengthLg"ﬁ = termsbottomg, liftgy (2)
(bottom,ilift,) IM F = bottomgilifts (3)

This corresponds to the approaches used by Tullsen [Tullsen 2000] and Harrison et al. [Harrison]
Bheard™ 2009; [Harrison, Kieburtz 2004 which all essentially employ the Maybe monad for this kind

of purpose.

This setting also makes the rules (1] |) and (> ¢ — @) sound (proofs are in Appendix D.4), which
proves that PMC, as defined in [[Kahl 2004] appropriately implements the semantics of Haskell.

6.3 Matching Failure as Exception

To achieve a semantics that is consistent with Erwig and Peyton Jones’ proposal to treat matching
failure as exception that can be caught by other matching alternatives [Erwig, Peyton Jones 2001, @
needs to be a zero for the expression monad E, which we can chose as E=H + 1.

If we complete this via Setting with M = E, then this equates the semantics of € and | © |,
and makes rule (0> ¢ — %) sound, see Appendix [D. for the proof.




18 6 USING DIFFERENT MONAD INSTANCES

But this also makes the rule (1] ), which corresponds to (deterministic) functional programming,
unsound, since it introduces inconsistencies, e.g., with semantics-level equations:

!
o={1oll={1o1142[} ={< [ 142] |} = {142 = 42
So with this semantics, we cannot use the general rule (1] |), but only restricted rules, e.g.:

oo el Im — Teeg.oen)l (e )

Note that the (mechanised) confluence proof described in [Kahl 2003; [Kahl 2004] implies that € = 1@ |
is not a consequence of PMC.,, which results from adding (1[]) and (& > ¢ — £) to the core rules.
This shows that the semantics considered here is not fully abstract for PMC.. On the other hand,
the calculus resulting from using (1¢||) instead of (1] ]) (and possibly adding also | @ | o <)

seems to be a more natural fit to the understanding behind Erwig and Peyton Jones’ proposal
Pgyton Jones 2001], since it really makes sure that exceptions are “caught” in the closest available
alternative.

6.4 Functional-Logic Programming

Lazy functional-logic programming (FLP) extends lazy functional programming with logic variables
and non-deterministic choice and the ability that any expression evaluates to “multiple values”. This
kind of choice can be modelled for example using a list monad, a tree monad, or the LogicT monad of
Kiselyov et al. [Kiselyov, Shan® 2007).

By using this kind of monad both for M, where choice originates in PMC, and, following Setting
B2]] with E = M, also for the expression monad, to which it needs to propagate in FLP, we obtain
an appropriate semantics for the fragment of FLP that can be expressed with the syntax of PMC as
presented here. The pointwise extension behaviour of alternative in our semantics actually exactly
corresponds to the way choice is treated in the functional-logic programming language Curry [[Hanug
[[997; [{anus™ 2004. (To obtain the full expressive power of FLP, we need to extend the pattern syntax
with the third alternative of call-by-value variables — the details are beyond the scope of the present

paper.)

6.5 Choice

A particularly interesting situation arises when the list monad is chosen for M, but just partiality for
E. Then we get all possible matches, yet we must then return only a single valid result. This can be
very useful in some situations where we have either an intrinsic measurement of “better” choices, or
where choice is inevitable but inessential. The same algorithm, Gaussian Elimination, can serve as
an example of both of these situations. [Carette 2006 shows how for many different domains, there
is an intrinsic notion of “better than” for the purposes of pivot choice. On the other hand,
[Zucker 2009] shows that either multi-valuedness or non-determinism are necessary ingredients even for
single-valued functions (like Gaussian Elimination) if one wishes to be fully abstract, in other words
representation-independent. Correspondingly, the “better than” notions of [Carette 2000 are generally
representation-dependent. Having a convenient programming language where we can disentangle
these issues would clearly be beneficial. We believe that this could allow versions of some numerical
algorithms, in the style of [Carette, Kiselyov 2005, to be made even more generic.
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7 Conclusion and Outlook

Using a monad, most typically Maybe, for the semantics of pattern matching in Haskell-like languages
has been proposed previously [Tullsen 2000; [Harrison, Sheard™ 2007; [Harrison, Kieburtz 2007).

Since PMC offers a finer-grained, more systematic separation of pattern matching aspects from
other expression evaluation aspects, choosing to interpret the two syntactic categories with separate
monads is an obvious choice — the alternative of using a monad transformer deserves further explo-
ration.

From this starting point, defining a general, monadic semantics for PMC required the resolution
of two fine technical points:

e the necessity to use different definitions of the function type semantics for expressions and
matchings, and

e the necessity to provide the corresponding “pointwise extensions” to the operations in the base
monads.

As a result, the soundness of all the core reduction rules of the two PMC calculi defined in [[Kahl 2004
is obtained assuming only remarkably light coupling of the two monads through the laws assumed for
extract and lift.

The only common rule of the two calculi defined in [Kahl 2004 that is left out of the set of core
rules is the rule (1] ]) expressing that the first success of a matching will be its only result; this
obviously would exclude monads with a non-determinism or backtracking component from being used
for matching semantics. By not including such an assumption, we keep our bi-monadic PMC semantics
open to uses also in functional-logic programming, which is one of the topics we plan to explore in
more depth in the future, and we are extending our current prototype Haskell implementation of PMC
reduction and of the semantics presented in the paper to serve as a test-bed for exploration in this
direction.

It is also quite intriguing that by just taking two list monads, one gets “all” answers out of programs
written as pure functions, if the patterns turned out to be overlapping. Generalising this further, to
say tree monads, is definitely worth exploring.

Finally we would like to use the given semantics as justification for transformation rules that are
useful for compilation of non-strict pattern matching.
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A Monad Laws

A.1 Categories

A category consists of a class of object, a class of morphisms, a partial composition operation on
morphisms, and an operation id assigning each object an identity morphism.

Each morphism has exactly one source and target object; we write f : a — b for a morphism from
a to b.

Composition of morphisms f : a — b and g : ' — ¢ is defined iff b = ', and then (fig) : a — ¢;
composition is associative.

id produces identities for composition: idg:f = f = fid,.

A.2 Endofunctors
An endofunctor F' maps objects to objects and morphisms to morphisms and preserves composition
and identities; if f : @ — b, then F' f : F a — F b.

A natural transformation ¢ from functor F' to functor G is a “polymorphic morphism” ¢, : F' ¢ —
G a satisfying the naturality condition t,;G f = F fsty, .

A.3 DMonads

A monad is a triple (M, return™ ,join™ ) consisting of an endofunctor M together with two natural
transformations

M

return a— M a joinM - M (M a)— M a

a

satisfying the following additional laws:

joingsreturny® = idy 4 M . .
Y et . e L y M joinMsjoin™ = joindt sjoinM
returny’sjoin, = idy 4

A.4 Strong Monads
Assuming a cartesian category with terminal object 1, there are natural isomorphisms
re @ (Ixa)—a
assoCqpe : (axb)xc—ax(bxc)
A strong monad M is a monad in a cartesian category that has a natural transformation
strengthL%b cax M b— M (axb)

satisfying (see [Moggi 1991 for diagrams and more explanation):

™ o = strengthLﬁ/{a;M To
strengtth/be,c;M assoCq p e = aSSOCq p M oi(idg X strengtth)\f[c);strengthL%bxC
return = (id, x return{)‘/[);strengtthf[b

(id, xjoin%);strengtth/{b = strengtth/{M y M strengthLﬁ/{b;joing/fxb
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Using the isomorphism (swa Pgp from a X b to b x a), we can define the “swapped version”

strengthR%b : Maxb— M (axb)

strengthR%b = SWapy o b;strengthL{,\ffa;M (swapys p.4)
This allows us to define @u : (M a x M b) — M(a x b) via
M = strengthRﬂ/’[b OMm strengthLﬁ/’[b

Notice that this chooses to “execute the first computation first” — this is in general different from
proceeding the other way round.

This can be folded over ordered tuples to give

® : (Malx-..XMan)ﬂM(alx...Xan)
® — (® X |d(M (13><"~><M an));...;®

B PMC Core Reduction Rules

Here, we repeat from [[Kahl 2004 the set of rules that implement the usual pattern matching semantics
of non-strict functional programming languages by allowing corresponding reduction of PMC expres-
sions as they arise from translating functional programs. In particular, we do not include extensionality
rules.

Formally, we define two redex reduction relations:
e for expressions, ? : Expr < Expr, and

e for matchings, - Match < Match.

These are the smallest relations including the rules listed below and (1] |) and either (0> ¢ — @) or
(o> ¢ — %) (mentioned in Sect. f]). The resulting rewriting system contains a mix of first-order rules,
rule schemata, and second-order rules; the first author described a direct confluence proof mechanised
in Isabelle and a deterministic normalising strategy (via reduction to strong head normal form) in
[Kahl 2004. (That proof has since also be performed for the core rule set.)

B.1 Failure and Returning

Failure is the (left) unit for |:

Z|m - ™ 1)

A matching abstraction where all alternatives fail can be understood as representing an ill-defined
case — this is reduced to the “empty expression”:

1 — o d=h

Matching abstractions built from expression matchings are equivalent to the contained expression:

{1ell — e d1rh)

E
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B.2 Application and Argument Supply

Application of a matching abstraction reduces to argument supply inside the abstraction:
{mba — favm} A ba)

Argument supply to an expression matching reduces to function application inside the expression
matching:

a>lel 7 le af 1)

No matter which of our two interpretations of the empty expression we choose, it absorbs arguments
when used as function in an application:

e - %) (0@)
Analogously, failure absorbs argument supply:
e>% v %< (>%)

Argument supply distributes into alternatives:

e (my | mg) NS (e>my) |(e>mg) =1

B.3 Pattern Matching

Everything matches a variable pattern; this matching gives rise to substitution:

apvEm mlv\a] (>v)
Matching constructors match, and the proviso in the following rule can always be ensured via a-
conversion (for this rule to make sense, linearity of patterns is important):

c(er,...,en)>c(pr,...,pn)E>m o abpLE - e>p, B m
if FV(c(er,...,en)) NFV(c(pr,...,pn)) ={} (e>e)
Matching of different constructors fails:

d(er,...,ex)>c(pry...,pn) B m v % ifc#tdork+#n (drc)

C Combinator Lemmas

Lemma C.1 For g: 7 — [a]M, we have: returnK X g = ¢

Proof: For constructed types, we have: returnf Df g =returnk Op g = g.
For function types:
returnf Dgl—w g

= A (((returnf X idﬂﬁﬂg);strengthRf’mE) El5 ((g x id[[m]g);Evalgﬁ)) def. [g_,,

= A (returnfxid[[m]E Els ((g x id[w]]g)sEvalgﬁ)) strength preserves return
= A (((9 X id[[g]]E);Evalg,y)) induction hyp.

= g A is nat. bijection O
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Lemma C.2 Forf:p —»gandg: ¢ — Krand h:r — [o]V, we have (fig) DX h = fi(g K h).
Proof: For constructed types: (fig) DX h = (fig) Om h = fi(g Om k) = fi(g Df h)
For function types:
(fig) OF ., A
= A (((f;g X idgpe )strengthRYS e ) B (7 x idmg);Evalgv)) def. [y,
= (((f x idpgpe)i(g x idgpe)s strengthR [[B]]E) K ((h x idpgpe); Evalﬁ 7)) functoriality of x
— fA (((g X idgge)strengthRY o) K ((h x ide);Evalm)) naturality of A
= filg Dg—w h) def. My, O

Lemma C.3 f;[rgmat]:[qf;gmat] for f:q—r.

Proof: By induction over the number of argument types in a.

Base case (constructed types): using the definition of | .T i 1 E tl=figt =1, fr9 ET t].
Induction step: Assume a = — 7:
= M g (9 % idmg);Evalgﬁ @ t] definition of | B’B_W ]
= A ((f X idpge )i x g (9 % idlIB]]E);Evalng @ t ]) naturality of A
= A[qx[ﬁ]]E (f x idpge)s(g x id[[/gﬂg)sEvalg?7 7 t] induction hypothesis
— A[qx[ﬁ]]E ((fs9) x idme)sEvalgW D’Y t] functoriality of x
= [, fr9 DB_W t] definition of | _W ] O
Lemma C.4 Assume f : ¢ — [ — 7]X and ¢ : r — [B]F, and let ¢ be a transformation from K to
H. Then:
S ] x g)ykvallf, =1, (f x g)Evalf, 3] ¢]
Proof:
([, f Eﬁ_w t]x g)Evaly
(Alyxpape (f X idggpe)s Evalf ] t]xg) iEvalfj def. of | mﬁ—w ]
= (idg x g)s(Alyxpape (f X id[[ﬂﬂE)§EVa|5,y l t]x id[[B]]E);EvaI;7 properties of x
= (idg x g):[yxpge (f x idygpe): EvaIBﬂ/ 57 definition of Eval
= [xr (fXxyg ;Evalﬁﬁ B'Y t] Lemma [C.] O

Lemma C.5  fi(g1Ba g2) = fig1 Ba fr92
Proof: By induction over the number of argument types in a.

Base case: If « is a constructed type 7, the definition of H, and properties of x immediately give us:

Fi(g1 By g2) = f3(g1, go)splus™ = (fsg1, figo)iplus™ = fi1g1 B, figo
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Induction step: Assume a = — 7:

f3(g1 Ba— g2)

= fiA ((gl X id[[ﬁ]]E)Evalg/'ﬁ B, (g2 x id[[ﬁﬂE)3EVa|%/[,y) definition of Hs_.-

= A x idggpe): (o1 x idggpe)Evalll, BB, (g2 x idggpe) Evally, )) naturality of A

- A ((f x idggge)i(g1 x idgge Eval¥. BB, (f x idggpe):(g2 X idmg);Evalgﬂﬁ) induction hypothesis
= A ((f;gl X idygpe Evally B, (figs x idﬂﬂﬂg);Eva%) functoriality of x

= ([:91) Bpr(f102) definition of B, [

Lemma C.6 If f : ¢ — [a]X, then [, f EO‘ id]=7f.
Proof: By induction over the number of argument types in a.

Base case: If « is a constructed type 7, the definition of | | immediately gives us:
[, f[3] id ] = fidpy = f

Induction step: Assume a = — 7:

PG id] = Algee (f x idgge)Evalf 5] id ] definition of [ [3"77 ]

= A((f x idmg);Evalgﬁ) induction hypothesis
= A((f x idpgpe)revaligie 1)) definition of Eval
= f A is nat. bijection O

Lemma C.7 Assume two transformations ¢ with ¢, : K ¢ — H ¢ and v with v, : H ¢ — G «a.

PG I wl =1 F 5] tu]

Proof: By induction over the number of argument types in a.

Base case: assume « is a constructed type 7:
o o 5] t] w] = [ 5] ] definition of [ [3]" ]
= fitppug definition of [ [3]" ]
= fi(tu) composition of transformations

= [, f[5] tu] definition of [ [3]" ]

Induction step: Assume a = — 7:

L LFGP HIE ul

= Algpae (g f Eﬁ_w t]x id[[g]]E);Evaﬂg7 3] u] definition of | Eﬁ*V ]
- A[qx[[ﬁ]]E [QXHB]IE (f x id[[ﬁ]]E)?EVaIEN EW t] EW u | Lemma [C.4]
= A[qx[[ﬁ]]E (f x id[[ﬁ]]E);EVa%ﬂ EP tu | induction hypothesis

= LG (bw)] definition of [ [3]"77 ] O
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Lemma C.8 For m : r — [o]M, we have  term%zerol Mm = [, term¢ o‘ zeroM .

Proof: By definition of | B |, we have for constructed types:
c M M c M
term’izero,’ [ m = term ]

v szeroM Op m = term zero[[ v = lq termq . zero

For function types:

C.raroM M
termyszero” L3 m

= A (((termg zeroM x idpgpe ) strengthR [[ﬂ]]E) K ((m x id[[m]g);Evalgﬁ)) def. Ly

= A ((termiX[ﬁHE;zeroM[{B]}E) D,’; ((m x idmg);Evalgﬁ)) strength preserves zeroM
= Al termgx[@’]]E @ zeroM ] induction hyp.

= Al pge (term§ < idpge)iEvaly [5]' zero™ | terminality

=, termc . 7 zeroM | def. [ EBHV ] O
Lemma C.9 [, term¢ Da zeroM |H,g = ¢

Proof: The base case follows directly from zeroM being a unit for plus:
(4 termg BT zeroM B, g = <term(qj;zeromﬂ,g);plusM =g

Induction step:

termC Eﬂ zeroM |85, g

= A <([ termC Eﬁ 7 zeroM | x id[[m]E);EvaIg/'7 B, (g x id[[ﬁ]]E);EVa%y) definition of B .,
= ( ox[8IE ( (term$ x idggpe); Evalﬁ7 EV zeroM | @, (g x id[w]]E);Evalg’!v) Lemma

= ( ax[BIE terqu[mE 5] zero™ | B, (g x id[[ﬁ]]E);Evah'\;/!y) terminality

= ( (g x 'd[[ﬁ]]E );Eval 3, 7) induction hypothesis

= A is nat. bijection O

Lemma C.10 Assume g1, 92 : ¢ — [3 — 7™ and & : ¢o — [B]F. Then:

((91 83— g2) x h)Evall = ((g1 x h)Evalfj ) By ((g2 x h)Evaly )
Proof: ((g1 Bg—y g2) X h)s Evalﬁ7
= (A (91 x idgge)Evally B, (g2 x idygpeJEvally, ) x h)Evalll,  definition of B,
= (idg X h)s <(91 X id[[m]E);EvalgAﬁ B (g2 x id[[ﬁ]]E);Evalg/fv) props. of x, Eval
= ((g1 x h)sEvaly B, (g2 x h):Evally ) Lemma [CF O
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For showing the correctness of the core reduction rules, we rely heavily on the lemmas shown in
appendix [J; they allow us to perform the proofs as direct calculation at the level of the combinators

used in the semantics definitions.

D.1 Failure and Returning

Rule ((<}):  [%ME, = e [%], [5]" extract ]

VE term%E a zeroMsextract |
= [2B.

Rule (% |): [e1mlY, = [©I),Bulm]},

Rule ({11]): H1elblSa = [ DellY, [5]" extract ]
[

D.2 Application and Argument Supply

Rule ({ }@): [{m} o]}, = ({m}} ,gﬂ,[[ al$; 5)Evals,

ye ([m]} ﬂ_yx/a[[ 15 5):Evaly 5] extract
= [ye [a>m]}, [5] extract ]

= [H]aDm[H]w

Rule (0Q): [@ e]]‘E,;y = [[®]]\E}ﬂ—w’ [e]§ 5>'EV3|57

e (termSe. [e]§ ﬂ>,EvaIﬁ 5] zeroMsextract |

= [ termvE .7 zeroMsextract |

- [[®]]V,'y
Rule (>11):  [avTell}, = ([le WM,[[ ﬂ55>-Evalﬁ%
= (e Eﬁ_w lift ], [a]} 5): Evally
= [pe <[[ ]]VB—VY’ [[a]]v’ﬁ>,Eva|BW 5] lift ]
= [pe [e d] EV lift |

= [He a ]]V,'y

semantics of { |}

[
= [ye [ye term$e Hs zeroM | [3]" extract | semantics of &
[

Lemma [C.1]

semantics of ©

semantics of |

semantics of &
Lemma

semantics of { [

semantics of 1 |

Lemma

(liftsextract)

Lemma

semantics of appl.

(
= ([ye [m] v,a-w E’G_w extract ], [a]§ 8 Evalﬁ7 semantics of { [
[

] Lemma
semantics of >

semantics of { [

semantics of appl.

{
= ([}e termvE E’g 7 zeroMiextract |, [[e}]]E,ﬂ);EvaIE7 semantics of @
[ve

Lemma [C.4

terminality

semantics of @

semantics of >
semantics of | |

Lemma [C.4]

semantics of application

semantics of | |



28 D CORRECTNESS OF THE CORE REDUCTION RULES

Rule (>%): fe> %]H\,"V = <[[%]]VBHW [e ]]XE,6>~EvaI?3/'W semantics of >
= ([}e termvE Eﬁ—w zeroM |, [e]§ /@);Evalglﬁ semantics of &
= [pe (term$e, [e]§ 8 Evalf . 5] zeroM | Lemma
= [ termvE ] zeroM | terminality
= ﬂ%]] semantics of &

Rule (> |):

fe> (mq | mg)ﬂ%\,/'ﬁ = {([m | mo]Y By L€ ]]5”8>;Eva|g/l,,y semantics of >
= (([m ]]Vﬁﬂ,y Bﬂgév[[mgﬂwﬂﬂv), [[e]]Eﬁ%Evalg/!W semantics of |
= ([ ]]g\}/'ﬁﬂ,y, [e ]]EB>;Eva|g,y) ~ Lemma [C.1( and [C.]
(<[[m2]]v B [[@]]v ﬁ> EvaIB 'y)
= [er» ml]]V,'y H,[er> mg]]V’,y semantics of >
= [(e>my)l(er> mg)]]%\,/'ﬁ semantics of |

D.3 Pattern Matching

First we show a simplification of the semantics of pattern supply; this will abbreviate the correctness
proofs of the pattern matching rules:

Lemma D.1 With &/ =V \ FV(p),

[espi= mY, = (projps gy, [e]5 5 lp15)strengthlLyfe ey e E [mIfury(y)

Proof:

[esp s mll,
([p= m]]li\?/lﬁﬂv’ [[e]]\E)ﬂyEvalﬁ'\;/"v semantics of >
_E .
= (A((projp.yy X [[p]]g);strengthLz'ilAEfV(p)E Dl\//' [[m]]l'){/'@FV(pm), [[e]])'iﬁ);Eval}}/!,y semantics of =
. . E
(idye, [[e]]Eﬁ);(proh—,H/I X [[p]]g);strengthLME’FV(p)E DL\YA [[mHZIEIA@FV(p),v props. of x, Eval
(

. E )
Projyyus> [e]]lE,ﬁ;[[p]]g);strengthL”E,Fv(p)E EL';A [[m]]y@,:v(pm properties of x [

Rule (>v): Let U =V \ {v}), and assume UE x [3]E = VE

[a> v m]%\/ﬂv
= (proj]—;u, |Ia]]57ﬁa[[v]]g%strengtth{/'E’FV(v)E Dg/' [[m]]Z'@FV(UM Lemma [D.]]
= (projgiu, [[a]]sﬁ;return%]]E);strengthLZ'\jEﬁ[[m]E Df//' [[m]]z'il/'@{v}ﬁ variable pattern semantics
= (proj{,iu, [[a]]]E,’L;);returng{/'EX[[m]E D:" [[m]]']\,",y strengthL properties
= (projp, . [l ) [l Lemma [7]
= [[m[v\a]]]']\;/[7 induction over constr. of m



D.3 Pattern Matching 29

Rule (¢ > ¢): For simplifying the presentation, we restrict ourselves to two constructor arguments in
the matching rule (let & =V \ FV(¢(p1,p2)) and W =V \ FV(p1) and U’ = (W @ FV(p1)) \ FV(p2)):

[c(er, e2) > c(p1, p2) B m]]{\i/lw
= (proipeys [e(er, 2)]E sle(pr, p2)]5) v B

) M M M
istrength LZ/{E,FV(C(prZ))E D'y [[m]]l/{@FV(c(m,pz))fY

= <Pr0jT/E>u semantics of ¢
sl [eal6):cBsreturn€, Hliftiry Ou & O ([p1]” x [pP): @n)
. M M M
ystrengthlyge evie(py poye B [Mitervicmn pm))y
= <Pr°jT/E>.ua <[[€1]]I\E;, [[62]]1E;>;0E‘EE OMm (([[plﬂp X HPQHP); ®m)) (returnE;Iift), unit of ©®

) M M M
sstrengthlie ey (0 po))E By Hm]]ueaFV(c(m,pz))ﬁ

_ <proj9E>u, <ﬂ€1]]5, [[ez]]F)i([[pﬂP « [[m]]P); M) destructor axiom, ® unit

) M M M
,strengthLungV(c(pl7p2))E v [m]]u@FV(C(phPQ))v'Y
. E i
= (proiyt g ([ o] [BSslalPy ) properties of x

) M M M
istrength LugyFV(c(phpQ))E I [m]]u@FV(C(pl,pz))ﬁ

L E :
= (projyyy, [e]; glp]f)strengthLite ry, e Om o
strengthL laws,
. E E : P i
<PFOJW@Fv(p1)>u” [e2lEery (01, ﬁ,[[pz]} 5) suppressed product isom.
) M M M
sstrengthlyie ey, By [[m]]u'eBFV(pz)ﬁ

. E
= (Projpyy, [[61]]55;[[191]]@ Lemma D]
;StrengthL%EuFV(pl)E ‘Z’l\y/l [[62 > p2 = mﬂ%@FV(pﬂ,’y

= [arpe ea>bpE 771]]'1\,/'77 Lemma [D.]]
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Rule (d > c¢):

[d(er,... ex)>c(p1y... pn) = m]]'l\//"7
= {projy.yy. [d(er,-.. e)lf gle(pr,- . pa)]5)  Lemma D1
strengthLyfe ey e B3 IMforvic)
= <pr°jT/E>u semantics of ¢ and d
AlelSs ..., [[ek]]5>;dE;returnfﬁﬂEslift[[T]] ©Om ¢E
om ((Im]” > - x [pa]7) @)
)i(strengthLyje ey (o ype) B3 [mBiorvie)
= (proj{;u, (lea]5s - - -, [ex]5)sdBscE (returnilift), unit of ®
om ((Im]° > - < [pa]7) @)
(strengthbyfe v o(pe) B [mlifarvie)

= (proj]—iu, (led]E, .., ﬂekﬂ]'%);term%gk;zero{[\gk destructor axiom

om ([p]P x - x [pal?) ®)
);(strengtthfgyFV(c(ﬁ))E) DM HmHM@FV(c(ﬁ)),W

. E o
= (pr0J9>u,term$}E;zero terminality, zeroM property

M
FV(c(P))F

M
);(strength LME’Fv(C(ﬁ))E) Dl\y/l Hmﬂ”@FV(C(ﬁ)),’Y

= term%E;zeroy@Fv(c(ﬁ))E DM [[m]]?,/'@FV(C(ﬁ)M zero™ interaction with strengthL.
= [ye term$e ] zeroM | Lemma [C.§
= [[%]]1'\,"7 semantics of &

D.4 Haskell Semantics

The following proofs assume the setting of Sect. [p.9, using the Haskell monad for expressions, i.e.,
E = H, adding, through combination with Setting B.2.9, only failure for matchings, i.e., M = E + 1,
and extracting failure to the bottom provided by the Haskell monad, i.e., empty® = bottom.

Rule (1 1]):

[erl m]]{\,/'ya = e[]]{\,/[a EEIO([[m]H\,/"a semantics of |
= [ve [e]§ O‘ lift | E&Ha[[m]]%\j/"a semantics of 1]

To prove that this equals []e H]%\,/' o We show the following generalisation:

[, f [ lift |Ba g = [, £ [5]" lift |



D.4 Haskell Semantics

For constructed types, this is easy:

L, T )8 g = (Flift,) B, g
= ((flift;), g)splusM
—  filift,
= [, f[5] lift]

For function types, we obtain:

[, FG 77 lift By g
= Alyupge (f X idpgpe)Evalfy, [ ift |Bpy g

:AEH7

(9 x id[[g]]E);EvaI['}’!7
[oxgae (f  idpgpe)Evali, [5] lift ]
= A EH/Y

(g x id[[m]g);Evalf'}/!7
= Alyuggpe (f x idpgpe):Evalfy, [3]' lift ]

= [ f[] 7 i ]

Rule (0> ¢ — ©):

[@>c(p1,... o) & m]y,
. E
= <proh—,>u, [[@]]577?[[0(1917 e 7Pn)]]5>
‘ M M M
,strengthLuE’FV(c(ﬁ))e LIy [[m]]u@FV(c(ﬁ)),y

. E
= (pProjy.y

s [pe term]cjE BT zeroMsextract Jilifty;) Om cE

Om ([l x - < [pa]") @)
) M M M
>7(StreEngthLuEJ:V(c(ﬁ))E) Ly [[m]]ueaFV(c(ﬁ))w
= (Projpsy
[ye termSe [5] emptyE Jifty, Ou 25
Om ((Im]7 x -+ x [pa]") @)
) M M M
>,(strengthLungV(c(ﬁ))E) LIy [[m]]ueaFV(C(ﬁ))ﬁ
. E
= (projy,y
,term%E;bottom[T]];Iift[[T]] ©Om E
Om ([l x - < [pal") @)
) M M M
ys(strengthLye ey mne) B3 [mlyerviem) -
. E
= (projy,y
,termij;bottomFV(c(ﬁ))E;“‘ctFV(C(if))E

>;(strength LZIEI/IEJ:V(C@))E) DM [[m]]Z'EIA@FV(C(ﬁ))v’Y

definition of | DT ]

definition of H,

definition of plusE*!, Setting
definition of | DT ]

definition of | Dﬁ_’w ]

(Al xgape (f X id[[ﬂ]]E);Evmg7 lift | x id[[ﬁﬂE);Eva%’[7

definition of Hs_.,

definition of Eval

induction hyp.
definition of | Eﬁ_’v ]

Lemma D]

semantics of ¢ and ©

(zerosextract)

definition of | ET ] and emptyE

(1) from page

31
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= [ue term%E 7 bottomilift ] (2), (3) from page []

= [pe [ye term$e ] zeroMsextract | [5] lift]  Lemma [C7, def. of emptyE
= [y [2]5 EW lift ] semantics of ©

= [1o HH\;A,V semantics of 1|

D.5 The Setting M =E

The following proof relies on M = E, or, more precisely, on extract:lift, = id, or even just the following
for all constructed types 7:
zeroﬁ[\ﬂﬂ;extract[[T];Iift[[T]] = zeroﬁ\ﬂﬂ .

Rule (01> ¢ — €): We assume that c¢ is a constructor with ¢ : g x -+ a,, — 7.

[ c(pry. . pn) = m]]’l\//ln

. E
= (projp gy, [015 lepr, - - pn)IE) Lemma D.1]
. M M M
sstrengthlye evee By [Mlusrvie)
= <Pr0jT/E>u semantics of ¢ and @

s [yE term%E Hi zeroMsextract Jiliftp,) Om ¢-
Om ([ x - < [pa]"): @)
)i(strengthLyie ey ge) O3 ImBioevie).
— <Pr°jT2E>u definition of [ [;] ]
,terng;zeroEﬂﬂ;extract[m];lift[[Tﬂ oM E oM ([p1]P x - x [pa]P) ®)
>;(S”eE”gthL”EFV(c(ﬁ))E) C5 [mlforvie.
= (projy,.y M=E
,term\C;EszeroEﬂﬂ Om ¢ om ([m]P x - x [p]") Q)
)i(strengthLyie ey zye) B3 Imloeye)
= <Pr0J'T/E>u zeroM is zero of ©

. . M M
, term%E,zero'l\:/'V(c(m)E>7(strengthLuE’FV(c(ﬁ))E) By [[m]]Z'@FV(C(ﬁ)M

= termf)E;zeroz'\jExFV(c(ﬁ))E DM [[m]]z'\l"@Fv(c(ﬁ)M strength preserves zero
= [pe term$e [3]" zero™ | Lemma [C.§

= [[%]H\}/I'y semantics of &



