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Preface

This volume is dedicated to Professor Phil Wadler, and the collection of papers form a
Festschrift for Phil. The contributions are made by some of the many who know Phil
and have been influenced by him. The research papers included here represent some
of the areas in which Phil has been active, and the editors thank their colleagues for
agreeing to contribute to this Festschrift. Each paper received at least two reviews, and
we thank the many external reviewers who helped to make this feasible. These pro-
ceedings were prepared with the aid of EasyChair.

In this preface, we attempt to summarize Phil Wadler’s scientific achievements. In
addition, we describe the personal style and enthusiasm that Phil has brought to the
subject.

Introduction

Throughout his career Phil has made fundamental contributions to programming
language design and formal systems for capturing the essence of programming lan-
guage features. In his research he fruitfully combines theory with practice. Many of his
contributions have opened up entire fields of investigation, for example, the “Theorems
for Free!” paper [82] inspired much research on parametricity. At other times Phil has
worked to bring a technique into the mainstream, for example, popularizing the use of
monads for describing effectful computations in functional languages [92].

He has contributed to widely used programming languages and important type
systems. His contributions to popular languages include many aspects of the design and
implementation of Haskell [31], a formal account of the XQuery declarative query
language [103], and generic types for Java [6]. His contributions to important type
systems include his work on effects [118], linearity [88], and blame [113].

He has also developed experimental programming languages. Orwell was an early
experimental lazy functional programming language, and a precursor to Haskell, and
Links [14] is a current experimental functional programming language for the Web.

Phil stimulates fellow researchers. He asks hard and unexpected questions, and often
provides valuable critical insights. He takes a personal interest in the work of his
research students, providing timely and creative feedback.

Phil sets high standards. He will not accept a technical explanation until it is crisp,
clear, and concise. As a result, interacting with Phil can sometimes be painful, par-
ticularly if your idea has not yet fully crystallized. However, if you persist and carefully
address each of Phil’s concerns then you often end up with a much deeper under-
standing of the original problem.
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Scientific Contribution

Rather than giving a detailed review of Phil’s research, we provide a few highlights.
Much of Phil’s work is collaborative with other research workers and with his research
students and post-docs, often with long-standing collaborations. Our abridged summary
does not mention all of the many collaborators in his work, but the list of co-authors in
the bibliography below documents these collaborations.

In addition to specific technical contributions outlined below, Phil has provided
leadership in the community, for example, serving as chair of the ACM Special Interest
Group on Programming Languages (SIGPLAN) between 2009 and 2012.

Programming Languages Phil has made major contributions to programming lan-
guage design, in particular contributing to functional programming and the theory
underpinning functional languages.

Phil’s PhD thesis, entitled “Listlessness Is Better Than Laziness,” made an early
contribution to the field of deforestation, and the title, like many of his research paper
titles, contains an apposite wordplay. (Phil’s paper titles even appear as the subject of a
“spotlight on style” in a book by Helen Sword, Stylish Academic Writing.)

In 1984 he developed the Orwell lazy functional language, a precursor of Haskell. In
the late 1980s he added ad hoc polymorphism to Haskell in the form of type classes
[115]. Type classes became influential, for example, laying the foundation for concepts
in C++ and inspiring the design of implicits and traits in Scala.

Phil proposed views [79] as a way of reconciling pattern matching with abstract data
types. His work on views was influential in the design of pattern matching for
dependently typed programming languages such as Agda and Idris. Abstractions
similar to views are now part of F# and Haskell.

Another important piece of work was to develop the theory of, and evangelize the
use of, monads for structuring functional programs. Monads were originally proposed
by Eugenio Moggi as a basis for reasoning about program equivalence, by making a
distinction between values and computations, and allowing the notion of computation
to vary. Phil showed how they could be used for a variety of purposes, for instance,
expressing queries over collection classes and stateful computations in a functional
language. Monads were initially adopted in Haskell, and subsequently in other lan-
guages, such as OCaml, F#, and Scala. Phil proposed monad comprehensions [86],
which have recently made a comeback in Microsoft’s LINQ, F#, and Haskell.

His work on type erasure for Java [6] directly inspired the current design and
implementation of generics in Java [53].

His work on the XQuery typed functional language for querying XML [103] is
another example of Phil applying theory to improve a programming language tech-
nology. He encouraged the development of a formal semantics for XQuery by showing
that the natural language semantics was flawed.

In 2005 Phil began working on the Links functional web programming language
[14]. From a single source file, Links generates target code for all three tiers of a typical
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Web application (client, server, and database). Ideas developed in Links have had
significant impact in industry. For instance, formlets [15], a canonical abstraction for
constructing Web forms, have become an integral part of IntelliFactory’s WebSharper
framework for Web programming in F#. Similarly, the Links approach to
language-integrated query has influenced the design of Microsoft’s LINQ.

Links remains an active research vehicle. Phil currently heads a research project
entitled “From Data Types to Session Types—A Basis for Concurrency and Distri-
bution” (or simply “ABCD”). An important part of the ABCD project involves adding
session types to Links. The design is partly inspired by Phil’s theoretical work con-
necting classical linear logic and session types [111].

Type Systems Phil has made major contributions to type systems for programming
languages and logic.

Phil’s work on free theorems [82] helped popularize relational parametricity, a
fundamental notion of uniformity enjoyed by second-order logic and hence the poly-
morphic lambda calculus [106]. Relational parametricity underlies the design of
generics in Java and C#. Free theorems and relational parametricity have been applied
in areas ranging from dimension types to bidirectional programming to physics.

In the 1990s Phil wrote a series of papers on linear logic [3, 48, 49, 61, 68, 85, 88,
89], promoting its application to programming languages via linear type systems.
Nowadays a number of research languages, including F*, Clean, Cyclone, Idris, and
Links, make use of some form of linear typing. Mozilla’s language Rust, intended as a
safe alternative to C, also incorporates a form of linearity. Furthermore, linear types are
fundamental to session typing.

Having successfully popularized the idea of using monads to structure effectful
programs, Phil later observed a deep correspondence between monads and effect type
systems [118]. Recently, his work has inspired the investigation of an important
refinement of monads known as graded monads.

Phil has long been interested in the Curry-Howard correspondence between
propositions in logic and types in programming languages. His CACM article [114]
and regular invited talks at industry conferences are helping to make the Curry-Howard
correspondence much more widely appreciated. As well as the Curry-Howard corre-
spondence between second-order intuitionistic logic and polymorphic lambda calculus
[106], a notable correspondence Phil has worked on recently is that between classic
linear logic and session types [111].

Within the last ten years Phil has developed an interest in gradual typing—systems
that combine statically typed programs with untyped programs in a controlled fashion.
He introduced the blame calculus [116] (along with the slogan “well-typed programs
cannot be blamed”), a formal language for tracking which untyped part of a program
causes a run-time error in gradually typed programming languages. He continues to
develop the theory of blame, for instance, extending it to account for new features such
as polymorphism [1].
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Biographical Details

Philip Lee Wadler was born in 1956. He received a Bachelor of Science degree in
Mathematics from Stanford University in 1977, and a Master of Science degree in
Computer Science from Carnegie Mellon University in 1979. He completed his Doctor
of Philosophy in Computer Science at Carnegie Mellon University in 1984. His thesis,
“Listlessness Is Better Than Laziness,” was supervised by Nico Habermann.

Between 1983 and 1987 Phil worked as a Research Fellow at St. Cross College in
Oxford, working in the Programming Research Group with Mary Sheeran, Richard
Bird, John Hughes, and others. (Richard and Phil co-authored the influential book
Introduction to Functional Programming [4]). In 1987 Phil moved to the University of
Glasgow to join Mary Sheeran and John Hughes, and shortly thereafter they attracted
Simon Peyton Jones to join them. At Glasgow Phil was appointed Reader in 1990, and
Professor in 1993. In 1996 he joined Bell Labs, Lucent Technologies, as a researcher.
Subsequently, his group was spun out as part of Avaya Labs. In 2003 Phil took up his
current position as Professor of Theoretical Computer Science in the Laboratory for
Foundations of Computer Science, in the School of Informatics at the University of
Edinburgh. In 2006, Phil wrote the O’Reilly book Java Generics and Collections [53],
co-authored with his friend Maurice Naftalin.

Phil maintains an impressive group of post-docs, PhD students, and visitors. He has
held visiting positions in Chalmers University of Technology and the Universities of
Sydney and Copenhagen. He is regularly invited to speak at conferences across the
world, both academic and industrial. Phil also regularly performs computer
science-oriented stand-up comedy.

The quality of Phil’s research has been recognized by a plethora of awards, and
some of the notable ones are as follows. He was elected to the Royal Society of
Edinburgh in 2005, and as an ACM Fellow in 2007. He held a Wolfson-Royal Society
Research Merit award between 2004 and 2009. Together with Simon Peyton Jones he
was awarded the Most Influential POPL Paper Award in 2003 (for 1993) for their paper
“Imperative Functional Programming” [39].

Throughout his career Phil has been passionate about teaching. At Edinburgh he
successfully established the first-year Haskell course—Haskell is now the first pro-
gramming language undergraduate students are exposed to. He has often taught more
courses than required, and inspires students with his passion for the subject. This
enthusiasm has been recognized, for example, in the Edinburgh University Student
Association (EUSA) Teaching Awards 2009.

At the end of 2014, Phil fell ill with what turned out to be a serious illness. Initially,
his symptoms were mysterious to doctors, so they performed a full range of tests. He
had a serious, but treatable, heart and liver infection. Additionally, but unrelated, a
small tumor on one of his kidneys was detected. Phil was fortunate to have the
infection when he did, because otherwise the kidney tumor would probably have gone
undetected until much later. After the infection had cleared, Phil had the offending
kidney removed, and is now fully recovered.

Phil was supported by his wife Catherine from the time they met in Oxford in 1985
until their amicable separation in 2015. Phil and Catherine are devoted parents to their



Preface XI

twin son and daughter, Adam and Leora. Phil is actively engaged in wider society, for
example, maintaining a liberal Jewish faith, being active in the University and College
Union, and the Scottish Green Party.

January 2016 Sam Lindley
Conor McBride

Don Sannella

Phil Trinder
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Abstract. Bidirectional transformations (bx) have primarily been
modeled as pure functions, and do not account for the possibility of the
side-effects that are available in most programming languages. Recently
several formulations of bx that use monads to account for effects have
been proposed, both among practitioners and in academic research. The
combination of bx with effects turns out to be surprisingly subtle, leading
to problems with some of these proposals and increasing the complexity
of others. This paper reviews the proposals for monadic lenses to date,
and offers some improved definitions, paying particular attention to the
obstacles to naively adding monadic effects to existing definitions of pure
bx such as lenses and symmetric lenses, and the subtleties of equivalence
of symmetric bidirectional transformations in the presence of effects.

1 Introduction

Programming with multiple concrete representations of the same conceptual
information is a commonplace, and challenging, problem. It is commonplace
because data is everywhere, and not all of it is relevant or appropriate for every
task: for example, one may want to work with only a subset of one’s full email
account on a mobile phone or other low-bandwidth device. It is challenging
because the most direct approach to mapping data across sources A and B is to
write separate functions, one mapping to B and one to A, following some (not
always explicit) specification of what it means for an A value and a B value to
be consistent. Keeping these transformations coherent with each other, and with
the specification, is a considerable maintenance burden, yet it remains the main
approach found in practice.

Over the past decade, a number of promising proposals to ease programming
such bidirectional transformations have emerged, including lenses (Foster et al.
2007), bx based on consistency relations (Stevens 2010), symmetric lenses (Hof-
mann et al. 2011), and a number of variants and extensions (e.g. (Pacheco et
al. 2014; Johnson and Rosebrugh 2014)). Most of these proposals consist of an
interface with pure functions and some equational laws that characterise good
behaviour; the interaction of bidirectionality with other effects has received com-
paratively little attention.
© Springer International Publishing Switzerland 2016
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Some programmers and researchers have already proposed ways to combine
lenses and monadic effects (Dividnszky 2013; Pacheco et al. 2014). Recently, we
have proposed symmetric notions of bidirectional computation based on entan-
gled state monads (Cheney et al. 2014; Abou-Saleh et al. 2015a) and coalge-
bras (Abou-Saleh et al. 2015b). As a result, there are now several alternative
proposals for bidirectional transformations with effects. While this diversity is
natural and healthy, reflecting an active research area, the different proposals
tend to employ somewhat different terminology, and the relationships among
them are not well understood. Small differences in definitions can have dispro-
portionate impact.

In this paper we summarise and compare the existing proposals, offer some
new alternatives, and attempt to provide general and useful definitions of
“monadic lenses” and “symmetric monadic lenses”. Perhaps surprisingly, it
appears challenging even to define the composition of lenses in the presence
of effects, especially in the symmetric case. We first review the definition of pure
asymmetric lenses and two prior proposals for extending them with monadic
effects. These definitions have some limitations, and we propose a new definition
of monadic lens that overcomes them.

Next we consider the symmetric case. The effectful bx and coalgebraic bx in
our previous work are symmetric, but their definitions rely on relatively heavy-
weight machinery (monad transformers and morphisms, coalgebra). It seems
natural to ask whether just adding monadic effects to symmetric lenses in the
style of (Hofmann et al. 2011) would also work. We show that, as for asym-
metric lenses, adding monadic effects to symmetric lenses is challenging, and
give examples illustrating the problems with the most obvious generalisation.
We then briefly discuss our recent work on symmetric forms of bx with monadic
effects (Cheney et al. 2014; Abou-Saleh et al. 2015a, b). Defining composition
for these approaches also turns out to be tricky, and our definition of monadic
lenses arose out of exploring this space. The essence of composition of symmetric
monadic bx, we now believe, can be presented most easily in terms of monadic
lenses, by considering spans, an approach also advocated (in the pure case) by
Johnson and Rosebrugh (2014).

Symmetric pure bx need to be equipped with a notion of equivalence, to
abstract away inessential differences of representation of their “state” or “com-
plement” spaces. As noted by Hofmann et al. (2011) and Johnson and Rosebrugh
(2014), isomorphism of state spaces is unsatisfactory, and there are competing
proposals for equivalence of symmetric lenses and spans. In the case of spans
of monadic lenses, the right notion of equivalence seem even less obvious. We
compare three, increasingly coarse, equivalences of spans based on isomorphism
(following Abou-Saleh et al. (2015a)), span equivalence (following Johnson and
Rosebrugh (2014)), and bisimulation (following Hofmann et al. (2011) and Abou-
Saleh et al. (2015b)). In addition, we show a (we think surprising) result: in the
pure case, span equivalence and bisimulation equivalence coincide.

In this paper we employ Haskell-like notation to describe and compare for-
malisms, with a few conventions: we write function composition f-g with a
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centred dot, and use a lowered dot for field lookup z.f, in contrast to Haskell’s
notation f z. Throughout the paper, we introduce a number of different represen-
tations of lenses, and rather than pedantically disambiguating them all, we freely
redefine identifiers as we go. We assume familiarity with common uses of monads
in Haskell to encapsulate effects (following Wadler (1995)), and with the do-
notation (following Wadler’s monad comprehensions Wadler (1992)). Although
some of these ideas are present or implicit in recent papers (Hofmann et al. 2011;
Johnson and Rosebrugh 2014; Cheney et al. 2014; Abou-Saleh et al. 2015a, b),
this paper reflects our desire to clarify these ideas and expose them in their
clearest form — a desire that is strongly influenced by Wadler’s work on a wide
variety of related topics (Wadler 1992; King and Wadler 1992; Wadler 1995),
and by our interactions with him as a colleague.

2 Asymmetric Monadic Lenses

Recall that a lens (Foster et al. 2007, 2012) is a pair of functions, usually called
get and put:

data o~ = Lens {get :a — B, put : v —  — '}
satisfying (at least) the following well-behavedness laws:

(GetPut) put a (get a) = a
(PutGet) get (put a b) = b

The idea is that a lens of type A ~» B maintains a source of type A, providing
a view of type B onto it; the well-behavedness laws capture the intuition that
the view faithfully reflects the source: if we “get” a b from a source a and then
“put” the same b value back into a, this leaves a unchanged; and if we “put”
a b into a source a and then “get” from the result, we get b itself. Lenses are
often equipped with a create function

data o~ = Lens {get -« — B, put :: . — § — «, create :: f — '}
satisfying an additional law:
(CreateGet) get (create b) = b

When the distinction is important, we use the term full for well-behaved lenses
equipped with a create operation. It is easy to show that the source and view
types of a full lens must either both be empty or both non-empty, and that the
get operation of a full lens is surjective.

Lenses have been investigated extensively; see for example Foster et al. (2012)
for a recent tutorial overview. For the purposes of this paper, we just recall the
definition of composition of lenses:

() (@~ B) = (B~7) = (a~7)

L ;b = Lens (lp.get - ly.get)

(Aa ¢ — li.put a (k.put (I;.get a) ¢))
(l.create - Iy .create)

which preserves well-behavedness.
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2.1 A Naive Approach

As a first attempt, consider simply adding a monadic effect p to the result types
of both get and put.

data [o ~ (], = M Lensg {mget ::a — p B, mput a0 —  — p o}

Such an approach has been considered and discussed in some recent Haskell
libraries and online discussions (Dividnszky 2013). A natural question arises
immediately: what laws should a lens [ :: [A ~~¢ B]s satisfy? The following gen-
eralisations of the laws appear natural:

(MGetPuty) do {b « mget a;mput a b} = return a
(MPutGetg) do {a’ — mput a b;mget o'} = do {a’ — mput a b; return b}

that is, if we “get” b from a and then “put” the same b value back into a, this
has the same effect as just returning a (and doing nothing else), and if we “put”
a value b and then “get” the result, this has the same effect as just returning b
after doing the “put”. The obvious generalisation of composition from the pure
case for these operations is:

(?) o [a ~0 mu i [B ~0 'YLL i [a ~0 'Y}H
l1;lo = MLensg (Aa — do {b < li.mget a;la.mget b})
(Aa ¢ — do {b « l1.mget a; b’ — lo.mput b c;l1.mput a b'})

This proposal has at least two apparent problems. First, the (MGetPutg) law
appears to sharply constrain mget: indeed, if mget a has an irreversible side-
effect then (MGetPutg) cannot hold. This suggests that mget must either be
pure, or have side-effects that are reversible by mput, ruling out behaviours
such as performing I/O during mget. Second, it appears difficult to compose
these structures in a way that preserves the laws, unless we again make fairly
draconian assumptions about y. In order to show (MGetPutg) for the composition
ly ; b, it seems necessary to be able to commute l.mget with [;.mget and we
also need to know that doing l;.mget twice is the same as doing it just once.
Likewise, to show (MPutGety) we need to commute l.mget with l.mput.

2.2 Monadic Put-Lenses

Pacheco et al. (2014) proposed a variant of lenses called monadic putback-
oriented lenses. For the purposes of this paper, the putback-orientation of their
approach is irrelevant: we focus on their use of monads, and we provide a slightly
simplified version of their definition:

data [« v (], = M Lens; {mget ::a — B, mput v —  — pa}

The main difference from their version is that we remove the Maybe type con-
structors from the return type of mget and the first argument of mput. Pacheco
et al. state laws for these monadic lenses. First, they assume that the monad u
has a monad membership operation
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(€) ::a— pa— Bool
satisfying the following two laws:

(e-ID) z € return x < True
(e->=) yem>=fleIz.cemAnye(faz)

Then the laws for M Lens; (adapted from Pacheco et al. (2014 Proposition 3,
p. 49)) are as follows:

(MGetPuty) v =mgets = mput s v = return s
(MPutGet;) ' € mput s v/ = v’ = mget s’

In the first law we correct an apparent typo in the original paper, as well as
removing the Just constructors from both laws. By making mget pure, this
definition avoids the immediate problems with composition discussed above, and
Pacheco et al. outline a proof that their laws are preserved by composition.
However, it is not obvious how to generalise their approach beyond monads that
admit a sensible € operation.

Many interesting monads do have a sensible € operation (e.g. Maybe, []).
Pacheco et al. suggest that € can be defined for any monad as x € m = (3h :
hm = z), where h is what they call a “(polymorphic) algebra for the monad at
hand, essentially, a function of type m a — a for any type a.” However, this
definition doesn’t appear satisfactory for monads such as IO, for which there is
no such (pure) function: the (€-ID) law can never hold in this case. It is not clear
that we can define a useful € operation directly for IO either: given that m:: 10 a
could ultimately return any a-value, it seems safe, if perhaps overly conservative,
to define x € m = True for any x and m. This satisfies the € laws, at least, if we
make a simplifying assumption that all types are inhabited, and indeed, it seems
to be the only thing we could write in Haskell that would satisfy the laws, since
we have no way of looking inside the monadic computation m :: IO a to find out
what its eventual return value is. But then the precondition of the (MPutGet;)
law is always true, which forces the view space to be trivial. These complications
suggest, at least, that it would be advantageous to find a definition of monadic
lenses that makes sense, and is preserved under composition, for any monad.

2.3 Monadic Lenses

We propose the following definition of monadic lenses for any monad M:

Definition 2.1 (Monadic Lens). A monadic lens from source type A to view
type B in which the put operation may have effects from monad M (or “M-lens
from A to B”), is represented by the type [A ~ B]s, where

data [« ~~ (3], = MLens { mget :: o — 3, mput = —  — p o}

(dropping the p from the return type of mget, compared to the definition in
Sect. 2.1). We say that M-lens [ is well-behaved if it satisfies
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(MGetPut) do {l.mput a (I.mget a)} = return a
(MPutGet) do {a’ «— l.mput a b;k o’ (l.mget a’)}
=do{a « l.mput a bjk a’ b} &

Note that in (MPutGet), we use a continuation k::ax — 5 — p 7y to quantify over
all possible subsequent computations in which a’ and I.mget a’ might appear. In
fact, using the laws of monads and simply-typed lambda calculus we can prove
this law from just the special case k = Aa b — return (a,b), so in the sequel
when we prove (MPutGet) we may just prove this case while using the strong
form freely in the proof.

The ordinary asymmetric lenses are exactly the monadic lenses over p = Id;
the laws then specialise to the standard equational laws. Monadic lenses where
= Id are called pure, and we may refer to ordinary lenses as pure lenses also.

Definition 2.2. We can also define an operation that lifts a pure lens to a
monadic lens:

lens2mlens :: Monad p = o~ — (o~ 3],
lens2mlens | = MLens (l.get) (Aa b — return (I.put a b)) &

Lemma 2.3. If [ :: Lens o § is well-behaved, then so is lens2mlens [. &
Example 2.4. To illustrate, some simple pure lenses include:

id) o~ o
idy = Lens (Aa — a) (A— a — a)

fstio (o, B8) ~ «
fsti = MLens fst (A(s1,52) s1 — (s, 52))

Many more examples of pure lenses are to be found in the literature (Foster
et al. 2007, 2012), all of which lift to well-behaved monadic lenses. &

As more interesting examples, we present asymmetric versions of the partial and
logging lenses presented by Abou-Saleh et al. (2015a). Pure lenses are usually
defined using total functions, which means that get must be surjective whenever
A is nonempty, and put must be defined for all source and view pairs. One way
to accommodate partiality is to adjust the return type of get to Maybe b or give
put the return type Maybe a to allow for failure if we attempt to put a b-value
that is not in the range of get. In either case, the laws need to be adjusted
somehow. Monadic lenses allow for partiality without requiring such an ad hoc
change. A trivial example is

constMLens :: f — [o ~ 3] Maype
constMLens b = MLens (const b)
(Aa b — if b = b’ then Just a else Nothing)

which is well-behaved because both sides of (MPutGet) fail if the view is changed
to a value different from b. Of course, this example also illustrates that the mget
function of a monadic lens need not be surjective.
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As a more interesting example, consider:

absLens :: [Int ~> Int] apaybe
absLens = MLens abs
Aab—if b<0
then Nothing
else Just (if a <0 then — b else b))

In the mget direction, this lens maps a source number to its absolute value; in
the reverse direction, it fails if the view b is negative, and otherwise uses the
sign of the previous source a to determine the sign of the updated source.

The following logging lens takes a pure lens [ and, whenever the source value
a changes, records the previous a value.

logLens - Eq a = -~ /8 - [OZ ~ /8] Writer a
logLens I = MLens (l.get) (Aa b —
let o’ = l.put a b in do {if a # o' then tell a else return (); return a’})

We presented a number of more involved examples of effectful symmetric bx in
(Abou-Saleh et al. 2015a). They show how monadic lenses can employ user inter-
action, state, or nondeterminism to restore consistency. Most of these examples
are equivalently definable as spans of monadic lenses, which we will discuss in
the next section.

In practical use, it is usually also necessary to equip lenses with an ini-
tialisation mechanism. Indeed, as already mentioned, Pacheco et al.’s monadic
put-lenses make the o argument optional (using Maybe), to allow for initiali-
sation when only a 3 is available; we chose to exclude this from our version of
monadic lenses above.

We propose the following alternative:

data [« ~~ (3], = MLens { mget :: o — f3,
mput > — 0 — p «,
mcreate 2 f — p o}

and we consider such initialisable monadic lenses to be well-behaved when they
satisfy the following additional law:

(MCreateGet) do {a <« mcreate b; k a (mget a)} = do {a «— mcreate b;k a b}

As with (MPutGet), this property follows from the special case k = Az y —
return (z,y), and we will use this fact freely.

This approach, in our view, helps keep the (GetPut) and (PutGet) laws simple
and clear, and avoids the need to wrap mput’s first argument in Just whenever
it is called.

Next, we consider composition of monadic lenses.

(;) iz Monad pp = [~ Bl — [B~ Y]y — [a~ 7],
ly ; lo = MLens (lo.mget - l;.mget) mput mcreate where
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mput a ¢ =do {b — L.mput (ly.mget a) c¢;ly.mput a b}
mcreate ¢ = do {b « lh.mcreate; ly .mcreate }

Note that we consider only the simple case in which the lenses share a com-
mon monad p. Composing lenses with effects in different monads would require
determining how to compose the monads themselves, which is nontrivial (King
and Wadler 1992; Jones and Duponcheel 1993).

Theorem 2.5. If [ :: [A ~ B|y, b [B~ O]y are well-behaved, then so is
ll; l2. O

3 Symmetric Monadic Lenses and Spans

Hofmann et al. (2011) proposed symmetric lenses that use a complement to store
(at least) the information that is not present in both views.

data o < 8 = SLens {putg = (a,7) = (B,7),
pUtL " (57,7) - (av’}/)v

missing 7y}

Informally, putg turns an « into a 3, modifying a complement 7 as it goes,
and symmetrically for put;; and missing is an initial complement, to get the
ball rolling. Well-behavedness for symmetric lenses amounts to the following
equational laws:

(PutRL) let (b, ') = sl.puty (a,c) in sl.puty, (b, ')
=let (b, ¢') = sl.puty (a,c) in (a, )

(PutLR) let (a, ¢') = sl.puty, (b, ¢) in sl.puty (a,c)
=let (a, ') = sl.put;, (b, c) in (b, ')

Furthermore, the composition of two symmetric lenses preserves well-
behavedness, and can be defined as follows:

(5) 5 (@< B) = (B2 ) — (o T%) )
ly ; I = SLens puty puty, (l.missing, lp.missing) where
puty (a,(s1,8)) =let (b,s]) = putg (a, s1)
(¢, 83) = putg (b, s2)
(C (51’ 52))
puty, (C, (51752)) t ( ) 52 ) = puty, (c ( )
(a, s1) = puty, (b, 1)
in (a, (s1, 53))

We can define an identity symmetric lens as follows:

0

idg i —— «

ids) = SLens id id ()
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It is natural to wonder whether symmetric lens composition satisfies identity and
associativity laws making symmetric lenses into a category. This is complicated
by the fact that the complement types of the composition idg); sl and of sl differ,
so it is not even type-correct to ask whether idg; sl and sl are equal. To make it
possible to relate the behaviour of symmetric lenses with different complement
types, Hofmann et al. defined equivalence of symmetric lenses as follows:

Definition 3.1. Suppose R C C} x C;. Then f ~g g means that for all ¢y, ¢, z,
if (01’62) € R and (yvci) = f (‘Ta Cl) and (y/,Cé) =49 (ya 02)3 then Yy = y/ and
(¢}, ¢ch) € R. &
Definition 3.2 (Symmetric Lens Equivalence). Two symmetric lenses sl ::
X 5 v and sly o X 2, ¥ are considered equivalent (sly =g sls) if there is a
relation R C (] x (s such that

1. (sly.missing, sla.missing) € R,

2. sly.puty ~p sla.puty, and
3. sli.puty, ~g sly.puty,. &

Hofmann et al. show that =) is an equivalence relation; moreover it is sufficiently
strong to validate identity, associativity and congruence laws:

Theorem 3.3 (Hofmann et al. 2011). If sly :: X Ly and sly Y < 7
are well-behaved, then so is sl ; sls. In addition, composition satisfies the laws:

(Identity) sl ;idg =g sl =4 idg ; sl
(Assoc)  sly;(sly;sls) =g (sl ;sla) ;5 sl3
(Cong) sly =g sl A sly =g sly = sly ; sly =g sl ; sl o

3.1 Naive Monadic Symmetric Lenses

We now consider an obvious monadic generalisation of symmetric lenses, in which
the put;, and puty functions are allowed to have effects in some monad M:

Definition 3.4. A monadic symmetric lens from A to B with complement type
C' and effects M consists of two functions converting A to B and vice versa, each
also operating on C' and possibly having effects in M, and a complement value
missing used for initialisation:

data [a ], = SMLens {mputy, :: (a,7) = p (8,7),
mputy, 2 (8,7) = p (@, 7),
missing :: 7y }

Such a lens sl is called well-behaved if:

(PutRLM) do {(b, ¢') « sl.mputy (a, c); sl.mputy, (b,c')}
=do {(b, ¢') « sl.mputy (a,c); return (a,c’)}
(PutLRM) do {(a, ") « sl.mputy, (b, c); sl.mputy (a,c’)}
=do {(a, ') « sl.mputy, (b, c); return (b,c’)} o
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The above monadic generalisation of symmetric lenses appears natural, but
it turns out to have some idiosyncrasies, similar to those of the naive version of
monadic lenses we considered in Sect. 2.1.

Composition and Well-Behavedness. Consider the following candidate definition
of composition for monadic symmetric lenses:

(;) = Monad p = [a <™ ], — [B <=7, — [a (q1o9) 1
sly 5 slo = SMLens puty put;, missing where
puty (a,(s1,82)) = do {(b,s]) «— sly.mputy (a,s1);
(¢, 8b) «— slo.mputy (b, $2);
return (¢, (s1,$5)) }
puty, (¢, (s1,82)) = do {(b,s}) — sla.mputy, (¢, s2);
(a,s1) « sly.mputy, (b, s1);
return (a, (s1,5))}
missing = (sly.missing, sly.missing)

which seems to be the obvious generalisation of pure symmetric lens composition
to the monadic case. However, it does not always preserve well-behavedness.

Example 3.5. Consider the following construction:

setBool :: Bool — [() YN Olstate Bool
setBool b = SMLens m m () where m _ = do {set b; return ((),()) }

The lens setBool True has no effect on the complement or values, but sets the
state to True. Both setBool True and setBool False are well-behaved, but their
composition (in either direction) is not: (PutRLM) fails for setBool
True; setBool False because setBool True and setBool False share a single Bool
state value. &

Proposition 3.6. setBool b is well-behaved for b € {True, False}, but
setBool True ; setBool False is not well-behaved. &

Composition does preserve well-behavedness for commutative monads, i.e.
those for which

do {a «— z;b «— y;return (a,b)} =do {b «— y; a — x; return (a,d)}

but this rules out many interesting monads, such as State and I0.

3.2 Entangled State Monads

The types of the mputy and mput;, operations of symmetric lenses can be seen
(modulo mild reordering) as stateful operations in the state monad State v o =
v — (a,7), where the state v = C. This observation was also anticipated by
Hofmann et al. In a sequence of papers, we considered generalising these oper-
ations and their laws to an arbitrary monad (Cheney et al. 2014; Abou-Saleh
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et al. 2015a, b). In our initial workshop paper, we proposed the following defin-
ition:

data [« = f], = SetBX {get; :: p a, setr, o — p (),
getp p By setg = f—p ()}

subject to a subset of the State monad laws (Plotkin and Power 2002), such as:

(Get Set ) do {a < get;;setr a} = return ()
(Set, Get ) do {sety a;gety } = do {sety, a; return a}

This presentation makes clear that bidirectionality can be viewed as a state
effect in which two “views” of some common state are entangled. That is, rather
than storing a pair of views, each independently variable, they are entangled, in
the sense that a change to either may also change the other. Accordingly, the
entangled state monad operations do not satisfy all of the usual laws of state:
for example, the set;, and setr operations do not commute.

However, one difficulty with the entangled state monad formalism is that, as
discussed in Sect. 2.1, effectful mget operations cause problems for composition.
It turned out to be nontrivial to define a satisfactory notion of composition,
even for the well-behaved special case where u = StateT o v for some v, where
StateT is the state monad transformer (Liang et al. 1995), i.e. StateT o v a =
o — v (a,0). We formulated the definition of monadic lenses given earlier in
this paper in the process of exploring this design space.

3.3 Spans of Monadic Lenses

Hofmann et al. (2011) showed that a symmetric lens is equivalent to a span of two
ordinary lenses, and later work by Johnson and Rosebrugh (2014) investigated
such spans of lenses in greater depth. Accordingly, we propose the following
definition:

Definition 3.7 (Monadic Lens Spans). A span of monadic lenses (“M-lens
span”) is a pair of M-lenses having the same source:

type [a « o ~ (3], = Span {left :: [0 ~» a,, right :: [0 ~ 3], }
We say that an M-lens span is well-behaved if both of its components are.

We first note that we can extend either leg of a span with a monadic lens
(preserving well-behavedness if the arguments are well-behaved):

(<) i Monad pp = [ ~ asly — [ag v 0~ (], — [ag e 0~ (],
ml < sp = Span (sp.left ; ml) (sp.right)
(>) i Monad = [a e 0~ B1], — [B1 ~ Bo]y — [a e o~ Ba],

sp>ml = Span sp.left (sp.right ; ml)

To define composition, the basic idea is as follows. Given two spans
[A e Sy ~ Bl and [B e Sy ~» Oy with a common type B “in the middle”,
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S1 XSy

PAVAN

Fig. 1. Composing spans of lenses

we want to form a single span from A to C. The obvious thing to try is to form
a pullback of the two monadic lenses from S; and S to the common type B,
obtaining a span from some common state type S to the state types S; and
S, and composing with the outer legs. (See Fig. 1.) However, the category of
monadic lenses doesn’t have pullbacks (as Johnson and Rosebrugh note, this is
already the case for ordinary lenses). Instead, we construct the appropriate span
as follows.

(™) = Monad p = [o1 ~ Bl — [o2 ~ Bl — [01 e (01X 02) ~ 03],
lh ) Il = Span (MLens fst puty, creater,) (MLens snd puty creater) where

(
puty, (=, 82) 81 = do {s) — L. mput sy (Ij.mget s1); return (sq, s5)
creater, $1 = do { s} « k.mcreate (. mget s1); return (s1, s5) }
puty (s1,—) s5 =do {s] — li.mput s1 (.mget sb); return (s1,s5)}
creater $1 =do {s] « li.mcreate (lz.mget s2); return (s], s2) }

where we write 51 xSy for the type of consistent state pairs {(s1, $2) € S1 X S5 |
ly.mget (s1) = k.mget (s2)}. In the absence of dependent types, we represent
this type as (1, S2) in Haskell, and we need to check that the mput and mcreate
operations respect the consistency invariant.

Lemma 3.8. If mi; :: [S1 ~ Bly and mls :: [Sy ~ B]p are well-behaved then
S0 is ml1 X mlg o [Sl o (Sl NSQ) ~ Sg]u. <>

Note that (MPutGet) and (MCreateGet) hold by construction and do not need
the corresponding properties for l; and b, but these properties are needed to
show that consistency is established by mcreate and preserved by mput.

We can now define composition as follows:

(;) i Monad pp = [ e~ 01 ~ B, — [B e 02 ~ 7]y = [a & (01 X02) ~ 7],
Spq 5 8o = spq.left < (spy.right X spy.left) > spo.right

The well-behavedness of the composition of two well-behaved spans is imme-
diate because < and > preserve well-behavedness of their arguments:

Theorem 3.9. If sp; ::[4d «~ 51~ Bly and spy:: [B e Sy~ Clpy are well-
behaved spans of monadic lenses, then their composition sp; ; spy is well-
behaved. ¢
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Given a span of monadic lenses sp :: [A « S ~» Bly, we can construct a

Maybe S
—>

monadic symmetric lens sl :: [A Bl as follows:

span2smlens (left, right) = SMLens mputy mput;, Nothing where

mputy (a, Just s) =do {s’ «— left. mput s a; return (right.mget s’, Just s’) }
mputy (a, Nothing) = do {s’ « left.mcreate a;return (right.mget s', Just s’)}
mputy, (b, Just s) = do {s’ — right.mput s b; return (left.mget s’, Just s’)}
mputy, (b, Nothing) = do {s’ < right.mcreate b; return (left.mget s', Just s’)}

Essentially, these operations use the span’s mput and mget operations to update
one side and obtain the new view value for the other side, and use the mcreate
operations to build the initial S state if the complement is Nothing.

Well-behavedness is preserved by the conversion from monadic lens spans to
SMLens, for arbitrary monads M:

Theorem 3.10. If sp :: [A «~ S ~ B]) is well-behaved, then span2smlens sp is
also well-behaved. &

Given sl :: [ALB]M, let S C A x B x C be the set of consistent
triples (a,b,c), that is, those for which sl.mputg (a,c) = return (b,c) and
sl.mputy, (b, ¢) = return (a, c). We construct sp :: [A e~ S ~» B]y by

smlens2span sl = Span (MLens get; puty, creater,) (MLens getp puty creater)

where
get; (a,b,¢) =a
puty, (a,b,c) a’ =do {(b', ") « sl.mputy (a’, c); return (a’, b, ')}
creater, a =do {(b, ¢) « sl.mputy (a, sl.missing); return (a, b, c)}
getg (a,b,c) =10
putg (a,b,c) b’ =do {(a,c") « sl.mputy, (b, c);return (a’,b’,c")}
creater b =do {(a, c) < sl.mputy, (b, sl.missing); return (a, b, c)}

However, smlens2span may not preserve well-behavedness even for simple mon-
ads such as Maybe, as the following counterexample illustrates.

Example 3.11. Consider the following monadic symmetric lens construction:

fail 52 1) <5 O mragse

fail = SMLens Nothing Nothing ()

This is well-behaved but smlens2span fail is not. In fact, the set of consistent
states of fail is empty, and each leg of the induced span is of the following form:

failMLens :: MLens Maybe 0 ()
failMLens = MLens (A_ — ()) (A_ () — Nothing) (A_ — Nothing)

which fails to satisfy (MGetPut). O
For pure symmetric lenses, smlens2span does preserve well-behavedness.

Theorem 3.12. If sl:: SMLens Id C A B is well-behaved, then smlens2span sl
is also well-behaved, with state space S consisting of the consistent triples
of sl. o
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To summarise: spans of monadic lenses are closed under composition, and
correspond to well-behaved symmetric monadic lenses. However, there are well-
behaved symmetric monadic lenses that do not map to well-behaved spans. It
seems to be an interesting open problem to give a direct axiomatisation of the
symmetric monadic lenses that are essentially spans of monadic lenses (and are
therefore closed under composition).

4 Equivalence of Spans

Hofmann et al. (2011) introduced a bisimulation-like notion of equivalence for
pure symmetric lenses, in order to validate laws such as identity, associativity
and congruence of composition. Johnson and Rosebrugh (2014) introduced a
definition of equivalence of spans and compared it with symmetric lens equiva-
lence. We have considered equivalences based on isomorphism (Abou-Saleh et al.
2015a) and bisimulation (Abou-Saleh et al. 2015b). In this section we consider
and relate these approaches in the context of spans of M-lenses.

Definition 4.1 (Isomorphism Equivalence). Two M-lens spans sp;:
[A «~ 81 ~ By and spy::[A e Sy ~» B]y are isomorphic (sp =; sp’) if there is
an isomorphism h:: 51 — Sy on their state spaces such that h;sp,.left = spy.left
and h ; spy.1Tight = sp,.right. &

Note that any isomorphism A :: S; — Sy can be made into a (monadic) lens; we
omit the explicit conversion.

We consider a second definition of equivalence, inspired by Johnson and Rose-
brugh (2014), which we call span equivalence:

Definition 4.2 (Span Equivalence). Two M-lensspans sp; :: [A «~ Sp ~ By
and spy :: [A ¢~ Sy ~» By are related by  if there is a full lens A :: S ~» S5 such
that h ; spy.left = spy.left and h ; spy.right = spy.right. The equivalence relation
=, is the least equivalence relation containing .. &

One important consideration emphasised by Johnson and Rosebrugh is the
need to avoid making all compatible spans equivalent to the “trivial” span
[A 0 ~ B|p. To avoid this problem, they imposed conditions on h: its get
function must be surjective and split, meaning that there exists a function c
such that h.get - ¢ = id. We chose instead to require h to be a full lens. This
is actually slightly stronger than Johnson and Rosebrugh’s definition, at least
from a constructive perspective, because h is equipped with a specific choice of
¢ = create satisfying h.get - ¢ = id, that is, the (CreateGet) law.

We have defined span equivalence as the reflexive, symmetric, transitive clo-
sure of ~. Interestingly, even though span equivalence allows for an arbitrary
sequence of (pure) lenses between the respective state spaces, it suffices to con-
sider only spans of lenses. To prove this, we first state a lemma about the ()
operation used in composition. Its proof is straightforward equational reasoning.
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Lemma 4.3. Suppose lj :: A~ B and lp :: C' ~ B are pure lenses. Then (}; x
lg).leﬁ ; ll = (ll X lg)?”lght ; 12. <>

Theorem 4.4. Given sp;::[A« Sy~ Bly and  spy:: [A e« Sy~ By, if
Sp; =s Sp, then there exists sp:: Sy « S~ Sy such that sp.left ; sp;.left =
sp.right ; spy.left and sp.left ; spy.right = sp.right ; spy.right.

Proof. Let sp; and sp, be given such that sp; =5 spy. The proof is by induction
on the length of the sequence of ~ or » steps linking sp; to sps.

If sp; = spy then the result is immediate. If sp; ~ sp, then we can complete
a span between S and S; using the identity lens. For the inductive case, suppose
that the result holds for sequences of up to n ~ or  steps, and suppose sp; =g
spy holds in m ~ or v steps. There are two cases, depending on the direction
of the first step. If sp; v sps =s sp, then by induction we must have a pure
span sp between S3 and S» and sp; v sps holds by virtue of a lens h:: S5 — S,
so we can simply compose h with sp.left to obtain the required span between
S1 and Sp. Otherwise, if sp; ™ sp; =5 sp, then by induction we must have a
pure span sp between S3 and S, and we must have a lens h:: .57 — S5, so we use
Lemma4.3 to form a span spg :: S1 ¢ (81 % 83) ~» S3 and extend sp,.right with
sp.right to form the required span between S; and Ss. O

Thus, span equivalence is a doubly appropriate name for =q: it is an equiva-
lence of spans witnessed by a (pure) span.

Finally, we consider a third notion of equivalence, inspired by the natural
bisimulation equivalence for coalgebraic bx (Abou-Saleh et al. 2015b):

Definition 4.5 (Base Map). Given M-lenses [} ::[S1~ V]y and b
[So ~> V], we say that h:S; — Sy is a base map from [y to b if

ly.mget s = lr.mget (h s)
do {s < ly.mput s v;return (h s)} = lb.mput (h s) v
do {s « lj.mcreate v; return (h s)} = L. mcreate v

Similarly, given two M-lens spans sp;:[A« S~ Bly and  spy:
[A e~ Sy~ B]py we say that h:: Sy — Sy is a base map from sp; to spy if h
is a base map from sp,.left to spy.left and from sp,.right to spy.right. &

Definition 4.6 (Bisimulation Equivalence). A bisimulation of M-lens
spans sp; i [A e 81~ Bly and spy i [A«~ Sy~ Bly is a M-lens span
sp i [A e~ R~ B]py where R C S x Sy and fst is a base map from sp to sp;
and snd is a base map from sp to sp,. We write sp; =p sp, when there is a
bisimulation of spans sp; and sp,. &

Figure 2 illustrates the three equivalences diagrammatically.

Proposition 4.7. Each of the relations =;, =; and =y, are equivalence relations
on compatible spans of M-lenses and satisfy (ldentity), (Assoc) and (Cong). <

Theorem 4.8. sp; =; sp, implies sp; =5 spy, but not the converse. &
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I\ O,
INZERNERN

(a) (b) ()

Fig. 2. (a) Isomorphism equivalence (=;), (b) span equivalence (=s), and (c¢) bisimu-
lation (=p) equivalence. In (c), the dotted arrows are base maps; all other arrows are
(monadic) lenses.

Proof. The forward direction is obvious; for the reverse direction, consider

h :: Bool ~ ()

h = Lens (A-— () (Aa () = a) (A() — True)
2y [) ~ )~ Ol

spy = Span idMLens idMLens

spy = (h; spy.left, h; spy.right)

Clearly sp; =5 sp, by definition and all three structures are well-behaved, but
h is not an isomorphism: any k :: () ~ Bool must satisfy k.get () = True or
k.get () = False, so (h; k).get = k.get - h.get cannot be the identity function. O

Theorem 4.9. Given spy :: [A & S1 ~ B, spg i [A e Sy~ By, if sp; =
spy then sp; =p sps. &

Proof. For the forward direction, it suffices to show that a single sp; ™~ spqy step
implies sp; =y, $p,, which is straightforward by taking R to be the set of pairs
{(s1,%2) | li.get s1 = s2}, and constructing an appropriate span sp : A < R ~> B.
Since bisimulation equivalence is transitive, it follows that sp; =s sp, implies
sp1 =b Spy as well. O

In the pure case, we can also show a converse:

Theorem 4.10. Given spy:: A e 81~ B, spy i A e Sy~ By if sp; =1, spy
then sp; =5 sp,. &

Proof. Given R and a span sp :: A « R ~~» B constituting a bisimulation sp; =y,
spsy, it suffices to construct a span sp’ = (I,7):: S) «~ R~ Sy satisfying [ ;
spy-left =1 spy.left and [ spy.right = r; spy.right. O

This result is surprising because the two equivalences come from rather
different perspectives. Johnson and Rosebrugh introduced a form of span equiva-
lence, and showed that it implies bisimulation equivalence. They did not explic-
itly address the question of whether this implication is strict. However, there
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are some differences between their presentation and ours; the most important
difference is the fact that we assume lenses to be equipped with a create func-
tion, while they consider lenses without create functions but sometimes consider
spans of lenses to be “pointed”, or equipped with designated initial state values.
Likewise, Abou-Saleh et al. (2015b) considered bisimulation equivalence for coal-
gebraic bx over pointed sets (i.e. sets equipped with designated initial values).
It remains to be determined whether Theorem 4.10 transfers to these settings.

We leave it as an open question to determine whether =y, is equivalent to
=, for spans of monadic lenses (we conjecture that they are not), or whether an
analogous result to Theorem 4.10 carries over to symmetric lenses (we conjecture
that it does).

5 Conclusions

Lenses are a popular and powerful abstraction for bidirectional transformations.
Although they are most often studied in their conventional, pure form, practical
applications of lenses typically grapple with side-effects, including exceptions,
state, and user interaction. Some recent proposals for extending lenses with
monadic effects have been made; our proposal for (asymmetric) monadic lenses
improves on them because M-lenses are closed under composition for any fixed
monad M. Furthermore, we investigated the symmetric case, and showed that
spans of monadic lenses are also closed under composition, while the obvious
generalisation of pure symmetric lenses to incorporate monadic effects is not
closed under composition. Finally, we presented three notions of equivalence
for spans of monadic lenses, related them, and proved a new result: bisimula-
tion and span equivalence coincide for pure spans of lenses. This last result is
somewhat surprising, given that Johnson and Rosebrugh introduced (what we
call) span equivalence to overcome perceived shortcomings in Hofmann et al.’s
bisimulation-based notion of symmetric lens equivalence. Further investigation
is necessary to determine whether this result generalises.

These results illustrate the benefits of our formulation of monadic lenses
and we hope they will inspire further research and appreciation of bidirectional
programming with effects.

Acknowledgements. The work was supported by the UK EPSRC-funded project
A Theory of Least Change for Bidirectional Transformations (TLCBX Project
2013-2016) (EP/K020218/1, EP/K020919/1).

A  Proofs for Sect. 2

Theorem 2.5. If [ :: [A ~» B]y and b :: [B ~» C|y are well-behaved, then so
is ll N lQ.

Proof. Suppose [; and l; are well-behaved, and let [ = [; ;lo. We reason as follows
for (MGetPut):
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do {l.mput a (l.mget a)}
= [ definition ]
do {b «— L.mput (. mget a) (lo.mget (l;.mget a));l1.mput a b}
= [ (MGetPut) ]
do {b < return (. mget a); ly.mput a b}
= [ monad unit ]
do {l;.mput a (l1.mget a)}
= [ (MGetPut) ]
return a

For (MPutGet), the proof is as follows:

do {da' — l.mput a c;return (a’,l.mget a’) }
= [ Definition ]
do {b — L.mput (l;.mget a) c;
a’ <« lj.mput a b;
return (a’, lp.mget (ly.mget a’))}
= [ (MPutGet) ]
do {b «— L.mput (. mget a) c;
a' «— l.mput a b;
return (a’, l.mget b) }
= [ (MPutGet) ]
do {b «— L.mput (l,.mget a) c;
a' «— l.mput a b;
return (a’,¢)}
= [ definition ]
do {a’ — l.mput a c; return (a’, c)} O

B Proofs for Sect. 3

Proposition 3.6. setBool x is well-behaved for = € {True, False}, but
setBool True ; setBool False is not well-behaved. &

For the first part:
Proof. Let sl = setBool x. We consider (PutRLM), and (PutLRM) is symmetric.

do {(b, ¢’) « (setBool z).mputy ((),()); (setBool z).mputy, (b,c’)}
= [ Definition |
do {(b, ¢’) « do {set z; return ((), () }; set x; return ((), ¢’)}
= [ monad associativity ]
do {set z; (b, ¢') — return ((), ()); set z; return (), ')}
= [ commutativity of return |
do {set z; set z; (b, ¢') — return ((), ()); return ((), ¢') }
= [ setz;setx =setz |
do {set z; (b, ¢') — return ((), ()); return ((), c')}
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= [ monad associativity ]

do { (b, ¢’) < do {set z; return ((), () }; return ((), )}
= [ Definition ]

do { (b, ¢’) < (setBool z).mputy ((),()); return ((), ')}

For the second part, taking sl = setBool True ; setBool False, we proceed as
follows:

(¢, 8") « sl.mputy (a,s); sl.mputy, (c,s")}
let s = (s1,52) and s’ = (51", s)); definition |
(b, s1) < (setBool True).mputy (a,s1);
(¢, s5) « (setBool False).mputy (b, s2);
(¢/s (s1',85))  return (¢, (51, 83));
(b, 8"y «— (setBool False).mputy, (¢',sY);
(a',sy") « (setBool True).mputy, (b',s7);
return (c, (s1”,s4')}
= [ monad unit ]

do {(b, s1) « (setBool True).mputy (a,s1);
(¢, sb) «— (setBool False).mputg (b, s2);
(b, s5") « (setBool False).mputy, (', s5);
(a', sy") « (setBool True).mputy, (b', s1);
return (c, (51", s4))}
(PutRLM) for setBool False ]
(b, s1) < (setBool True).mputy (a,s1);
(¢, sb) < (setBool False).mputg (b, s2);
(v,
(a’

= 1
do {

si") «— return (b, sb);
a’, sy)") « (setBool False).mputy, (b',s]);
return (c, (s1”,s4") }

= [ monad unit ]

o {(b,s1) < (setBool True).mputy (a,s1);

(¢, sb) < (setBool False).mputg (b, s2);
(a', s§)") « (setBool True).mputy, (b,s;);
return (¢, (s1”, %))}

However, we cannot simplify this any further. Moreover, it should be clear that
the shared state will be True after this operation is performed. Considering the
other side of the desired equation:

do {(¢,s’) « sl.mputy (a, s); sl.mputy, (c,s")}
= [ let s = (s1,52) and s’ = (51", s§'); Definition |
do { (b, s1) « (setBool True).mputy (a,s1);
(¢, s5) « (setBool False).mputg (b ,32)
(¢, (s, ) — return (c, (s}, 5)):
return (', (s, s4))}
= [ Monad unit |
do {(b, s1) « (setBool True).mputy (a,s1);
(¢, sb) « (setBool False).mputg (b, s2);
return (¢, (s1,5))}



20 F. Abou-Saleh et al.

it should be clear that the shared state will be Fualse after this operation is
performed. Therefore, (PutRLM) is not satisfied by si. O

Lemma 3.8. If ml; :: [o1 ~ (], and mls :: [o2 ~ 3], are well-behaved then so
is miy M mly 2 [o1 e (01 X0T3) ~ T3], &

Proof. 1t suffices to consider the two lenses [y = MLens fst put;, createy, and lp =
MLens snd puly creater in isolation. Moreover, the two cases are completely
symmetric, so we only show the first.

For (MGetPut), we show:

do {l;.mput (s1, s2) (l1.mget (s1,52))}
= [ definition ]

do {puty, (s1,52) (fst (s1,%2))}
= [ definition of put;, and fst |

do { s} — mla.mput s3 (mly.mget s1)}
= [ (s1,82) consistent ]

do { s} <« mly.mput sy (mla.mget s2)}
= [ (MGetPut) ]

return s

The proof for (MPutGet) goes as follows. Note that it holds by construction,
without appealing to well-behavedness of ml; or mls.

do {(s1, s5) < li.mput (s1, 82) a; return ((s1, s5), li.mget (s1,s5))}
= [ definition ]
do {(s1, 85) < putg (s1, 82) a; return ((s1, s5), fst (s1,$5))}
= [ definition ]
do {s§ «— mla.mput s2 (mli.mget a); (s1,s5) « return (a, s§);
return (s}, $5), st (s> 54)) }
= [ definition of fst |
do {s§ «— mly.mput s3 (mly.mget a); (s1, s5) « return (a, s§);
return ((s1, $5), $1)
= [ monad laws ]
do { sy «— mly.mput so (mly.mget a); (s1, s5) «— return (a, s);
return (s}, s5), @)}
= [ definition ]
do {(s1, 85) < puty, (s1, 82) a; return ((s1,s5), a)}
= [ definition ]
do {(s1, s5) < lLi.mput (s1,s2) a;return ((s1,s5),a)}

The proof for (MCreateGet) is similar.

Finally, we show that put;, :: (61 X02) — 01 — p (01 X02), and in particular,
that it maintains the consistency invariant on the state space o1 X oo. Assume
that (s1,82) 1 01 Xog and sy :: o7 are given. Thus, mli.mget s; = mila.mget s.
We must show that any value returned by put;, also satisfies this consistency
criterion. By definition,
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puty, (s1,82) 81 = do {8y — mla.mput so (mly.mget s1); return (7, s5)}

By (MPutGet), any s} resulting from mils.mput sy (mly.mget s7) will satisfy
mly.mget sh = mly.mget si. The proof that createy, :: 01 — p (01X 0o3) is similar,
but simpler. a

Theorem 3.10. If sp :: [A « § ~» B]js is well-behaved, then span2smlens sp is
also well-behaved. &

Proof. Let sl = span2smlens sp. We need to show that the laws (PutRLM) and
(PutLRM) hold. We show (PutRLM), and (PutLRM) is symmetric.
We need to show that

do { (b, mc") « sl.mputy (a, mc); sl.mputy, (b', mc’)}
do { (b, mc") «— sl.mputy (a, mc); return (a, mc’)}

There are two cases, depending on whether the initial state mc is Nothing or
Just ¢ for some c.
If mc = Nothing then we reason as follows:

do { (b, mc") — sl.mputy (a, Nothing); sl.mputy, (b', mc’)}
= [ Definition |
do {s' < sp.left.mcreate a; (b', mc’) — return (sp.right.mget s', Just s');
sl.mputy, (b', mc’)}
= [ monad unit ]
do {s' «— sp.left.mcreate a; sl.mput;, (sp.right.mget s', Just ")}
= [ definition ]
do {s’ < sp.left.mcreate a; s” — sp.right.mput s’ (sp.right.mget s');
return (sp.left.mget s”, Just ")}
= [ (MGetPut) ]
do {s’ < sp.left.mcreate a;s"” «— return s';
return (sp.left.mget s”, Just ")}
= [ monad unit ]
do {s’ < sp.left.mcreate a; return (sp.left.mget s', Just s')}
= [ (MCreateGet) |
do {s' < sp.left.mcreate a; return (a, Just s')}
= [ monad unit ]
do {s’ « sp.left.mcreate a; (b', mc’) — (sp.right.get s', Just s');
return (a, mc') }
= [ Definition ]
do { (b, mc") «— sl.mputy (a, Nothing); return (a, mc’)}

If mec = Just ¢ then we reason as follows:
do { (b, mc") «— sl.mputy (a, Just s); sl.mputy, (b',mc’)}

= [ Definition ]
do {s' «— sp.left.mput s a; (b', mc’) — (sp.right.mget s', Just s');
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sl.mputy, (b', mc’)}
= [ monad unit ]
do {s' — sp.left.mput s a; sl.mputy, (sp.right.mget s', Just s')}
= [ definition ]
do {s' < sp.left.mput s a;s" — sp.right.mput s’ (sp.right.mget s');
return (sp.left.mget s”, Just ")}
= [ (MGetPut) ]
do {s' — sp.left.mput s a; 8" — return s';
return (sp.left.mget s”, Just ")}
= [ monad unit ]
do {s' «— sp.left.mput s a; return (sp.left.mget s, Just ')}
= [ (MPutGet) ]
do {s" < sp.left.mput s a; return (a, Just s')}
= [ monad unit ]
do {s’ «— sp.left.mput s a; (b', mc’) «— (sp.right.get ', Just s');
return (a, mc') }
= [ Definition ]
do { (b, mc") — sl.mputy (a, Just c¢); return (a, mc’)} 0O
Theorem 3.12. If sl :: SMLens Id C A B is well-behaved, then smlens2span sl
is also well-behaved, with state space S consisting of the consistent triples

of sl. &

Proof. First we show that, given a symmetric lens s/, the operations of sp =
smlens2span sl preserve consistency of the state. Assume (a,b,c) is consis-
tent. To show that sp.left.mput (a,b,c) o' is consistent for any a’, we have
to show that (a’, b’, ¢’) is consistent, where o’ is arbitrary and return (b, ') =
sl.mputy (a’, ¢). For one half of consistency, we have:

sl.mputy, (b, ")
= [ sl.mputy (', c) = return (b', '), and (PutRLM) ]
return (a’, ¢')

The proof that sl.mputg (a’, ¢’) = return (b’, ¢') is symmetric.

sl.mputy (a’, ')
= [ above, and (PutLRM) ]
return (b', c')

as required. The proof that sp.right.mput (a, b, ¢) b’ is consistent is dual.
We will now show that sp = smlens2span sl is a well-behaved span for any
symmetric lens sl. For (MGetPut), we proceed as follows:

sp.left.mput (a, b, c) (sp.left.mget (a, b, c))
= [ Definition ]

do { (¥, ') «— sl.mputy (a, c); return (a,b’, ')}
= [ Consistency of (a,b,c) ]
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do { (¥, ') < return (b, ¢); return (a,b’, ')}
= [ monad unit ]
return (a, b, ¢)

For (MPutGet), we have:

do {s' < sp.left.put (a, b, c) a'; return (s', sp.left.mget s') }
= [ Definition |
do { (', ) «— sl.mputy (d’, ¢); s’ «— return (a’, ', ¢');
return (s, sp.left.mget s')}
= [ monad unit ]
do { (¥, ) « sl.mputy (d', c);
return ((a’,b’, '), sp.left.mget (a’,b', ')}
= [ Definition |
do {(V/, ') « sl.mputy (d', ¢); return ((a’,b',¢'),d’)}
= [ monad unit ]
do { (b, ¢) « sl.mputy (d', c); s’ — return (a’, b, ¢'); return (s',a’) }
= [ Definition ]
do {s' «— sp.left.put (a, b, c) a'; return (s',a’)}

The proof for (MCreateGet) is similar.

do {s « sp.left.create a; return (s, sp.left.mget s)}
= [ Definition ]
do { (¥, ) « sl.mputy (a,c);s — return (a,b’, c');
return (s, sp.left.mget s)}
= [ monad unit ]
do { (¥, ¢') «— sl.mputy (a, c);
return ((a, V', '), sp.left.mget (a, V', "))}
= [ Definition |
do { (¥, ') «— sl.mputy (a, ¢); return ((a,b’,c'),a)}
= [ monad unit ]
do { (¥, ¢') «— sl.mputy (a,c);s «— return (a,b’, c'); return (s, a)}
= [ Definition ]
do {s « sp.left.create a;return (a,s)} 0

C Proofs for Sect. 4

Lemma 4.3. Suppose lj :: A~ B and b :: C' ~» B are pure lenses. Then (}; x
lg).leﬁ ; ll = (ll X lg).?"’ight ; 12. <>

Proof. Let (I,7) = l; x . We show that each component of [ ; I} equals the
corresponding component of 7 ; ls.
For get:

(I;l).get (a,c)
= [ Definition ]
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lL.get (l.get (a,c))
= [ Definition |
l1.get a
= [ Consistency ]
lb.get ¢
= [ Definition ]
lr.get (r.get (a,c))
= [ Definition |
(r;k).get (a,c)

For put:

(I;h).put (a,c) b
= [ Definition |

l.put (a,c) (li.put (l.get (a,c)) b)
= [ Definition ]

l.put (a,c) (l.put a b)
= [ Definition ]

let a' = lj.put a bin

let ¢/ = L.put ¢ (l.get o’) in (d’, ')
= [ inline let ]

(l.put a b, lp.put ¢ (Iy.get (l.put a b)))
= [ (PutGet) ]

(h.put a b, lb.put ¢ b)
= [ reverse above steps |

(r; k).put (a,c) b

Finally, for create:

(I;l).create b
= [ Definition ]
l.create (ly.create b)
= [ Definition |
let ¢ = k.create (l.get (lh.create b)) in ({.create b, ¢)
= [ (CreateGet) ]
let ¢ = ly.create b in (l;.create b, c)
= [ Inline let ]
(l.create b, ly.create b)
= [ reverse above steps |

(r; k).create b O
Theorem 4.9. Given spq  [A e~ S1 ~ Bla, spg i [A e Sy~ By, if
sp1 =s Spo then sp; =p spy. ¢

Proof. We give the details for the case sp; ™ sp,y. First, write (i, 1) = sp; and
(o, m2) = sp,, and suppose [ :: 51~ S is a lens satisfying &) = [;l and r = [; 9.

We need to define a bisimulation consisting of a set R C S; X S and a span
sp = (lp, 10) :: [A & R ~» B|ps such that fst is a base map from sp to sp; and
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snd is a base map from sp to sp,. We take R = {(s1,2) | s2 = l.get (s1)} and
proceed as follows:

l 2[R~ Al
lo.mget (s1,82) = li.mget s
lo.mput (s1,8) a = do {s] < li.mput s; a;return (s, l.get s7)}
lp.mcreate a =do {s1 « l.mcreate a;return (s1,l.get s1)}
70 2[R~ Bly
ro.mget (s1,82) = ri.mget s
ro.mput (s1, s2) b =do {s] «— ri.mput s; b; return (s1,1.get 1)}
ro.mcreate b =do {1 « r1.mcreate a; return (s1,1.get s1)}

We must now show that ly and ry are well-behaved (full) lenses, and that the
projections fst and snd map sp = (lp, r9) to sp; and sp, respectively.

We first show that ly is well-behaved; the reasoning for ry is symmetric. For
(MGetPut) we have:

lo-mput (s1,82) (lp-mget (s1, $2))
= [ Definition |
do {s] < L.mput s, (I1.mget s1); return (s1,1.get s7)}
= [ (MPutGet) ]
do {s] « return sy; return (sy,l.get 1)}
= [ Monad unit |
return (s1,l.get s1)
= [ sa=1l.gets ]
return (s1, s2)

For (MPutGet) we have:

do {(s1, s¥) <« lop.mput (s1, s2) a; return ((sy, s5), lo-mget (s7,s5))}
= [ Definition |
do {s] <« Li.mput s1 a;(sy,sy) « return (s1,l.get s7);
return ((sy, s¥), li.mget s1) }
= [ Monad unit |
do {s] — L.mput s1 a;return ((s],l.get s1), li.mget s1)}
= [ (MPutGet) ]
do {s1 < li.mput s a; return ((s7,.get s1),a)}
= [ Monad unit |
do {s] — l.mput s a;(sy,s¥) — return (s1, l.get s1);
return ((sy, s¥), a)}
= [ Definition ]
do {(s7, sY) < lop.mput (s1, s2) a; return ((sy,s5),a)}

Finally, for (MCreateGet) we have:

do {(s1, s2) < ly.mcreate a; return ((s1, $2), lo.mget (s1,s2)) }
= [ Definition |
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do {s] — li.mcreate a;(s1, s2) — return (s, l.get s1);
return ((s1, s2), li.mget s1)}
= [ Monad unit |
do {s] < li.mcreate a;return ((s1,1.get s1),li.mget s1) }
= [ (MCreateGet) |
do {s] — li.mcreate a;return ((s7,1.get s1),a)}
= [ Monad unit ]
do {s] < li.mcreate a;(s1, s2) < return (sq,l.get s1);
return ((s1, s2), a)}
= [ Definition |
do {(s1, $2) < lp.mereate a;return ((s1, $2), a) }

Next, we show that fst is a base map from [y to }; and snd is a base map from [
to ly. It is easy to show that fst is a base map from [y to l; by unfolding definitions
and applying of monad laws. To show that snd is a base map from [y to I, we
need to verify the following three equations that show that snd commutes with
mget, mput and mcreate:

lp-mget (s1, $2) = l.mget so
do {(s1, s5) < lo.mput (s1, $2) a;return sb} = b.mput s a
do {(s1, 82) < lp.mcreate a; return s} = lp.mcreate a

For the mget equation:

lo.-mget (s1, s2)
= [ Definition |
ly.mget s1
= [ Assumption ;b =1 ]
(I; l).mget s,
= [ Definition ]
lr.mget (l.get s1)
= [(1,%)€ER ]

lo.mget sy
For the mput equation:

do {(s1,s3) < lo.mput (s1,s2) a; return s}
= [ Definition ]

do {si' « lLi.mput s1 a;(s1, s3) « return (s7, l.get s'); return s3 }
= [ Monad laws |

do {s{ «+ lLi.mput s1 a;return (l.get s7')}
= [[ l; l2 = l1 ﬂ

do {si « (I; k). mput s1 a;return (l.get s7')}
= [ Definition ]

do {sy « L.mput (l.get s1) a; sy — return (l.put s1 s3); return (l.get si')}
= [ Monad laws ]

do {sy «— L.mput (l.get s1) a;return (I.get (I.put s1 s3'))}
= [ (PutGet) ]
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do {sy « L.mput (l.get s1) a;return sy }
= [ (s1,52) € Rsol.gets =s |

do {sy « L.mput sz a;return s; }
= [ Monad laws ]

la.mput s2 a

For the mcreate equation:

do {(s1, $2) < lp.mcreate a; return sz}
= [ Definition ]

do {s] — li.mcreate a;(s1, s2) — return (s, l.get s1); return s }

= [ Monad laws ]

do {s] < lj.mcreate a;return (l.get s])}
= [lib=10 ]

do {s] — (I; k).mcreate a;return (l.get s1)}
= [ Definition ]

do {s} — l.mcreate a;s; < return (l.create sb); return (l.get s7)}

= [ Monad laws |

do {s} — l.mcreate a;return (l.get (l.create s5))}
= [ (CreateGet) ]

do {s} — l.mcreate a;return sh}
= [ Monad laws ]

la.mcreate a

Similar reasoning suffices to show that fst is a base map from ry to r and snd
is a base map from 7y to 72, so we can conclude that R and (I, r) constitute a

bisimulation between sp; and sp,, that is, sp; =p sp,.

O

Theorem 4.10. Given spy :: A e Sy~ B,spy i A e Sy~ B, if sp; =1, spy

then sp; =5 spy.

¢

Proof. For convenience, we again write sp; = (ly, 1) and sp, = (I, r2). We are
given R and a span sp,:: A « R ~» B constituting a bisimulation sp; =y, sps.
Let sp, = (lp, r0). For later reference, we list the properties that must hold by

virtue of this bisimulation for any (s1, s2) € R:

lo.get (s1,82) =l.get s lp.get (s1, $2) = lp.get sy
fst (lo.put (s1,82) a) = li.put s1 a snd (lp.put (s1,52) a) = b.put $2 a
fst (lp.create a) = [.create s snd (ly.create a) = ly.create a
ro.get (1, 82) = r1.9et 81 19.g€t (81, 82) = ry.get o
fst (ro.put (s1,82) b) = ry.put 51 b snd (ro.put (s1,82) b) = ro.put s2 b
fst (rp.create b) = r.create s; snd (rg.create b) = ry.create b

In addition, it follows that:

lo-put (s1,82) a = (li.put s1 a,b.put 2 a) € R
ro.put (s1,82) b= (r1.put $1 b, r9.put $o b) € R
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lp.create a = (ly.create a,ly.create a) € R
rg.create b = (ry.create b, ra.create b) € R

which also implies the following identities, which we call twists:

= rg.get (h.put s1 a,lr.put s2 a
= Iy.get (r1.put $1 b, ra.put 3 b
= rg.get (l.create a,ly.create a
= ly.get (ry.create b, ry.create b

r.get (l.put 51 a
L.get (ry.put s1 b
ry.get (ly.create a
ly.get (ry.create b

= ry.get (l.put s2 a)
= ly.get (ro.put s b)
= ry.get (l.create a)
= ly.get (ry.create b)

~— o —
~— e — —

It suffices to construct a span sp = (I, r) :: S1 « R ~» Sg satisfying [; 5, = r; b
and [;r, = r; rp. Define [ and r as follows:

l.get = fst

Lput (s1,82) 81 = lp-put (s1,82) (hh.get s7)
l.create s; = ly.create (Ij.get s1)
r.get = snd

r.put (81, 82) b = ly.put (s1, 82) (l.get sb)
r.create So = ly.create (lp.get s2)

Notice that by construction [:: R ~» S; and r:: R ~ Sy, that is, since we have
used Iy and ry to define [ and r, we do not need to do any more work to check
that the pairs produced by create and put remain in R. Notice also that [ and r
only use the lenses l; and by, not m and 75; we will show nevertheless that they
satisfy the required properties.

First, to show that [;l; = r; lr, we proceed as follows for each operation.
For get:

(15 h).get (s1,2)
= [ definition ]
h.get (l.get (s1,82))
= [ definition of l.get = fst, fst commutes with get ]
lo-get (s1, 82)
= [ reverse reasoning |
(13 k).get (s1,52)

For put, we have:

(I;l).put (s1,82) a
= [ Definition ]
L.put (s1,82) (L.put $1 a)
= [ Definition |
lo.put (s1,52) (li.get (l.put s1 a))
= [ (PutGet) for I; ]
lo.put (s1,52) a
= [ (PutGet) for lr ]

lo-put (s1, s2) (lo.get (b.put sy a))
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= [ Definition ]

r.put (s1,82) (k.put sy a)
= [ Definition ]

(13 k).put (s1,52) a

Finally, for create we have:

(I;h).create a
= [ Definition ]
l.create (l.create a)
= [ Definition |
lp.create (Iy.get (l.create a))
= [ (CreateGet) for i; |
ly.create a
= [ (CreateGet) for lr ]
lp-create (lp.get (k.create a))
= [ Definition |
r.create (lp.create a)
= [ Definition |
(r; k).create a

Next, we show that [ ; r = r; ry. For get:

(I;m).get (s1,82)
= [ Definition ]
ri.get (I.get (s1,82))
= [ definition of l.get = fst, fst commutes with r.get ]
19-g€et (81, 52)
= [ reverse above reasoning |
(r;ra).get (s1,82)

For put, we have:

(I;r).put (s1,82) b
= [ Definition |

l.put (s1,82) (r1.put s1 b)
= [ Definition ]

lo.put (s1,52) (i.get (r1.put 1 b))
= [ Twist equation |

lo-put (81, 82) (lo.get (ro.put s3 b))
= [ Definition ]

r.put (s1,82) (ro.put so b)
= [ Definition |

(r;ra).put (s1,52) b

Finally, for create we have:

(I;m).create b
= [ Definition ]

29
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l.create (ri.create b)
= [ Definition |
lp.create (Iy.get (r1.create b))
= [ Twist equation |
lp.create (lp.get (ry.create b))
= [ Definition ]
r.create (ry.create b)
= [ Definition |
(r; m2).create b

We must also show that [ and r are well-behaved full lenses. To show that [ is
well-behaved, we proceed as follows. For (GetPut):

l.get (I.put (s1, s2) s7)
= [ Definition ]
fst (lo.put (s1,82) (l.get s1))
= [ fst commutes with put |
l.put s (Iy.get s7))
= [ (GetPut) for I; ]

51

For (PutGet):

L.put (s1,82) (l.get (s1,82))
= [ Definition |

lo.put (s1,52) (l1.get s1)
= [ Eta-expansion for pairs |

(fst (lp.put (s1,52) (lh.get 1)), snd (lp.put (s1,82) (li.get s1)))
= [ fst, snd commutes with put |

(l.put s1 (l.get s1), bb.put so (I1.get $1))
= [ L.get sy =lp.get 55 ]

(h.put 1 (h.get 1), b.put so (l.get s2))
= [ (PutGet) for I, |

(s1,82)

For (CreateGet):

l.create (l.get (s1,52))
= [ Definition |

lp.create (Iy.get s1)
= [ Eta-expansion for pairs |

(fst (ly.create (Iy.get s1)), snd (ly.create (I.get s1)))
= [ fst, snd commutes with put |

(ly.create (ly.get s1), ly.create (Iy.get s1))
= [ L.get sy =lp.get 55 ]

(l.create (Iy.get s1), b .create (l.get s23))
= [ (CreateGet) ]

(31, 32)
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Finally, notice that [ and r are defined symmetrically so essentially the same
reasoning shows r is well-behaved.

To conclude, sp = (l,r) constitutes a span of lenses witnessing that
8P =s SPo- O
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Abstract. Session types provide a static guarantee that concurrent pro-
grams respect communication protocols. Recent work has explored a
correspondence between proof rules and cut reduction in linear logic
and typing and evaluation of process calculi. This paper considers two
approaches to extend logically-founded process calculi. First, we con-
sider extensions of the process calculus to more closely resemble -
calculus. Second, inspired by denotational models of process calculi, we
consider conflating dual types. Most interestingly, we observe that these
approaches coincide: conflating the multiplicatives (® and %) allows
processes to share multiple channels; conflating the additives (& and
& ) provides nondeterminism; and conflating the exponentials (! and ?)
yields access points, a rendezvous mechanism for initiating session typed
communication. Access points are particularly expressive: for example,
they are sufficient to encode concurrent state and general recursion.

1 Introduction

The Curry-Howard correspondence, formulated by Howard (1980) and building
on ideas of Curry (1934) and Tait (1965), observes a remarkable correspondence
between (propositional) intuitionistic logic and the A-calculus. The correspon-
dence identifies logical propositions with A-calculus types, proofs with well-typed
terms, and cut elimination with reduction. The correspondence is fruitful from
the perspectives of both logic and programming languages (Wadler, 2015).

Recent work, initiated by Caires and Pfenning (2010), attempts a similar
identification between linear logic and process calculi. In this case, propositions
of (intuitionistic) linear logic are identified with session types, a mechanism for
typing interacting processes originally proposed by Honda (1993). Proofs of those
propositions are identified with m-calculus processes, and cut elimination in linear
logic with 7-calculus reduction. However, this identification is not as satisfying as
that for intuitionistic logic and the A-calculus. In particular, numerous features
of the m-calculus are excluded by the resulting session-typing discipline, and
there is not yet an approach to restore them. Philip Wadler posed the following
question at an invited talk by Frank Pfenning at the TLDI Workshop in January
2012 [paraphrased]:
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Simply-typed A-calculus has a propositions as types interpretation as
intuitionistic logic, but has limited expressiveness. By adding a fix point
operator it becomes Turing-complete. Similarly, Caires and Pfenning’s
calculus has a propositions as types interpretation as intuitionistic linear
logic. Is there a feature, analogous to the fix point operator, that we can
add to Caires and Pfenning’s calculus in order to recover the full power
of m-calculus?

Wadler has since reposed the same question, but with respect to his classical
variant of Caires and Pfenning’s system (Wadler (2014)).

This paper describes an approach to more expressive, logically founded
process calculi, inspired by Wadler’s question. We begin by considering exten-
sions of Wadler’'s CP calculus that increase its expressiveness—at the cost of
properties such as deadlock freedom—while retaining session fidelity (well-typed
communication). To do so, we explore two approaches. On the one hand, we
directly investigate the inclusion of m-calculus terms excluded by CP’s type sys-
tem, bringing CP more in line with the term calculi in most existing presentations
of session types. Doing so requires the addition of new typing rules, and we con-
sider their interpretation as proof rules and their logical consequences. On the
other hand, inspired by the semantics of the m-calculus described by Abramsky
et al. (1996), we attempt to conflate the various dual types. Our primary con-
tribution is the observation that these disparate approaches converge: the new
proof rules allow us to show bi-implications between dual types, while assuming
such bi-implications make the new logical rules derivable.

The paper proceeds as follows. We begin with a short introduction to ses-
sion types and their connection to linear logic and its semantics (Sect.2). We
recall Wadler’s CP calculus (Sect.3). We then describe the conflation of the
various dual types and their consequences (Sect. 4). Finally, we conclude with a
discussion of future work and open questions (Sect. 5).

2 Background

Unlike the propositions of intuitionistic logic, linear logic propositions are finite
resources—the assumptions of a proof must each be used exactly once in the
course of the proof. When he introduced linear logic, Girard (1987) suggested
that it might be suited to reasoning about parallelism. Abramsky (1992) and
Bellin and Scott (1994) give embeddings of linear logic proofs in 7-calculus, and
show that cut reduction is simulated by w-calculus reduction. Their work is not
intended to provide a type system for m-calculus: there are many processes which
are not the image of some proof.

Session types were originally introduced by Honda (1993) as a type system for
m-calculus-like communicating processes. The key constructors of session types
include input and output, characterising the exchange of data, and internal and
external choice, characterising branching evaluation. Honda’s typing discipline
assures session fidelity, meaning that at each synchronisation the communicating



34 R. Atkey et al.

processes agree on the types of values exchanged. His system is extended to -
calculus-like processes by Takeuchi et al. (1994) and Honda et al. (1998). Session
typing relies on a substructural type system to assure session fidelity; however,
Honda did not relate his types to the propositions of linear logic, and he relies on
a self-dual type for closed channels. Kobayashi et al. (1996) give a linear, typed
polyadic 7-calculus, in which each channel must be used exactly once, and show
how it can be used to encode serial uses, as in session types; they do not address
choice or nondeterminism.

Recent work by Caires and Pfenning (2010) and Wadler (2014), among oth-
ers, has developed a propositions-as-types correspondence between session typing
and linear logic. Session types are interpreted via the connectives of linear logic—
for example, the tensor product A® B characterises processes that output values
of type A, and then proceed as B. Caires and Pfenning (2010) interpret the proof
rules for intuitionistic linear logic as a type system for the w-calculus; they then
show that the reduction steps for well-typed m-calculus terms correspond to the
cut elimination rules for intuitionistic linear logic. Wadler (2014) adapts their
approach to classical linear logic, emphasising the role of duality in typing; in his
system, the semantics of terms is given directly by the cut elimination rules. As
a consequence of their logical connections, both systems enjoy deadlock freedom,
termination, and a lack of nondeterministic behaviour; however, both systems
also impose additional limitations on the underlying process calculus, and differ
in some ways from traditional presentations of session types.

Abramsky et al. (1996) propose an alternative approach to typing communi-
cating processes. Their approach is based on a denotational model for processes,
called interaction categories. Their canonical interaction category, called SProc
is sufficient to interpret linear logic; unusually, the interpretations of the dual
connectives are conflated. SProc is quite expressive: it can faithfully interpret
all of Milner’s synchronous CCS calculus. However, we are not aware of any
work extending interaction categories to interpret channel-passing calculi, such
as m-calculus or the calculi of Caires and Pfenning and Wadler.

There have been several type systems for deadlock-free processes not derived
from linear logic, including those of Kobayashi (2006), Padovani (2014), and
Giachino et al. (2014). These systems all include composition of processes shar-
ing multiple channels, but at the cost of additional type-system complexity.
Dardha and Pérez (2015) compare Kobayashi’s approach with the linear-logic
based approaches of Caires, Pfenning, and Wadler. They observe that the lin-
ear logic-based approaches coincide with that of Kobayashi when restricted to
one shared channel between processes. They also give a rewriting procedure from
Kobayashi-typable processes with multiple shared channels to processes with one
shared channel, and show an operational correspondence between the original
and rewritten processes.

Some of our results above are reminiscent of results obtained in category-
theoretic settings closely related to linear logic. Fiore (2007) shows that confla-
tion of products and coproducts into biproducts is equivalent to the existence of a
monoidal structure on morphisms; we will attempt a similar conflation (Sect. 4.3)
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to give a logical interpretation of nondeterminism. Compact closed categories
provide a model of classical linear logic in which ® and % are identified; we will
consider a similar conflation as well (Sect.4.2). However, we do not yet under-
stand the exact relationship between compact closed categories, and our system
with the multicut rule. In compact closed categories it is known that finite prod-
ucts are automatically biproducts Houston (2008), and it would be interesting
to see how his proof translates to a logical setting.

Finally, there have been several attempts to relate m-calculus to proof nets,
one approach to the semantics of linear logic. Honda and Laurent (2010) demon-
strate a two-way correspondence between proof nets for polarised linear logic and
a typed m-calculus previous presented by Honda et al. (2004). The type system
used for the m-calculus in this work is rather restrictive, however: it ensures
that all processes are deterministic and effectively sequential, removing much of
the expressivity of the m-calculus. Ehrhard and Laurent (2010) give a transla-
tion from finitary m-calculus (i.e., m-calculus without replication) into differen-
tial interaction nets. Differential interaction nets are an untyped formalism for
representing computation, based on proof nets for differential linear logic. Dif-
ferential linear logic is an extension of linear logic that, amongst other features
adds a form of nondeterminism. It is this nondeterminism that Ehrhard and
Laurent use to model the m-calculus. However, Mazza (2015) argues forcefully
that Ehrhard and Laurent’s translation incorrectly models the nondeterminism
present in the w-calculus. In short, Mazza shows that differential proof nets can
only model “localised” nondeterminism—nondeterminism that can be resolved
via a local coin flip—and not the global nondeterminism that arises when two
processes “race” to communicate with another process. Mazza makes the follow-
ing provocative statement:

However, although linear logic has kept providing, even in recent times,
useful tools for ensuring properties of process algebras, especially via
type systems (Kobayashi et al., 1999; Yoshida et al., 2004; Caires and
Pfenning, 2010; Honda and Laurent, 2010), all further investigations have
failed to bring any deep logical insight into concurrency theory, in the
sense that no concurrent primitive has found a convincing counterpart
in linear logic, or anything even remotely resembling the perfect corre-
spondence between functional languages and intuitionistic logic. In our
opinion, we must simply accept that linear logic is not the right frame-
work for carrying out Abramsky’s “proofs as processes” program (which,
in fact, more than 20 years after its inception has yet to see a satisfactory
completion).

We will show that, while not entirely answering Mazza’s critique, our identifica-
tions provide some logical justification for m-calculus-like features.

3 Classical Linear Logic and the Process Calculus CP

We begin by reviewing Wadler’s CP calculus (Wadler, 2014), its typing, and its
semantics. For simplicity, we restrict ourselves to the propositional fragment of
CP, omitting second-order existential and universal quantification.
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3.1 Types and Duality

The types of the CP calculus are built from the multiplicative, additive, and
exponential propositional connectives of Girard’s classical linear logic (CLL).

TypesA,Bu=A®B|A ® B|1|L|AGB|A&B|0|T|IA|?4

Wadler’s contribution with the CP calculus was to give the logical connectives
of CLL an explicit reading in terms of session types. As is standard with session
typing, CP types denote the types of channel end points. The connectives come in
dual pairs, indicating complementary obligations for each end point of a channel.
The tensor connective A® B means output A and then behave like B; and dually,
par A %® B means input A and then behave like B. The unit of ® is 1, empty
output; dually, the unit of % is 1, empty input. Internal choice A & B means
make a choice between A and B; dually, external choice A & B means accept a
choice of A or B. Replication !A means produce an arbitrary number of copies
of A; dually, query 7A means consume a copy of A.

The dual relationships between ® and 2, 1 and 1, ® and &, and ! and ?
are formalised in the duality operation —*, which takes each type to its dual.

(A@B): =A*®BY  (A@B)* = At&B*

(A®B)t = AL @ Bt (A&B)t = At o Bt (14)L = 7(At)
1t =1 TLH=0 (7A)L = 1(A%)
1t =1 0t =T

Example: Sending and Receiving Bits. CP is a rather low-level calculus. The
multiplicative fragment (® and %) handles only sending and receiving of chan-
nels, on which data may be subsequently transmitted. The only actual data that
may be transmitted between processes are single bits, which take the form of a
choice between a pair of sessions. Transmission of a single bit is represented by
internal choice between two empty outputs.

Bool=1®1

Dually, receiving a single bit is represented by an external choice between two
empty inputs.
Boolt = L& L

The other propositional connectives of CLL can now be used to build more
complex specifications. For example, we can write down the type of a server
that offers a choice of a binary operation on booleans (single bits) and a unary
operation on booleans, arbitrarily many times.

Server = ((Bool* % Boolt % Bool ®1)& (Boolt ® Bool ® 1))

The outer ! indicates that an implementation of this type is obliged to offer the
server as many times as a client requires. The inner part of the type is a client-
choice, indicated by the external choice (&), between the two operations. The
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left-hand choice Bool™ % Bool™ % Bool ® 1 can be read as “the server must
input two booleans, output a boolean, and then signal the end of the session”.
The right-hand choice is similar, but only specifies the input of a single boolean
input.

A compatible client type is obtained by taking the dual of the Server type.

Client = Server™ = ?((Bool ® Bool ® Bool* % 1) ® (Bool ® Bool* % 1))

Dually to the server’s obligations, the outer 7 indicates that the client may
make as many uses of this session as it desires. The inner part of the type is an
internal choice (@), indicating that the implementation of this type must make a
choice between the two services. The two choices then describe the same pattern
as the server, but from the point of view of the client. The left-hand choice
Bool ® Bool ® Bool™ % 1 can be read as “the client must output two booleans,
input a boolean, and then signal the end of the session”. The right-hand choice
is similar, but only specifies the output of a single boolean.

3.2 Terms and Typing

The terms of CP are given by the following grammar.

Terms P,Q :=z <y |vy (P | Q) [ 2(y).P | z[y].(P | Q) | lz(y).P | Tz[y].P
| z[in;]).P | case x.{P;Q} | x().P | «[].0 | case z.{}

Figure 1 gives the typing rules of CP. The typing judgement is of the form P - I,
where P is a CP process term, and I" is a channel typing environment. In rule
(BANG), ?I" denotes a context I" in which all types are of the form ?A for some
type A. Note that CP’s typing rules implicitly rebind identifiers: for example, in
the hypothesis of the rule for %, x identifies a proof of B, while in the conclusion
it identifies a proof of A % B.

CP includes two rules that are logically derivable: the axiom rule, which
is interpreted as channel forwarding, and the cut rule, which is interpreted as
process composition. Two of CP’s terms differ from standard m-calculus terms.
The first is composition—rather than having distinct name restriction and com-
position operators, CP provides one combined operator. This syntactically cap-
tures the restriction that composed processes must share exactly one channel.
The second is output: the CP term z[y].(P | @) includes output, composition,
and name restriction (the name y designates a new channel, bound in P). Finally,
note that CP includes only replicated input, not arbitrary replicated processes.

A Simpler Send. The CP rule TENSOR is appealing because if one erases the
terms it is exactly the classical linear logic rule for tensor. However, this corre-
spondence comes at a price. Operationally, the process z[y].(P | Q) does three
things: it introduces a fresh variable y, it sends y to a freshly spawned process P,
and in parallel it continues as process @). Fortunately, we can straightforwardly
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Typing
Cur

AXIOM PrTIz:A QF Az:A*+ ONE

teowkz: Aw: AT ve(P|Q)FTI,A z[]0Fz:1
TENSOR PAr Bor
PFIy:A QFAz:B PrHIy:Az:B P+
zly (P Q)F1,A,2: A® B z(y).PFTz: A" B z().PFTz: L
Prus WiTH T

PrHT,z: A P+T,z:A QFIL,z:B or

x[zm}P [ F,:E AL @ Ay

casex.{P;Q}+ITz: A& B

casex {}FLz:T

QUERY
P y: A
xly]l.PHIx: 74

BaNG
PHMy: A

lz(y).PH 7?1z 1A

WEAKEN? CONTRACT?
P+ PHITy:7A,2:7A
PrILz:74A P{z/y,z/z} F T,z :7A

Fig. 1. CP typing

define the operation that sends a free variable along a channel as syntactic
sugar (Lindley and Morris (2015) discuss this in more detail).

def
2(y).P L 2l (y o 2 | P)
Example: Sending and Receiving Bits. As mentioned above, CP is quite low-level,
so we use some syntactic sugar for sending and receiving bits.

2[0).P < a[y].(ylin1]y[.0 | P)

2[1].P < z[y).(ylinz) y[.0 | P)
case p.{0 — P; 1 Q} & case p.{p().P;p().Q}

Let us define a logic server process P - x : Server, in which the binary operation
is “and”, and the unary operation is “not”.

P =lz(y).case y.{y(p).y(q)-
case p.{0 — case ¢.{0 — y[0].y[].0; 1 — y[0].y[].0};
1+ case ¢.{0 — y[0].y[].0; 1 — y[1].y[].0}};
y(p)-
case p.{0 — y[1].y[].0; 1 — y[0].y[].0}}

This process operates over replicated channel z, accepting a channel y.
A client process communicating along the other end of x will begin by choosing
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between the “and” and “not” operations. If “and” is requested, then two bits (p
and q) are received along y, and their logical conjunction is sent back along y.
If “not” is requested, then a single bit (p) is received along y, and its logical
negation is sent back along v.

We now define a client process @ that uses P to compute “not (p and q)”,
using the result to choose between two processes Py and P; as continuations.

Q = Tx[yl.ylin].y(p).y(a)-y(2)-y().
tz[y].ylina].y(2).y(r).y().
caser.{0+— Py;1 — P}

The process @ connects to P twice using channel z, selecting the “and” opera-
tion, and then the “not” operation. We have that Q + p : Bool*,q : Bool*,x :
Client, A whenever Py A and P, F A.

3.3 Semantics via Cut Reduction

The semantics of CP terms are given by cut reduction, as shown in Fig.2. We
write fv(P) for the free names of process P. Terms are identified up to structural
congruence = (as name restriction and composition are combined into one form,
composition is not always associative). We write —¢ for the cut reduction
relation and — ¢ for the commuting conversion relation. We denote sequential
composition of relations by juxtaposition. We write R* for the transitive reflexive
closure and R’ for the reflexive closure of relation R.

The majority of the cut reduction rules correspond closely to synchronous
reductions in 7-calculus—for example, the reduction of & against @ corresponds
to the synchronisation of an internal and external choice. The rule for reduction
of ® against ® is more complex than synchronisation of input and output in
m-calculus, as it must also manipulate the implicit name restriction and parallel
composition in the output term. We deviate slightly from Wadler’s presenta-
tion in that substitution and duplication and discarding of replicated processes
happens in the structural congruence rules for weakening and contraction and
not as part of the rule for dereliction. These choices ensure that reduction only
concerns interactions between dual prefixes and other non-intensional behaviour
is handled by the structural congruence.

Theorem 1 (Preservation). The relations =, — ¢, and — c¢ preserve well-
typing: if P+ I' then P = Q implies Q - I', P —¢ Q implies Q F I', and
P —coQ implies Q- T'.

Just as cut elimination in logic ensures that any proof may be transformed
into an equivalent cut-free proof, the reduction rules of CP transform any term
into a term blocked on external communication—that is to say, if P F I, then
P(=—¢)*(=—cc)’ P where P! # vz (Q | Q') for any z,Q, Q'. The optional
final commuting conversion plays a crucial role in this transformation, moving
any remaining internal communication after some external communication (pre-
cluding deadlock). Note, however, that commuting conversions do not correspond
to computational steps (i.e., any reduction rule in m-calculus).
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Structural congruence

> wW=w-+«—xT
ve (w < z | P) = Plw/z]
ve (P Q) = vz (Q|P)
ve (P vy (Q|R) = vy (ws (P| Q)| R), ifsd foR)
vo (e(y).P1 Q)= Q, ¢ fu(Q)
va (l2(y).P | Qlu/2}) = va (la(y).P | vz (2(y).P | Q))

Primary cut reduction rules

vz (z]].0] z().P) —c¢ P
v (z[y].(P | Q) | 2(y).R) —c va (Q|vy (P | R))
vz (z]ing].P | case 2.{Q1; Q2}) —c vz (P | Q;)
ve (5(y)-P | 72[y].Q) —c vy (P| Q), if s ¢ fo(Q)

P—c P
ve (P| Q) —cvz(P'|Q)

Commuting conversions

vz (zlyl.(P | Q) | R) —cc zlyl.(vz (P | R) | Q), if 2 & fu(Q)
vz (zlyl.(P | Q) | R) —cc z[yl.(P | vz (Q | R)), if 2 & fu(P)
vz (z(y).P| Q) —cc z(y)vz (P | Q)
vz (z().P| Q) —cc z()vz (P Q)
vz (z[ini].P | Q) —cc z[in;].vz (P | Q)
vz (case x.{P; Q} | R) —cc casez.{vz (P | R);vz (Q | R)}
vz (casez.{} | Q) —cc case z.{}
vz (1z(y).P | Q) —cc lz(y)vz (P | Q)
vz (Tzly].P | Q) —cc Tzlylvz (P | Q)

Fig. 2. CP congruences and cut reduction

Ezxample: Sending and Receiving Bits. Recall that, under the assumption of two
processes Py F A and P, + A, we have P + z : Server and Q F p : Boolt,q :
Bool™*, z : Client, A. In order to connect the client and server, we bind  to the
replicated channel they communicate along: PQ = va (P | Q). We can set the
values of the bits p and ¢ by placing further processes in parallel with PQ, which
allows reduction. For instance,

vp (p[1] | vq (q[1] | PQ)) —¢ Po

and:
vp (p[0] [ vq (4[1] | PQ)) —¢ 1

Properties of Cut Reduction. Unsurprisingly, being a term calculus for classical
linear logic, CP is well-behaved. CP cut reduction is terminating, CP does not
admit deadlocks, and CP is deterministic.
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Theorem 2 (Termination). The relation — ¢ is strongly-normalising mod-
ulo =: if P+ I', then there are no infinite =— ¢ reduction sequences starting

from P.

Theorem 3 (Deadlock-Freedom). If P\ I, then there exist P',Q such that
P(=—¢)* P and P(=—¢c)’ Q, and Q is not a cut.

Theorem 4 (Determinism). The relation — ¢ is confluent modulo =: if
PET, P(=—¢)"Q1 and P(=—(¢)* Q2, then there exist Ry, Ry such that
Q1 (=—¢)" R, Q2(=—0)" Rz, and Ry = Rs.

All of these theorems follow from well known results about classical linear logic.

4 Conflating Duals

In light of the results above about CP’s semantics, it would seem that CP is not
a particularly expressive calculus. In particular, nondeterminism is frequently
seen as a defining characteristic of concurrency, and the guaranteed deterministic
behaviour of CP (Theorem 4) would appear to indicate that it is not possible to
express much interesting behaviour in CP.

One property of CP that appears to be essential for its behavioural properties
is its strict adherence to duality. Each connective has an accompanying dual, and
the fact that communicating processes must match dual connectives precisely
means that “nothing goes wrong”, in the sense of non-termination, deadlock or
nondeterministic behaviour. Observing that this precise matching makes CP a
relatively inexpressive calculus, we now systematically investigate relaxation of
the strict duality of CP to see whether or not it yields greater expressivity by
conflating each of the dual pairs of connectives in turn.

How to Conflate Duals. There are choices over exactly how to conflate duals in
a proof theory. In a standard session-typed calculus, for instance, one literally
replaces 1 and L with a single type (usually called end). However, in order to keep
our modified calculus conservative with respect to the existing one, we initially
take a different approach following Wadler (2014), who considers extensions of
CP in which certain maps between duals are derivable. Logically, we can say that
we have conflated propositions (session types) A and B if there exist processes
Pap and Ppy such that Pap -2 : A — Band Pgg -2 : B — A (where A —o
B = At ® B), which amounts to giving back-and-forth translations between
A and B. In this paper, we do not necessarily require that these translations
be mutually inverse in any way, though we usually expect this to be the case.
Our general pattern will be to add some feature (parallelism, multi-channel cut,
nondeterminism, access points) and then observe that this is logically equivalent
to conflation of a dual pair.
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def

Asindicated above, we define A — B = A1 % B. Furthermore, % is invertible

werkw: Atz A y—zFy:B,z: B+
.2l L . .

vz(P|zlwl.(wez|y—z)Fax:Ay:B

so without loss of generality we shall seek P4p and Pga such that Pap - x :
Aty : Band Pga F 2 : B+,y : A and we shall systematically treat a proof
Pigtx: At y: B as a proof of A — B.

4.1 Concurrency Without Communication (1 and L)

The first pair of connectives we conflate are 1 and . Conflation of this pair corre-
sponds to the addition of communication-free concurrency and inactive processes
to CP, via the Mix and 0-MIX rules.

The Mix rule allows processes P and @ to be composed in parallel P | Q
without creating a communication channel between them.

Mix
P+I QFA
P|Q|—F7A

The unit of MiX is the inactive process 0.
0-Mi1x

0+

Using MIx we can prove L —o 1.

z[]OFz:1 y[]0Fy:1
z[]O|y[JOFz:1,y:1

Conversely, if we already have a proof Pj; of 1 —o 1, then we can derive a proof
of the MIX rule.

Qr A
P+T y).QFAy: L P ibkx:1ly:1
z().PFLx: L vy (Q| Pl1)FAzx:1

va (P vy (@] PL)) k1A

Thus, MixX and | — 1 are logically equivalent and we choose to define a process
P, 1 in terms of MIX.

P 2.0 y[.0
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In the other direction, using 0-MIix we can prove 1 —o L.

__0F
y).0kFy: L
2)yO0Fxz: Ly: L

Conversely, if we already have a proof P;; of 1 —o 1, then we can derive a proof
of the 0-MIX rule.

PFx:Lliy: L y[lOkFy:1
vy (Pip |y]].0)Fa: L z[]OFz:1
va (vy (P [ y[].0) [ 2[].0) £

Thus, 0-Mix and 1 — L are logically equivalent and we choose to define the
process P; | in terms of 0-MIX.

P % 2().y().0

Semantics. To account for M1X and 0-M1X, we extend the structural congruence
with the following rules.

rP|jo=P

PlQ=QI|P

PI@QIR)=(P|Q)|R .
z(P(QIR) =z (P|Q)|R, ifzdfu(R)
The only cut reduction rule we add allows reduction under a MiX.
P —C Pl
P|Q —c P | Q

For each standard commuting conversion involving a cut, there is a corresponding
one where the cut is replaced by a MIx.

z[y].(P | Q) | R —cc z[y].(P | R) | Q)
z[yl.(P | Q) | R —cc z[yl.(P | (Q | R))
(z(y).P) | Q —cc z(y).(P| Q)
(z().P) | @ —cc z().(P | Q)
(z[ini].P) | Q@ —cc z[in] (P | Q)
casez.{P;Q} | R —cc casez.{P | R;Q | R}
casez.{} | Q@ —cc case z.{}

Adding Mix and 0-Mi1x does not disturb any of the usual meta-theoretic proper-
ties of CP: termination, deadlock-freedom, and determinism all still hold. There-
fore, the conflation of 1 and L does not greatly alter the properties of CP, though
it is does weaken the separation between ® and %, as we shall see in the next
section.
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4.2 Concurrency with Multiple Channels (® and ¥®)

The second pair of connectives we consider for conflation are ® and %. This
conflation is logically equivalent to the addition of a multi-cut rule that enables
communication over several channels at the same time, generalising the single
channel of the standard CUT rule, and the zero channels of the M1xX rule. As we
shall see, the introduction of this rule results in the possibility of deadlock.

Conflation of the units 1 and L of ® and % via MIX already yields a trans-
lation from the former to the latter.

zeoybz: Aty A wezFw:BY2:B
toy|lwezkz: At w: Bty A z: B
y(z).(z sy|lwe2)Fr: A ®Bt y: A 2: B
z(w)y).(z o y|lwe2)Fr: AA®BL y: A®B

Conversely, if we already have a proof Pg » of A B — A % B, then we can
prove F 1,1, and hence the MIx rule

Fz:l Fy:1l
PozbFa:1%1y: 1L®1 yla].(z[].0 | y[JO) Fy:1®1
vy (Pov | 9] 0] y10) F 2 131
v (vy (Pox | ylz].(2[1.0 | y[].0)) | 2[w]w = 2 |2 = y) Py 1,2:1

where we make use of the invertibility of %.

Whereas MIX is a variation on cut in which no channels communicate between
the two processes, another natural variation is to allow two channels to commu-
nicate simultaneously between two processes.

BiCur
PrIz:AYy:B* QrAz:Ay:B
vey (Pl Q)FT,A

In general one might consider n channels communicating across a cut so the Mix
rule is the nullary case of such a multicut.
Using BICUT we can show that A ® B — A® B.

y: At w: A z:BY,z:B z:Aw: At y:B,z: Bt
z:At@BYw:A z:B y: A® B,w: At z: B+
vwz (@lyl(w o | @ o 2)
lyle].(w = 2 |y < 2))
Conversely, if we already have a proof Pyg of A ® B — A ® B, then we can
derive a proof of the BICUT rule.

PrTI,z: A% y: Bt QrAz:Ay:B
ylz].P+T,y: At @ B+ y(x).QFAy: A® B
vy (ylz].P | y(2).Q) F I A

Fez: At @Bty AQB
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where we write y[x].P as syntactic sugar for vz (z(z).P{z/y} | Prg)-
PrHIx:Ay:B
P{z/yt+-Tz:Az:B
2(y).P{z/y} T,z : A® B Pyo b z: (A®B)t y: A®B
vz (z2(x).P{z/y} | Psg) F [y : A® B

Thus, BICUT and A ® B — A ® B are logically equivalent and we choose to
define the process Pyg in terms of BICUT.

Pyg =vwz (z[yl.(w oy |z < 2) |ylz].(w o 2 |y < 2))
We can also derive 0-Mi1xX using BICUT and AXIOM.
0% vay (z o y|zoy)k

As 0 does not have any observable behaviour in any context and neither does
this term, we can perfectly well take this to be our definition of 0 when working
with variants of CP that include BiCur.

From Bicut to Multicut. A natural way to try to define cut reduction in the
presence of BICUT is to lift each of the existing cut rules to bicut rules in which
the inactive name remains in place. Unfortunately, this does not work for the
rule reducing the interaction between ® introduction and % introduction (i.e.
sending and receiving a fresh channel).

vzr (zlyl.(P | Q) [ #(y)-R) —c vzy (P |va (Q | R))

The problem is that z may be bound in (), so moving @ across the z cut may
require contradictory types for z. One can attempt to work around the issue by
analysing whether z occurs in P or (). But if z has type 7A for some A then
it may occur in both. To avoid the problem we take a more uniform approach,
introducing a multicut construct that generalises Mix, BiCuT, and CUT.

MurriCur
PrT,x: AL, ...z, AL QF Az Ay, ...,z Ay

VEy,..., 2 (Pl Q)F T, A

Now we can construct a send/receive rule that does not move any of the sub-
terms across a cut. (We shall delegate all such cut-shuffling to the structural
congruence.)

vz (zfyl.(P | Q) | x(y).R) —c vZzy (P | Q) | R)

Extending the pattern for BiCuUT, one can encode n-cut, for n > 2 in terms of
Pyg (and hence B1CuT).

vry ... zn (P Q) ¥ vay, (xalz1]. - 2len_1].P | Tn(z1). - Tn(Tn-1).Q)

This shows us that BICUT is logically equivalent to MuLTICUT, but it does not
help with defining the semantics of BICUT, which we specify using MuLTICUT
anyway.
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Semantics. The structural congruence in the presence of MULTICUT is as follows.

vizyy (P | Q) = viyey (P | Q)
viz (w x| P) = Plw/z], fwé¢
vi (P Q) =vi(Q]P)
vy (P | vZ(Q | R)) = vyz (vZ (P | Q) | R),
if ¢ fu(R) and 2 ¢ fu(P)
viz (la(y). P Q) =Q,  ifx ¢ fu(Q)
viiw (a(y).P | Qe/2}) = vies (a(y).P | ().P) | Q)

The first rule allows reordering of bound variables. The remaining rules cor-
respond to the original structural rules, taking into account the possibility of
additional cut variables. The third rule is constrained such that a substitution
can only be performed if the substituted variable is not bound by the cut. The
fifth rule allows us to focus on any pair of processes while moving the cut vari-
ables between the multicuts appropriately. The final rule takes advantage of
Mix to avoid the problem we already encountered with adapting the original
send /receive rule for use with BICUT.
The primary cut rules are as follows.

vZ (z[].0 | z().P) —¢c P
viz (zly].(P | Q) | 2(y)-R) —c vizy (P | Q) | R)
vZx (x[in;]. P | case x.{Q1; Q2}) — ¢ vZz (P | Q;)
viz (1z(y).P | 72[y].Q) —c viy (P|Q), ifz¢ fu(Q)

P—>Cpl
vi (P Q) —cvi(P'|Q)

The send/receive rule uses mix and extends the existing multicut. The other
rules are straightforward generalisations of the original ones.

Adding MurLTICUT introduces the possibility of deadlock. Termination (but
not cut-elimination) and determinism are preserved.

4.3 Nondeterminism (0 and T/® and &)

The previous two sections dealt with the conflation of the multiplicative con-
nectives, 1/ L and ®/%. Conflation of the additive connectives 0/T, and &/ &
yields a calculus that has local nondeterminism: processes can be defined as the
nondeterministic combination of two processes, or as processes that may fail.

As in 7-calculus, we can easily extend CP with a construct to nondetermin-
istically choose between two processes.

CHOOSE
PrTI QrI

P+QFrT
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The unit of nondeterminism fail makes no choices.

FAIL

fail = I

Binary nondeterminism does not change the properties we can prove, and indeed
the CHOOSE rule is derivable in two ways.

P+I QFrI

z().)PrLz: L z().QF Nz L z[]OFz:1

casex.{z().P;z().Q} - Ix: L& L zling].z[]OFz: 161
vz (case x.{z().P;z().Q} | z[inq].x[].0) F I’

P+TI QFrI
z())PFLaz: L z().QFINx: L z[]OFz:1
casex.{z().P;z().Q} - Ix: L& L zling.z[]OFz: 141
vz (case x.{z().P;z().Q} | z[ing].x[].0) - I’

The proofs are not cut-free, and they both fail to capture the semantics of
nondeterminism: the first always reduces to P and the second to Q.

We do not need to add any features to CP in order to prove that 0 —o
T. Logically 0 represents falsehood, and thus implies everything including T.
However, there are two distinct cut-free proofs of 0 — T.

casex{}Fax:T,y:T casey{}Fa:T,y:T
We can combine these using nondeterminism.
casex.{} +casey{tta:T,y:T

Similarly, there are two distinct cut-free proofs of A& B — A @ B in plain CP.

reyk At A
ylim].x =yt x: At y: A® B
zfing)ylim].x -y x: At oBYy: A B
x<—>y|—x:BL,y:B
ylinglx — yFa:Bt y: A® B
zing).yling).x —yFx: Ao Bt y: A B

Again, we can combine these using nondeterminism.

(zini].yling].x < y) + (zfing].yling).x < y)F2z: At® Bt y: Ao B
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Reading CP as a logic, the FAIL rule has obvious logical problems: it allows us to
prove anything! However, that is not to say that it does not have a meaningful
dynamic semantics in terms of cut reduction. Failure immediately yields a proof
of T — 0.

failFx:0,y:0

Conversely, if we already have a proof Pty of T —o 0, then we can derive a proof
of the FAIL rule.

ProFxz:0,y:0 casey{}tFy: T,
casex.{}Fax:T vy (Pro|casey{}) Fz:0,I"
ve (case z.{} | vy (Pro | casey.{})) - I

Thus, FAIL and T —o 0 are logically equivalent and we can define Pt in terms
of FAIL. ;
Pro % fail

Of course, A ® B — A& B can be proved with fail. We could simply use fail
to prove this immediately, but this does not have the right dynamic semantics
in terms of nondeterminism. A more satisfying proof is given by the following
judgement.

case z.{case y.{x < y;fail};case y.{failix - y}} - I

This judgement captures the idea that reduction can succeed if the two channels
make compatible choices. In the other direction, we can prove F 0 (and hence
F I for any I') from Pgpg HF A® B — A& B.

z[].0F x:1
Prz1a0 Pyg Fa:l&T,y:1&0 casey.{} Fy:T, 20
v (P| Ppe)Fy:1&0 QFy:laT, 20

vy (vx (xfing].x[].0 | P& ) | y[ing].casey.{}) F 2:0
where P = z[ing].z]].0 Q = yling].case y.{}

Thus, FAIL and A@® B — A & B are logically equivalent and we choose to define
the semantics of Pgg in terms of FAIL.

Py 4 case x.{case y.{x < y;fail}; case y.{fail; z < y}}

Bicut and Fail. Tt turns out that FAIL is also derivable from B1CuTt. If we have
Bi1CuT then we can define FAIL as follows.

fail 2 vey (x < y | case z.{})
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Semantics. Following m-calculus, we add two reduction rules.

P+Q—>cP
P+Q —cQ

Nondeterminism (without BICUT) does not disturb cut-elimination. Termi-
nation and deadlock-freedom are preserved. Of course, determinism is lost.
However, the determinism we have added is local, in the sense that while an
individual process may nondeterministically evolve, this nondeterminism does
not arise from two separate processes racing for some shared resource. If we are
to capture interesting concurrent behaviour then it seems natural to allow for
racy communication. We will see in the next section how to introduce races.

4.4 Access Points (! and ?)

Access points provide a dynamic match-making service for initiating session
communication. An access point a of type xA allows an arbitrary number of
channels of type A to nondeterministically accept requests from an arbitrary
number of channels of type A+. Each channel of type A is nondeterministically
paired up with a matching channel of type A*. If at any point the numbers of
A channels and A' channels differ, then any unmatched channels block until a
matching channel becomes available (which may never happen).

It is not clear to us if it is possible to conflate ! and ? in quite the same way
as we did for the other type constructors. Nevertheless, we can achieve a similar
effect by a slightly different route, whereby we replace ! and ? with access points.

The rules for accepting and requesting a connection through an access point
replace the BANG and QUERY rules.

ACCEPT REQUEST
PrlLx:1Ay: A PrlLx:7Ay: A
*x(y).PHTx:1A *x[ylPH T x: 74

The two differences from the BANG and QUERY rules are that: in each rule x is
bound in P, allowing the access point to be reused in the continuation; and there
are no restrictions on I" in ACCEPT. The weakening and contraction capabilities
are extended to propositions of the form !A.

WEAKEN! CONTRACT!
PrT PrTLy:1Az:1A
PHITx:1A Plz/y,x/z} kT x: 1A

The original BANG and QUERY rules are derivable from the above rules:
PHMy: A PHIy:A

P x:1Ay: A PrLx:7A,y: A
*x(y).PF 1o 1A *x[y|PFT,z:?7A
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Conversely, if for all A we have proofs of !A — 74 and 74 — A, then we can
straightforwardly derive ACCEPT, REQUEST, WEAKEN!, and CONTRACT!.

Access points liberate name restriction from parallel composition. We will
use the following syntactic sugar.

0% va (xalz].z]].0 | *alz].2[.0)
(va)P < va (P 0)
(vay...an)P Lof (va)...(va,)P
In addition to the changes to the typing rules, we also add a type equation
xA=14A="74"

capturing the idea that access points play the role of both ! and ?. This equation
immediately implies that !4 — ?AL and ?A4 — !A', which does not quite
fit with our previous pattern. However, if it is the case that A and all of its
subformulas are self-dual then we can show that !A — ?7A and 7A — !A are
admissible, as we might expect. As it turns out, we can encode Mi1x, MuLTICUT,
and CHOICE using access points, so indeed these properties are admissible and
all types are self-dual.

PlQ= va(P|Q)
vy ... xn (P Q) Y (ay...an)(xar(z1). %t (20). P | ¥an|z1]. - - - % [20].Q)

fail < vz (case z.{} | (va)xa(y).x < y)
P+Q EC ((xa(x).z[ing].z[).0 | xa(x).x[ins].x[].0) | *a[z].case x.{z().P;x().Q})

Semantics. In the presence of access points, it makes sense to add a garbage col-
lection rule to the structural congruence to dispense with unused cut variables.

vzZ (P Q) =vi(P|Q), ifz¢ fo(P)U fo(Q)

The reduction for ! against 7 need not operate across the cut at which the access
point is bound, and the channel is not discarded as the access point can be used
an arbitrary number of times.

vE (*a(x).P | xalz].Q) —¢ vZz (P | Q)

In order to give a closed system of reduction rules we assume MULTICUT. We
disable the structural congruence rules for explicitly performing replication and
garbage collection of ! channels, as these are no longer necessary due to weakening
and contraction on !.

The commuting conversions for access points are unsurprising.

vz (xx(y).P | Q) —cc *x(y).vZ (P | Q)
vZ (xxly].P | Q) —cc *x[yl.vZ (P | Q)
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CP extended with access points does not enjoy termination, deadlock-
freedom, or determinism. In return for losing these properties, access points
significantly increase the expressiveness of CP. Indeed, the stateful nondetermin-
ism inherent in the semantics of access points also admits a meaningful notion
of racy communication. A critical feature that CP lacks, even if we add multicut
and nondeterminism, is any form of concurrent shared state. For instance, it is
not possible to represent the standard session typing example of a book seller in
CP in such a way that different buyers can observe any information about which
books have been sold by the book seller to other buyers. Plain replication only
allows us to copy the entire book seller. Access points do allow us to implement
such examples.

Example: State. We implement a state cell of type A as an access point of

type *A.

State A dif *A

new(v).(vr)P def (vr)(xr(z).x < v | P)

put(r,v).P def *r[v'].(xr(z).x < v | P)

get(r).(vv)P def *r[v].(xr(x).x — v | P)
The new operation allocates a new reference cell (r) initialised to the supplied
value. The put operation discards the existing state (v'). The get operation

duplicates the existing state (v).

Using this encoding of state we can construct Landin’s knot (Landin, 1964),
which in sequential languages shows how higher-order state entails recursion. In

CP, this provides a way of implementing recursive and replicated processes. For
example, a nonterminating process can be defined by

forever def vf (@d(f) | new(f).(vr)vg (suspend(g, GE(r)) | put(r, g).GF(r)))

where
suspend(f, P) def *f(x).P
f Ofce(f ) < % flz].0
id(f) § suspend(f,0)

GF(r) = get(r).(vf)force(f)

The contents of the reference cell has type x(xA), where A can by any type.

More usefully, we can implement replication in the same way as forever,
except the replicated process is placed in parallel with the recursive call repre-
sented by the body of the suspension.

la(y).P % vf (id(f) | new(f).(vr)vg (suspend(g, (GF(r) | *x(y).P))

| put(r,g).GF(r)))
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Example: Phil’s Bookstore. As a simple example of using access points to capture
concurrent state, we model a scenario in which Phil has three books: two copies
of Introduction to Functional Programming (Bird and Wadler, 1988) and one
copy of Java Generics and Collections (Naftalin and Wadler, 2006), which he is
willing to give to his students.

Phil < \phil(z).case 2. {FP — «fply|.z < y; JG — xjgly].x < y}
Fp Y *fp(x).z[Yes|xfp(z).x]Yes].xfp(x).xz[No].0
Jg ef *jg(x).x[Yes|.xjg(x).z[No].0

For clarity, we tag the sums, as we did for booleans in (Sect.3). The Phil
process accepts communications on the phil channel, dispatching requests for
Java Generics and Collections to the Jg process and requests for Introduction
to Functional Programming to the Fp process. The types of the access point
channels are as follows.

phil : x(JG: (Yes : x0@® No: %0) & FP: (Yes:x0 @ No : x0)}
fp:*x(Yes: %0 & No : x0)
jg :*x(Yes :x0 @ No : %0)

We exploit the type %0 to allow processes to be implicitly terminated. Now let
us define processes to represent Phil’s PhD students.

Jack & *xphillz].z[JG].case z.{Yes — JackHappy; No — JackSad}

[z].2[JG]

Jakub & *xphillz].z[JG].case x.{Yes — JakubHappy; No — JakubSad}
[z].2]
[z].2

.
].
Shayan def *phil[z].z[F P].case x.{Yes — ShayanHappy; No — ShayanSad}

].

Simon % *phil[z].x[F P].case z.{Yes — SimonHappy; No — SimonSad}

Jack and Jakub request Java Generics and Collections. Shayan and Simon
request Introduction to Functional Programming. We can compose all of these
processes in parallel.

(Phil | Jg | Fp) | Jack | Jakub | Shayan | Simon

Reduction will nondeterministically assign each book to a student, until at some
point Phil runs out of the Java Generics and Collections book and either Jack
or Jakub has a request denied, having to go to the library instead. Note that the
choice of whether Jack or Jakub is sad is not made locally by any of the Jack,
Jakub or Phil processes, but as a result of the racy interaction between them.
Without access points it is not possible in CP to represent this kind of stateful
and racy interaction.

Do We need Access Points? In classical linear logic, and hence CP, weaken-
ing and contraction are derivable for each type built up from the “negative”
connectives (¥, L, &, T,?). Once we conflate dual connectives, weakening and
contraction also become derivable for each type built up from corresponding the
positive connectives as well.
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Given that conflating duals allows us to define weakening and contraction at
all types, even in the multiplicative additive fragment of CP (without ! and ?),
one might suspect that this would result in the effective identification of ! and 7,
and hence we should be able to define unlimited state without using access points.
This suggests a contradiction, because we claim that the resulting calculus is
terminating.

In fact, we can simulate a form of unlimited state in this manner, but with
a caveat. The implementation of weakening and contraction in this encoding is
explicit. Correspondingly, the size of the definition of each operation is at least
linear in the number of times the reference cell is accessed. Non-terminating
programs written using Landin’s knot necessarily access the same reference cell
an infinite number of times. Hence, a process (without access points) encoding
such a program would necessarily be infinite. Thus, we cannot encode full higher-
order state and Landin’s knot without access points.

5 Conclusions and Future Work

We have explored extensions to Wadler’s CP calculus that make it more expres-
sive, inspired syntactically by session types and the w-calculus and semantically
by Abramsky et al.’s canonical interaction category SProc. In doing so, we have
discovered an unexpected coincidence: that adding m-calculus terms “missing”
from CP allows us to realise the identification of dual types present in SProc,
while introducing bi-implications between the dual types allows us to derive the
logical rules corresponding to the missing terms. Our approach seems to cover
much of the expressivity gap between CP and m-calculus, including nondeter-
minism, concurrent state, and recursion. We conclude by sketching several future
directions suggested by this work.

SProc has more structure than that necessary to express linear logic; in
particular, individual SProc processes may have internal notions of state, and
thus changing behaviour, without changing types. In contrast, CP (and other
linear logic-inspired process calculi) capture all state explicitly in the types,
and each copy of a replicated process always behave identically. This poses two
questions. First, can an approach similar to interaction categories be adapted to
describe channel passing behaviour? Second, how do notions of state, as encoded
using access points (i.e., the identification of the dual access points) correspond
to the notion of state internal to an SProc process?

Access points are rather a blunt tool. While they do yield concurrent state,
they also destroy many of the nice meta-theoretic properties of CP. We believe
that it should be possible to distil better behaved abstractions that still provide
some of the extra expressiveness of access points.

While we believe that the extended calculus is sufficient to encode the (typed)
m-calculus, we think it would be valuable to demonstrate such a semantics-
preserving encoding explicitly. We would also like to address quantification,
both first-order (corresponding to value-passing calculi) and second-order (cor-
responding to polymorphic channel-passing calculi).
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In recent work (Lindley and Morris, 2015), we demonstrate a tight corre-
spondence between cut-reduction in CP and a small-step operational semantics
for GV, a linear lambda-calculus extended with primitives for session-typing. It
would be interesting to extend that correspondence to include additional features
such as access points. Moreover, we are also studying well-founded recursive and
corecursive session types in CP and their relationship to inductive linear data
types in GV. We conjecture that conflating well-founded recursive and core-
cursive session types in CP will yield non-well-founded recursive session types
and hence a way of encoding the entirety of the untyped m-calculus through a
universal session type.

Acknowledgements. This work was supported by the EPSRC grant: From Data
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Abstract. We give a simple effect system for non-deterministic pro-
grams, tracking static approximations to the number of results that may
be produced by each computation. A relational semantics for the effect
system establishes the soundness of both the analysis and its use in
effect-based program transformations.

Dedicated to Philip Wadler on the occasion of his 60" birthday.

1 Introduction

Back in 1998, Wadler showed [30,31] how type-and-effect systems, a form of
static analysis for impure programs that was first introduced by Gifford and
Lucassen [15,21], may be re-presented, both syntactically and algorithmically,
in terms of a variant of Moggi’s computational metalanguage [22] in which the
computation type constructor is refined by annotations that delimit the possible
effects of computations. The same year, Tolmach described the use of a hierarchy
of monadic types in optimizing compilation [26] and, in the same conference as
Wadler’s paper, two of us presented an optimizing compiler for Standard ML
that used the same kind of refined monadic metalanguage as its intermediate
language, inferring state, exception and divergence effects to enable optimizing
transformations [9].

“That’s all very well in practice,” we thought, “but how does it work out in
theory?” But devising a satisfactory semantics for effect-refined types that both
interprets them as properties of the original, un-refined terms, and validates pro-
gram transformations predicated on effect information proved surprisingly tricky,
until we adopted another Wadleresque idea [29]: the relational interpretation of
types. Interpreting static analyses in terms of binary relations, rather than unary
predicates, deals naturally with independence properties (such as secure informa-
tion flow or not reading parts of the store), is naturally extensional (by contrast
with, say, instrumenting the semantics with a trace of side-effecting operations),
and accounts for the soundness of program transformations at the same time
as soundness of the analysis [2]. We have studied a series of effect systems, of
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ever-increasing sophistication, using relations, concentrating mainly on tracking
uses of mutable state [4,7,8].

Here we consider a different effect: non-determinism. Wadler studied non-
determinism in a famous thirty-year-old paper on how lazy lists can be used to
program exception handling, backtracking and pattern matching in pure func-
tional languages [28], and returned to it in his work on query languages [23].
That initial paper draws a distinction between two cases. The first is the use
of lists to encode errors, or exceptions, where computations either fail, repre-
sented by the empty list, or succeed, returning a singleton list. The second is
more general backtracking, encoding the kind of search found in logic program-
ming languages, where computations can return many results. This paper is in
the spirit of formalizing that distinction. We refine a non-determinism monad
with effect annotations that approximate how many (different) results may be
returned by each computation, and give a semantics that validates transforma-
tions that depend on that information. To keep everything as simple as possible,
we work with a total language and a semantics that uses powersets, rather than
lists or multisets, so we do not observe the order or multiplicity of results. The
basic ideas could, however, easily be adapted to a language with recursion or a
semantics with lists instead of sets.

2 Effects for Non-determinism

2.1 Base Language

We consider a monadically-typed, normalizing, call-by-value lambda calculus
with operations for failure and non-deterministic choice. A more conventionally-
typed impure calculus may be translated into the monadic one via the usual
‘call-by-value translation’ [6], and this extends to the usual style of presenting
effect systems in which every judgement has an effect, and function arrows are
annotated with ‘latent effects’ [31].

We define value types A, computation types T'A and contexts I" as follows:

A,B:=unit | int | bool | Ax B| A — TB
=z :A,...,2,: A,

Value judgements, I' + V : A, and computation judgements, I" = M : TA,
are defined by the rules in Fig. 1. The presence of types on lambda-bound vari-
ables makes typing derivations unique, and addition and comparison should be
considered just representative primitive operations.

Our simple language has an elementary denotational semantics in the cate-
gory of sets and functions. The semantics of types is as follows:

[unit] =1 [int]=Z [bool] =B  [Ax B] = [A] x [B]
[A—TB]=[A] - [TB]  [TA] = Bg([A])
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I'n:int I'b:bool I't () : unit INz:AkFz: A

I'+-Vi:tint 'k Vo :int I'-Vy:int I'FVh:int

I'EVi+Vs:int 'V > Vs :bool
r-vi:A I'=Ve:B 'V :A x A
I'+(Vi,Va): Ax B MEmV: A
Ix:AFM:TB Ir-vi:A—TB TI'FVy: A r-v:A

I'Xx:AM:A—TB r-wvive:TB I'+valV :TA
I'-M:TA I't: AEN:TB I'V:bool I'M:TA I'N:TA

I'Fletz<=Min N :TB I'Fif V then M else N : TA
I'EM,:TA I'tMs:TA

' fail: TA I'MiorMs:TA

Fig. 1. Simple computation type system

The interpretation of the computation type constructor is the finite powerset
monad. The meaning of contexts is given by [x1 : A1,..., 2, @ As] = [41] %
-+ x [Ay], and we can then give the semantics of judgements

[C=V:A]: [I] — [A] and [I'=M:TA] : [I'] — [TA]
inductively in a standard way. The interesting cases are

[FvalV :TA)lp=A{["+V:A]p}
[[F}—1etx<:MinN]]p:Uve[[FFM;A]]p[[F,x:AI—N:TB]] (p,v)
[+ fail: TA)p=10
[’ Myor My :TA)lp= (' M, : TA]p)U([I"F My : TA] p)

So, for example

[F let f<val (Ax: int.if 2 < 6 then val z else fail) in
letz<vallorval 2inlet y<val3orval4in f(z+y): Tint] = {4,5}

The semantics is adequate for the obvious operational semantics and a contextual
equivalence observing, say, the set of unit values produced by a closed program.
2.2 Effect System

We now present an effect analysis that refines the simple type system by annotat-
ing the computation type constructor with information about how many results a
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X<Y Y<Z X<X v<Yy

X<X X<z XxY <X xY'
X'<X T.Y<T.Y' e<e X<X
(X - T.Y) < (X' = T.Y") T.X <T.X'

Fig. 2. Subtyping refined types

computation may produce. Formally, define refined value types X, computation
types T. X and contexts @ by

X,Y :=unit |int |bool | X XY | X - T.Y
e €{0,1,01, 1+ N}
O:=x1:Xq,...,x,: X,
A computation of type To X will always fail, i.e. produce zero results. One of type
Ty X is deterministic, i.e. produces exactly one result. More generally, writing | S|

for the cardinality of a finite set .S, a computation of type 7. X can only produce
sets of results S such that |S| € [¢], where [¢] C N:

[o] = {0} [1+] = {n|n>1}
[1] = {1} N =N
[o1] = {0,1}

There is an obvious order on effect annotations, given by e < &' < [¢] C [¢]:
N
01 1+
0 1
This order induces a subtyping relation on refined types, which is axiomatised in

Fig. 2. The refined type assignment system is shown in Fig. 3. The erasure map,
U(-), takes refined types to simple ones by forgetting the effect annotations:

U(int) = int U(bool) = bool U(unit) = unit
UX X Y)=U(X) x U(Y)
UX = T.Y) = U(X) — U(T.Y)
U(T-X) = T(U(X))

Uy : X1, omn Xp) =21 : U(X1), ..y xn : U(Xy)
Lemma 1. If X <Y then U(X) =U(Y), and similarly for computations. O

The use of erasure on bound variables means that the subject terms of the refined
type system are the same as those of the unrefined one.
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OFn:int O+ b:bool OF () : unit O,r: Xtx: X
OFV,:int OF V5 :int OFVi:int OF V5 :int
OFVi+Vs:int O F Vi > V3 :bool

OFVI:X OFV:Y OFV:X; xXs O,x: X+FM:T.Y
OF (Vi,V2): X XY OFmV:X; O Xz :UX)M: X —1T.Y
OFVI: X =T.Y OFV;: X OrV:X
OV Vo T.Y OFvalV : 11X
OFM:T.X O,z: XFN:T.Y OFV:bool OFM:T.X OFN:T.X
OFletz<=Min N : T.../Y OF if V then M else N : T. X
OFM : T, X Ot My :T.,X
O F fail : T, X OF Mior My : Tey1e, X
OFV:X X<X' OFM:T-X T.X<T.X'
OrV:X' OFM:T.X'

Fig. 3. Refined type system

Lemma 2. IfO FV : X then U(O) -V : U(X), and similarly for computa-
tions. d

It is also the case that the refined system does not rule out any terms from the
original language. Let G(-) be the map from simple types to refined types that
adds the ‘top’ effect N to all computation types; we can then show the following;:

Lemma 3. If'FV : Athen G(I") F V : G(A) and similarly for computations.C]

The interesting aspect of the refined type system is the use it makes of
abstract multiplication (in the 1let-rule) and addition (in the or rule) operations
on effects. The definitions are:

<101 011+ N +{0 1 011+ N
0j0 0 0 0O 0/0 1 011+ N
110 1 011+ N 111 1+ 1+ 1+ 1+
01{00101 N N 01|01 1+ N 1+ N
1+/01+ N 1+ N 1+1+ 1+ 1+ 1+ 1+
NJON N N N NN 1+ N 1+ N

The operations endow our chosen set of effect annotations with the structure of
a commutative semiring with idempotent multiplication.
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Lemma 4. The + operation is associative and commutative, with 0 as a unit.
The - operation is associative, commutative and idempotent, with 1 as unit and
0 as zero. We also have the distributive law (1 + e2) - €3 = €1 - €3 + €9 - £3. O

The correctness statement concerning the abstract operations that we will
need later is a consequence of a trivial fact about the cardinality of unions:

Al < [AuB| <|A]+ B
which leads to the following:

Lemma 5. For any €1,¢2,

Uselei], vefeap i | maa(a,b) <n andn < a+ b} C [er + &
acle1] U(bl,...,ba)e[[ez]]a{n | Vi,b; <n and n < 3;b;} C [e1 - e2]. O
The intuition behind the awkward-looking correctness condition for multiplica-
tion deserves some explanation. Consider how many results may be produced by
let < M in N when M produces results z1,...,x, for some a € [¢1] and for
each such result, z;, N(z;) produces a set of results of size b; € [e2]. Then, by
the inequality above, the number n of results of the let-expression is bounded
below by each of the b;s and above by the sum of the b;s. The set of all possible
cardinalities for the let-expression is then obtained by unioning the cardinality

sets for each possible a and each possible tuple (by,...,b,).

The reader may also be surprised by the asymmetry of the condition for
multiplication, given that we observed above that the abstract operation is com-
mutative. But that commutativity is actually an accidental consequence of our
particular choice of sets of cardinalities to track. Indeed, if M produces a sin-
gle result and for each x, N(x) produces exactly two results (a case we do not
track here), then let z <= M in N produces two results. Conversely, however,
if M produces two results and for each x, N(z) produces a single result, then
let < M in N can produce either one or two distinct results. This case also
shows that, in general, 1 will only be left unit for multiplication. Idempotency
also fails to hold in general.

We remark that the abstract operations are an example of the Cousots’ a-y
framework for abstract interpretation [12], and were in fact derived using a little
list-of-successes ML program that computes with abstractions and concretions.

2.3 Semantics of Effects

The meanings of simple types are just sets, out of which we will carve the

meanings of refined types as subsets, together with a coarser notion of equality.
We first recall some notation. If R is a (binary) relation on A and @ a relation

on B, then we define relations on Cartesian products and function spaces by

R xQ=1{((a,b),(a',b")) € (Ax B) x (Ax B) |(a,d’) € R, (b,b) € Q}
R—Q={(f,fYe(A— B)x(A— B) |V(a,d') € R.(fa, f'd)eQ}
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A binary relation on a set is a partial equivalence relation (PER) if it is symmetric
and transitive. If R and @ are PERs, so are R — @Q and R x Q. Write Ay4 for
the diagonal relation {(a,a) | a € A}, and a : R for (a,a) € R. If R is a PER on
A and a € A then we define the ‘equivalence class’ [a]g to be {a’ € A|(a,d’) € R},
noting that this is empty unless a : R.

We can now define the semantics of each refined type as a partial equivalence
relation on the semantics of its erasure as follows:

[X] € [UX)] x [U(X)]
[int] = Az [bool] = Ag [unit] = Ay
[X xY]=[X] x[Y]
[X = T.Y] = [X] — [TeY]
[T-X] ={(5,5) | § ~x " and [S/[X]| € [e]}

The key clause is the last one, in which S ~x S’ meansVz € S,3z' € §', (z,2') €
[X] and vice versa. The ~x relation is a lifting of [X] to sets of values; this is
a familar, canonical construction that appears, for example, in the definition of
bisimulation or of powerdomains. The quotient S/[X] is defined to be {[z]fx7 |
x € S}.1 We observe that if S ~x S’ then S/[X] = S'/[X] and 0 ¢ S/[X].

The way one should understand the clause for computation types is that
two sets S,5’ are related when they have the same elements up to the notion of
equivalence associated with the refined type X and, moreover, the cardinality
of the sets (again, as sets of Xs, not as sets of the underlying type UX) is
accurately reflected by e.

We also extend the relational interpretation of refined types to refined con-
texts in the natural way:

@) x[u©)]

e]c U
[=[X1] - x [Xq]

[
[x1: X1, oy zn: X

Lemma 6. For any ©, X and ¢, all of [O], [X] and [T-X] are partial equiva-
lence relations. (]

The interpretation of a refined type with the top effect annotation everywhere
is just equality on the interpretation of its erasure:

Lemma 7. For all A, [G(A)] = Apay. O
The following establishes semantic soundness for our subtyping relation:
Lemma 8. If X <Y then [X] C [Y], and similarly for computation types. O

And we can then show the ‘fundamental theorem’ that establishes the sound-
ness of the effect system itself:

! Tt is tempting to replace S ~x S’ by S/[X] = S’/[X], but S/[X] contains the
empty set when there is an x € S with (z,z) ¢ [X].
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Theorem 1.
1. IfOFV X, (p,p) € [O] then
(@) -V UX)]p, [U@O)FV:UX)]p) € [X]
2. IfOFM:T.X, (p,p') € [O] then
(@) F M :TWUX)]p, [U©) F M:TUX))]p) € [T-X]
Proof. A largely standard induction; we just sketch the interesting cases.

Trivial Computations. Let I' = U(O) and A = U(X). Given (p,p’) € [O] we
need to show

([F'+=valV :TA]p, [I'FvalV :TA]p) € [T1X]
which means
(I F V' Alp} AT F V2 ALY € (5,8) | S ~x 8" and |S/[X]] = 1}

Induction gives ([I'+V : Alp, [I"F V : A]p’) € [X], which deals with the - ~x -
condition, and it is clear that [{[[I"FV : A]]jx7} = 1.

Choice. We want firstly that
[I'F Myor My : TA]p ~x [I'+ My or My : TA]p'
which is
[C= M, :TAlpU[L'F My :TAlp ~x [I'F My : TAJp' U+ My : TA]p'

Induction gives [I' b My : TA]p ~x [I' F M, : TA]p" and similarly for Mo,
from which the result is immediate. Secondly, we want

[[I'F Myor My : TA]p / [X]] € [e1 + £2]
and because quotient distributes over union, this is
[T My :TAlp/[X] U [IT'F My : TA]p/[X]] € [e1 + €2]

By induction, |[I"+ My : TA]p/[X]| € [e1], and similarly for M, so we are
done by Lemma 5.

Sequencing. Pick y € [I'+ let x < M in N : TB]p. By the semantics of let,
there’s an € [I' - M : TA]p such that y € [I,z : A+ N : TB](p,z). By
induction on M, there’s an o’ € [I' F M : TA]p' such that (z,2’) € [X]. So
by induction on N, [[x : A+ N : TB](p,z) ~y [[,x : A+ N : TB](y,2),
and therefore 3y’ € [Iz : A+ N : TB](p/,2') with (y,y’) € [Y]. Then as
y €'+ letx<M in N : TB]p’, we are done.
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For the cardinality part, note that

(Uxe[[Fl—M TA]]p[[F z: AN :TB](p ) )) /Y]
= Uxe[{FI—M T Alp ([Iiz:AFN: TB]](/% /YD
= Uperrr-arayy pxg (@ AE N TB[(p,2)/[Y])

and then since, by induction, |I' - M : TA]p/[X]| € [e1], and also for any
[z] € [T'F M : TALp/[X],

[[Iyz: AE N :TB](p,z)/[Y]| € [e2]

we are done by Lemma5. O

2.4 Basic Equations

The semantics validates all the generic equations of the computational metalan-
guage: congruence laws, § and 7 laws for products, function spaces, booleans and
computation types. We show some of these rules in Fig. 4. The powerset monad
also validates a number of more specific equations that hold without restrictions
on the involved effects. These are shown in Fig.5: choice is associative, com-
mutative and idempotent with fail as a unit, the monad is commutative, and
choice and failure distribute over let.

The correctness of the basic congruence laws subsumes Theorem 1. Note that,
slightly subtly, the reflexivity PER rule is invertible. This is sound because our
effect annotations are purely descriptive (Curry-style, or extrinsic in Reynolds’s
terminology [24]) whereas the simple types are more conventionally prescriptive
(Church-style, which Reynolds calls intrinsic). We actually regard the rules of
Fig. 3 as abbreviations for a subset of the equational judgements of Fig. 4; thus
we can allow the refined type of the conclusion of interesting equational rules
to be different from (in particular, have a smaller effect than) the rules in Fig. 3
would assign to one side. This shows up already: most of the rules in Fig.5 are
type correct in simple syntactic sense as a consequence of Lemma4. But the
idempotency rule for choice is not, because the abstract addition is, rightly, not
idempotent. The idempotency law effectively extends the refined type system
with a rule saying that if M has type T. X, so does M or M.

In practical terms, having equivalences also improve typing allows inferred
effects to be improved locally as transformations are performed, rather than
requiring periodic reanalysis of the whole program to obtain the best results.

3 Using Effect Information

More interesting equivalences are predicated on the effect information. We
present these in Fig. 6.

The Fail transformation allows any computation with the 0 effect, i.e. that
produces no results, to be replaced with fail.
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PER rules (+ similar for computations):
OrV:X OFrV=V":X OrV=V'":X orV' =V":X
OFrV=V:X OFV' =V:X OrV=V":X

OFV=V:X X<X

Orv=v X'
Congruence rules (extract):
OFVi=V]:int OF Vo =1, :int OFV =V":X1 x X2
OF (Vi+Va)=(V/ +V5):int OrmV =mV' X,

O,z X+FM=M:T.Y
OF Mz :UX)M)= Mz :UX).M): X - T.Y

[ rules (extract):

O,x: XFM:T.Y OFHV:X OFV:X O,z: XEFM:T.Y
OF A\z:UX).M)V = M[V/x]: T.Y OtFletz<valVin M = M[V/x] : T.Y

1 rules (extract):
OrV:X->TY OFM:T.X
OFV=Qz:UX)Vz): X >T.Y OF (letz<=Minvalz) =M :T: X

Commuting conversions:

OFM:T..Y O,y:YFN:T.,X Ox:XFP:T.,Z

OFletz<(lety<=MinN)inP =1lety<Minletz<NinP : T, .cp.c, Z

Fig. 4. Monad-independent equivalences

The Dead Computation transformation allows the removal of a computa-
tion, M, whose value is unused, provided the effect of M indicates that it always
produces at least one result. If M can fail then its removal is generally unsound,
as that could transform a failing computation into one that succeeds.

The Duplicated Computation transformation allows two evaluations of a
computation M to be replaced by one, provided that M produces at most one
result. This is, of course, generally unsound, as, for example,

let z<val lorval2inlet y<val lorval 2inval (z +y)
#letx<val lorval 2inval (z + z).

The Pure Lambda Hoist transformation allows a computation to be
hoisted out of a lambda abstraction, so it is performed once, rather than every
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Choice:
OFM T, X OF My :T, X

OF MiorMs = Myor My : T 1, X
OFM:T.X OFM:T.X
OFMorM=M:T.X OF Morfail=M : T. X
OFM T, X OFMy: T, X OFMs: T, X

O F M or (M or Ms) = (My or Ma)oxr M3 : Te| 4eptes X

Commutativity:

OFM:T.Y OFN:T.,,X O,z:X,y:YFP:T.,Z

OFletz<=Minlety<=NinP =lety<Ninletx<<=Min P : T, ., 2
Distribution:

OFM :Te, X OFMy:T., X O,z:XEFN:T.,Y

OFletz<=(MyorMz)in N = (letx<=Miin N)or (let x<=Main N) : Tic) 4ep)es Y

O,x: XEN:TY

OF letx<failin N = fail : TpY
OFM:T.,X O,2:XFN :T.,Y O,2:XFNo:T.,Y

OFletz<=Min(Nior N2) = (letz<=M in Ni)or (let x<=M in Na) : T., (o) 4e0)Y
OFM:T.X

OF letx<=M infail = fail : ToY

Fig. 5. Monad-specific, effect-independent equivalences

Fail:
OFM:ToX
OF M =fail : ToX

Dead Computation:
O+FM:T.X OFN:T.Y

OFletz<=Min N =N :T.Y
Duplicated Computation:

OFM:TuX O,2:X,y:XFN:T.Y

letx<M inlety< M in N

or_ let <=M in N[z /y]

: To1-sY

Pure Lambda Hoist:
O+-M:TVZ O,z:X,y:Z+-N:T.Y

val (Az: U(X).let y<M in N)
=1lety«<M inval (Az: U(X).N)

O+ T (X — T.Y)

Fig. 6. Effect-dependent equivalences
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time the function is applied, provided that it returns exactly one result (and, of
course, that it does not depend on the function argument).

Theorem 2. All of the equations shown in Figs. 4, 5, and 6 are soundly mod-
elled in the semantics:

- IfOorvV=V:XthenOEV=V":X.
-IferM=M:T.X thenO®@M=M:T.X.

Proof. We present proofs for the equivalences in Fig. 6.

Dead Computation. If welet I' =U(0), A=U(X) and B=U(Y) and (p,p’) €
[©] then we have to show

([r'+letz<=Min N :TB]p, ['+ N :TB]p') € [T.Y]
which is
Userrrarrapllie: AR N TB](p,z) ~y [I'F N : TB]p’ and
Useprossaag [Nz AF N TB)(p,2) / [Y]] € ]

Since for any x, [I,z : A+ N : TB](p,xz) = [I"+ N : TB]p, and induction on
M tells us that |[[I"F M : TA]p/[X]| > 0, so [[I"F M : TA]p| > 0, that’s just

[CN:TB]p~y [[FN:TB]p and |[I'+ N :TB]p/[Y]] € [¢]
which is immediate by induction on N.

Duplicated Computation. Let I' = U(O), A =U(X), B=U(Y) and (p,p') €
[€]. We want (eliding contexts and types in semantic brackets to reduce clutter)

Uxe M]p Uye[[]\/f]]p[[N]] (,07 €, y) ~Y U:p’e[[M]]p’ [[N[J?/y“](p/, LE,)
and | U, pargo Uyep INI(0 @) / Y]] € [01 - ]

Let a = |[M]p/[X]|- By induction, a € [01]. If & = 0 then we must have
[M]p = 0 and (also by induction) [M]p" = 0, so the first clause above is satisfied.
For the second, we just have to check that 0 € [01 - €] for any e, which is true.

If a = 1 we can pick any z € [M]p and =’ € [M]p' and know Yy €
[M]p, (z,y) € [X] as well as Vy' € [M]p', (x,y') € [X]. Then by induction
on N and the fact that S ~y S’ implies SU S’ ~y S we have

U966[[1\/I]]p UyG[[M]]pHN]](p7$7y) ~y [N](p,z,x)
~y [N](p', ', 2")
~Y Uz’e[[M]]p' [N](p', 2’ 2")
= Uwepy [INl2/9]] (0", 2")

For the second part, we get |[N](p,z,2) /[Y]| € [¢] by induction, and we then
just need to know that [e] C [01 - €], which is easily checked.
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Pure Lambda Hoist. Define I' = U(0), A=U(X), B=U(Y), C =U(Z) and
pick (p, p") € [©]. We need

({Pe € [ U, INI 0.2, 2) | . Ueqary,r 00 € TALINT(P', 2, 2)} )
€i(X - T.Y)]

Since the first component of the pair above is a singleton, the cardinality con-
straint associated with the outer computation type is easily satisfied. For the ~
part, we look at typical elements of the first and second components above. By
induction on M, we can pick 2z’ € [M]p’ and we claim that for any such 2/,

(/\3: € [A]-U.cpug, INT(p. 7, ), Az € [ALIN](#, z, z’)) e [X — T.Y]

which will suffice. So assume (z,2’) € [X] and we want

(Ueenan, V10,2, 2), INJ(, ", 21)) € [1.Y]

The cardinality part of the above is immediate by induction on N. If y is
an element of the union, then y € [N](p,x,2) for some z € [M]p. But then
(2,2") € [Z] because |[M]p/[Z]| = 1, so Fy' € [N](p', 2, 2") with (y,y’) € [Y].
Conversely, if y' € [N](p/,2',2") then for any z € [M] there’s y € [N](p,x, 2)
with (y,y’) € [Z], so the two expressions are in the ~z relation, as required. O

For example, if we define

fi=Ag:unit — Tint.letx<g()inlety<g()invalz +y
fo=Ag:unit — Tint.letx<g()invalz +x

then we have F f; = fo : (unit — Toiint) — Tpiint and hence, for example,
F (val f1)or (val fo) = val fp: Ti((unit — Toiint) — Tpiint).
Note that the notion of equivalence really is type-specific. We have
V/ f1 = fo: (unit — Tyint) — Tyint

and that equivalence indeed does not hold in the semantics, even though both
f1 and fo are related to themselves at (i.e. have) that type.

Ezxtensions. The syntactic rules can be augmented with anything proved sound
in the model. For example, one can add a subtyping rule T3, X < T3 X for any
X such that [[UX]/[X]| = 1. Or one can manually add typing or equational
judgements that have been proved by hand, without compromising the general
equational theory. For example, Wadler [28] considers parsers that we could give
types of the form P.X = string — T.(X X string). One type of the alternation
combinator

let (v,8')<pisinval (inlw, s)

alt(p1, p2) = As : string. or let (v,s')<pysinval (inrv,s’)
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is Py1 X X PpY — Py(X +Y). But if we know that p; : Poy1 X and py : P Y
cannot both succeed on the same string, then we can soundly ascribe alt(p1, p2)
the type Po1(X +Y).
A further extension is to add pruning. One way is
I'v M, : TAT - M, : TA

I'+ Mjorelse M, : TA

[T+ M, : TApif [['+ M, : TAlp =10

[ My orelse My : TA]p = { [I"+ M : TA]p otherwise

with refined typing
OFM T, XOFMy: T, X
OF Mjyorelse My : T pey X

where €1 >¢5 is defined to be 1 4¢3 if 0 < g1 and &1 otherwise. The orelse oper-
ation can be used to improve efficiency in search-style uses of non-determinism
and is, of course, the natural combining operation to use in error-style uses.

4 Discussion

We have given an elementary relational semantics to a simple effect system for
non-deterministic programs, and shown how it may be used to establish effect-
dependent program equivalences. Extending or adapting the constructions to
richer languages or slightly different monads should be straightforward. One can
also enrich the effect language itself, for example by adding conjunctive refine-
ments and effect polymorphism, as we have done previously [3]. The simple style
of effect system presented here seems appropriate for fairly generic compilation
of a source language with a pervasively non-deterministic semantics, but for
which much code could actually be expected to be deterministic. For serious
optimization of non-trivially non-deterministic code, one would need to combine
effects with refinements on values, to formalize the kind of reasoning used in the
parser example above.

Non-determinism monads are widely used to program search, queries, and
pattern matching in functional languages. In Haskell, the basic constructs we use
here are abstracted as the MonadPlus class, though different instances satisfy dif-
ferent laws, and there has been much debate about which laws one should expect
to hold in general [25,27,32].2 Several researchers have studied efficient imple-
mentations of functional non-determinism and their various equational proper-
ties [14,17].

Static analysis of functional non-determinism is not so common, though
Kammar and Plotkin have developed a general theory of effects and effect-based
transformations, based on the theory of algebraic effects [18]. Non-determinism

2 Phil was involved in this debate at least as far back as 1997 [11].
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is just one example of that theory, and Kammar and Plotkin establish some
equational laws that are very similar to the ones presented here. One interesting
difference between their work and that we describe here is that our refinements
of the computation type are not necessarily monads in their own right. The inter-
pretation of ToX is {(,?)}, which is not preserved by the underlying monadic
unit a — {a}. If we were to track slightly more refined cardinalities (e.g. sets of
size two) then, as we have already observed, the abstract multiplication would
no longer be idempotent (or commutative), which also implies that the T.(-)s
would no longer be themselves monads.

Katsumata has presented an elegant general theory of effect systems, using
monoidal functors from a preordered monoid (the effect annotations) to end-
ofunctors on the category of values [19]. The effect system given here is an
instance of Katsumata’s theory. Our very concrete approach to specific effects is
by comparison, perhaps rather unsophisticated. On the other hand, the elemen-
tary approach seems to scale more easily to richer effect systems, for example
for concurrency [5]. (Indeed, it would be natural to augment concurrent state
effects with non-determinism information.) Ahman and Plotkin are developing
a still more general framework for refining algebraic effects, which can express
temporal properties and of which our analysis should be a special case [1].

There is considerable literature on determinism and cardinality analyses in the
context of logic programming (e.g. [10,13]) with applications including introduc-
ing cuts and improving the efficiency of parallel search. Many of these analyses can
also detect mutual exclusion between tests [20]. Mercury allows programmers to
specify determinism using (we were pleased to discover) the same cardinalities as
we do here (0 = failure,1 = det,01 = semidet,1+ = multidet,N = nondet)
and similar abstract operations in the checking algorithm [16].

Acknowledgements. We thank the referees for their thorough and helpful comments.
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Abstract. Programming languages serve a dual purpose: to communi-
cate programs to computers, and to communicate programs to humans.
Indeed, it is this dual purpose that makes programming language design
a constrained and challenging problem. Inheritance is an essential aspect
of that second purpose: it is a tool to improve communication. Humans
understand new concepts most readily by first looking at a number
of concrete examples, and later abstracting over those examples. The
essence of inheritance is that it mirrors this process: it provides a formal
mechanism for moving from the concrete to the abstract.

Keywords: Inheritance - Object-oriented programming - Programming
languages - Abstraction - Program understanding

1 Introduction

Shall I be abstract or concrete?

An abstract program is more general, and thus has greater potential to be
reused. However, a concrete program will usually solve the specific problem at
hand more simply.

One factor that should influence my choice is the ease with which a program
can be understood. Concrete programs ease understanding by making manifest
the action of their subcomponents. But, sometimes a seemingly small change
may require a concrete program to be extensively restructured, when judicious
use of abstraction would have allowed the same change to be made simply by
providing a different argument.

Or, I could use inheritance.

The essence of inheritance is that it lets us avoid the unsatisfying choice
between abstract and concrete. Inheritance lets us start by writing a concrete
program, and then later on abstracting over a concrete element. This abstraction
step is not performed by editing the concrete program to introduce a new para-
meter. That is what would be necessary without inheritance. To the contrary:
inheritance allows us to treat the concrete element as if it were a parameter,
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without actually changing the code. We call this ex post facto parameterization;
we will illustrate the process with examples in Sects. 2 and 3.

Inheritance has been shunned by the designers of functional languages. Cer-
tainly, it is a difficult feature to specify precisely, and to implement efficiently,
because it means (at least in the most general formulations) that any apparent
constant might, once inherited, become a variable. But, as Einstein is reputed
to have said, in the middle of difficulty lies opportunity. The especial value of
inheritance is as an aid to program understanding. It is particularly valuable
where the best way to understand a complex program is to start with a simpler
one and approach the complex goal in small steps.

Our emphasis on the value of inheritance as an aid to human understanding,
rather than on its formal properties, is deliberate, and long overdue. Since the
pioneering work of Cook and Palsberg (1989), it has been clear that, from a
formal point of view, inheritance is equivalent to parameterization. This has,
we believe, caused designers of functional languages to regard inheritance as
unimportant, unnecessary, or even undesirable, arguing (correctly) that it can
be simulated using higher-order parameterization. This line of argument misses
the point that two formally-equivalent mechanisms may behave quite differently
with respect to human cognition.

It has also long been known that Inheritance is Not Subtyping (Cook et al.
1990). In spite of this, many programming languages conflate subtyping and
inheritance; Java, for example, restricts the use of inheritance so that the inher-
itance hierarchy is a sub-tree of the type hierarchy. Our goal in this paper is to
consider inheritance as a mechanism in its own right, quite separate from the
subtyping relation. We are aided in this goal by casting our example in the Grace
programming language (Black et al. 2012), which cleanly separates inheritance
and subtyping.

The form and content of this paper are a homage to Wadler’s “Essence
of Functional Programming” (1992), which was itself inspired by Reynold’s
“Essence of ALGOL” (1981). The first example that we use to illustrate the
value of inheritance, discussed in Sect. 2, is based on Wadler’s interpreter for
a simple language, which is successively extended to include additional fea-
tures. (Reynolds (1972) had previously defined a series of interpreters in a classic
paper that motivated the use of continuations.) The second example is based on
Armstrong’s description of the Erlang OTP Platform (Armstrong 2007,
Chap. 16); this is discussed in Sect.3. We conclude in Sect. 4, where we also
discuss some of the consequences for type-checking.

2 Interpreting Inheritance

This section demonstrates the thesis that inheritance enhances understandability,
by presenting several variations of an implementation of a fragment of an expres-
sion language. Wadler (1992) uses an interpreter for the lambda calculus, but we
use a simpler language inspired by the “First Monad Tutorial” (Wadler 2013).
We show our examples in Grace (Black et al. 2012), a simple object-oriented
language designed for teaching, but no prior knowledge of the language is
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assumed. What the reader will require is a passing familiarity with the basics of
object-oriented programming; for general background, see Cox (1986), or Black
et al. (2009). Like Haskell, Grace does not require the programmer to specify
types on every declaration, although, also like Haskell, the programmer may well
find that adding type annotations makes it easier to find errors.

2.1 Variation Minus One: Object-Oriented Evaluation

We start with a simple object-oriented evaluator for Wadler’s tutorial exam-
ple (2013) — mathematical expressions consisting only of constants con and divi-
sion div—so 1/2 is represented as div(con 1, con 2). The object-oriented style
integrates the data and the descriptions of the computations on that data. Thus,
there is no separation between the “interpreter” and the “terms” that it inter-
prets; instead the object-oriented program contains “nodes” of various kinds,
which represent both expressions and the rules for their evaluation.

In Grace, con and div are classes; they correspond to Wadler’s algebraic data
constructors. Grace classes (like those in O’Caml and Python) are essentially
methods that return new objects. Evaluation of an expression in the example
language is accomplished by requesting that the objects created by these classes
execute their own eval methods, rather than by invoking a globally-defined func-
tion interp. The resulting representation of simpleExpressions is straightforward. In
addition to the eval methods, the objects are also given asString methods that play
a role similar to that of Wadler’s showx functions: they return strings for human
consumption. (Braces in a string constructor interpolate values into the string.)

module "simpleExpressions"

class simpleExpressions {
class con(n) {
method asString —> String { "con {n}" }
4 method eval —> Number { n }

M)

[=

¥
class div(l, r) {

method asString —> String { "div({l}, {r})" }
8 method eval —> Number { l.eval / r.eval }

}
"

Given these definitions, we can instantiate an expression tree, evaluate it,
and print out the result. (Grace’s def is similar to ML and Scala’s val).

import "simpleExpressions" as s
def e = s.simpleExpressions
def answer = e.div(e.div(e.con 1932, e.con 2), e.con 23)

print (answer.eval) // prints 42
def error = e.div(e.con 1, e.con 0)
print (error.eval) // prints infinity

Wadler (1992) does not present code equivalent to this variation, which is
why we have labelled it “Variation Minus One”. Instead, he starts with “Variation
Zero”, which is a monadic interpreter based on a trivial monad.
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2.2 What is a Monad?

For our purposes, a monad is an object that encapsulates an effectful computa-
tion. If the underlying computation produces an answer a, then the monad can
be thought of as “wrapping” the computation of a. If you already understand
monads, you should feel free to skip to Sect. 2.3.

All monad objects provide a “bind” method, which, following Haskell, we
spell >>=. (In Grace, binary methods can be named by arbitrary sequences of
operator symbols; there is no precedence.) In general, a monad will also encap-
sulate some machinery specialized to its particular purpose and accessible to its
computations. For example, the output monad of Sect. 2.6 encapsulates a string
and an operation by which a computation can append its output thereto.

The bind method >>= represents sequencing. The right-hand argument of
>>=is a Grace code block, which denotes a A-expression or function, and which
represents the computation that should succeed the one in the monad. (The suc-
cessor computation is like a continuation; Wadler (1992, Sect. 3) explores the sim-
ilarities and differences.) The request m>>= { a —> ... } asks the monad object
m to build a new monad that, when executed, will first execute m’s computation,
bind the answer to the parameter a of the block, and then execute the successor
computation represented by .... Think of the symbol >>= as piping the result of
the computation to its left into the function object to its right. The block should
answer a monad, so the type of >>= is (Blockl<A, Monad>) —> Monad. (The
Grace type Blockl<X, Y> describes a A-expression that takes an argument of
type X and returns a result of type Y.) The monad type is actually parameterized
by the type of its contents, but Grace allows us to omit type parameters, which
we do here for simplicity. (In Grace’s gradual type system, omitted types and
type parameters are assumed to be Unknown, which means that we are choosing
to say nothing about the type of the corresponding object.)

In the object-oriented formulation of monads, the monad classes construct
monad objects, and thus subsume the operation that Haskell calls unitM or return.
In the sections that follow, we will introduce four monad classes: pure(contents),
which encapsulates pure computations that have no effects; raise(reason), which
encapsulates computations that raise exceptions; stateMonad(contents), which
encapsulates stateful computations; and monad(contents)output(str), which encap-
sulates computations that produce output. The name of this last class is an example
of amethod name with multiple parts, a Grace feature designed to improve readabil-
ity that is similar to Smalltalk method selectors. The class monad()output() expects
two argument lists, each with a single argument.

Informally, the monad classes get us into a monad, and >>= gets us around
the monad. How do we get out of the monad? In general, such operations require
a more ad hoc design. In this article, it will suffice to provide the monads with
asString methods, which answer strings.

2.3 Variation Zero: Monadic Evaluation

We now adapt the code of Sect.2.1 to be monadic. Here we see the key differ-
ence between an approach that uses inheritance and one that does not: rather
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than define the new expression evaluation mechanism from scratch, we make a
new monadicExpression module that uses inheritance to modify the components
imported from the previous simpleExpressions module.

For a monadic interpreter, we of course need a monad, which we define in
Grace as a class called pure, since it encapsulates effect-free computations that
answer pure values. The bind method >>= applies its parameter k to the contents
of the monad; in Grace, application of a A-expression is performed explicitly using
the method apply.

module "monadicExpressions"

import "simpleExpressions" as se

type Monad = type {
>>= (k:Blockl) —> Monad

'S

class monadicExpressions {
inherits se.simpleExpressions

o

class pure(contents) —> Monad {
10 method asString —> String { "pure({contents})" }
method >>= (k) —> Monad { k.apply(contents) }

12

class con(n) {
inherits se.simpleExpressions.con(n)
16 alias simpleEval = eval
method eval —> Monad is override { pure(simpleEval) }

1

IS

18

¥
class div(l, r) {

20 inherits se.simpleExpressions.div(l, r)
method eval —> Monad is override {
22 lLeval >= { a —>

reval >={b —>

24 pure(a / b) } }
}

w| )
¥

Having established this framework, we then define the nodes of this monadic
variant of expressions; these differ from the simple ones of Sect. 2.1 only in the
eval method, so the only content of these new classes are eval methods that over-
ride the inherited ones. The inherits statement on line 15 says that the methods
of con in monadicExpressions are the same as those of con in simpleExpressions,
except for the overridden method eval. The alias clause on the inherits statement
provides a new name for the inherited eval, so that the overriding method body
can lift the value produced by the inherited eval method into the monad. The
eval method of div is similar. We ask readers concerned about type-checking this
instance of “the expression problem” to suspend disbelief until Sect. 4.2.

Notice that the original definition of se.simpleExpressions in Sect. 2.1 did not
specify that eval was a parameter. On the contrary: it was specified as a simple
concrete method. The method eval becomes a parameter only when an inheritor
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of se.simpleExpressions chooses to override it. This is what we meant by ez post
facto parameterization in the introduction.

Here is a test program parallel to the previous one: the output indicates that
the results are in the monad.

import "monadicExpressions" as m
def e = m.monadicExpressions
def answer = e.div(e.div(e.con 1932, e.con 2), e.con 23)

print (answer.eval) // prints pure(42)
def error = e.div(e.con 1, e.con 0)
print (error.eval) // prints pure(infinity)

In the remainder of this section, we show how three of Wadler’s variations
on this monadic interpreter — for exceptions, state, and output — can be imple-
mented incrementally using inheritance.

2.4 Variation One: Evaluation with Exceptions

The basic idea behind adding exceptions is that the result of an evaluation is no
longer always a simple value (like 42) but may also be an exception. Moreover,
exceptions encountered during the evaluation of an expression terminate the
evaluation and emit the exception itself as the answer. In our toy language, the
only source of exceptions will be division by zero.

We have to extend our monad to deal with exceptional results. Working in
Haskell, Wadler redefines the algebraic data type contained in the monad, start-
ing from scratch. Working in Grace, we define exceptionExpressions by inheriting
from monadicExpressions, and need write code only for the differences. We start
by defining a new monad class raise (lines 5-8), whose bind method stops exe-
cution when an exception is encountered by immediately returning self, thus
discarding any computations passed to it as its parameter k.

module "exceptionExpressions"

import "monadicExpressions" as m

class exceptionExpressions {

inherits m.monadicExpressions

class raise(reason) —> m.Monad {
6 method asString —> String is override { "raise({reason})" }
method >>= (k) —> m.Monad is override { self }

'S

0

class div(l, r) {

10 inherits m.monadicExpressions.div(l, r)

method eval —> m.Monad is override {
12 leval >= { a—>

reval >={b —>
14 if (b ==
then { raise "Divide {a} by zero" }
16 else { pure(a /b) } } }}
¥

|}
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We must also change the eval methods to raise exceptions at the appropriate
time. Since the evaluation of constants cannot raise an exception, the con class is
unchanged, so we say nothing, and use the inherited con. In contrast, evaluating
a div can raise an exception, so we have to provide a new eval method for div,
shown on lines 11-16. This code returns a value in the raise monad when the
divisor is zero.

If you are familiar with Wadler’s addition of error messages to his monadic
interpreter (Wadler 1992, Sect.2.3) this will look quite familiar. In fact, the
developments are so similar that it is easy to overlook the differences:

1. At the end of his description of the changes necessary to introduce error
messages, Wadler writes: “To modify the interpreter, substitute monad E for
monad M, and replace each occurrence of unitE Wrong by a suitable call to
errorE. ... No other changes are required.” Wadler is giving us editing instruc-
tions! In contrast, the box above represents a file of real Grace code that can
be compiled and executed. It contains, if you will, not only the new definitions
for the eval method and the monad, but also the editing instructions required
to install them.

2. Not only does the boxed code represent a unit of compilation, it also repre-
sents a unit of understanding. We believe that it is easier to understand a
complex structure like a monad with exceptions by first understanding the
monad pure, and then understanding the exceptions. Perhaps Wadler agrees
with this, for he himself uses just this form of exposition in his paper. But,
lacking inheritance, he cannot capture this stepwise exposition in his code.

2.5 Variation Three: Propagating State

To illustrate the manipulation of state, Wadler keeps a count of the number of
reductions; we will count the number of divisions. Each computation is given
an input state in which to execute, and returns a potentially different output
state; the difference between the input and output states reflect the changes to
the state effected by the computation. Rather than representing (result, state)
pairs with anonymous tuples, we will use Response objects with two methods,
shown below.

module "response"

type Response = type {
result —> Unknown
state —> Unknown

M)

class result(r) state(s) —> Response {
method result { r }
method state { s }
method asString { "result({r}) state({s})" }

o

®©

¥

What changes must be made to monadicExpressions to support state? The key
difference between the stateMonad and the pure monad is in the >>= method.
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We follow the conventional functional approach, with the contents of the monad
being a function that, when applied to a state, returns a Response. The method
executeln captures this idea.

module "statefulEvaluation"

import "monadicExpressions" as m
2| import "response" as rp

4| class statefulEvaluation {
inherits m.monadicExpressions
class stateMonad(contents:Blockl) —> m.Monad {
method asString —> String { "stateMonad({executeln 0})" }

=

8 method executeln(s) —> rp.Response { contents.apply(s) }
method >>= (k:Block) —> m.Monad {
10 stateMonad { s —>
def resp = executeln(s)
12 k.apply(resp.result).executeln(resp.state) }

14
method pure(a) —> m.Monad is override {
16 stateMonad { s —> rp.result(a) state(s) }

18 method tally —> m.Monad {

stateMonad { s —> rp.result(done) state(s + 1) }
20
class div(l, r) is override {

22 inherits m.monadicExpressions.div(], r)
alias monadicEval = eval
24 method eval —> m.Monad is override {

tally >>= { x —> monadicEval }

26

28}

}

The >>= method of the state monad (lines 9-13) returns a new state monad
that, when executed, will first execute its contents in the given state s, then
apply its argument k to the result, and then execute the contents of that monad
in the threaded state. Given this definition of >>=, and a redefinition of the pure
method to ensure that values are lifted into the correct monad, we do not need
to redefine any of the tree nodes—so long as their evaluation does not involve
using the state.

Of course, the point of this extension is to enable some evaluations to depend
on state. We will follow Wadler in using state in a somewhat artificial way: the
state will be a single number that counts the number of divisions. The tally method
increments the count stored in the state and answers done (Grace’s unit), indicat-
ing that its purpose is to cause an effect rather than to compute a result.

Naturally, counting divisions requires extending the eval operation in the div
class (but not elsewhere) to do the counting. The overriding eval method on lines
24-26 first counts using tally, and then calls the inherited eval method. Notice
also that the asString operation of the monad (line 7) executes the contents of



The Essence of Inheritance 81

the monad in the state 0, representing the initial value of the counter. This is
exactly parallel to Wadler’s function showsS.
Here is an example program similar to the previous one:

import "statefulEvaluation" as se
def e = se.statefulEvaluation

def simple = e.con 34
print (simple.eval) // prints stateMonad(result(34) state(0))

def answer = e.div(e.div(e.con 1932, e.con 2), e.con 23)
print (answer.eval) // prints stateMonad(result(42) state(2))

def error = e.div(e.con 1, e.con 0)
print (error.eval) // prints stateMonad(result(infinity) state(1))

2.6 Variation Four: Output

Our final example builds up an output string, using similar techniques. We reuse
monadicExpressions, this time overriding the inherited eval methods to produce
output. We provide a new monad that holds both result and output, and is
equipped with a bind operator that accumulates the output at each step.

module "outputEvaluation"

import "monadicExpressions" as m

class outputEvaluation {
inherits m.monadicExpressions
class con(n) {

'S

6 inherits m.monadicExpressions.con(n)
method eval —> m.Monad {
8 out "{self.asString} = {n}\n" >={ —> pure(n) }

10

class div(l, r) {

12 inherits m.monadicExpressions.div(], r)
method eval —> m.Monad is override {
14 l.eval >>= { a: Number —>
r.eval >>= { b: Number —>
16 out "{self.asString} = {a / b}\n" >={ —> pure(a/b)}}}

}

method pure(a) —> m.Monad is override { monad(a) output "" }
20 method out(s) —> m.Monad { monad(done) output(s) }
class monad(contents') output(output') {

18

22 method contents {contents'}

method output {output'}
24 method asString {"output monad contents: {contents} output:\n{output}"}

method >>= (k) {
26 def next = k.apply(contents)

monad(next.contents) output(output ++ next.output)
28 }
}

30|}
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Here is an example program, with its output.
import "outputEvaluation" as o

def e = o.outputEvaluation

def answer = e.div(e.div(e.con 1932, e.con 2), e.con 23)
prlnt (answer.eval)

// prints output monad contents: 42 output:
con 1932 = 1932

/con 2 = 2

/ div(con 1932, con 2) = 966

con 23 = 28

// div(div(con 1932, con 2), con 28) =

def error = e.div(e.con 1, e.con 0)

print (error.eval)

// prints output monad contents: infinity output:
/con 1 =1

/con 0 =0

liv(con 1, con 0) = infinity

3 The Erlang OTP Platform

The essential role that inheritance can play in explaining how a software system
works was brought home to Black in 2011. Black was on sabbatical in Edinburgh,
hosted by Phil Wadler. Black and Wadler had been discussing ways of character-
izing encapsulated state — principally monads and effect systems. Erlang came
up in the conversation as an example of a language in which state is handled
explicitly, and Black started studying Armstrong’s Programming Erlang (2007).

The Erlang OTP “generic server” provides properties such as transac-
tions, scalability, and dynamic code update for arbitrary server behaviours.
Transactions can be implemented particularly simply because state is explicit.
Armstrong writes: “Put simply, the [generic server]| solves the nonfunctional parts
of the problem, while the callback solves the functional part. The nice part about
this is that the nonfunctional parts of the problem (for example, how to do live
code upgrades) are the same for all applications.” (Armstrong 2007, p. 286)

A reader of this section of Armstrong’s book can’t help but get the sense
that this material is significant. In a separate italicized paragraph, Armstrong
writes: “This is the most important section in the entire book, so read it once,
read it twice, read it 100 times — just make sure the message sinks in.”

The best way that Armstrong can find to explain this most-important-of-
messages is to write a small server program in Erlang, and then generalize this
program to add first transactions, and then hot code swapping. The best way that
Black could find to understand this message was to re-implement Armstrong’s
server in another language — Smalltalk. Using Smalltalk’s inheritance, he was
able to reflect Armstrong’s development, not as a series of separate programs,
but in the stepwise development of a single program.
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3.1 Armstrong’s Goal

What does Armstrong seek to achieve with the generic server? In this context,
a “server” is a computational engine with access to persistent memory. Servers
typically run on a remote computer, and in the Erlang world the primary server
is backed-up by a secondary server that takes over if the primary should fail. For
uniformity with the proceeding example, we here present a simplified version of
the OTP server in Grace; in addition to Armstrong’s Erlang version, our code is
also based on Parkinson, and Noble’s translation of the OTP server to a Java-like
language (2008). For brevity, and to focus attention on the use of inheritance,
our version omits name resolution, remote requests, concurrency and failover.

To be concrete, let’s imagine two particular servers: a “name server” and a
“calculation server”. The name server remembers the locations of objects, with
interface:

type NameServer = {
add(name:String) place(p:Location) —> Done
wherels(name:String) —> Location

The name of the first method in the above type is add()place(), a two-part name
with two parameters.

The calculation server acts like a one-function calculator with a memory;
clear clears the memory, and add adds its argument to the memory, and stores
the result in the memory as well as returning it. The calculation server has the
interface

type CalculationServer = {
clear —> Number
add(e:Number) —> Number

Both of these servers maintain state; we will see later why this is relevant.

Armstrong refers to the actual server code as “the callback”. His goal is to
write these callbacks in a simple sequential style, but with explicit state. The
generic server can then add properties such as transactions, failover and hot-
swapping. The simple sequential implementation of the name server is shown on
the following page.

The state of this “callback” is represented by a Dictionary object that stores
the name — location mapping. The method initialState returns the initial state:
a new, empty, Dictionary. The method add()place()state() is used to implement
the client’s add()place() method. The generic server provides the additional state
argument, an object representing the callback’s state. The method returns a
Response (as in Sect.2.5) comprising the newState dictionary, and the actual
result of the operation, p. Similarly, the method wherels()state() is used to imple-
ment the client’s wherels() method. The generic server again provides the addi-
tional state argument. This method returns a Response comprising the result of
looking-up name in dict and the (unchanged) state.
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module "nameServer"

import "response" as r

type Location = Unknown

4| type NameServer = {

add(name:String) place(p:Location) —> Done
6 wherels(name:String) —> Location

s | type NsState = Dictionary<String, Location>

10| class callback {
method initialState —> NsState { dictionary.empty }
12 method add(name:String) place(p) state (dict:NsState) —> r.Response {
def newState = dict.copy
14 newState.at(name) put(p)
r.result(p) state(newState)
16
method wherels(name:String) state(dict:NsState) —> r.Response {
18 def res = dict.at(name)
r.result(res) state(dict)
20 }

}

Finally, let’s consider what happens if this name server callback is asked for
the location of a name that is not in the dictionary. The lookup dict.at(name)
will raise an exception, which the callback itself does not handle.

Notice that our nameServer module contains a class callback whose instances
match the type

type Callback<S> = type {
initialState —> S

¥

for appropriate values of S. This is true of all server callback modules. Particular
server callbacks extend this type with additional methods, all of which have a
name that ends with the word state, and which take an extra argument of type
S that represents their state.

3.2 The Basic Server

Our class server corresponds to Armstrong’s module serverl. This is the “generic
server” into which is installed the “callback” that programs it to provide a par-
ticular function (like name lookup, or calculation).

A Request encapsulates the name of an operation and an argument list. The
basic server implements two methods: handle(), which processes a single incoming
request, and serverLoop(), which manages the request queue.
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module "basicServer"

import "mirrors" as m

type Request = type {
4 name —> String

arguments —> List<Unknown>
o}

class server(callbackName:String) {
var callbackMirror

10 var state

startUp(callbackName)

)

12

method startUp(name) {

14 def callbackModule = m.loadDynamicModule(name)
def callbackObject = callbackModule.callback
16 callbackMirror := m.reflect(callbackObject)

state := callbackObject.initialState
18
method handle(request:Request) {

20 def cbMethodMirror = callbackMirror.getMethod(request.name ++ "state")
def arguments = request.arguments ++ [state]

22 def ans = cbMethodMirror.requestWithArgs(arguments)
state := ans.state

24 ans.result

26 method serverLoop(requestQ) {
requestQ.do { request —>

28 def res = handle(request)
log "handle: {request.name} args: {request.arguments}"
30 log " result: {res}"

32

34}

method log(message) { print(message) }

A server implements three methods. Method startUp(name) loads the callback
module name and initializes the server’s state to that required by the newly-
loaded callback.

The method handle accepts an incoming request, such as "add()place()", and
appends the string "state", to obtain method name like "add()place()state". It
then requests that the callback executes its method with this name, passing it the
arguments from the request and an additional state argument. Thus, a request
like add "BuckinghamPalace" place "London" might be transmitted to the name-
Server as add "BuckinghamPalace" place "London" state (dictionary.empty). The
state component of the response would then be a dictionary containing the map-
ping from "BuckinghamPalace" to "London"; this new dictionary would provide
the state argument for the next request.

The method serverLoop is a simplified version of Armstrong’s loop/3 that
omits the code necessary to receive messages and send back replies, and instead
uses a local queue of messages and Grace’s normal method-return mechanism.
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Here is some code that exercises the basic server:

import "basicServer" as basic

class request(methodName)withArgs(args) {
method name { methodName }
method arguments { args }

def queue = |
request "add()place()" withArgs ["BuckinghamPalace", "London"],
request "add()place()" withArgs ["EiffelTower", "Paris"],
request "wherels()" withArgs ["Eiffel Tower"]

print "starting basicServer"
basic.server("nameServer").serverLoop(queue)
print "done"

To keep this illustration as simple as possible, this code constructs the
requests explicitly; in a real remote server system, the requests would be con-
structed using reflection, or an RPC stub generator. This is why they appear as,
for example, request "add()place()" withArgs ["BuckinghamPalace", "London"],
instead of as add "BuckinghamPalace" place "London". Here is the log output:

starting basicServer

handle: add()place() args: [BuckinghamPalace, London]
result: London

handle: add()place() args: [EiffelTower, Paris|
result: Paris

handle: wherels() args: [FiffelTower]
result: Paris

done

Note that if the server callback raises an exception, it will crash the whole server.

3.3 Adding Transactions

Armstrong’s server2 adds transaction semantics: if the requested operation raises
an exception, the server loop continues with the original value of the state. In
contrast, if the requested operation completes normally, the server continues
with the new value of the state.

Lacking inheritance, the only way that Armstrong can explain this to his
readers is to present the entire text of a new module, server2. The reader is
left to compare each function in server2 with the prior version in serverl. The
start functions seem to be identical; the rpc functions are similar, except that
the receive clause in server2 has been extended to accommodate an additional
component in the reply messages. The function loop seems to be completely
different.

In the Grace version, the differences are much easier to find. In the trans-
actionServer module, the class server is derived from basicServer’s server using
inheritance:
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module "transactionServer"

import "mirrors" as mirrors
2| import "basicServer" as basic

1| type Request = basic.Request

6 | class server(callbackName:String) {
inherits basic.server(callbackName)

8 alias basicHandle = handle

10 method handle(request:Request) is override {
try {

12 basicHandle(request)
} catch { why —

14 log "Error — server crashed with {why}"

"ICRASH!"
16 }

}

18}

The handle method is overridden, but nothing else changes. It’s easy to see that
the extent of the change is the addition of the try()catch() clause to the handle
method.

If we now try and make bogus requests:

import "transactionServer" as transaction

class request(methodName)withArgs(args) {
method name { methodName }
method arguments { args }

def queue = |
request "add()place()" withArgs ["BuckinghamPalace", "London"],
request "add()place()" withArgs ["Eiffel Tower", "Paris"],
request "wherels()" withArgs ["Eiffel Tower"],
request "boojum()" withArgs ["Eiffel Tower"],
request "wherels()" withArgs ["BuckinghamPalace"]
]
print "starting transactionServer"
transaction.server(""'nameServer").serverLoop(queue)
print "done"

they will be safely ignored:

starting transactionServer
handle: add()place() args: [BuckinghamPalace, London]
result: London
handle: add()place() args: [EiffelTower, Paris|
result: Paris
handle: wherels() args: [EiffelTower|
result: Paris
Error — server crashed with NoSuchMethod: no method boojum()state in mir-
ror for a callback
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handle: boojum() args: [Eiffel Tower]
result: /CRASH!

handle: wherels() args: [BuckinghamPalace/
result: London

done

Armstrong emphasizes that the same server callback can be run under both
the basic server and the transaction sever. This is also true for the Grace version,
but that’s not what we wish to emphasize. Our point is that inheritance makes
it much easier to understand the critical differences between basicServer and
transactionServer than does rewriting the whole server, as Armstrong is forced
to do.

3.4 The Hot-Swap Server

Armstrong’s server3 adds “hot swapping” to his serverl; once again he is forced
to rewrite the whole server from scratch, and the reader must compare the two
versions of the code, line by line, to find the differences. Our Grace version
instead adds hot swapping to the transactionServer, again using inheritance.

module "hotSwapServer"

import "mirrors" as mirrors
2| import "transactionServer" as base
4| type Request = base.Request
6 | class server(callbackName:String) {
inherits base.server(callbackName)
8 alias baseHandle = handle
10 method handle(request:Request) is override {
if ( request.name == "IHOTSWAP!" ) then {
12 def newCallback = request.arguments.first
startUp(newCallback)
14 "{newCallback} started."
}else {
16 baseHandle(request)
18 }
¥

In hotSwapServer, class server overrides the handle method with a version that
checks for the special request IHOTSWAP!. Other requests are delegated to the
handle method inherited from transactionServer. Once again, it is clear that
nothing else changes.

Now we can try to change the name server into a calculation server:

import "hotSwapServer" as hotSwap

class request(methodName) withArgs(args) {
method name { methodName }
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method arguments { args }

def queue = |
request "add()place()" withArgs ["Eiffel Tower", "Paris"],
request "wherels()" withArgs ["Eiffel Tower"],
request "IHOTSWAP!" withArgs ["calculator"],
request "wherels()" withArgs ["Eiffel Tower"],
request "add()" withArgs [3],
request "add()" withArgs [4]

]

print "starting hotSwapServer"
hotSwap.server(""nameServer").serverLoop(queue)
print "done"

Here is the output:

starting hotSwapServer
handle: add()place() args: [EiffelTower, Paris|
result: Paris
handle: wherels() args: [EiffelTower|
result: Paris
handle: THOTSWAP! args: [calculator]
result: calculator started.
Error — server crashed with NoSuchMethod: no method wherels()state in mir-
ror for a callback
handle: wherels() args: [EiffelTower|
result: ICRASH!
handle: add() args: [3]
result: 3
handle: add() args: [4]
result: 7
done

3.5 Summary

In summary, we can say that what Armstrong found necessary to present as a
series of completely separate programs, can be conveniently expressed in Grace
as one program that uses inheritance. As a consequence, the final goal —a hot-
swappable server that supports transactions — cannot be found in a single, mono-
lithic piece of code, but instead is a composition of three modules. But far from
being a problem, this is an advantage. The presentation using inheritance lets
each feature be implemented, and understood, separately. Indeed, the structure
of the code mirrors quite closely the structure of Armstrong’s own exposition in
his book.

4 Discussion and Conclusion

We will be the first to admit that a few small examples prove nothing. Moreover,
we are aware that there are places where our argument needs improvement. Here
we comment on two of these.
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4.1 From the Abstract to the Concrete

Inheritance can be used in many ways other than the way illustrated here. Our
own experience with inheritance is that we sometimes start out with a concrete
class X, and then write a new concrete class Y doing something similar. We then
abstract by creating an (abstract) superclass A that contains the attributes that
A and B have in common, and rewrite X and Y to inherit from A.

When programmers have a lot of experience with the domain, they might even
start out with the abstract superclass. We did exactly this when building the
Grace collections library, which contains abstract superclasses like iterable, which
can be inherited by any concrete class that defines an iterator method. Syntax
aside, an abstract superclass is essentially a functor returning a set of methods,
and the abstract method(s) of the superclass are its explicit parameters. Used in
this way, inheritance is little more than a convenient parameterization construct.

If we admit that this use of inheritance as a parameterization construct is
common, the reader may wonder why have we used the bulk of this paper to
emphasize the use of inheritance as a construct for differential programming. The
answer is that we wish to capture the essence of inheritance. According to The
Blackwell Dictionary of Western Philosophy, “essence is the property of a thing
without which it could not be what it is.” (Bunnin and Yu 2004, p.223). In this
sense, the essence of inheritance is its ability to override a concrete entity, and
thus effectively turn a constant into a parameter. There is nothing at all wrong
with using inheritance to share abstract entities designed for reuse, that is, to
move from the abstract to the concrete. But what makes inheritance unique is
its ability to create parameters out of constants — what we have called ex post
facto parameterization.

4.2 What About Types?

Anyone who has read both Wadler’s “The Essence of Functional Programming”
and our Sect.2 can hardly fail to notice that Wadler’s code is rich with type
information, while our code omits many type annotations. This prompts the
question: can the inheritance techniques that we advocate be well-typed?

The way that inheritance is used in Sect. 2 —overriding the definition of the
monad in descendants — poses some fundamental difficulties for typechecking.
As the components of the expression class are changed to add new functionality,
the types that describe those components also change. For example, the para-
meters | and r of the class div in module “simpleExpressions” have eval methods
that answer numbers, whereas the corresponding parameters to div in module
“monadicExpressions” have eval methods that answer monads. If there were other
methods that used the results of eval, these would also need to be changed to
maintain type correctness. Even changing a type to a subtype is not safe in gen-
eral, because the type may be used to specify a requirement on a parameter as
well as a property of a result.

Allowing an overriding method in a subclass to have a type different from
that of the overridden method clashes with one of the sacred cows of type-theory:
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“modular typechecking” (Cardelli 1997). The idea behind modular typechecking
is that each component of the program can be typechecked once and for all,
regardless of how and where it is used. Since the methods of an object are
generally interdependent, it seems clear that we cannot permit unconstrained
changes to the type of a method after the typecheck has been performed. This
runs contrary to the need to override methods to generalize functionality, as we
have done in these examples.

Two paths are open to us. The first, exemplified by Ernst (2001), Bruce
(2003), and Nystrom et al. (2004), is to devise clever restrictions that permit
both useful overriding and early typechecking. The second is to question the
value of modular typechecking.

While modular typechecking seems obviously desirable for a subroutine
library, or for a class that we are to instantiate, its importance is less clear
for a class that we are going to inherit. After all, inheritance lets us interfere
with the internal connections between the methods of the inherited class, substi-
tuting arbitrary new code in place of existing code. It is quite possible to break
the inherited class by improper overriding: it is up to the programmer who uses
inheritance to understand the internal structure of the inherited class. In this
context, running the typechecker over both the inherited code and the inherit-
ing code seems like a small price to pay for the security that comes from being
able to override method types and have the resulting composition be certified as
type-safe.

4.3 Further Extensions

An issue we have not yet discussed is the difficulty of combining separate
extensions, for example, including both output and exceptions in the expres-
sion language of Sect.2. Some form of multiple inheritance would seem to be
indicated, but most attempts at multiple inheritance run into difficulties when
the inherited parts conflict. A particularly troublesome situation is the “diamond
problem” (Bracha and Cook 1990; Snyder 1986), also known as “fork-join inher-
itance” (Sakkinen 1989); this occurs when a class inherits a state component
from the same base class via multiple paths.

In our view, the most promising solution seems to be to restrict what can
be multiply inherited. For example, traits, as defined by Ducasse, Nierstrasz,
Schirli, Wuyts, and Black (2006), consist of collections of methods that can
be “mixed into” classes. Traits do not contain state; they instead access state
declared elsewhere using appropriate methods. The definition of a trait can also
specify “required methods” that must be provided by the client. In exchange for
these modest restrictions on expressiveness, traits avoid almost all of the prob-
lems of multiple inheritance. Traits have been adopted by many recent languages;
we are in the process of adding them to Grace. Delegation may provide an alter-
native solution, but seems to be further from the mainstream of object-oriented
language development.

One of the anonymous reviewers observed that Edwards’ Subtext (2005a)
is also based on the idea that humans are better at concrete thinking than at
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abstraction. Subtext seeks to “decriminalize copy and paste” (Edwards 2005b) by
supporting post hoc abstraction. Because Subtext programs are structures in a
database rather than pieces of text, the same program can be viewed in multiple
ways. Thus, whether someone reading a program sees a link to an abstraction
or an embedded implementation of that abstraction depends on a check-mark
on a style sheet, not on a once-and-for-all decision made by the writer of the
program. Moreover, the view can be changed in real time to suit the convenience
of the reader. Similar ideas were explored by Black and Jones (2004).

As we have shown in this article, inheritance can lead to highly-factored
code. This can be a double-edged sword. We have argued that the factoring is
advantageous, because it lets the reader of a program digest it in small, easily
understood chunks. But it can sometimes also be a disadvantage, because it
leaves the reader with a less integrated view of the program. The ability to view
a program in multiple ways can give us the best of both worlds, by allowing the
chunks either to be viewed separately, or to be “flattened” into a single larger
chunk without abstraction boundaries. A full exploration of these ideas requires
not only that we “step away from the ASR-33” (Kamp 2010), but that we move
away from textual representations of programs altogether.

4.4 Conclusion

Introducing a new concept by means of a series of examples is a technique as old
as pedagogy itself. All of us were taught that way, and teach that way. We do
not start instruction in mathematics by first explaining the abstractions of rings
and fields, and then introducing arithmetic on the integers as a special case. On
the contrary: we introduce the abstractions only after the student is familiar
with not one, but several, concrete examples.

As Baniassad and Myers (2009) have written,

the code that constitutes a program actually forms a higher-level, program-
specific language. The symbols of the language are the abstractions of the
program, and the grammar of the language is the set of (generally unwritten)
rules about the allowable combinations of those abstractions. As such, a pro-
gram is both a language definition, and the only use of that language. This
specificity means that reading a never-before encountered program involves
learning a new natural language

It follows that when we write a program, we are teaching a new language.
Isn’t it our duty to use all available technologies to improve our teaching? So,
next time you find yourself explaining a complex program by introducing a series
of simpler programs of increasing complexity, think how that explanation, as well
as the final program, could be captured in your programming language. And if
your chosen programming language does not provide the right tools, ask whether
it could be improved.
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Abstract. Session types describe the structure of bi-directional point-
to-point communication channels by specifying the sequence and format
of messages on each channel. A session type defines a communication
protocol. Type systems that include session types are able to statically
verify that communication-based code generates, and responds to, mes-
sages according to a specified protocol. It is natural to consider subtyping
for session types, but the literature contains conflicting definitions. It is
now folklore that one definition is based on safe substitutability of chan-
nels, while the other is based on safe substitutability of processes. We
explain this point in more detail, and show how to unify the two views.

1 Prologue

My first encounter with Phil Wadler was at the Marktoberdorf Summer School
in 1992, where he lectured on monads in functional programming. His course
had the characteristically punning title “Church and State: taming effects in
functional languages”, and during his first lecture he removed his shirt to reveal
a T-shirt printed with the category-theoretic axioms for a monad. The following
year I met him again, at POPL in Charleston, South Carolina. He presented
the paper “Imperative Functional Programming”, also covering the monadic
approach and co-authored with Simon Peyton Jones, which in 2003 won the
award for the most influential paper from POPL 1993.

At that time, in the early 1990s, Phil was a professor at the University of
Glasgow, and I was a PhD student at Imperial College London, attending POPL
to present my own very first paper, which was about types for pi calculus. We
PhD students in the Imperial theory group had a view of the world in which a
small number of other departments were admired for their theoretical research,
and the rest were ignored. The Glasgow functional programming group was
admired, as was the LFCS in Edinburgh, where Phil now works. More than
twenty years later, I myself am a professor at the University of Glasgow, but
when I arrived here as a lecturer in 2000, Phil had already departed for the USA.
When he returned to Scotland to take a chair in theoretical computer science
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at Edinburgh, we started the Scottish Programming Languages Seminar, which
is still active. Eventually the opportunity for a technical collaboration arose,
when Phil developed an interest in session types because of the Curry-Howard
correspondence between session types and linear logic, discovered by Luis Caires
and Frank Pfenning. This led to a successful EPSRC grant application by Phil,
myself, and Nobuko Yoshida, which is still running.

I am delighted to contribute this paper to Phil’s 60th birthday Festschrift.

2 Introduction

Session types were introduced by Honda et al. (1998; 1994), based on ear-
lier work by Honda (1993), as a way of expressing communication protocols
type-theoretically, so that protocol implementations can be verified by static
typechecking. The original formulation, now known as binary session types,
covers pairwise protocols on bidirectional point-to-point communication chan-
nels. Later, the theory was extended to multiparty session types (Honda et al.,
2008), in order to account for collective protocols among multiple participants.

Gay and Hole (1999; 2005) extended the theory of session types by adding
subtyping, to support more flexible interaction between participants in a proto-
col. Many papers now include subtyping. However, not all of them use the same
definition as Gay and Hole; some papers give the opposite variance to the session
type constructors. The alternative definition first appears in the work of Carbone
et al. (2007) and has been used in many papers by Honda et al., including one by
Demangeon and Honda (2011) whose main focus is subtyping. For example, con-
sider two simple session types with branching (external choice), one which offers
a choice between labels a and b, and one which offers label a alone. According to
Gay and Hole’s definition, the session type constructor for branch is covariant in
the set of labels, so that &(a : end) < &(a : end, b : end). According to the Honda
et al. definition, branch is contravariant, so that &(a : end,b : end) T &(a : end).
Each paper defines a type system and an operational semantics and proves that
typability guarantees runtime safety. How can both definitions of subtyping be
correct?

The fundamental way of justifying the definition of subtyping for any lan-
guage is by Liskov and Wing’s (1994) concept of safe substitutability. Type T is
a subtype of type U if a value of type T can be safely used whenever a value of
type U is expected, where “safely” means without violating the runtime safety
property that the type system guarantees. In this paper we will analyse safe
substitutability in the setting of session types, to see how each definition of
subtyping can be justified. The answer lies in careful consideration of what is
being safely substituted. Gay and Hole’s definition is based on safe substitution
of communication channels, whereas Honda et al.’s definition is based on safe
substitution of processes. This situation contrasts with that of A-calculus, where
the syntax consists only of expressions and there is no choice about which kind
of entity is being substituted.
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The remainder of the paper is structured as follows. Section 3 reviews the
concepts of session types and motivates the need for subtyping. Section 4 consid-
ers safe substitution of channels, and gives several justifications of the Gay and
Hole definition. Section 5 considers safe substitution of processes, and justifies
the Honda et al. definition. Section 6 describes a session type system for higher-
order communication, introduced by Mostrous and Yoshida (2007; 2015), and
shows how that setting allows the two definitions of subtyping to be reconciled.
Finally, Sect. 7 concludes. In order to reduce the volume of definitions, we focus
on intuition and explanation, and do not give full details of the languages and
type systems that we discuss.

3 Session Types and Subtyping

To illustrate the need for a theory of subtyping for session types, consider the
example of a server for mathematical operations (Gay and Hole, 2005). There are
two services: addition of integers, which produces an integer result, and testing
of integers for equality, which produces a boolean result. A client and a server
run independently and communicate on a bidirectional point-to-point channel,
which has two endpoints, one for the client and one for the server. The protocol
is specified by defining a pair of dual session types, one for each endpoint. The
type of the server’s endpoint is 5, defined as follows.

S = &( add: ?[int].?[int].![int].end,
eq: ?[int].?[int].![bool].end )

The &(...) constructor specifies that a choice is offered between, in this
case, two options, labelled add and eq. It is an external choice, often called
“branch”: the server must be prepared to receive either label. Each label leads
to a type describing the continuation of the protocol, different in each case.
The constructors ?[...] and ![...] indicate receiving and sending, respectively.
Sequencing is indicated by . and end marks the end of the interaction. For
simplicity this protocol allows only a single service invocation.

In a run of the protocol, the first message is one of the labels plus and eq, sent
from the client to the server. Subsequently, the client sends messages according
to the continuation of the label that was chosen, and then receives a message
from the server. The type of the client’s endpoint is S, the dual of S.

S = @( add:![int].![int].?[int].end,
eq:![int].![int].?[bool].end )

The structure is the same, but the directions of the communications are
reversed. The &(...) constructor is an internal choice, often called “select” or
“choice”: the client can decide which label to send.

Suppose that the server is upgraded by the addition of new services and an
extension of an existing service. The equality test can now handle floating point
numbers, and there is a multiplication service. The type of the new server is S’.
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S’ = &( add: ?[int].?[int].![int].end,
mul: ?[int].?[int].![int].end,
eq: ?[float].?[float].![bool].end )

The requirement for a theory of subtyping is to allow a client that has been
typechecked with type S to interact with the new server. In Sects. 4 and 5 we will
discuss the two approaches to subtyping that have appeared in the literature,
and explain how they account for this example.

Another possibility is to upgrade the type of the addition service to

add: ?[float].?[float].![float].end.

This motivates the development of a theory of bounded polymorphism (Gay,
2008) that allows the addition service to have type

add(X < float):?[X].?[X].![X].end

so that the client chooses an instantiation of the type variable X as either int
or float and then proceeds appropriately. We do not consider bounded polymor-
phism further in the present paper.

4 Channel-Oriented Subtyping

In Sect. 3 we defined session types for the mathematical server and client, without
choosing a language in which to implement them. We will now give pi calculus
definitions, following the example of Gay and Hole (2005). The core of the server
process is serverbody, parameterised by its channel endpoint x.

serverbody(z) = x>{ add: z?[w:int].x?[v:int].2![u + v].0,
eq:x?uint].x?[v:int].z![u = v].0 }.

The branching construct zi>{. ..} corresponds to the type constructor &(.. . );
it receives a label and executes the code corresponding to that label. The rest
of the syntax is pi calculus extended with arithmetic operations. The process
x?[w:int].P receives an integer value on channel x, binds it to the name u, and
then executes P. The process z![u + v].Q sends the value of the expression u+ v
on channel z and then executes @. Finally, 0 is the terminated process.

The type system derives judgements of the form I' = P, where I is an
environment of typed channels and P is a process. A process does not have a
type; it is either correctly typed or not. The typing of serverbody is

x:S F serverbody(z)

where S is the session type defined in Sect. 3. Although we are not showing the
typing rules here, it should be clear that the process and the type have the same
communication structure.
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Similarly, the core of one possible client process, which uses the addition
service, is clientbody, again parameterised by its channel endpoint.

clientbody(z) = z<add.z![2].2![3].27[u:int].0
The typing is
x:S I clientbody(x).

The client and server need to establish a connection so that they use opposite
endpoints ¢~ and ¢T of channel c¢. The original formulation of session types
(Takeuchi et al., 1994) used matching request and accept constructs, but here
we follow Gay and Hole’s approach in which the client uses standard pi calculus
name restriction to create a fresh channel and then sends one endpoint to the
server. This requires a globally known channel a of type 7S] (the standard pi
calculus channel type constructor). The complete definitions and typings are

server(a) = a?[y:S].serverbody(y)

client(a) = (v : S)(a![zT].clientbody(z ™))
a:"]S] - server(a)
a:"]S] k- client(a)

where (vx : S) binds T with type S and z~ with type S.
In Sect.3 we defined the session type S’ for an upgraded server. The corre-
sponding definition of newserverbody is

newserverbody(z) = z>{ add: x?[w:int].z?[v:int].2![u + v].0,
mul: z?[uint].2x?[v:int].2! [u * v].0,
eq: z?[u:float].z?[v:float].z![u = v].0 }.

and we have x : S’ F newserverbody(z). Now newserver is defined in terms of
newserverbody in the same way as before.

Clearly client can interact safely with newserver; the question is how to extend
the type system so that

a:"[S'] F client(a) | newserver(a).

In Gay and Hole’s theory, this is accounted for by considering safe substitu-
tion of channels. It is safe for newserverbody to interact on a channel of type S
instead of the channel of type S’ that it expects; the substitution means that
newserverbody never receives label mul and always receives integers in the eq
service, because the process at the other endpoint of the channel is using it with
type S. Subtyping is defined according to this concept of safe substitution, giving
S < S5’. We see that branch (external choice) is covariant in the set of labels, and
input is covariant in the message type. If we imagine changing the definitions so
that the server creates the channel and sends one endpoint to the client, we find
that select (internal choice) is contravariant in the set of labels and output is
contravariant in the message type. These are the variances established by Pierce
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T<U U<LT

— S-END - S-CHAN
end < end 1) < U
S-INS S-BRANCH
?[T].V < ?[U].W &(1l; 0 Sidicicm < &1 : Ti )icicn
U<T V<w m<n Vie{l,..., m}.S; <T;
S-OurS S-CHOICE
T].V < NUL.W Bl SiYicicn <DL Ts Yi<icm

Fig. 1. Subtyping for non-recursive types.

and Sangiorgi (1996) in the first work on subtyping for (non-session-typed) pi
calculus. Furthermore, it is clear that all of the session type constructors are
covariant in the continuation type, simply because after the first communica-
tion we can again consider safe substitutability with the continuation types in
the substituting and substituted positions. The definition of subtyping for non-
recursive session types is summarised in Fig. 1, which includes the invariant rule
for standard channel types. For recursive types, the same principles are used as
the basis for a coinductive definition (Gay and Hole, 2005).

This definition of subtyping is justified by the proof of type safety in Gay
and Hole’s system. In the rest of this section, we give alternative technical jus-
tifications for the definition.

4.1 Safe Substitutability of Channels, Formally

Gay and Hole express safe substitutability of channels for channels by (a more
general form of) the following result, in which 2P is either 2T or z~.

Lemma 1 (Substitution (Gay and Hole, 2005, Lemma8)). If [,w:W + P
and Z < W and 2P & dom(I") then I',2P: Z = P{zP /w}.

They define subtyping first, taking into account recursive types by giv-
ing a coinductive definition based on the principles of Fig.1, and then prove
type safety, for which Lemma 1 is a necessary step. Alternatively, we can take
Lemma 1 as a statement of safe substitutability, i.e. a specification of the prop-
erty that we want subtyping to have, and then derive the definition of subtyping
by considering how to prove the lemma by induction on typing derivations. For
example, in the inductive case for an input process, the relevant typing rule is
T-INS. The occurrence of subtyping in the rule is based on safe substitutability
of channels: the received value of type T must be substitutable for the bound
variable y of type U.

ryz?:S,y.U+ P T<U
I, 2P ?(T).S & «P?[y:U].P

T-INS
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The specific case in the proof of the lemma is that we substitute z? for = in
the process z?[y:U].Q. The typing derivation for x?[y:U].Q) concludes with an
application of rule T-INS.

xS yUFQ T<U
Ia:?[T).S F 2?y:U].Q

T-INS

To prove this case of Lemma 1 we need to establish Iz2P : Z F
2P?y:U].Q{zP/x}, which has to have a derivation ending with an application
of rule T-INS:

I, 278 y:U = Q{27 )z} ALU

T-INS
I, 2P:7[A]LS" F 2P2[y:U).Q{2P Jx}

From the assumptions Z < ?[T].S and T < U, we need to be able to conclude
Z =7A].S" and §' < S (to use the induction hypothesis) and A < U. To go
from T' < U to A < U, for arbitrary U, requires A < T. Overall, in order to
make the proof of Lemma 1 work, we need:

if Z <?TI.S then Z =7[A].S" with A < T and S’ < S.

This is essentially one of the clauses in the coinductive definition of subtyping
(Gay and Hole, 2005, Definition 3); the only difference is that the coinductive
definition unfolds recursive types.

As another example we can consider the case of branch, with the typing
rule T-OFFER. It contains the raw material of subtyping in the form of the
condition m < n, which guarantees that the received label is within the range
of possibilities.

m<n Vie{l,...,m}.(IzP:S; - P;)
F,$p2&<li : Si)lgigm = .I?pl>{ lz : Pi }1<ign

T-OFFER

The relevant case in the proof of Lemma 1 is that we substitute z? for z in
the process z>{ I; : P; }1<i<n- The typing derivation for z>{ l; : P; }1<i<n
concludes with an application of rule T-OFFER.

m<n Vie{l,...,m}.(INx:S; - P;)
F,sc&(ll : 51 >1<i<m = :L‘l>{ ll : ]DZ }1<1’<n

We need to establish I, 2P:Z + zP{ I; : Pi{zP/x} }1<i<n, whose derivation
must end with an application of T-OFFER:

T-OFFER

r<n Vie{l,...,r}.([Nz":Z; F P;)
F, Zp&<lz : Zl >1<i<r = ZPD{ ll : Pl }1<i<n

T-OFFER

From the assumptions Z < &(I; : S; )1<i<m and m < n we need to be able
to conclude Z = &(1; : Z; )1<icr and Vi € {1...7}.Z; < S; and r < n. Therefore
we need:
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[end] = capy]]
[?(T].5] = capi[[T1], [S]]
L] = con17], 51
[&{l :S1,... :Sn)] = cap[(la : [S1], ... I ¢ [Sa])]
[&{1 S, ln : Sn)] = capo[{l1 : [S1]s - -y ln ¢ [Sul)]

Fig. 2. Translation of session types into linear and variant types (Dardha et al., 2012).
Data types such as int and bool are translated into themselves.

if 7 < &<ll : Si>1<i§m then Z = &<ll : Zi>1§z<r with r < m and

Again this is essentially a clause in the coinductive definition of subtyping.
The other clauses are obtained similarly by considering other possibilities for the
structure of P, with the exception of the clause for end which requires proving
(straightforwardly) that I',z:end - P if and only if I' = P and « ¢ fn(P). In
order to type as many processes as possible we take the largest relation satisfying
this clause, which leads to the coinductive definition.

4.2 Channel-Oriented Subtyping by Translation

Kobayashi (2003) observed informally that the branch and choice constructors of
session types can be represented by variant types, which have been considered in
pi calculus independently of session types (Sangiorgi and Walker, 2001). Specif-
ically, making a choice corresponds to sending one label from a variant type,
and offering a choice corresponds to a case-analysis on a received label. With
this representation, Gay and Hole’s definition of subtyping follows by combin-
ing the standard definition of subtyping for variants in A-calculus (Pierce, 2002)
with Pierce and Sangiorgi’s (1996) definition of subtyping for input and output
types in pi calculus. Dardha et al. (2012) developed this idea in detail'. They
showed that not only subtyping, but also polymorphism, can be derived from a
translation of session types into linear pi calculus (Kobayashi et al., 1999) with
variants.

The translation combines three ideas. First, in the linear pi calculus, a linear
channel can be used for only one communication. To allow a session channel to
be used for a series of messages, a continuation-passing style is used, so that
each message is accompanied by a fresh channel which is used for the next
message. Second, the linear pi calculus separates the capabilities for input (cap;)
and output (cap,) on a channel. A session type corresponding to an initial input
or output is translated into an input-only or output-only capability. Polyadic
channel types of the form cap;[T1,...,T,] are used. Third, branch and select
session types are both translated into variant types (l; : T1,...,l, : Tp,), with
the input or output capability as appropriate. The translation of types is defined
in Fig. 2; note the use of the empty capability capy in the translation of end.

! See also Dardha’s (2014) PhD thesis.
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To illustrate the translation, consider the session types S and S from Sect. 3.

[S] = cap;[{ add : cap;[int, cap;[int, cap,[int, capy[] ] ]]
eq : cap;[int, cap;[int, cap,[bool, capy[]]]]) ]

[S] = cap,|[{ add : cap;[int, cap;[int, cap,[int, capy ] ] ]]
eq : cap;[int, cap;[int, cap,[bool, capy[]]1]]) ]

Duality appears as a reversal of input/output capability at the top level only,
so that the message types of [S] and [S] are the same.

The standard definition of subtyping for variant types is covariant in the set
of labels. With the definitions in Fig. 2, considering that cap; is covariant and
cap, is contravariant, this gives the same variances for branch and select that
Gay and Hole define.

4.3 Channel-Oriented Subtyping by Semantic Subtyping

Castagna et al. (2009) use the idea of semantic subtyping (Frisch et al., 2002) to
develop a set-theoretic model of session types in which subtyping is simply set
inclusion. The foundation for their model is a duality relation b on session types,
which characterises safe communication. Gay and Hole generalised the duality
function (-) to a coinductively-defined relation L (in order to handle recursive
types) which requires exact matching of label sets and message types. For exam-
ple, with the definitions in Sect. 3, we have S L S but not S’ L S. In contrast,
S’ >a S because every message sent on an endpoint of type S will be understood
by the process at the opposite endpoint of type S’, and vice versa. Deriving the
definition of subtyping from this definition of duality is technically more com-
plicated because of the circularity that the definition of duality itself involves
subtyping of message types, which in general can be session types. When the
theory is worked out, the session type constructors have the same variances as in
Fig. 1. The paper does not discuss the distinction between channel-oriented and
process-oriented subtyping, but the fact that the definition of duality includes
subtyping on message types, which can be channel types, implies that substi-
tutability of channels is being considered.

5 Process-Oriented Subtyping

We consider the paper by Demangeon and Honda (2011) as a typical example
that defines subtyping in the Honda et al. style. Like Dardha et al., they study
subtyping for session types by translating into a simpler language. Apart from
the definition of subtyping, the main difference is that their linear pi calculus
combines variant types and input/output types so that a label is accompanied
by a message. The intuition behind the Honda et al. definition of subtyping is
easiest to understand by considering the type environment to be the type of a
process, which we emphasize here by writing judgements in the form P + I.
Their subsumption result has a clear analogy with subtyping for A-calculus.
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Here, the relation C is the subtyping relation on session types, lifted pointwise
to environments.

Proposition 1 (Subsumption (Demangeon and Honda, 2011, Proposi-
tion9)). If P-T and ' T I then P I".

Considering the type environment as a specification of the interactions that
process must allow, we can return to the maths server to see that all of the
following typings make sense.

serverbody(z) F x:S
newserverbody(x) - z: 5’
newserverbody(z) F z: S

In the first two judgements, the type and the process match exactly. The
third judgement states that the process with more behaviour, newserverbody,
satisfies the requirement expressed by the original type S, i.e. it provides the
add and eq services. In relation to subtyping, and Proposition 1, this means
S'CS,ie.

&( add: ?[int].?[int].![int].end,

mul: ?[int].?[int].![int].end, eq: ?[int].?[int].![bool].end )

&( add: ?[int].?[int].![int].end,
eq: ?[float].?[float].![bool].end ) - {

This is the opposite of the subtyping relationship for these types in Gay and
Hole’s theory, which we described in Sect.4. Indeed, Demangeon and Honda
define subtyping for branch types to be contravariant in the set of labels, and
subtyping for select types is covariant. The example above also shows that input
needs to be contravariant in the message type and output needs to be covari-
ant, so that the subtyping relation is exactly the converse of Gay and Hole’s
definition. We emphasise that branch and input both involve receiving a value,
so it makes sense that they have the same variance; similarly select and out-
put. Demangeon and Honda actually define subtyping for input, which in their
presentation is unified with branch, to be covariant in the message type, and
conversely subtyping for output, which they unify with select, is contravariant.
It seems that this is just a typographical error, as other papers in the Honda
et al. style, for example by Chen et al. (2014), use the expected variance in the
message type. In some definitions of subtyping, for example by Mostrous and
Yoshida (2015), the variance depends on whether data or channels are being
communicated; the technical details need further investigation to clarify this
point.

Demangeon and Honda give further justification for their definition of sub-
typing by relating it to duality with the following result, stated here in a form
that combines their Definition 10 and Proposition 12.

Proposition 2. S; C Sy if and only if for all S, Sy S = Sy S.

In words: if a process satisfies type S7, then it also satisfies type Ss if and
only if all safe interactions with S are also safe interactions with Ss.
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The view of the session type environment as the specification of a process,
and consideration of when one process satisfies the specification originally given
for another process, correspond to working with safe substitution of processes,
instead of safe substitution of channels as in Sect.4. Explicitly, consider the
following typing derivation for a server and client in parallel; we ignore the step
of establishing the connection, because in Demangeon and Honda’s system this
is achieved by a symmetrical request/accept construct rather than by sending a
channel endpoint.

serverbody(z) - 27:S  clientbody(z™) F 27 : S
serverbody(z ") | clientbody(z™) F 2t :S, 27 : S

Because we also have newserverbody(z™) F 2™ : S, the process
newserverbody(x ™) can be safely substituted for serverbody(z™) in the deriva-
tion, i.e. in the typed system.

It should be possible to prove a formal result about safe substitutability of
processes, along the following lines, where C[] is a process context.

Congecture 1. f P+ I'pand Q F I'g and I'g C I'p and C[P] F I" then C[Q] F I

6 Unifying Channel- and Process-Oriented Subtyping

Sections 4 and 5 described two separate type systems, with two definitions of sub-
typing. To better understand the relationship between these definitions, we use
a language and type system in which both channel substitution and process sub-
stitution can be expressed internally, by message-passing. This requires higher-
order communication, i.e. the ability to send a process as a message.

A natural way to develop a higher-order process calculus is to require a
process, before being sent as a message, to be made self-contained by being
abstracted on all of its channels. When a process is received, it can be applied to
the channels that it needs, and then will start executing. This approach is realis-
tic for distributed systems, as it does not assume that channels are globally avail-
able. Therefore we need a system that combines pi calculus and A-abstraction,
with session types. This combination has been studied by Mostrous and Yoshida
(2015). We will now informally discuss typings in such a system.

In our presentation of Honda et al. style subtyping (Sect.5) we used typing
judgements of the form P F I". We will now write this as

P+ proc(I')

to emphasise the view of I' as the type of P. In our presentation of Gay and
Hole subtyping (Sect.4) we used typing judgements of the form I" - P. We will
now write this as

' P : proc

to emphasise that P is being given the type which says that it is a correct process.
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In Mostrous and Yoshida’s language of higher-order processes we can abstract
a process on its channels to obtain an expression with a function type, for
example

F Az.server(z) : S — proc

and

 Az.newserver(z) : S” — proc.

Now we can identify proc(z : S) with S — proc. If we use Gay and Hole’s
subtyping relation, so that S < .5’, then the standard definition of subtyping for
function types gives proc(z:S") < proc(z : S), which is Honda et al.’s definition.
In other words, by moving to a setting in which safe substitution of both channels
and processes can be expressed in terms of message-passing, we can explain the
difference between Honda et al. subtyping and Gay/Hole subtyping by the fact
that subtyping on function types is contravariant in the parameter.

7 Conclusion

We have discussed two definitions of subtyping for session types, both justified
in terms of safe substitutability. The first definition, due to Gay and Hole, is
based on safe substitutability of channels and has been derived in several ways
in the literature. The second definition, due to Honda et al., is based on safe
substitutability of processes. We have shown that the two definitions can be
reconciled in a session type system for higher-order processes, of the kind defined
by Mostrous and Yoshida. This is achieved by identifying the type of a process
(its session environment, & la Demangeon and Honda) with a function type that
abstracts all of its channels. The Honda et al. definition, in which branch types
are contravariant, therefore arises from the combination of the Gay and Hole
definition, in which branch types are covariant, and the standard definition of
subtyping for function types, which is contravariant in the parameter.

We have used an informal presentation in order to focus on intuition and
reduce the number of definitions being quoted from the literature. A more tech-
nically detailed account, including a proof of Conjecture 1, will be left for a
future longer paper.

Acknowledgements. I am grateful to Nobuko Yoshida for discussion of the origin
of the Honda et al. definition of subtyping, and to the anonymous referees for their
comments.
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Abstract. Parametricity is one of the foundational principles which
underpin our understanding of modern programming languages. Roughly
speaking, parametricity expresses the hidden invariants that programs
satisfy by formalising the intuition that programs map related inputs
to related outputs. Traditionally parametricity is formulated with proof-
irrelevant relations but programming in Type Theory requires an exten-
sion to proof-relevant relations. But then one might ask: can our proofs
that polymorphic functions are parametric be parametric themselves?
This paper shows how this can be done and, excitingly, our answer
requires a trip into the world of higher dimensional parametricity.

1 Introduction

According to Strachey (2000), a polymorphic program is parametric if it applies
the same uniform algorithm at all instantiations of its type parameters. Reynolds
(1983) proposed relational parametricity as a mathematical model of parametric
polymorphism. Phil Wadler, with his characteristic ability to turn deep math-
ematical insight into practical gains for programmers, showed how Reynolds’
relational parametricity has strong consequences (Wadler 1989, 2007): it implies
equivalences of different encodings of type constructors, abstraction properties
for datatypes, and famously, it allows properties of programs to be derived “for
free” purely from their types.

Within relational parametricity, types containing free type variables map
not only sets to sets, but also relations to relations. A relation R between sets A
and B is a subset R C A x B. We call these proof-irrelevant relations as, given
a € A and b € B, the only information R conveys is whether a is related to b and
not, for example, how a is related to b. However, the development of dependently
type programming languages, constructive logics and proof assistants means such
relations are insufficient in a number of settings. For example, it is often natural
to consider a relation R between sets A and B to be a function R : A x B — Set,
where we think of R(a,b) as the set of proofs that R relates a and b. Such
proof-relevant relations are needed if one wants to work in the pure Calculus of
Constructions (Coquand and Huet 1988) without assuming additional axioms (in
contrast, Atkey (2012) formalised (proof-irrelevant) relational parametricity in
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Coq, an implementation of the Calculus of Constructions, by assuming the axiom
of Propositional Extensionality). This paper asks the fundamental question:

Does the relational model of parametric polymorphism extend from proof-
irrelevant relations to proof-relevant relations?

At first sight, one might hope for a straightforward answer. Many properties
in the proof-irrelevant world have clear analogues as proof-relevant construc-
tions. Indeed, as we shall see, this approach gives a satisfactory treatment of the
function space. However, universally quantified types pose a much more signifi-
cant challenge; it is insufficient to simply take the uniformity condition inherent
within a proof-irrelevant parametric polymorphic function and replace it with
a function acting on proofs; this causes the Identity Extension Lemma to fail.
Instead, to prove this lemma in a proof-relevant setting, we need to strengthen
the uniformity condition on parametric polymorphic functions by requiring it to
itself be parametric.

Proof-relevant parametricity thus entails adding a second layer of parametric-
ity to ensure that the proofs that functions are parametric are themselves para-
metric. This takes us into the world of 2-dimensional parametricity where type
constructors now act upon sets, relations and 2-relations. But, there are actually
surprisingly many choices as to what a 2-relation is! Further, at higher dimen-
sions, there are a number of potential equality relations and it is not a priori
clear which of these need to be preserved and which do not. Relations are nat-
urally organised in a cubical or simplicial manner, and so this will not surprise
those familiar with simplicial and cubical methods, where there is an analogous
choice of which face maps and degeneracies to consider. For example, do con-
nections (Brown et al. 2011) have a role to play in proof-relevant parametricity?
These questions are not at all obvious — we went down many false routes before
finding the right answer.

The paper is structured as follows: in Sect. 2, we introduce the preliminaries
we need, while Sects. 3 and 4 introduce proof-relevant relations and 2-relations.
Section 5 constructs a 2-dimensional model of System F, and proves it correct
by establishing 2-dimensional analogues of the Identity Extension Lemma and
the Abstraction Theorem. We present a proof-of-concept application in Sect. 6,
where we generalise the usual proof that parametricity implies naturality to the
2-dimensional setting. Section 7 concludes, with plans for future work including
higher-dimensional logical relations, and the relationship with the cubical sets
model of HoTT.

2 Impredicative Type Theory and the Identity Type

In order to make proof-relevant relations precise, we work in the constructive
framework of impredicative Martin-Lof Type Theory (Coquand and Huet 1988,
Martin-Lof 1972). Impredicativity allows us to quantify over all types of sort Type
in order to construct a new object of sort Type.! Following Atkey (2012), we will

1 In Coq, this feature can be turned on by means of the command line option
-impredicative-set.
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use impredicative quantification in the meta-theory to interpret impredicative
quantification in the object theory. This simplifies the presentation, and allows
us to focus on the proof-relevant aspects of the logical relations.

Apart from impredicativity, the type theory we employ is standard; we
make use of dependent function types (I1z : A)B(z) and dependent pair types
(Xz : A)B(x) with the usual introduction and elimination rules. We write
A — B for (Ilx : A)B and A x B for (¥z : A)B when B does not depend
on z : A. Crucial for our development will be Martin-Lof’s identity type, given
by the following rules:

A : Type a,b: A a: A
Id4(a,b) : Type refl(a) : 1d4(a, a)

C:([z,y: A)(lda(z,y) — Type) d:(Hz: A)C(x,z,refl(z))
J(C7 d) : (Hx,y : A)(Hp : IdA(x7y))C(x7y,p)

In the language of the HoTT book (The Univalent Foundations Program,
2013), the elimination rule J is called path induction. We stress that we are
not assuming Uniqueness of Identity Proofs, as that would in effect result in
proof-irrelevance once again. In this paper, we will however restrict attention to
types where identity proofs of identity proofs are unique, i.e. to types A where
Idi 1 (z,5) (P, ) 1s trivial. Garner (2009) has investigated the semantics of Type
Theory where all types are of this form. For our purposes, it is enough to work
with a subuniverse of such types. To make this precise, define

isProp(A) := (ITz,y : A)lda(z,y) Prop := (XX : Type)(isProp(X))
isSet(A) := (I[Iz,y : A)isProp(lda(zx,y)) Set := (XX : Type)(isSet(X))
is-1-Type(A) := ([z,y : A)isSet(lda(z,y))  1-Type := (XX : Type)(is-1-Type(X))

Here Prop is the subuniverse of propositions, i.e. types with at most one
inhabitant up to identity, while Set is the subuniverse of sets, i.e. types whose
identity types in turn are propositional. Finally, we are interested in the subuni-
verse 1-Type of 1-types, i.e. types whose identity types are sets. Subuniverses of
an impredicative universe are also impredicative. Furthermore, all three of Prop,
Set and 1-Type are closed under I7- and Y-types. The witness that a type is in
a subuniverse is itself a proposition, and so we will abuse notation and leave it
implicit — if there is a proof, it is unique up to identity.

We denote by a =4 b the existence of a proof p : Id4(a,b). We often leave
out the subscript if it can be inferred from context. A function f : A — B
is said to be an equivalence if it has a left and a right inverse, and if there
exists an equivalence A — B, we write A & B. If P : A — Prop, then we
write {x : A|P(z)} for (¥z : A)P(x). Since P(x) is a proposition for each
x: A, we have that Id(,.4| px)1((a,p), (b,q)) = Ida(a,b). For this reason, we will
often leave the proof p : P(a) implicit when talking about an element (a,p) of
{z : A| P(x)}. We also suggestively write a € P for P(a). The identity type has
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a rich structure. In order to introduce notation, we list some basic facts here,
and refer to the HoTT book (The Univalent Foundations Program, 2013) for
more information.

Lemma 1 (Structure on Id4(a,b)).

(i) For any p:|da(a,b) there is p~t:1da(b,a).
(i) For any p : lda(a,b) and q : 1da(b,c) there is p+q : lda(a,c), and refl(a),
—~1 and — « — satisfy the laws of a (higher) groupoid.
(11i) All functions f : A — B are functorial in |d 4, i.e. there is a term ap(f) :

lda(a,b) — Id5(f(a), f(b)).

(iv) All type families respect |d 4, i.e. there is a function
tr: (P:A— Type) — lda(a,b) — P(a) — P(b). O
We frequently use the following characterisation of equality in X-types:

Lemma 2. 1d(5,.4)p() (2, 9), (2',y") = (Zp : lda(z,2")ld g (tr(B, p, ), ¥).-

For function types, the corresponding statement is not provable, so we rely
on the following axiom:

Axiom 3 (Function Extensionality). The function

happly : 1d(172:4)B () (f, 9) — (L2 : A)ldp ) (f(2),9(x))

defined using J in the obvious way is an equivalence. In particular, we have an
inverse

ext : (HLU : A)'dB(m)(f(x)’g(x» - ld(HIA)B(:E)(f) g)

This axiom is justified by models of impredicative Type Theory in intuition-
istic set theory. It also follows from Voevodsky’s Univalence Axiom (Voevodsky
2010), which we do not assume in this paper. We will use function extensional-
ity in order to derive the Identity Extension Lemma for arrow types, as in e.g.
Wadler (2007).

3 Proof-Relevant Relations

We now define proof-relevant relations:

Definition 4. The collection of proof-relevant relations is denoted Rel and con-
sists of triples (A, B, R), where A, B : 1-Type and R : A x B — Set. The 1—type
of morphisms from (A, B, R) to (A’, B, R’) is

(Xf:A— AYYg:B— B)(Ilz: Ay: B)R(a,b) — R'(fa, gb).
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In the rest of this paper we take relation to mean proof-relevant relation.
The above definition means morphisms between relations have a proof-relevant
equality and, thus, showing morphisms are equal involves constructing explicit
proofs to that effect. Indeed, the equality of morphisms is given by

ld((f,9.0),(f,g',p") = (Zp: Wd(f, f'), ¥ : ld(g,g")) ld(tr(p,)p, p")

However, since R : Ax B — Set has codomain Set, while A and B are 1-types,
the complexity of R compared to A and B has decreased. This means relations
between proof-relevant relations are in fact proof-irrelevant (see Sect. 4).

Given a relation (4, B, R), we often denote A by Ry and B by R;, write
R : Rel(Rg,Ry), or R : Ry < Ry, and call R a relation between A and B.
Similarly, given a morphism (f,g,p), we denote f by pg, g by p1 and write
p: (Ro — Ri)(po,p1). If R : Rel(Rg,Ry) and P : Rel(Py, P1), then we have
1: Rel(l, 1), PxR: Rel(Po X R(),Pl X Rl) and R= P Re'(R(] — .P(),Rl — Pl)
defined by

1(z,y) = 1
(Rx P)((z,y),(«",y) = R(z,2") x P(y,y')
(R=P)(f,9) = (Hx:Ro,y:Ri)(R(x,y) — P(fz,gy))

Interpreting abstraction and application requires the following functions:

Lemma 5. Let R : Rel(A,B), R : Rel(A’,B’), and R"” : Rel(A”,B"). There
is an equivalence abs : (R x R — R") — (R — (R’ = R")) with inverse
app: (R— (R = R")) - (Rx R — R"). O

We will also make use of the equality relation Eq(A) for each 1-type A:

Definition 6. Equality Eq : 1-Type — Rel is defined by Eq(A) = (A, A,1d4) on
objects and Eq(f) = (f, f,ap(f)) on morphisms.

Proposition 7. Eq is full and faithful in that (EqX — EqY) = X — Y.
Proof. By function extensionality and contractability of singletons, we have
(EqX - EqY)=(Xf: X - Y)(Yg: X — Y)[Tzx')ldx (z,2") — Idy (fz, gz’)
2(XfX-Y)(Xg: X = Y)ldxv(f,9)
(Y X-Y)I¥X Y. 0

Similarly, the exponential of equality relations is an equality relation. Here,
we abuse notation and use the same symbol for equivalence of types and isomor-
phisms of relations:

Proposition 8. For all X,Y : 1-Type, we have (EqX = EqY) 2 Eq(X — Y).
Proof. By extensionality it is enough to show
(Hx,2" : X)ld(x,2') — Id(fx,g2')) = ([Tz : X)d(fz, g)

for every f,g: X — Y. Functions can easily be constructed in both directions
and proved inverse using extensionality and path induction. O



114 N. Ghani et al.

4 Relations Between Relations

Intuitively, 2-relations should relate proofs of relatedness in proof-relevant rela-
tions. Although conceptually simple, formalising 2-relations is non-trivial as var-
ious choices arise. For instance, if R and R’ are proof-relevant relations, one may
consider 2-relations between them as being given by functions

Q:(IIa: Ry,a" : R, b: Ry, b : R)) (R(a,b) x R'(a’,V')) — Prop

with the intuition of (p,p’) € Q(a,d’, b, V') being that @ relates the proof p to the
proof p’. However, the natural arrow type of such 2-relations does not preserve
equality. The problem is that, while a is related to b, and d’ is related to ¥/,
there is no relationship between a and a’ and b and ¥'. Thus, we were led to
the following definition which seems to originate with Grandis (see e.g. Grandis
(2009)).

Definition 9. A 2-relation consists of the following 1-types and proof-relevant
relations between them

Qr
Qoo <> Q1o

Qmi 162”

Qo1 < Q11

together with a predicate

Q: (ITa: Qoo,b: Qio,¢: Qo1,d : Q1)
QrO(a7b) X QOr(a7C) X QTI(Q d) X er(ba d) - PI’Op

A morphism of 2-relations consists of 4 functions between each corresponding
node, 4 maps of relations such that each is over the appropriate pair of mor-
phisms of 1-types, and a predicate stating that proofs related in one 2-relation
are mapped to proofs which are related in the other 2-relation.

Thus a 2-relation is a 9-tuple and, even worse, a morphism of 2-relations is a
27-tuple! This combinatorial complexity is enough to scupper any noble math-
ematical intentions. We therefore develop a more abstract treatment beginning
with the indices in a 2-relation. This extends the notion of reflexive graphs
(Robinson and Rosolini 1994; O’Hearn and Tennent 1995; Dunphy and Reddy
2004) to a second level of 2-relations; this notion, in turn, is just the first few
levels of the notion of a cubical set (Brown and Higgins 1981).

Definition 10. Let Iy be the type with elements {00,01,10,11} of indices for
1-types, and I the type with elements {Or,r0, 1r,r1} of indices for proof-relevant
relations. Define the source and target function @ : I; x Bool — Iy where wQj
replaces the occurrence of v in w by i. We write wQi as wi.
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Ip-types: Next we develop algebra for the types contained in 2-relations.

Definition 11. An Iy-type is a function X : Iy — 1-Type. To increase legibility
we write X, for Xw. The collection of maps between two Iy-types is defined by

X — X'i=ITw: I) X, — X,,
We define the following operations on Iy-types:
1:=)\w.l

X x X" = w. X, x X,
X=X = wX,— X/

w

If X is an Iy-type, define its elements EIX = (ITw : Iy)X,,. The natural extension
of this action to morphisms f : X — X' is denoted El f : EIX — EIX'.

Note that elements deserve that name as EIX =2 1 — X. The construction of
elements preserves structure as the following lemma shows:

Lemma 12. Let X and X' be Iy-types. Then

El1~1
EI(X x X') 2 EIX x EIX’
E(X = X') = (Tw : 1)) X, — X, O

Finally, we show how to interpret abstraction and application over Iy-types:
Lemma 13. Let X, X’ and X" be Iy-types. The function

abs = Aw. A\f. Az 2. f(z,2) (X x X' - X") - (X - (X' = X))
is an equivalence with inverse app = Aw. Af. Ay. f (moy) (m1y). a
I;-Relations: Next we develop algebra for the relations contained in 2-relations.

Definition 14. An I;-relation is a pair (X, R) of an Iy-type X and a function
R: (ITw : I1)Rel(X o, Xw1). The collection of maps between two I;-relations is
defined by

(X,R) — (X',R):=(2f: X - X")ITw: I)(Ry — R.,)(fuwo, fuw1)
We define the following operations on I -relations:
1:= (1, \w.1)
(X,R) x (X',R") == (X x X', \w.R, x R.,))
(X,R)= (X',R):=(X = X', \w.R, = R.)
If (X, R) is an I-relation, define its elements
EI(X,R) = (Xz : EIX)(ITw : I1)Ruy(Xapo, Tuw1)

The natural extension of El to morphisms (f,g) : (X,R) — (X', R') is denoted
EI(f,9) : EI(X, R) — EI(X', R).
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Note that elements deserve that name as EI(X,R) 2 1 — (X, R). The con-
struction of elements preserves structure as the following lemma shows:

Lemma 15. Let (X, R) and (X', R') be I -relations. Then

El'l
EI((X, R) x (X', R))
EI((X,R) = (X, R)))

Finally, we show how to interpret abstraction and application over Iy-types:

1%

1
~ EI(X, R) x EI(X", R))
= (Xf:E(X = X"))ITw : I)(Ry = R.,)(fwo, fu1)-O

Lemma 16. Let (X,R),(X’,R') and (X",R") be Ij-relations. There is an
equivalence abs : (X,R) x (X',R") — (X",R")) - ((X,R) — (X",R) =
(X", R"))) with inverse

app : (X, R) — (X', R') = (X", R"))) — (X, R) x (X', R) — (X", R")).

Proof. The proof is similar to the proof of Lemma 5, but rests crucially on the
fact thatR:>P:ReI(R0—>P0,R1—>P1). O

2-Relations: Finally, we develop the same algebra for 2-relations.

Definition 17. An 2-relation is a pair consisting of an I -relation (X, R) and
a function @ : EI(X, R) — Prop. The collection of maps between two 2-relations
is defined by
(X,R),Q) — (X', R"),Q") == (2(f,9) : (X,R) — (X', R'))
(II(z,p) : EI(X, R))p € Q(z) = (El g p) € Q'(El f z)

We define the following operations on 2-relations

1=(1,\.1)
(X,R),Q) x (X', R)',Q") = (X,R) x (X, R'),
()P, q)-p € Qz) A g € Q'(y))
(X,R),Q) = (X', R"), Q) = ((X,R) = (X', R),
A(f,9)-(H (x,p) : E(X, R))p € Q(z) = (El g p) € Q'(El f x)).

Lemma 18. Let ((X,R),Q),((X',R'),Q") and ((X",R"),Q") be 2-relations.
There is an equivalence
abs: (((X,R),Q) x (X', R'),Q") — (X", R"),Q")) =
(X, R),Q) — (X", R"),Q") = (X",R"),Q")))

with inverse app.
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Proof. Note that if X, X’ and X" are Iy-types, and if f : X x X’ — X" and
absf : X — (X' = X", then for any x : EIX, 2’ : EIX’, and w : I

(EIf) (z,2") w = (El (absf) z w)(x’ w)

Similar results hold for app and for the analogous lemmas for Ij-sets. This,
together with Lemma 16, extensionality and direct calculation gives the
result. O

As in cubical and simplicial settings, there is more than one “degenerate”
relation in higher dimensional relations. For example, we can duplicate a relation
vertically or horizontally giving two functors Eq),Eq_: Rel — 2Rel sending a
relation R to the 2-relation indexed, respectively, by

Eq(R
Ry 2R Ry Ro<2> Ry
Ri Eq) (R) 1]2 EQ(Ro)i Eq_(R) 1ECI(R0)
Ry 5= Ry Ry <—= R,

where (p,q,p’,q') € Eq|(R)(a,b,c,d) if and only if tr(p,p’)q =r@p.a) ¢, while
(p,q,9',q") € Ea_(R)(a,b,c,d) if and only if tr(q,¢")p =p(c,q) p’- Note that both
the compositions Eq) o Eq and Eq_ o Eq define the same functor which we denote
Eq,. Another degeneracy, called a connection (Brown et al. 2011), is defined by
a functor C: Rel — 2Rel which maps a relation R to the 2-relation indexed by

Eq(R
Ro a( O)RO

Eq(Ro)I CR 13

RO<T>R1

and with (p,q,p’,¢') € C(R)(a,b,c,d) if and only if tr(g~L=p)p’ =R(b,a) ¢ (there
is of course also a symmetric version which swaps the role of Eq(Ry) and R, but
we will not make us of this in the current paper). Again C o Eq gives Eqs.

Proposition 19. The functor Eq) is full and faithful.
Proof. Similar to the proof of Proposition 7. O

Again, we can prove that exponentiation preserves all the degeneracies and
the connection:

Proposition 20. For all R, R’ : Rel, we have

(i) an equivalence Eq R = Eq R = Eq (R — R’)
(i) an equivalence Eq_R = Eq_R' 2 Eq_(R — R')
(i1i) an equivalence CR = CR' = C(R — R'). O
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5 Proof-Relevant Two-Dimensional Parametricity

We now have the structure needed to define a 2-dimensional, proof-relevant
model of System F. We recall the rules of System F in Fig. 1. Each type judge-
ment I' - T type, with |[I'| = n, will be interpreted in the semantics as

[TTo : [1-Type|" — 1-Type
[T]1 : |Rel|* — Rel
[T]2 : |2Rel|™ — 2Rel

by induction on type judgements with [T, over [T]o x [T]o, and [T]2 over
[T]: x [T]1 x [T]1 % [T]1- This is similar to our previous work on bifibrational
functorial models of (proof-irrelevant) parametricity (Ghani et al. 2015a, 2015b,
but with an additional 2-relational level.

Type formation rules:

'+ A type '+ B type I X F A type

Xerl) TF A= B type TF VXA type

I'F X type (
Term typing rules:

I'Ajx:Art:B TI';A+s:A—B I'’AFt: A

(@:A€d) F AT i Ao T-AFst:B

IN'AFxz: A

INX;AFt: A X & FV(A ARt VXA I'; A+ B type
I'’) A AXt:VX.A (X ¢ (4) I'; A t[B]: A[X — B
Judgemental equality:

LA Geu—toeu: B TAFt=iatas:A—B © AFD

I AF (AX4)[B|=t[X — B]: A[X — B] I1AFt=AXtX]:VX.A (X ¢ 1)

Fig. 1. Typing rules for System F

5.1 Interpretation of Types

The full interpretation can be found in Fig. 2. For type variables and arrow types,
we just use projections and exponentials at each level. Elements of [VX.T]oA
consist of an ad-hoc polymorphic function fy, a proof f; that fy is suitably
uniform, and finally a (unique) proof (A0) that also the proof fi is parametric.
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Similarly, elements of ([VX.T]; R)(f, g) are proofs ¢ that are suitably parametric
in relation to f and g, both with respect to equalities (conditions (Al.1) and
(A1.2)) and connections (condition (A1.3)). We have not included uniformity
also with respect to the “symmetric” connection since it is not needed for our
applications, and we wish to keep the logical relation minimal.

Using Lemma 2 and function extensionality, we can characterise equality in

-

the interpretation of V-types in the following way (note that Id ([¥X.T]=3) f(qg, )
is trivial by assumption, since ([VX.T]2Q)f is a proposition):

Lemma 21. For all f,g: [VX.T]oA,

Idpyx.rp0a(fr9) = {7 (ITA: 1-Type)ldiry,ca,a)(fod, goA) |
(VR : Rel) (flR, TRy, 1 R, TRl) €
Eq_([TT1(Eq(A), R))(foRo, foR1, goRo, goR1)}

[Xo,..., Xn F Xi type]i¥ =Yi  [S — T]Y = [S]:Y = [T]:.Y

IVX.TJoA = { fo : (ITA : 1-Type) [T]o(A, A),
fi: (IR : Re)[T]1(Eq(A), R)(foRo, foR1) |
(VQ: 2Rel) (f1Qro0, f1Qor, 1Qr1, [1Q1r) €
[T12(Eqx(A), Q) (foQoo, foQio0, foQo1, foQ11)}  (A0)

(VX.TTiR)((fo, f1), (90,91)) = { ¢ : (IR : Rel)[T]1(R, R)(foRo,g0R1) |
(VQ: 2Rel)
((/1Qr0, 9Qor, 91Qr1, $Q1r) €
[T]2(Eq)(R), Q)(foQoo, foQ10, 90Qo1, goQ11)
(AL1)
A (6Qro, f1Qor, Qr1,91Q1r) €

[T]2(Ea_(R), Q)(foQoo, foQ10, g0Qo1, goQ11)
(A1.2)

A (f1Qro, f1Qor, #Qr1, dQ1r) €

[T]2(CR, Q)(foQoo, foQ10, foQo1,90Q11))}
(A1.3)

(0, d1, 92, 63) € ([VX.T]2Q)(f, g, h,1) iff
(VQ5 2Rel) (¢0Qro,¢1Q0r,¢2Qr1,¢3Q1r) S
[T]2(Q, Q)(foQo0, g0Q10, hoQo1, loQ11)

Fig. 2. Interpretation of types
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This can be used to prove a generalised version of the Identity Extension Lemma:
Theorem 22 (IEL). For every type judgement I' =T type, we have

(i) an equivalence O : [T]1 o Eq = Eqo [T]o,
(ii) an equivalence Or | : [T]2 o Eqy = Eq) o [T']1 over O,
(111) an equivalence O = : [Tz 0 Eq_ = Eq_ o [T]1 over Ory, and
() an equivalence Op.c : [T]20C = Co [T]1 over Ory. |

Proof. We prove (i) for V-types, since it is useful in order to understand the
logical relations in Fig. 2. We refer to the appendix for the rest of the proof.
We define maps

Oux.T0: [[VX-TﬂlEQ(A)(f, 9) - EQ([[VX-THOA)(JC, 9)
Oux10 : EA(IVX.TloA)(f,9) — [VX.T]:Ea(A)(f, )

for all f, g and show that they are inverses — this does not come for free,
as in the proof-irrelevant setting, but will be considerably easier since we are
considering 1-types only, and not arbitrary types. We first define Oyx.7,0(p) :=
@(A(A:1-Type). pEq(A)), where ¢ is part of the equivalence given by Lemma 21.
The condition from Lemma 21 is satisfied by (A1.1) together with the induction
hypothesis.

For 9VXT07 we define QVXTO( 7) = AR: Rel.tr(f1Eq(Ry),7R1)f1R. We
need to check that conditions (A1.1), (A1.2) and (A1.3) are satisfied — we
verify (Al.1) in detail here, (A1.2) and (A1.3) follow analogously. Let @ : 2Rel.
By (A0), we have

(f1Qro, f1Qor, [1Qr1, [1Q1r) € [T]2(Eay(A), Q)(foQoo, foQ10: foQo1, foQ11)

while we want to prove

(f1Qro, tr(f1Eq(Qoo), TQo1) f1Qor, 91Qr1, tr( f1Eq(Q10), 7Q11) [1Q1r)
€ [T]2(Eqy (Eq(A)), Q)(foQouo, foQ10, g0Qo1, goQ11)-

Since EqH(Eq(ﬁ)) = Eq,(A), we only need to prove
P (foQoos foQ10, foQo1, foQ11) = (foQoo, foQ105 90Qo1, goQ11)

and

q: tr(p)(f1Qr0, /1Qor, [1Qr1, [1Q1r) =
(f1Qro,tr(f1Ea(Qoo), 7Qo1) f1Qor, 91Qr1, tr(f1Eq(Q10), 7Q11) f1Q1r)

and transport along pair_(p,q). We use p = pair_(f1Eq(Qoo), f1Ea(Q10), 7Qo1,
7(11) and ¢ given by conditions (Al.1), (A1.3), (AO) for f; and the condition

from Lemma 21.
We now check that Oyx.7 o @V_)l(.T,O = id and @v_)l(.T,o 0 Oyx.7,0 = id. One
way round

Oux.1,0(Ogx 1,0(T)(A) = tr(fiEq(A), 7A) f1Eq(A) = (f1Eq(A)) "« fiEq(A) *TA = TA
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by Lemma 1 as required. By definition we have @\;}(T’O(QVX_T,O(/)))(R) =
tr(f1Eq(A), pEq(B)) fiR. Condition A1.3 implies that

(f1Ea(A), pR, pEq(B), f1R) € [T]2(C(Eq(A)), Eqy(R))(foA. foA, foB, f5)

and since C(Eq(4)) = EqH(Eq([l)), by the induction hypothesis (f1Eq(A), pR,
pEa(B), 1) are related in Eq[T]>(Eq(A), R), ic. tr(fiEq(A), pEa(B)) /i =
p(R) as required. O

The proof critically uses of the uniformity condition (A1.3) for connections. In
the interpretation of V-types in Fig. 2, and in the proof of Theorem 22, we made
some seemingly arbitrary choices: we choose to only be uniform with respect to
one connection, and we used the given f1, not the given gi, in order to construct
the isomorphism @V_)l(.T,O' The following lemma shows that these choices are
actually irrelevant:

Lemma 23. For every type judgement I', X = T type and (fo, f1) € [[VX.T]]O/Y,

-,

¢ € [VX.T]1(EqA)(f,g), we have:

(i) For every relation R, tr(f1EqRo, 9EqR1)f1R = JR.
(ii) For every relation R,

tr(f1EqRo, pEqR1) iR = tr((¢EqRo) ™", (91EqR1) " )g1 R.

(iti) For every 2-relation @,

(6Qr0; 9Qor> 91Qr1, 1 Q1) € [TT2(CoEqA, Q)(foQo0, 90Q10, 90Qo1, JoQ11)-
O

Here, item (i) is a technical lemma, while item (ii) says that one can equally well
use ¢ as f1 in the proof of Theorem 22. Finally item (iii) shows that in certain
cases, the interpretation of terms of V-type are uniform also with respect to the
other connection which is not explicitly mentioned in the logical relation for V.

5.2 Interpretation of Terms

We next show how to interpret terms. A term I'; A F ¢ : T, with |I'| = n, will
be given a “standard” interpretation

[t]oA : [A]oA — [T]oA,
for every A 1-Type", a relational interpretation
([tTo Ro, [0 Ry, [t B) = [AL R — [T]L R,
for every R: Rel™, and finally a 2-relational interpretation

(1o @-, [t:G-), [t]2Q) : [A]2Q — [T]=Q
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for every @ : 2Rel”, where we have written e.g. [[t]]oé_ for the map of Ip-types
with components ([tJo@_)w = [t]oQuw : [AloGw — [T]o@. and similarly for
[[t]]lé,. At each level, A =z : T1,..., 2, : T), is interpreted as the product

[z1: T, s Tonlls = [Ta]s X oo X [Tn]s-

The full interpretation is given in Fig. 3. Variables, term abstraction and term
application are again given by projections and the exponential structure at each
level. For type abstraction and type application, we use the same concepts at
the meta-level, but we also have to prove that the resulting term satisfies the
uniformity conditions (A0), (Al.1), (A1.2) and (A1.3). In addition, we have to
put in a twist for the relational interpretation in order to validate the (- and
n-rules.

Lemma 24. The interpretation in Fig. 3 is well-defined.

Proof. The interpretation of I'; A F AX.t : VX.T is type-correct, since A is
weakened with respect to X in I X; A ¢ : T. The uniformity conditions (A0),
(A1.1), (A1.2) and (A1.3) can all be proven using [t]2. O

[[:co:To,...,xn:Tank:Tk]]if = T [Az:SEt:Tli=[AFt:T]iomo

[AF Az t: S — TJoA() = As. [A,z: SHt:TJoA(y,s)
[AFXz.t:S— T]]lﬁ(i) = As0. As1. As. [A,x: SE ¢ Tﬂlﬁ((vo,so), (71, 51), (7, 9))
[AFAz.t: S — T2Q((7,0),7) = A(z,p),7)- [A,2: S+t : TLQ((@, ), (5,)(7,7)

[f thoA(7) = [fToA(y) ([tloA(7))
[f thi B(r0,71,7) = [f11B(v0, 71,7, [tloRo(v0), [tlo Bx (m), [¢]1 B (0,71, 7))
[f t]:Q((=,5),7) = [/1:Q((7, 7). 7, [t]o@5(@), [t]:@5(P), [1]2Q((Z, D), 7))

[AX Ao A(y) = AA. [A, X; AFt: T]o(A, A)y, AR. [t]1(Eq(A), R)O.a o(refl(7)))

[AX A1 R(y0,71,7) = AR. ([t]1 (R, R))(Y0,71,7)
[AF AX.t:VX.T]Q((7,5),7) = AQ. [t]2(F, Q)((, D), 7)

[AFt[S]: T[S — X]JoA(v) = fst([t]oA(7))([STo A)
[t[S1]1 B (70,71, 7) = tr(O1,0(snd([t]o Royo)Eq([STo o)) ™" ([t]1 B(v0, 71, 7)([S]1 R))
[t[S]HZQ((Ev ﬁ)?ﬁ) = [[t]]z@((f7ﬁ),7)([[51]2@)

Fig. 3. Interpretation of terms
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Theorem 25. The interpretation defined in Fig. 3 is sound, i.e. if [;AF s =

t + T, then there is ps : ldpry, a([slo, [tlo) and qg : 1dpry, r(tr(pR,)([s]1), [t]1)-
(We automatically have tr(p, q)[s]2 = [t]2 by proof-irrelevance of 2-relations). O

This model reveals hidden uniformity not only in the “standard” interpretation
of terms as functions, but also in the canonical proofs of this uniformity via
the Reynolds relational interpretation of terms. In more detail: consider a term
I'; AFt: T with [I'] = n. By construction, our model shows that if R : Rel”, a :
[[AﬂoRo, b: [[AﬂoRl andp : [[AH1R(CL, b), then [[t]]lRp : [Tﬂ1R([[tﬂoR0 a, [[tﬂoRl b),
i.e. [t]iR pis a proof that [t]oRo a and [t]oR; b are related at [T7];R. This
is a proof-relevant version of Reynolds’ Abstraction Theorem. Furthermore, if
Q . 2Re|”, (a,b7 C, d) . [[A]]Oc)oo X [[Aﬂleo X [[A]]Oc)(n X [[AHOQII and (p, q,T, S) S
[A]2G(a, b, ¢,d), then

([t @ro . [t11Qor ¢, [t]1@r1 7, [t G1r 5) €
[T12G([tlo@oo @, [tTo@10 b, [t0@10 ¢, [t]o@11 d)

This is the Abstraction Theorem “one level up” for the proofs [t];, which we
will put to use in the next section.

6 Theorems About Proofs for Free

In Phil Wadler’s famous ‘Theorems for freel’ (Wadler 1989), the fact that para-
metric transformations are always natural in the categorical sense is shown to
have many useful and fascinating consequences. Among other things, it is shown
that

[A] = [vVX.(A — X) — X]

for all types A — the categorically inclined reader will recognise this as an
instance of the Yoneda Lemma (see e.g. Mac Lane (1998)) for the identity func-
tor, if only we dared to consider the right hand side of the equation to consist
of natural transformations only. And indeed, as Wadler shows (and Reynolds
already knew (1983)), all System F terms [¢] : [VX.(A — X) — X] are nat-
ural by parametricity. Hence, in proof-irrelevant parametric models of System
F, indeed [A] & [VX.(4A — X) — X].

In a more expressive theory such as (impredicative) Martin-Lof Type Theory
with proof-irrelevant identity types and function extensionality, we can go fur-
ther even without a relational interpretation, as pointed out by Steve Awodey
(personal communication). Taking inspiration from the Yoneda Lemma once
again, we can show

A (Xt: (IIX : Set)(A — X) — X)isNat(¢) (1)
where

isNat(t) := ([IX,Y : Set)(IIf: X — Y)lda—.x)—y(fotx,tyo(fo.))
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expresses that ¢ is a natural transformation (note that we need the identity type
in order to state this). If we start with the interpretation of a System F term
in a proof-irrelevant model of parametricity, we can automatically derive this
naturality proof using Wadler’s argument.

The above isomorphism (1) relied on A being a set, i.e. that A has no non-
trivial higher structure. If we instead consider A : 1-Type, the isomorphism (1)
fails; instead we have

A= (Xt: (IIX :Set)(A— X) — X)(Xp :isNat(t)) isCoh(p) (2)
where

isCoh(p) := (IX,Y,Z : 1-Type)(IIf : X - Y)(Ilg:Y — Z)
(PX Z(gof)=®YZg)x(pXY [)

expresses that the proof p is suitably coherent. Here (pY Z g) *x (p XY f) is the
operation that pastes the two proofs p XY f and pY Z g of diagrams commuting
into a proof that the composite diagram commutes. Proof-irrelevant parametric-
ity can not ensure this coherence condition, but as we will see, an extension
of the usual naturality argument to proof-relevant parametricity will guarantee
this extra uniformity of the proof as well.

6.1 Graph Relations and Graph 2-Relations

Relations representing graphs of functions are key to many applications of para-
metricity.

Definition 26. Let f : A — B in 1-Type. We define the graph (f) of f as (f) :=
(A, B, \a. \b.ldg(fa,b)) : Rel. This extends to an action on commuting squares:
Fg: A — B, o A— A, §:B— B andp: (ITz: 4)ldp(g(a(a)), A(f(a))),
then we define (a, ) = (a, B, Aa. \b. A(r: fa =b).p(a) ~ap(B)(r)) : (f) — (g).
Abstractly, we see that (f) is obtained from Eq(B) by “reindexing” along

(f,id) and there is a morphism (f,id) : {f) — Eq(B); in particular, we recover
Eq(B) as (idp). Just like Eq is full and faithful, so is (—) : 1-Type™ — Rel:

Lemma 27. Forall f:A— B, g: A’ — B/,
(f)={9) = (Za: A— A)(EZB: B — B')ldap(goa,fof). 0

The main tool for deriving consequences of parametricity is the Graph
Lemma, which relates the graph of the action of a functor on a morphism with
its relational action on the graph of the morphism.

Theorem 28. Let Fy : 1-Type — 1-Type and Fy : Rel — Rel over Fy be func-
torial. If F1(Eq(A)) = Eq(FoA) for all A, then for any f : A — B, there are
morphisms (|d7 id7¢F,f) : <F0f> - F1<f> and (Idv idawF,f) : Fl<f> - <F0f> O
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Note that in our proof-relevant setting, this theorem does mot construct an
equivalence (Fp f) = Fi(f). Instead, we only have a logical equivalence, i.e. maps
in both directions, and that seems to be enough for all known consequences of
parametricity. (In a proof-irrelevant setting, the constructed logical equivalence
would automatically be an equivalence.)

Next, we consider also graph 2-relations. Since we have multiple “equality
2-relations” | one could expect also multiple graph 2-relations, but for the appli-
cation we have in mind, one suffices. Given functions f, g, I and h, we write
O(f,g,1,h) for the 1-type of proofs that the square

A5

, |

C4l>D

commutes, i.e. J(f,g,1,h) = (z : A)ldp(g(fz),l(hz)). We define the 1-type of
commuting squares by

(1-Type™)” :=(Xf: A— B)(¥g9: B— D)(Xl:C — D)(¥h: A— C)O(f,g,l,h)
A morphism (f,g,l,h,p) — (f',¢',',;h,p") in (1-Type™ )~ consists of four
morphisms o« : A - A", 3: B— B, v:C — C"and § : D — D’ and four

proofs ¢ : O(a, A, v, k), ¢ : O(B, f',6,9), r : O(y,',6,1) and " : O(ev, ', B, f)
such that they form a “commuting cube”

>
-

Q
=

i.e. such that pxgxr = p' x ¢ x1', where px gxr and p’ x ¢’ xr’ are pastings
of the squares that proves that both ways from one corner of the cube to the
opposite one commutes. The 2-graph () : (1-Type™ )™ — 2Rel is defined by

<f7ga h, l,p>2 = (<f>7 <g>7 <h>7 <l>7 A(av b, c, d) A(Qar’ S, t)' w(a) b ap(g)p 'q= ap(l)s b T)

It also has an action on morphisms, which we omit here. The 2-relation says
that the two ways to prove h(l(a)) = d using p, ¢, r, s, t are in fact equal.
Again, more abstractly, this is a “reindexing” of Eq((g)) along the morphism

(<fa l>’ <f’ |d>’ 'd(g>)a <l’ |d>) : (<h>’ <f>7 <g>? <l>) - (<g>’ Eq(B)v <g>7 Eq(D)) in Re|4'
Lemma 29. (—)s is full and faithful in the sense that

((f»gv hvl:p>2 —2Rel <flvgl7h/7ll7p/>2) = (f:g» h’lvp) T (1-Type™) ™ (f/vglvh/’llvp/)~ O
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This lemma can be used to prove a 2-relational version of the Graph Lemma.

Theorem 30 (2-relational Graph Lemma). Let F5 : 2Rel — 2Rel be func-
torial, and over (Fy, F1) where Fy and Fy are as in Theorem 28. If F»(EqR) =
Eq(F1R) for all R, then for any (f, g, h,l,p) in (1-Type )™, there are morphisms

¢2 : <F0f7 F()Q,Foh, FOla ap(FO)p>2 - F2<f7g7 h7 l7p>2 and ¢2 : F2<fvga h7 l7p>2 -
(Fof, Fog, Foh, Fol,ap(Fo)p) in 2Rel over (¢, ¢) and (¢, 1) from Theorem 28. O

6.2 Coherent Proofs of Naturality

Let us now apply the tools we have developed to the question of the coherence
of the naturality proofs from parametricity. We first recall the standard theorem
that holds also with proof-irrelevant parametricity:

Theorem 31 (Parametric Terms are Natural). Let F(X) and G(X) be
functorial type expressions in the free type variable X in some type context I.
Every term I'; — F ¢t : VX.F(X) — G(X) gives rise to a natural transformation
[Flo — [Glo, i-e. if f : A — B then there is nat(f) : Id([G]o(f) o [[t]o A, [t]o Bo
[Flo(f))-

Proof. We construct nat(f) using the relational interpretation of ¢: By construc-
tion, [t]1 (f) : [F]1({f)) — [G]1({f)), hence using Theorem 28,

Ya g o th (f) o dry : (Hxy) ([Flof)(z,y) — ([Glof)([tlo Az, [t]o By)
and since refl : ([Fof)(a, ([F]of)a) for each a : [F]oA, we can define nat(f) :=
ext(Aa. (Ya.f o [t]y (f) o dp.f) a ([Flof)a) refl). O

In order for ([t]o,nat) to lie in the image of the isomorphism (2), we also
need the naturality proofs to be coherent. But thanks to the 2-relational inter-
pretation, we can show that they are:

Theorem 32. (Naturality Proofs are Coherent). Let F', G and t be as in
Theorem 31. The proof nat : isNat([t]o) is coherent, i.e. for all f : A — B and
g: B — C, there is a proof coh(f,g) : Id(nat(g o f),nat(g) * nat(f)).

Proof. We construct coh(f, g) using the 2-relational interpretation of ¢. By con-
struction, Htﬂ2<f7 9,9 ° fv |d» ref|>2 : [[F]]2<f7 9,9 © fv |d7 ref|>2 - [[G]]2<fa 9,9 ©

f,id, refl)2, hence using Theorem 30,
¢2 0 [t]2(f. 9,90 f,id, refl)s 0 4 :
(I1(z,7)) (7 € (Fof, Fog, Fo(g o f),id, ap(Fo)p)2z
— ([t]17) € (Gof, Gog, Golg © [),id,ap(Go)p)2([t]oZ))
We define
coh(f, g) := ext(Aa. (¢2 o [t]2(f, g, g o f,id, refl)2 0 4b2) (a, (Fof)a, Fo(g o f)a, a) refl)

— this works, since ¢2 and 19 are over (¢,¢) and (v,1) respectively, since
nat(h) is defined to be (¢ o [[t]1 o ¥)refl, and since the 2-relation (Gof, Gog, Go
(g o f),id,ap(Go)p)2 exactly says that pasting the two diagrams produces the
third in this case. g
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7 Conclusions and Future Work

In this paper, we tackled the concrete problem of transporting Reynolds’ theory
of relational parametricity to a proof-relevant setting. This is non-trivial as one
must modify Reynolds’ uniformity predicate on polymorphic functions so that it
itself becomes parametric. Implementing this intuition has significant mathemat-
ical ramifications: an extra layer of 2-dimensional relations is needed to formalise
the idea of two proofs being related to each other. Further, there are a variety
of choices to be made as to what face maps and degeneracies to use between
proof-relevant relations and 2-relations. Having made these choices, we showed
that the key theorems of parametricity, namely the identity extension lemma
and the fundamental theorem of logical relations hold. Finally, we explored how
a standard consequence of relational parametricty — namely the fact that para-
metricity implies naturality — also holds in the proof-relevant setting. This work
complements the more proof-theoretic work on internal parametricity in proof-
relevant frameworks (Bernardy et al. 2015, 2012; Polonsky 2015). Relevant is
also the work on parametricity for dependent types in general (Atkey et al.
2014; Krishnaswami and Dreyer 2013), assuming proof-irrelevance.

In terms of future work, we are extending the results of this paper to arbitrary
dimensions. We have a candidate definition of higher-dimensional relations, the
requisite face maps and degeneracies and we have proven the Identity Exten-
sion Lemma. What remains to do is to fully investigate the consequences. For
instance, what form of higher dimensional initial algebra theorem can be proved
with higher dimensional parametricity? More generally, we need to compare the
methods, structures and results of higher dimensional parametricity with (where
possible) Homotopy Type Theory and in particular its cubical sets model (Bezem
et al. 2014), which shares many striking similarities. Finally, once the theoretical
framework is settled, we will want to implement it and then use that implemen-
tation in formal proof.

Acknowledgements. We thank Bob Atkey, Peter Hancock and the anonymous
reviewers for helpful discussions and comments.

A Proofs from Section 5

Proof (of Theorem 22). The proof is done by induction on type judgements. For
type variables, all statements are trivial. For arrow types, this is Propositions 8
and 20.

It remains to prove (ii), (iii) and (iv) for V-types. In this case we only need
to produce maps in both directions — they will automatically compose to the
identity by proof-irrelevance of 2-relations. The structure of the proof is the same
for all of the three points.
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For (ii) consider (79,p0,71,p1) € EqH([[VX.T]]lR)(f,g, h,1). We want to
show that (¥ (1), po,¥(11),p1) € [[VX.T]]QEq”(R)(f,g,h,l), i.e. that for every
2-relation @,

(¥ (70)Qro, poQor, ¥ (11)Qr1, p1Q1r) € [[T]]2(Eq“ (R), Q)(foQoo, goQ10, hoQo1,l0Q11).

By condition Al.1, we have

(f1Qro, poQ1r, f1Qr1, poQor) € [T]2(Eqy(R), Q)(folQoo, foQ10, hoQo1, hoQ11)

and using the equalities (f1EqQoo, 0EqQ10, h1EqQo1, T1EqQ11), we can show

(f0Qo0, 90Q10, hoQo1,10Q11, ¥ (70)RQr0, PoQor, ¥ (T1)Qr1, p1Q1r)
= (foQoo, foQ10, hoQo1, hoQ11, f1Qr0, PoQ1r, f1Qr1, PoQor)

We now transport across this equality to finish the argument.

Finally, in the other direction, if (po, p1,p2,p03) € IIVX.T]]QE(]”(R)(f,Q,h,l),
then (©(po), p1,O(p2), p3) € Eqy([VX. T R)(f, g, h,1) by straightforward calcu-
lation and the definition of [VX.T7]5.

The case (iii) is just the same as the previous case, the only difference is that
we now transport starting from condition (A1.2) and adjust the equalities along
which we transport.

The last case (iv) is more complicated. Consider (7o, 71, po, p1) € C([VX.T]1 R)
(f,g,h,1). We want to show that (¥(0),¥(71),p0,p1) € [VX.T]2C(R)
(f,g,h,1), i.e. that for every 2-relation @,

(Z(10)Qr0, ¥ (1) Qor, poQr1, p1Q1r) € [T]2(C(R), Q)(foQo0, 90Q10, hoQo1,l0Q11)-

By condition A1.3, we have

(h1Qr0, M1 Q1r, PoQr1, P0Qor) € [T]2(CR, Q) (hoQoos hoQ10, hoQo1,loQ11)

and using the equalities

((11Qo0) ™) * f1EaQoo0, (T1EaQ10) ™" * 70Q10, (M EqQo1) ™" * hiEqQon, refl),

we can show

(foQo0, 90Q105 hoQo1, loQ11, ¥ (70)Qro, ¥ (71)Qor, PoQr1, P1Q1r)
= (hoQoo, hoQ10, h0Qo1,l0Q11, h1Qro, M1 Q1r, poQr1, PoQor)

We can now transport across this equality to finish the argument. This
requires the use of Lemma23 (i) and (ii), and the fact that (70,71, p0,p1) €
C(HVXTHIR)(fvg?hvl) _

Finally, In the other direction, if (pg, p1, p2, p3) € [VX.T]2C(R)(f,g,h,1),
then (©(po), O(p1), p2, p3) € C([VX.T]1R)(f, g, h,1) by straightforward calcula-
tion and the definition of [VX.T7s. O
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Proof (of Lemma 23 ).
(i) Since
(f1R, fiEqRo, fiR, fiEqR:) € [T]2(C o Eq(A), Eq_(R))(foRo, foR1, goRo, goR1)

and [T2(C o Eq(4), Eq_(R)) = [T]2(Eq- o Eq(A), Ea_(R)) = Eq_ ([T
(Eq4, R)), by Theorem 22 (iii), the thesis follows.
(ii) By assumption,

(fiR, 9EqRo, g1 R, 9EqR1) € [T]2(Eq_EqA, Eq_R)(foRo, fiR1, g0 Ro, goR1).-

By Theorem 22 (iii), [T]2(Eq_EqA4, Eq_R) = Eq_([T]:(EqA, R)), hence
we have tr((¢EqRo)™!, (91EqR1)"Y)g1R = tr(fiEqRo, 9EqRy)f1R. 1If
we now transport (f1R,9EqRy, g1 R, 9EqR1) along the equality proof
((f1EqRo)~ Y, (f1EqR1)~ 1, (#EqRo) Y, (9oEqR1) 1), the result follows.

(iii) By assumption,

(91Qr0, 91Qor, 31Qr1, 01Q1,) € [T]2(Eda A, Q)(90Qo0s 90Q10, 90Qo1, 90 Q11)

We can transport (g1Qro,91Q0r, 91@r1,91Q1,) along the equality
((9EaQoo) ", (91EaQ10)™", (91EqQo1) ", (91EqQ11)~"). By (i) and (ii),
condition (A0), and [T]2(Equ4,Q) = [T]2(C o EqA,Q), the thesis
follows. U

Proof (of Theorem 25). We need to check that the (- and n-rules for both
term and type abstraction are respected. For term abstraction, this follows from
Lemmas 13 and 16.

We next consider the n-rule for type abstraction. Let I'; A F ¢ : VX.T be
given. Let [t]oAy = (fo, f1). Showing [AX.t[X]]o = [t]o means giving po : Id
(\AfoA, fo) and p1  (AR.(tr(po - (snd(([t]oAv)Ea(Ro)))~ (IHEa(A)O.x0
(refl(v)) R)), snd([[t]oA7)). For pg, we choose py = refl. Note that

([t:Ea(A)Oa0(refl(7)) R)) = O 4 0(refl([t]o Ay)) R =
tr(f1Eq(Ryo), refl) f1 R

under the equivalence with respect to 7 = refl, and

tr(refl - (snd ([0 A7) Eq(Ro)))) ™" = tr(fiEq(Ro), refl) ™"
In this way we can conclude

tr(f1Eq(Ro), refl) " (@ a0 (refl([t]o A7) R) = tr(f1Eq(Ro), refl) ~"tr(f1Eq(Ro), refl) f1 R
= fiR.

Similarly, things are exactly lined up to make tr(pair_(po, p1))([AX .t[X]]1) =
[t]1 trivial.

For the [-rule, consider I'X F ¢: 7. We can use pz =
([th Ea(A, [SToA)O a0 (refl(7))) " to prove [(AX.t)[S]JoAy = [t[X — S]loAr.
This makes tr(pg, ) ([(AX.t)[S]]1)RY = [t[X +— S][1Ry trivial, again using
Lemma 1. a
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Abstract. List comprehensions are a widely used programming con-
struct, in languages such as Haskell and Python and in technologies
such as Microsoft’s Language Integrated Query. They generalize from
lists to arbitrary monads, yielding a lightweight idiom of imperative
programming in a pure functional language. When the monad has the
additional structure of a so-called ringad, corresponding to ‘empty’ and
‘union’ operations, then it can be seen as some kind of collection type,
and the comprehension notation can also be extended to incorporate
aggregations. Ringad comprehensions represent a convenient notation for
expressing database queries. The ringad structure alone does not provide
a good explanation or an efficient implementation of relational joins;
but by allowing heterogeneous comprehensions, involving both bag and
indexed table ringads, we show how to accommodate these too.

1 Introduction

We owe a lot to Phil Wadler, not least for his work over the years on monads
and comprehensions. Wadler was an early proponent of list comprehensions as a
syntactic feature of functional programming languages, literally writing the book
(Peyton Jones 1987, Chap. 7) on them. Together with his student Phil Trinder,
he argued (Trinder and Wadler 1989; Trinder 1991) for the use of comprehen-
sions as a notation for database queries; this prompted a flourishing line of
work within database programming languages, including the Kleisli language
from Penn (Wong 2000) and LINQ from Microsoft (Meijer 2011), not to men-
tion Wadler’s own work on XQuery (Fernandez et al. 2001) and Links (Cooper
et al. 2006).

Wadler was also the main driving force in explaining monads to functional
programmers (Wadler 1992b), popularizing the earlier foundational work of
Moggi (1991). He showed that the notions of list comprehensions and mon-
ads were related (Wadler 1992a), generalizing list comprehensions to arbitrary
monads—of particular interest to us, to sets and bags, but also to monads like
state and I/O. More recently, with Peyton Jones (Wadler and Peyton Jones 2007)
he has extended the list comprehension syntax to support ‘SQL-like’ ordering
and grouping constructs, and this extended comprehension syntax has subse-
quently been generalized to other monads too (Giorgidze et al. 2011).
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In this paper, we look a little more closely at the use of comprehensions as a
notation for queries. The monadic structure explains most of standard relational
algebra, allowing for an elegant mathematical foundation for those aspects of
database query language design. Unfortunately, monads per se offer no good
explanation of relational joins, a crucial aspect of relational algebra: expressed
as a comprehension, a typical equijoin [(a,d) | @ «— z,b «— y,f a = g b] is
very inefficient to execute. But the ingredients we need in order to do better
are all there, in Wadler’s work, as usual. The novel contribution of this paper
is to bring together those ingredients: the generalizations of comprehensions
to different monads and to incorporate grouping are sufficient for capturing a
reasonable implementation of equijoins.

2 Comprehensions

The idea of comprehensions can be seen as one half of the adjunction between
extension and intension in set theory—one can define a set by its extension, that
is by listing its elements:

{1,9,25,49,81}
or by its intension, that is by characterizing those elements:
{n?]0<n<10An=1(mod2)}

Expressions in the latter form are called set comprehensions. They inspired
the “set former” programming notation in the SETL language (Schwartz 1975;
Schwartz et al. 1986), dating back to the late 1960s, and have become widely
known through list comprehensions in languages like Haskell and Python.

2.1 List Comprehensions

Just as a warm-up, here is a reminder about Haskell’s list comprehensions:
[2xa+b|a—[1,23],b«[45,6],b mod a=0]

This (rather concocted) example yields the list [6,7,8,8,10,12] of all values of
the expression 2 X a + b, as a is drawn from [1,2, 3] and b from [4,5, 6] and such
that b is divisible by a.

To the left of the vertical bar is the term (an expression). To the right is a
comma-separated sequence of qualifiers, each of which is either a generator (of
the form a « x, with a variable a and a list expression z) or a filter (a boolean
expression). The scope of a variable introduced by a generator extends to all
subsequent generators and to the term.

Note that, in contrast to the naive set-theoretic inspiration, bound vari-
ables in list comprehensions need to be explicitly generated from some exist-
ing list, rather than being implicitly quantified. Without such a condition, the
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set-theoretic axiom of unrestricted comprehension (“for any predicate P, there
exists a set B whose elements are precisely those that satisfy P”) leads directly
to Russell’s Paradox; with the condition, we get the axziom of specification (“for
any set A and predicate P, there exists a set B whose elements are precisely the
elements of A that satisfy P”), which avoids the paradox.

The semantics of list comprehensions is defined by translation; see for exam-
ple Wadler’s chapter of Peyton Jones’s book (1987, Chap. 7). The translation
can be expressed equationally as follows:

] [e]

b if b then [e] else []
a—z]=map (Aa — ¢e)x

q = concat [[e | ¢'] | ¢]

~

(Here, the first clause involves the empty sequence of qualifiers. This is not
allowed in Haskell, but it is helpful in simplifying the translation.)
Applying this translation to the example at the start of the section gives

[2xa+b|a—][1,23],b«[4,5,6],b‘mod a == 0]
= concat (map (Aa — concat (map (Ab —
if b‘mod‘ a == 0 then [2 x a + b] else []) [4,5,6])) [1,2,3])
=[6,7,8,8,10,12]

More generally, a generator may match against a pattern rather than just a
variable. In that case, it may bind multiple (or indeed no) variables at once;
moreover, the match may fail, in which case it is discarded. This is handled by
modifying the translation for generators to use a function defined by pattern-
matching, rather than a straight lambda-abstraction:

[e| p < z] = concat (map (Aa — case a of p — [e]; = — []) z)
or, perhaps more perspicuously,

[e|p—z]=let hp=]e]
=)
in concat (map h z).

2.2 Monad Comprehensions

It is clear from the above translation that the necessary ingredients for list
comprehensions are map, singletons, concat, and the empty list. The first three
are the operations arising from lists as a functor and a monad, which suggests
that the same translation might be applicable to other monads too.

class Functor m where
fmap::(a—b)—>ma—mb
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class Functor m = Monad m where
return :: a — m a
(>=) “ma—(a—mb)—mb
mult ::m(ma)— ma
mult = (>=id)

(we write mult for the multiplication of the monad, rather than join as in Haskell,
to avoid confusion with the relational joins discussed later). But the fourth ingre-
dient, the empty list, does not come from the functor and monad structures; that
requires an extra assumption:

class Monad m = MonadZero m where
mzero i m a

Given this extra assumption, the translation for list comprehensions can be gen-
eralized to other monads:

[e]] = return e
[e] D] = if b then return e else mzero
[e|p«— z]=1et h p = return e;h _ = mzero in mult (fmap h z)
lea,q] = mut[[e] ] | g
Note that [e | | = [e | True], so the empty case is not really needed; and that

we could have written mult (fmap h z) as x >= h, but this would not be so
obviously a generalization of the list instance. The actual monad to be used is
implicit in the notation, possibly determined by any input value m on the right-
hand side of a generator; if we want to be explicit, we could write a subscript,
asin “le | q|List”-

This translation is different from the one used in the Haskell language specifi-
cation for do notation (Haskell 2010, Sect. 3.14) and in the GHC documentation
for monad comprehensions (GHC 7.10 2015, Sect. 7.3.15), which are arguably a
little awkward: the empty list crops up in two different ways in the translation
of list comprehensions—for filters, and for generators with patterns—and these
are generalized in two different ways to other monads: to the mzero method of
the MonadPlus class in the first case, and the fail method of the Monad class
in the second. It is perhaps neater to have a monad subclass MonadZero with
a single method subsuming both these operators. (The fail method of Haskell’s
Monad class is generally unpopular. There is a current proposal (Luposchainsky
2015) to remove fail to a MonadFail subclass, but the proposal would still retain
both fail and mzero, and their applications in do notation and monad compre-
hensions.) Of course, this change does mean that the translation forces a monad
comprehension with filters to be interpreted in an instance of the MonadZero
subclass rather than just of Monad—the type class constraints that are gener-
ated depend on the features used in the comprehension (as already happens in
Haskell for generators with patterns).

Taking this approach gives basically Wadler’s monad comprehension notation
(Wadler 1992a); it loosely corresponds to Haskell’s do notation, except that the
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term is a value to the left of a vertical bar rather than a computation at the
end, and that filters are just boolean expressions rather than introduced using
gquard.

We might impose the law that mult distributes over mzero, in the sense

mult mzero = mzero
or, in terms of comprehensions,
[e | a — mzero] = mzero

Informally, this means that any failing steps of the computation cleanly cut off
subsequent branches. Another way of saying it is that mzero is a ‘left’ zero of
composition:

mzero >= k = mzero
Conversely, we do not require that mzero is a ‘right’ zero of composition:
m >= Aa — mzero # mzero  (in general)

Imposing this law would have the consequence that a failing step also cleanly
erases any effects from earlier parts of the computation, which is too strong a
requirement for many monads—particularly those of the “launch missiles now”
variety.

2.3 Heterogeneous Comprehensions

We have seen that comprehensions can be interpreted in an arbitrary monad;
for example, [a? | a « z,0dd a]gse; denotes the set of the squares of the odd
elements of the set z, whereas [a? | a < y, odd a]pay denotes the bag of squares
of odd elements of bag y. These are both ‘homogeneous comprehensions’, each
involving just one monad; can we make sense of ‘heterogeneous comprehensions’,
involving several different monads?

For monads M and N, a monad morphism ¢ : M — N is a natural transfor-
mation M — N—that is, a family ¢, :: M « — N « of arrows, coherent in the
sense that ¢g - fmapy, f = fmapy f - o for f:: @« — B—that also preserves the
monad structure:

© - returny; = returny
w-multyy = multy - ¢ - fmapy; o = multy - fmapy @ - ¢

A monad morphism behaves nicely with respect to monad comprehensions—
a comprehension interpreted in monad M, using inputs of type M, with the
result coerced via a monad morphism ¢ : M — N to monad N, is equivalent to
the comprehension interpreted in monad N in the first place, with the inputs
having been coerced to type N. Informally, there will be no surprises arising
from when coercions take place, because the results are the same whatever stage
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this happens. This property is straightforward to show by induction over the
structure of the comprehension.

For example, if bag2set : Bag — Set is the obvious monad morphism from
bags to sets, discarding information about the multiplicity of repeated elements,
and z a bag of numbers, then

bag2set [a® | a «— x,0dd a]pey = [a® | a « bag2set x, 0dd a)ge

and both yield the set of squares of the odd members of bag x. As a notational
convenience, we might elide use of the monad morphism when it is ‘obvious
from context’—we might write just [a? | a « ¥, 0dd a]se; even when z is a
bag, relying on the ‘obvious’ morphism bag2set. This would allow us to write
heterogeneous comprehensions such as

[a+b|a—][1,2,3],b — 14,4,5]|set = {5,6,7,8}
(writing { ... { for the extension of a bag), instead of the more pedantic
[a+0b]|a— list2set [1,2,3],b «— bag2set | 4,4,5(]set

Sets, bags, and lists are all members of the so-called Boom Hierarchy of types
(Backhouse 1988), consisting of types whose values are constructed from ‘empty’
and ‘singleton’s using a binary ‘union’ operator; ‘empty’ is the unit of ‘union’,
and the hierarchy pertains to which properties out of associativity, commutativ-
ity, and idempotence the ‘union’ operator enjoys. The name ‘Boom hierarchy’
seems to have been coined at an IFIP WG2.1 meeting by Stephen Spackman, for
an idea due to Hendrik Boom, who by happy coincidence is named in his native
language after another member of the hierarchy, namely (externally labelled,
possibly empty, binary) trees:

data Tree a = Empty | Tip o | Bin (Tree a) (Tree a)

for which ‘union’ is defined as a smart Bin constructor, ensuring that the empty
tree is a unit:

bin Empty u = u
bin t Empty =t
bin t u =Bintu

but with no other properties of bin. It is merely a historical accident that the
familiar members of the Boom Hierarchy are linearly ordered by their properties;
one can perfectly well imagine other more exotic combinations of the laws—such
as ‘mobiles’, in which the union operator is commutative but not associative or
idempotent (Uustalu 2015).

There is a forgetful function from any poorer member of the Boom Hierarchy
to a richer one, flattening some distinctions by imposing additional laws—for
example, from bags to sets, flattening distinctions concerning multiplicity—and
one could class these forgetful functions as ‘obvious’ morphisms. On the other
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hand, any morphisms in the opposite direction—such as sorting, from bags to
lists, and one-of-each, from sets to bags—are not ‘obvious’ (and in particular,
contradicting Wong (1994, p. 114-115), they are not monad morphisms), and so
should not be elided; and similarly, it would be hard to justify as ‘obvious’ any
morphisms involving non-members of the Boom Hierarchy, such as probability
distributions.

3 Ringads and Collections

One more ingredient is needed in order to characterize monads that correspond
to ‘collection’ types such as sets and lists, as opposed to other monads such as
State and IO; that ingredient is an analogue of set union or list append. It’s not
difficult to see that this is inexpressible in terms of the operations introduced so
far: given only collections x of at most one element, any comprehension using
generators of the form a < z will only yield another such collection, whereas
the union of two one-element collections will in general have two elements.

To allow any finite collection to be expressed, it suffices to introduce a binary
union operator mplus:

class Monad m = MonadPlus m where
mplus::ma—ma—ma

We require mult to distribute over union, in the following sense:
mult (z ‘mplus y) = mult = ‘mplus’ mult y
or, in terms of comprehensions,
[e | a—z mplus'y,q] =[e | a =z, q] ‘mplus' [e | a —y,q]
or of monadic bind:
(x ‘mplus‘ y) >=k = (z >=k) ‘mplus’ (y >=k)

Note that, in contrast to the Haskell libraries, we have identified separate type
classes MonadZero, MonadPlus for the two methods mzero, mplus. We have
already seen that there are uses of mzero that do not require mplus; and con-
versely, there is no a priori reason to insist that all uses of mplus have to be
associated with an mzero.

But for our model of collection types, we will insist on a monad in both
MonadZero and MonadPlus. We will call this combination a ringad, a name
coined by Wadler (1990):

class (MonadZero m, MonadPlus m) = Ringad m

There are no additional methods; the class Ringad is the intersection of the
two parent classes MonadZero and MonadPlus, thereby denoting the union of
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the two interfaces. Haskell gives us no good way to state the laws that should
be required of instances of a type class such as Ringad, but they are the three
monad laws, distribution of mult over mzero and mplus:

mult mzero = mzero
mult (z ‘mplus y) = mult = ‘mplus mult y

and mzero being the unit of mplus:
mzero ‘mplus‘ x = r = = ‘mplus‘ mzero

(There seems to be no particular reason to insist also that mplus be associative;
we discuss the laws further in Sect. 3.2.) To emphasize the additional constraints,
we will write “@” for “mzero” and “W” for “mplus” when discussing a ringad. All
members of the Boom hierarchy—sets, bags, lists, trees, and exotica too—are
ringad instances. Another ringad instance, but one that is not a member of the
Boom Hierarchy, is the type of probability distributions—either normalized, with
a weight-indexed family of union operators, or unnormalized, with an additional
scaling operator.

3.1 Aggregation

The well-behaved operations over monadic values are called the algebras for
that monad—functions k such that & - return = id and &k - mult = k - fmap k.
In particular, mult is itself a monad algebra. When the monad is also a ringad,
k necessarily distributes also over W—it is a nice exercise to verify that defining
a® b=k (return a® return b) establishes that k (zWy) =k z @ k y. Without
loss of generality, we write reduce(®) for k; these are the ‘reductions’ of the
Bird-Meertens Formalism (Backhouse 1988). In that case, mult = reduce(w) is
a ringad algebra.

The algebras for a ringad amount to aggregation functions for a collection: the
sum of a bag of integers, the maximum of a set of naturals, and so on. We could
extend the comprehension notation to encompass aggregations too, for exam-
ple by adding an optional annotation, writing say “[e | ¢]®”; but this doesn’t
add much, because we could just have written “reduce(®) [e | ¢]” instead.
We could generalize from reductions reduce(®) to collection homomorphisms
reduce() - fmap f; but this doesn’t add much either, because the map is easily
combined with the comprehension—it’s easy to show the ‘map over comprehen-
sion’ property

fmap fle| ql=1[felq]

Fegaras and Maier (2000) develop a monoid comprehension calculus around such
aggregations; but their name is arguably inappropriate, because it adds nothing
essential to insist on associativity of the binary aggregating operator—ringad
comprehension calculus’ might be a better term.

Note that, for reduce(®) to be well-defined, & must satisfy all the laws that
W does—@ must be associative if W is associative, and so on. It is not hard to
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show, for instance, that there is no @ on sets of numbers for which sum (zUy) =
sum z @ sum y; such an @ would have to be idempotent, which is inconsistent
with its relationship with sum. (So, although [a? | a « ¥, odd a]}gag denotes
the sum of the squares of the odd elements of bag y, the expression [a? | a «—
z,0dd a]f,, (with z a set) is not defined, because + is not idempotent.) In
particular, reduce(®) @ must be the unit of @, which we write 1g.

We can calculate from the definition

[e | ¢]® = reduce(®) [e ] q]

the following translation rules for aggregations:

[e|]° =e

[e| b]® = if b then e else 14

[e|p—z|®P=let hp=e;h _=1g in reduce(®) (fmap h z)
el g, q']® =I[le]d]®]q]®

Multiple aggregations can be performed in parallel: the so-called banana split
theorem (Fokkinga 1990) shows how to lift two binary operators @ and ® into
a single binary operator ® on pairs, such that

(reduce(®) z, reduce(®) =) = reduce(®) z

for every m.

If we are to allow aggregations over heterogeneous ringad comprehensions
with automatic coercions, then we had better insist that the monad morphisms
@: M — N concerned are also ringad morphisms, that is, homomorphisms over
the empty and union structure:

v (oum) = ON
plremy)=pz¥nopy

UNIONUNIT) @ Wz r=cWQ
UNIONASSOC) zW (yW z) =(zWy) Wz

(
(
(EMPTYBIND) @ >=Fk
(
(
(

%)
BINDEMPTY) 1z 3>=Xa — @ %)

UNIONBIND)  (zWy)>=k =(z>=k)W(y>=k)
BINDUNION)  z>3>=Xa —kaWk' a=(z>=k)W(z>=k")

Fig. 1. Six possible laws for ringads (not all of them required)

3.2 Notes on “Notes on Monads and Ringads”

As observed above, Wadler introduced the term ‘ringad’ a quarter of a century
ago in an unpublished document Notes on Monads and Ringads (Wadler 1990).
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He requires both distributivities for “monads with zero” (the EMPTYBIND and
BINDEMPTY laws in Fig. 1); for ringads, he additionally requires that W is asso-
ciative (UNIONASSOC), with & as its unit (UNIONUNIT), and that bind distrib-
utes from the right through & (UNIONBIND). He does not require that bind also
distributes from the left through & (BINDUNION).

The name ‘ringad’ presumably was chosen because, just as monads are
monoids in a category of endofunctors, considered as a monoidal category under
composition, ringads are ‘right near-semirings’ in such a category, considered as
what Uustalu (2015) calls a ‘right near-semiring category’ under composition
and product. A right near-semiring is an algebraic structure (R, +, x,0,1) in
which (R, +,0) and (R, x, 1) are monoids, x distributes rightwards over 4 (that
is, (a+b) x ¢c= (a x ¢)+ (b x ¢)) and is absorbed on the right by zero (that is,
0 x a = a). It is called ‘semi-’ because there is no additive inverse (a semiring is
sometimes called a ‘rig’), ‘near-’ because addition need not be commutative, and
‘right-’ because we require distributivity and absorption only from the right, not
from the left too. This structure doesn’t quite fit our circumstances, because we
haven’t insisted on associativity of the additive operation W; but Wadler does
in his note (and there seems to be no standard name for the structure when
associativity of addition is dropped).

Wadler’s note was cited in a few papers from the 1990s (Trinder 1991; Watt
and Trinder 1991; Boiten and Hoogendijk 1995, 1996; Suciu 1993a, 1993b), of
which only Trinder’s DBPL paper (Trinder 1991) seems to have been formally
published. Some other works (Wong 1994; Grust 1999) describe ringads, but cite
Trinder’s published paper (Trinder 1991) instead of Wadler’s unpublished note
(Wadler 1990).

Somewhat frustratingly, despite all citing a common source, the various
papers differ on the laws they require for a ringad. For the monoidal aspects,
everyone agrees that & should be a unit of W (UNIONUNIT), but opinions vary
on whether W should at least be associative (UNIONASSOC). Trinder (1991) does
not require (UNIONASSOC); Boiten and Hoogendijk (1995, 1996) do, as does
Uustalu (2015), and Wadler (1997) in a mailing list message about monads with
zero and plus but not explicitly mentioning ringads; Grust requires it for his
own constructions (Grust 1999, Sect. 72), but implies (Grust 1999, Sect. 73) that
ringads need not satisfy it; Kiselyov (2015) argues that one should not insist on
associativity without also insisting on commutativity, which not everyone wants.

For the distributivity aspects, everyone agrees that monadic bind should dis-
tribute from the right over & (UNIONBIND). Moreover, everyone agrees that bind
need not distribute from the left over & (BINDUNION); such a law would at least
suggest that W should be commutative—in particular, it does not hold for the
list monad. Nearly everyone agrees that bind should also distribute from the
right over @ (EMPTYBIND)—the exception being Boiten and Hoogendijk (1995,
1996), who appear not to require it. Opinions vary as to whether bind should
also distribute from the left over @ (BINDEMPTY); such a law does not hold
for a monad that combines a ‘global’ log with the possibility of failure (such as
Haskell’s MaybeT (Writer w) a, which is equivalent to (w, Maybe a)), although
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it does hold when the log is ‘local’ (as with Haskell’s WriterT w Maybe a,
which is equivalent to Maybe (w, a)). Trinder (1991) does require (BINDEMPTY),
in addition to (EMPTYBIND). Boiten and Hoogendijk (1995, 1996) require
(BINDEMPTY), instead of (EMPTYBIND). Grust (1999, Sect. 58) requires both
directions (EMPTYBIND) and (BINDEMPTY) for “monads with zero”, following
Wadler (1992a), but imposes only distributivity from the right (EMPTYBIND)
for ringads (Grust 1999, Sect. 73). Wadler himself “would usually insist on” only
(EMPTYBIND) and not (BINDEMPTY), writing later (Wadler 1997) about “mon-
ads with zero and plus”. Buneman et al. (1995) attribute to ringads distributiv-
ity from the right over both @ (EMPTYBIND) and W (UNIONBIND), saying that
“they seem to express fundamental properties”, but say of the two distributivi-
ties from the left (BINDEMPTY, BINDUNION) that their “status [...] is unclear”.
(Whether one thinks of a particular property of bind as ‘distributing from the
left” or ‘distributing from the right’ depends of course on which way round one
writes bind’s arguments, and this varies from author to author.)

4 Comprehending Joins

Comprehensions form a convenient syntax for database queries, explaining the
selection and projection operations of relational algebra. For example, consider
a table of invoices

invoices(name, address, amount, due)
The SQL query

SELECT name, address, amount
FROM invoices
WHERE  due < today

which selects the overdue invoices and projects out the corresponding customer
names and addresses and the outstanding amounts, can be expressed as the
following comprehension:

[ (name, address, amount)
| (name, address, amount, due) < invoices,
due < today]

This is a reasonable approximation to how database systems implement selection
and projection. However, the comprehension notation does not explain the third
leg of relational algebra, namely join operations. For example, if the invoice
database is normalized so that customer names and addresses are in a separate
table from the invoices,

customers(cid, name, address)
invoices(cust, amount, due)
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then the query becomes

SELECT name, address, amount
FROM customers, invoices
WHERE cid = cust AND due < today

and the obvious comprehension version

[ (name, address, amount)
| (cid, name, address) < customers, (cust, amount, due) < invoices,
cid == cust, due < today|

entails a traversal over the entire cartesian product of the customers and invoices
tables, only subsequently to discard the great majority of pairs of tuples. This
is an extremely naive approximation to how database systems implement joins.

In this section, we sketch out how to achieve a more reasonable implemen-
tation for joins too, while still preserving the convenient comprehension syntax.
We do this only for equijoins, that is, for joins where the matching condition on
tuples is equality under two functions. The techniques we use are two extensions
to comprehension syntax: parallel comprehensions (Plasmeijer and van Eekelen
1995), which introduce a kind of ‘zip’ operation, and comprehensive comprehen-
sions (Wadler and Peyton Jones 2007), which introduce a ‘group by’. Both were
introduced originally just for list comprehensions, but have recently (Giorgidze
et al. 2011) been generalized to other monads. The result will be a way of writing
database queries using joins that can be executed in time linear in the number
of input tuples, instead of quadratic.

4.1 Parallel Comprehensions

Parallel list comprehensions were introduced in Clean 1.0 in 1995 (Plasmeijer
and van Eekelen 1995), and subsequently as a Haskell extension in GHC around
2001 (GHC 5.0 2001), desugaring to applications of the zip function:

zip :: [a] — [b] = [(a, b)]
zip (a:z) (b:y)=(a,b):zipzy
zip . - =]

For example,

[a+b]a—[1,2,3]]b[4,5]]
= zip [1,2,3] [4,5] >= A(a, b) — return (a + b)
=[5,7]

Essentially the same translation can be used for an arbitrary monad (Giorgidze
et al. 2011):

Le | (g [ r),s] = mazip [v? [ q] V" [ r] >=A(v?,v") — [e ] s]
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(where v? denotes the tuple of variables bound by qualifiers ¢), provided that
the monad supports an appropriate ‘zip’ function. In the GHC implementation,
the appropriate choice of mzip function is type-directed: mzip is a method of a
type class MonadZip, a subclass of Monad:

class Monad m = MonadZip m where
mzip::ma— mb— m(a,b)

of which the monad in question should be an instance.

There is some uncertainty about what laws one should require of instances of
mzip, beyond naturality. The GHC documentation specifies only an information
preservation requirement: that if two computations z, y have the same ‘shape’

fmapy (const () x = fmapy, (const ()) y

then zipping them can be undone:
(z,y) = let z = mzip z y in (fmap,, fst z, fmap,,; snd z)
Petricek (2011) observes that one probably also wants associativity:

fmapy; (A(a, (b, ¢)) — ((a,b),c)) (mzip z (mzip y z)) = mzip (mzip z y) 2

so that it doesn’t matter how one brackets a comprehension [(a, b, c) | @ «— z |
b« y | ¢ «— z] with three parallel generators. One might also consider unit and
commutativity properties.

4.2 Grouping Comprehensions

Grouping list comprehensions were introduced (along with ‘ordering’) by Wadler
and Peyton Jones (2007), specifically motivated by trying to “make it easy to
express the kind of queries one would write in SQL”. Here is a simple example:

[(the a,b) | (a,b) < [(1,°p’),(2,°q’),(1,°1’)],
then group by a using group With]

= [(1,"pr"), (2,"q")]

Here, the :: [a] — a returns the common value of a non-empty list of equal
elements, and group With :: Ord b = (a — b) — [a] — [[a]] groups a list into
sublists by some ordered key. The comprehension desugars to

groupWith (M(a, b) — a) [(1,°p’),(2,q),(1, )] >= Aabs —
case (map fst abs, map snd abs) of (a,b) — return (the a,b)

The full translation is given below, but in a nutshell, the input list of a, b pairs
[(1,°p’),(2,7q?),(1,°r?)] is grouped according to their a component, and then
for each group we return the common a component and the list b of correspond-
ing characters. Note in particular the ingenious trick, that the group qualifier
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rebinds the previously bound variables a :: Int and b :: Char as lists a :: [Int]
and b :: [Char]—so of different types. (Suzuki et al. (2016) point out that this
ingenious trick can backfire: it would be a runtime error to try to compute the b
in the above query, because the b collection generally will not have all elements
equal. They present a more sophisticated embedding of queries that turns this
mistake into a type error.)

As with parallel comprehensions, grouping too generalizes to other monads,
provided that they support an appropriate ‘group’ function. In Giorgidze et al.’s
formulation (2011), this is again specified via a subclass of Monad:

class Monad m = MonadGroup m b where
mgroup With :: (a — b) = m a — m (m a)

(so any given mgroup With method is polymorphic in the a, but for fixed m and
b). However, this type turns out to be unnecessarily restricted: there’s no reason
why the inner type constructor of the result, the type of each group, needs to
coincide with the outer type constructor, the type of the collection of groups; in
fact, all that the translation seems to require is

mgroup With :: (a — b) = m a — m (n a)

with n some Functor. One could add n as another type class parameter; but
the current GHC implementation (GHC 7.10 2015) instead dispenses with the
MonadGroup type class altogether, and requires the grouping function to be
explicitly specified. Let us call this variant “heterogeneous grouping”. The trans-
lation is then:

[e | ¢,then group by b using f, r]
= F (W7 — b) [v0 | g] 3= Ays —
case (fmap v ys, ..., fmap v ys) of v4 — [e | 7]

where, as before, v¢ denotes the tuple of variables bound by qualifiers ¢, and
in addition v/ projects out the ith component from this tuple. We make crucial
use below of this extra generality. (GHC also provides a simpler variant omitting
the “by b” clause, but we don’t need it for this paper.)

It is not clear what laws we might expect of the grouping function f, at
least partly because of its rather general type; moreover, because it is no longer
associated with a type class, it is not clear where one ought morally to attach
those laws. But for Giorgidze et al.’s homogeneous formulation, it is tempting
to think of mgroup With f as a partitioning function, which suggests

mult - mgroup With f = id

(which doesn’t hold of the function group With on lists, since this reorders ele-
ments; that would be appropriate behaviour for bags, and Haskell’s groupBy
function, a pre-inverse of concat, more appropriate for lists). One might also
want it to partition as finely as possible, so that subsequent grouping is redun-
dant:
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fmapy, (mgroup With f) - mgroup With f = fmap,, return - mgroup With f

which would exclude size-based partitions, such as splitting a list of length n?
into n lists of length n.

4.3 Relational Tables

The implementation that we will present of relational joins using comprehensions
will depend crucially on the interplay between two different monads; that’s why
we need the extra generality of heterogeneous grouping described above. One of
these is the Bag monad—that is, a ringad in which W is also commutative. The
other is the Table monad, which to a first approximation (not yet accommodating
aggregation—we turn to that question in Sect.4.4) is simply a combination of
the Reader and Bag monads:

type Table k v = Reader k (Bag v)

Readers are essentially just functions; in Haskell, there are a few type wrappers
involved too, but we can hide these via the following isomorphism:

apply  :: Reader k v — (k — v)
tabulate :: (k — v) — Reader k v

Consider the canonical equijoin of two bags z, y by the two functions f, g, spec-
ified by

equijoin f g vy = [(a,b) | a z,b y.f = gb]

We can read this straightforwardly in the list monad; but as we have already
observed, this leads to a very inefficient implementation. Instead, we want to be
able to index the two input collections by their keys, and zip the two indices
together. What else can we zip, apart from lists? Readers are the obvious
instance:

instance MonadZip (Reader k) where
mzip x y = tabulate (A\k — (apply z k, apply y k))

Plain Readers aren’t ringads; but Tables are, inheriting the ringad structure of
Bags:

@ = tabulate (\k — @)
z Wy = tabulate (\k — apply = kW apply y k)

Note that Bags alone won’t do, because they don’t support zip, only cartesian
product.
For grouping, we will use a function

indexBy :: Eq k = (v — k) — Bag v — Table k v
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that partitions a bag of values by some key, collecting together subbags with a
common key; with a careful choice of representation of the equality condition,
this can be computed in linear time (Henglein and Larsen 2010). We will also
use its postinverse

flatten :: Table k v — Bag v

that flattens the partitioning. We need bags rather than lists, because indexBy
reorders elements; the equation

flatten - indexBy f = id

holds for bags, but would be hard to satisfy had we used lists instead.
With these ingredients, we can capture the equijoin using comprehensions:

equijoin f g x vy
= flatten [cp (a,d) | a < z,then group by [ a using indexBy
| b — y,then group by ¢ b using indexBy|

which desugars to

flatten (fmap cp (mzip (indexBy f ) (indexBy g y)))

Informally, this indexes the two bags as tables by the key on which they will
be joined, zips the two tables, computes small cartesian products for subbags
with matching keys, then discards the index. In the common case that one of
the two functions f, g extracts a primary key, the corresponding subbags will be
singletons and so the cartesian products are trivial. Better still, one need not
necessarily perform the cps and flatten immediately; stopping with

[(a,d) | a — z,then group by f a using indexBy
| b — y,then group by ¢ b using indexBy|

yields a table of pairs of subbags, and with care the cartesian products may
never need actually to be expanded (Henglein and Larsen 2010).

4.4 Finite Maps

If we want to retain the ability to compute aggregations over tables—and we
do, not least in order to define flatten—then we must restrict attention to finite
maps, disallowing infinite ones. Then we can equip tables also with a mechanism
to support traversal over the keys in the domain; so they should not simply be
Readers, they should also be paired with some traversal mechanism. (This is the
‘refinement’ mentioned earlier.) However, there is a catch: if we limit ourselves
to finite maps, we can no longer define return for Tables or Readers—return a
yields an infinite map, when the key type itself is infinite.

Two possible solutions present themselves. One is to live without the return
for Table, leaving what is sometimes called a semi-monad (but not obviously
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in the same sense as Fernandez et al. (2001)) or non-unital monad, that is, a
monad with a mult but no unit. This seems to be feasible, while still retaining
“semi-monad comprehensions”; we only really use return in the common base
case [e | | of comprehensions with an empty sequence of qualifiers, and this
is mostly only for convenience of definition anyway (as noted already, it’s not
actually valid Haskell syntax). We instead have to provide separate base cases
for each singleton sequence of qualifiers; we can’t use a bare guard [e | b], and
we have to define comprehensions with guards and other qualifiers by

[e]b,q] =if bthen [e ] ¢] else &

A second solution is to generalize from plain monads to what have variously been
called indexed monads (Orchard et al. 2014), parametric monads (Katsumata
2014), or graded monads (Milius et al. 2015; Orchard and Yoshida 2016; Fujii
et al. 2016); we use the latter term. In a graded monad (M, return, >=) over a
monoid (I,e,®), the functor M has a type index drawn from the monoid I as
well as the usual polymorphic type parameter; return yields a result at the unit
index e, and >= combines indices using ®:

return::a — M € a
(>=) “Mia—(a—Mjb)—M((®j5)b

A familiar example is given by vectors. Vectors of a fixed length—say, vectors
of length 3—form a monad, in which return replicates its argument and mult
takes the diagonal of a square matrix. Vectors of different lengths, however, form
not a simple monad but a graded monad, over the monoid (Nat, 1, x) of natural
numbers with multiplication: return yields a singleton vector, and mult flattens
an i-vector of j-vectors into a single (i x j)-vector. Technically, a graded monad
is no longer simply a monad; but it is still essentially a monad—it has the same
kind of categorical structure (Fujii et al. 2016), supports the same operations, and
can even still be used with monad comprehensions and do notation in Haskell,
by using GHC’s RebindableSyntazr extension (Williams 2014). For our purposes,
we want the monoid of finite sequences of finite types, using concatenation H-
and the empty sequence (), so that we can define

return :: a — Table () a
(>=) :: Table k a — (a — Table k' b) — Table (k+# k') b

Now return yields a singleton table, which is a finite map.

5 Conclusions

We have explored the list comprehension notation from languages like Haskell,
its generalization to arbitrary monads, and the special case of collection monads
or ‘ringads’ that support aggregation; and we have shown how to use GHC’s
parallel and grouping constructs for monad comprehensions to express relational
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join accurately and efficiently. All of these ingredients owe their genesis or their
popularization to Phil Wadler’s work; we have merely drawn them together.

Having said all that, writing this paper was still a voyage of discovery. The
laws that one should require for MonadPlus and MonadZero are a subject of
great debate; arguably, one expects different laws for backtracking search, for
nondeterministic enumeration, and for collections of results—despite all con-
forming to the same interface. The matter is not settled definitely here (and
perhaps the waters have been muddied a bit further—should we insist on asso-
ciativity of W, as some other authors do?).

Wadler’s unpublished note (Wadler 1990) on ringads is not currently widely
available; it is apparently not online anywhere, and even Phil himself does not
have a copy (Wadler 2011)—for a long time I thought it had been lost entirely to
history, despite being relatively widely cited. However, I am happy to report that
Eerke Boiten had preserved a copy, and the document has now been secured.

Trinder’s work with Wadler (Trinder and Wadler 1989; Trinder 1991) on
using list comprehensions for database queries had quite an impact at the time,
but they weren’t the first to make the connection: Nikhil (1990), Poulouvassilis
(1988), and Breuer (1989) at least had already done so.

Wadler and Peyton Jones (2007, Sect. 3.8) mention parallel list comprehen-
sions, but don’t connect them to grouping or to relational join; they write that
“because of the generality of these new constructs, we wonder whether they
might also constructively feed back into the design of new database programming
languages”. We hope that we have provided here more evidence that they could.

Acknowledgements. I am very grateful to Ralf Hinze, Nicolas Wu, Fritz Henglein,
Tarmo Uustalu, and Oleg Kiselyov for their helpful discussions, to Eerke Boiten for
finding a copy of Wadler’s note (Wadler 1990), to Shin-ya Katsumata for sharing
unpublished work (Fujii et al. 2016) on graded monads, and to the anonymous reviewers
for constructive criticism. This work was partially supported by EPSRC grants Unifying
Theories of Generic Programming (EP/J010995/1) and A Theory of Least Change for
Bidirectional Transformations (EP/K020919/1).

References

Backhouse, R.: An exploration of the Bird-Meertens formalism. Technical report CS
8810, Department of Computer Science, Groningen University (1988). http://www.
cs.nott.ac.uk/psarb2/papers/abstract.html#exploration

Boiten, E., Hoogendijk, P.: A database calculus based on strong monads and partial
functions, March 1995. Submitted to DBPL

Boiten, E., Hoogendijk, P.: Nested collections and polytypism. Technical report 96/17,
Eindhoven (1996)

Breuer, P.T.:. Applicative query languages. University Computing, the Universities and
Colleges Information Systems Association of the UK (UCISA) Bulletin of Academic
Computing and Information Systems (1989). https://www.academia.edu/2499641/
Applicative_Query_Languages

Buneman, P., Navqi, S., Tannen, V., Wong, L.: Principles of programming with collec-
tions and complex object types. Theor. Comput. Sci. 149(1), 3-48 (1995)


http://www.cs.nott.ac.uk/psarb2/papers/abstract.html#exploration
http://www.cs.nott.ac.uk/psarb2/papers/abstract.html#exploration
https://www.academia.edu/2499641/Applicative_Query_Languages
https://www.academia.edu/2499641/Applicative_Query_Languages

150 J. Gibbons

Cooper, E., Lindley, S., Yallop, J.: Links: web programming without tiers. In: de Boer,
F.S., Bonsangue, M.M., Graf, S., de Roever, W.-P. (eds.) FMCO 2006. LNCS, vol.
4709, pp. 266-296. Springer, Heidelberg (2007)

Fegaras, L., Maier, D.: Optimizing object queries using an effective calculus. ACM
Trans. Database Syst. 25(4), 457-516 (2000). doi:10.1145/377674.377676

Fernandez, M., Simeon, J., Wadler, P.: A semi-monad for semi-structured data. In:
International Conference on Database Theory, pp. 263-300 (2001)

Maarten, M.: Tupling and mutumorphisms. Squiggolist 1(4), 81-82 (1990)

Fujii, S., Katsumata, S., Mellies, P.-A.: Towards a formal theory of graded monads.
In: Foundations of Software Science and Computation Structures. Lecture Notes in
Computer Science. Springer (2016, to appear)

GHC 5.0. Glasgow Haskell Compiler users’ guide, version 5.00, April 2001. https://
downloads.haskell.org/~ghc/5.00/docs/set /book-users-guide.html

GHC 7.10. Glasgow Haskell Compiler users’ guide, version 7.10, July 2015. https://
downloads.haskell.org/~ghc/7.10.1/docs/html/users_guide/

Giorgidze, G., Grust, T., Schweinsberg, N., Weijers, J.: Bringing back monad compre-
hensions. In: Haskell Symposium, pp. 13-22 (2011)

Grust, T.: Comprehending queries. Ph.D. thesis, Universitdt Konstanz (1999)

Haskell 2010. Haskell 2010 language report, April 2010. https://www.haskell.org/
onlinereport/haskell2010/

Henglein, F., Larsen, K.F.: Generic multiset programming with discrimination-based
joins, symbolic cartesian products. High.-Order Symb. Comput. 23(3), 337-370
(2010). doi:10.1007/s10990-011-9078-8

Katsumata, S.: Parametric effect monads and semantics of effect systems. In: Principles
of Programming Languages, pp. 633-645 (2014)

Kiselyov, O.: Laws of MonadPlus, January 2015. http://okmij.org/ftp/Computation/
monads.html#monadplus

Luposchainsky, D.: MonadFail proposal, June 2015. https://github.com/quchen/
articles/blob/master/monad_fail.md

Meijer, E.: The world according to LINQ. Commun. ACM 54(10), 45-51 (2011)

Milius, S., Pattinson, D., Schroder, L.: Generic trace semantics and graded monads.
In: Moss, L., Sobocinski, P., (eds.) 6th International Conference on Algebra and
Coalgebra in Computer Science (CALCO 2015), pp. 251-266 (2015)

Moggi, E.: Notions of computation and monads. Inf. Comput. 93(1), 55-92 (1991)

Nikhil, R.S.: The semantics of update in a functional database programming language.
In: Bancilhon, F., Buneman, P., (eds.) Advances in Database Programming Lan-
guages (DBPL-1, 1987), pp. 403—421. ACM Press/Addison-Wesley (1990)

Orchard, D., Yoshida, N.: Effects as sessions, sessions as effects. In: Principles of Pro-
gramming Languages (2016)

Orchard, D., Petricek, T., Mycroft, A.: The semantic marriage of monads, effects
(2014). arXiv:1401.5391

Petricek, T.: Fun with parallel monad comprehensions. Monad Reader (18), (2011).
https://themonadreader.wordpress.com/2011/07/05 /issue-18/

Peyton Jones, S.: The Implementation of Functional Programming Languages. Prentice
Hall, New Jersey (1987)

Plasmeijer, R., van Eekelen, M.: Concurrent clean language report (version 1.0). Tech-
nical report, University of Nijmegen (1995). ftp://ftp.science.ru.nl/pub/Clean/old/
Clean10/doc/refman.ps.gz

Poulovassilis, A.: FDL: an integration of the functional data model and the functional
computational model. In: British National Conference on Databases, pp. 215-236
(1988)


http://dx.doi.org/10.1145/377674.377676
https://downloads.haskell.org/~ghc/5.00/docs/set/book-users-guide.html
https://downloads.haskell.org/~ghc/5.00/docs/set/book-users-guide.html
https://downloads.haskell.org/~ghc/7.10.1/docs/html/users_guide/
https://downloads.haskell.org/~ghc/7.10.1/docs/html/users_guide/
https://www.haskell.org/onlinereport/haskell2010/
https://www.haskell.org/onlinereport/haskell2010/
http://dx.doi.org/10.1007/s10990-011-9078-8
http://okmij.org/ftp/Computation/monads.html#monadplus
http://okmij.org/ftp/Computation/monads.html#monadplus
https://github.com/quchen/articles/blob/master/monad_fail.md
https://github.com/quchen/articles/blob/master/monad_fail.md
http://arxiv.org/abs/1401.5391
https://themonadreader.wordpress.com/2011/07/05/issue-18/
ftp://ftp.science.ru.nl/pub/Clean/old/Clean10/doc/refman.ps.gz
ftp://ftp.science.ru.nl/pub/Clean/old/Clean10/doc/refman.ps.gz

Comprehending Ringads 151

Schwartz, J.T., Dewar, R.B.K., Dubinsky, E., Schonberg, E.: Programming with Sets:
An Introduction to SETL. Springer, New York (1986)

Schwartz, J.T.: On programming: an interim report on the SETL project. Technical
report, Courant Institute of Mathematical Sciences, New York University, June 1975

Suciu, D.: Fixpoints and bounded fixpoints for complex objects. Technical report MS-
CIS-93-32, University of Pennsylvania (1993a)

Suciu, D.: Queries on databases with user-defined functions. Technical report MS-CIS-
93-62, University of Pennsylvania (1993b)

Suzuki, K., Kiselyov, O., Kameyama, Y.: Finally, safely-extensible and efficient
language-integrated query. In: Partial Evaluation and Program Manipulation (2016)

Trinder, P.: Comprehensions: a query notation for DBPLs. In: Database Programming
Languages (1991)

Trinder, P., Wadler, P.: Improving list comprehension database queries. In: TENCON
1989: Fourth IEEE Region 10 International Conference. IEEE (1989)

Uustalu, T.: A divertimento on MonadPlus and nondeterminism. J. Logical Algebr.
Methods Program (2015, to appear). Special issue in honour of José Nuno Oliveira’s
60th birthday. Extended abstract in HOpPE

Wadler, P.: Notes on monads and ringads. Internal Document, CS Department,
University of Glasgow, September 1990

Wadler, P.: Comprehending monads. Math. Struct. Comput. Sci. 2, 461-493 (1992a)

Wadler, P.: Monads for functional programming. In: Broy, M. (ed.) Marktoberdorf
Summer School on Program Design Calculi. NATO ASI Series F: Computer and
Systems Sciences, vol. 118. Springer, Heidelberg (1992b). Also In: Jeuring, J., Meijer,
E. (eds.) Advanced Functional Programming. LNCS, vol. 925. Springer (1995)

Wadler, P.: Laws for monads with zero and plus. Post to Haskell Mailing List, May
1997

Wadler, P.: Monads and ringads. Personal communication, August 2011

Wadler, P., Jones, S.P.: Comprehensive comprehensions: comprehensions with ‘order
by’ and ‘group by’. In: Haskell Symposium, pp. 61-72 (2007)

Watt, D., Trinder, P.: Towards a theory of bulk types. FIDE technical report 91/26,
Glasgow University, July 1991

Williams, T.: Map comprehensions, June 2014. http://www.timphilipwilliams.com/
posts/2014-06-05-map-comprehensions.html

Wong, L.: Querying nested collections. Ph.D. thesis, University of Pennsylvania (1994)

Wong, L.: Kleisli, a functional query system. J. Funct. Program. 10(1), 19-56 (2000)


http://www.timphilipwilliams.com/posts/2014-06-05-map-comprehensions.html
http://www.timphilipwilliams.com/posts/2014-06-05-map-comprehensions.html

Dragging Proofs Out of Pictures

Ralf Hinze! ® and Dan Marsden?

! Institute for Computing and Information Sciences (iCIS),
Radboud University, Nijmegen, The Netherlands
ralf@cs.ru.nl
2 Department of Computer Science, University of Oxford, Wolfson Building,
Parks Road, Oxford OX1 3QD, England, UK
daniel .marsden@cs.ox.ac.uk

Abstract. String diagrams provide category theory with a different and
very distinctive visual flavour. We demonstrate that they are an effective
tool for equational reasoning using a variety of examples evolving around
the composition of monads. A deductive approach is followed, discover-
ing necessary concepts as we go along. In particular, we show that the
Yang—-Baxter equation arises naturally when composing three monads.
We are also concerned with the pragmatics of string diagrams. Diagrams
are carefully arranged to provide geometric intution for the proof steps
being followed. We introduce thick wires to distinguish composite func-
tors and suggest a two-dimensional analogue of parenthesis to partition
diagrams.

1 Introduction

Phil has a soft spot for presenting classic results in new clothes, providing a
fresh or unifying view on old material. In this paper we follow his lead. The
old results concern compositions of monads (Beck 1969), including iterated ones
(Cheng 2007). The fresh view is afforded by string diagrams, which provide
category theory with a different and very distinctive visual flavour.

String diagrams have been around since the work of Penrose (1971) and
their use in a categorical setting was formalized in (Joyal and Street 1991).
Despite the tremendous notational advantages they provide, their full potential
for categorical calculations has yet to be realized. They are rarely mentioned in
introductory texts and few research papers make explicit use of them, outside of
certain sub-disciplines such as quantum computation. That’s a shame—it’s like
not using a master’s knife.

As we explore monad composition using string diagrams, we will “discover”
Beck’s distributive laws and the Yang-Baxter equation. These concepts can be
identified visually from the structure of diagrams. To aid this discovery process,
we stress the importance of good diagrammatic choices, introducing “fat” nodes
and edges where needed for emphasis, and a two-dimensional analogue of paren-
theses for partitioning up our diagrams into components.

The rest of the paper is structured as follows. We briefly review monads and
monad maps in Sect.2, taking the opportunity to introduce string diagrams.

© Springer International Publishing Switzerland 2016
S. Lindley et al. (Eds.): Wadler Festschrift, LNCS 9600, pp. 152-168, 2016.
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Sections 3 and 4 investigate Beck’s work on composing monads, dressed in string-
diagrammatic notation. The graphical exploration is continued in Sect. 5, which
studies Cheng’s work on iterated monad composition. Finally, Sect. 6 concludes.
We assume a basic understanding of string diagrams, although we will briefly
refresh some of the basics as we go along.

2 Monads and Monad Maps

Phil is Mr. Monad (Wadler 1992; King and Wadler 1993; Wadler 1990; Peyton
Jones and Wadler 1993), therefore it seems appropriate to start the exploration
of string diagrams with a discussion of monads. There are at least three different
ways to introduce monads (Manes 1976). For our purposes, the so-called monoid
form, which is based on two natural transformations, is most useful.

A monad, also historically referred to as a triple or a standard construction,
consists of an endofunctor M : € — € and natural transformations:

n:ld->M and p:MoM-—->M

Drawn as a string diagram the unit 7 looks a tad like a lollipop whereas the
multiplication p resembles a tuning fork or a champagne cup:

Id M M M M

: u
el - Y
M M M M

A string diagram is a planar graph. An edge in the graph corresponds to a
functor, while a vertex (drawn as a small disc) corresponds to a natural trans-
formation. The unit has no incoming functors and one outgoing functor. Identity
functors are usually omitted from the diagrams. If required for emphasis, we hint
at them using dotted edges. Likewise, the multiplication has two incoming and
one outgoing functor. Edges can be arbitrary curves, as shown on the right, with
the important restriction that they must not have a horizontal tangent.

The operations are required to satisfy unit and associativity axioms:

p- (noM) =M = p - (Mon) (la)
p - (woM) = p - (Mop) (1b)
where (3 - a and Boa respectively denote vertical and horizontal composition of

natural transformations. Written algebraically, these axioms are not particularly
instructive. The equivalent string diagrams are much more revealing;:

M M M M M M M M M
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Equations (2a) and (2b) make plain the idea that monads can be seen as
monoids in an appropriate way, as hinted at by the suggestive names unit and
multiplication for n and p.

Observe that horizontal and vertical composition of natural transformations
correspond to horizontal and vertical composition of diagrams in the obvious way.
We stipulate that the flow is from right to left for horizontal composition foca,
and from top to bottom for vertical composition (- a.

Whenever a new class of structures is introduced, the definition of structure-
preserving maps follows hard on its heels. Monads are no exception, where these
maps are variably called monad morphisms, monad transformers, monad func-
tors, or, indeed, monad maps. We pick the latter term, because it is the shortest.

Given a pair of monads over the same base category, S, T : € — @, a monad
map is a natural transformation 7 : ST that preserves unit and multiplication:

S S S S
n %
T ? T
T T T T

Again the string notation is instructive. If we view monads as monoids, then 7 is a
monoid homomorphism, commuting appropriately with unit and multiplication.

The identity id : T—=T is clearly a monad map, and monad maps compose—
we simply apply the coherence conditions twice, sliding the monad maps up, one
after the other:

nf—fa =
R, 3 7 3
MR
T 1T 7T
R R R R
%

S S
S M
T T

This entails that monads over some fixed category and monad maps between
them form a category themselves.
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Table 1. Properties of distributive laws.

T T TS S TS S
n
nw
= (4a) = 6 8 (4p)
1) In §
S T S T S T S T
S S T TS T TS
n
nw
_ (4c) = ¢ 8§ (4d)
6 In 5
S T S T S T S T

3 Composing Monads

Suppose we wish to form the composite of monads S and T. To figure out the
definitions of the unit and multiplication, we draw the obvious string diagrams:

M M S T S T
A :w
I I
M ST M S T

The definition of the unit for M = SoT works out nicely. For the multiplica-
tion, we observe that we have to cross the S and T wires, requiring a natural
transformation d : ToS—SoT, commonly referred to as a distributive law (Beck
1969).

Note that we draw “fat wires” for the edges corresponding to the functor M
simply to emphasise that is it a composite. As M is unfolded into SoT, each of
the wires on the left-hand sides is expanded into a corresponding pair of wires
on the right-hand sides.

Of course, not any old natural transformation § will do. Let’s try to prove
the monad properties for the composite M and see what’s needed. We begin by
tackling the left unit law, the first equation of (2a):
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e
Mé) S T
o
n = n !
w) £ po )OO\ p
<
-
M S T
——
)
5 T - S T M
g g —
2 R §
5 e =
s_‘ _ =
-~ - S T M

The goal is to invoke the left unit law for the constituent monads. In the third
step, it therefore seems natural to “drag” the unit of T across the S edge. For
reference, we record the requirement in Table 1. The right unit law, the second
Eq. of (2a), follows symmetrically, leading to a symmetric requirement (4c).

In the proof above, as a first step after unfolding the definitions, we redraw the
diagram to suggest a possible axiom to be applied. We take a similar approach
in the proof of associativity:

M MM S TS TS T S T S TST
n
=
-2

K g

=

—
—~—
+
=]
Q
g
o
=
=
o
Q
-
—~—

S T S T

By assuming we can “drag” the multiplication of T across the S wire (4b), we
have transformed our original diagram into a symmetrical position. Assuming a
symmetric axiom (4d), we can then transform the right-hand side of the asso-
ciativity law to the same position completing our proof. Quite pleasingly, by
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attempting the proof we have discovered the defining properties of distributive
laws, see Table 1.

A composite monad SoT is most useful if we are able to embed the base
monads S and T into it. It turns out that the “one-sided” units Son : S — SoT
and noT : T = SoT are suitable monad maps. For Son we have to show:

S S
n
2 o
S T S T S T

The diagrams are instances of (3a) and (3b). For emphasis, we have divided them
into parts, to aid identifying the key components, the monad map and the monad
operations. The white lines can be seen as the two-dimensional counterpart of
parentheses: Eq. (5a) corresponds to (Son) - (n) = (non) and (5b) corresponds
to (Som) - (1) = (pop - SodoT) - (Som)o(Son).

Now, the proof that Son preserves the unit (5b) is void; the proof that it
preserves multiplication (5b) essentially uses the fact that the distributive law
preserves the unit (4a):

rhs E lhs
of qug of
(5b) - (5b)

A symmetric argument establishes that noT is a monad map.

4 Compatible Compositions

An interesting question is whether every monad of the form (SoT,non, u) arises
via a distributive law. In other words, can we reconstruct a distributive law from
the data? Now, from a given composite multiplication we can extract a candidate
law by placing a lollipop on its left- and rightmost arms. Exploring this space a
bit more, we observe that there are (3) = 6 ways to place two lollipops on four
arms—it is useful to investigate all of them:
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SoT T T T S S T S S  SoT
nn nom U] U] nom no|n nmn
I I I p p I

SoT SoT SoT SoT SoT SoT
I I I Il I Il
SoT T T T S SoT S S SoT
[ 4 p
e 7
SoT ST S T SoT ST SoT
left unit noT monad extract middle Son monad  right unit
SoT map distr. law  unitary law map SoT
(6a) (6b) (6¢) (6d)

The diagrams now feature both thick composite wires, and their thinner com-
ponent wires when we need to access the individual threads. The composite
multiplication is depicted by a fat vertex, to provide room for plugging in paral-
lel wires. Hopefully, these twists will improve the readability of the forthcoming
diagrams.

All of the equalities with the notable exception of the fourth one, the so-
called middle unitary law (6¢), have a familiar reading. If the composite monad
is constructed using a distributive law, then these equations are indeed satisfied.
Perhaps surprisingly, the converse is also true: a composite monad that satisfies
all of these is given by a distributive law! To introduce some terminology: the
composition SoT is called compatible with S and T if

— SoT is a monad with unit n = non;
— the one-sided units Son : S SoT «~ T : noT are monad maps; and
— the middle unitary law (6¢) holds.

Distributive laws and compatible compositions are in one-to-one correspondence.
We have already noted that a composite monad given by a distributive law is
compatible. For the other direction we need to work a bit harder:

As a first warm-up, we relate the multiplication of the composite monad to
the multiplications of the base monads, generalizing (6d) and (6a):

S SoT S ST

SoT T ST T
n n
I = 1% (7a) K = H (7b)
SoT ST

SoT ST
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The proof of (7a) makes essential use of the middle unitary law (6c):
S S T S S T S S T
lhs
of
(7a)

SoT SoT

The middle unitary law is first used to create a nested composite multiplica-
tion. After reassociating the multiplication, we can then apply the monad map
axiom (6d), which (7a) generalizes. A second application of the middle unitary
law drives the proof home.

As a second warm-up, we establish pseudo-associative laws, which allow us
to reassociate a nesting of a composite fork and a base fork:

STSoT SoT SoT SoTST T SoT SoT T

R R R

The proof of left pseudo-associativity (8a) combines the previous auxiliary
result (7a) and associativity (2b):

S SoT SoT S SoT SoT
~ n ) ~~
lhs E o g n I /[é? rhs
of E f Ly S o
(8a) - — (8a)
SoT SoT

The “proof strategy” is similar to the previous one: we work towards a situation
where associativity for the composite multiplication can be invoked.

We are now in a position to prove the first main result: the natural trans-
formation defined by (6b) is a distributive law. We content ourselves with prov-
ing (4a) and (4b), as the remaining properties, (4c) and (4d), follow dually.
Instantiating the equations to the natural transformation at hand (highlighted
below for clarity) we have the following proof obligations:
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T T
n ¢ .
S S n
S n n
S
T T T

The first property follows immediately from the unit law for SoT. For the second
property we reason:

TT S
n n
ol
.
.
rhs CE@ n =
= o0
of ¢ 7 =
9) - M
ST
TT S T TS T TS .
~ n noo~ 0 n -~ % .
= H = H = 1% 2
- - - =)
SoT SoT SoT

Finally, for the round trip—distributive laws and compatible monads are in
one-to-one correspondence—we have to show:

T S S T S T SoT SoT

= /o (10)

S T S T SoT
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The first equation is an immediate consequence of the unit laws (2a); the proof
of the second equation is a one-liner:

SoT

=

x
lhs e rhs
of © of
(10) & (10)

In the first step we apply the two pseudo-associative laws (8a) and (8b) in
parallel. This moves the forks upwards, where they meet their lollipops, only to
dissolve collectively into thin air.

5 Iterated Distributive Laws

Using a distributive law we can form the composite of two monads. Does the
construction also work for three or more monads over the same category? The
answer due to Cheng (2007) is an enthusiastic ‘yes, but ...”. So let’s see what’s
involved. To form the composite of Ty, Ty, and T3, using Beck’s result, we either
need a distributive law that distributes the composite To0T3 over Ty, or a law
that distributes T3 over the composite T10T5. Assuming the existence of laws

531 . T30T1 - T10T3 521 . T20T1 - T10T2 532 . T30T2 - T20T3

suitable candidates are:

(T2T3) T,y T3(TiT2)
_  bu ro_ 032
5 (531 (113,) 6 631 (11b)
T (TZTS) (T1T2) T3

The candidates § and §’ are formed by joining two of the given laws. Unfortu-
nately, distributive laws are not closed under this form of composition (simply
because monads do not compose in general), so we have to actually verify the
coherence conditions. However, if the candidates satisfy the requirements, then
the resulting monads are the same, regardless of the bracketing. Clearly, the
underlying functors, (T10T2)oTs and Ty0(T20T3), and the units, (n10m3)ons
and np0(n20m3), are identical; to see that the multiplications do not depend on
the bracketing, we construct the corresponding string diagrams:
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T1(T2Ts) T,(T2T3)

T (T2 T3) (T1  To) Ts

Returning to the coherence requirements of the composite laws, the candidate
law 0 (11a) satisfies (4a) and (4b). This can be seen most easily if we redraw the
diagrams:

T3 T,

032
T T
T, ? ? T3

621

To show the unit axiom (4a), we drag the unit of Ty twice, first across the
functor T3 and then a second time across the functor Ty. We proceed in an
analogous fashion to establish the multiplication axiom (4b), dragging the fork
twice. Thus, it remains to show that J satisfies the dual axioms, (4c) and (4d).
Dually, the candidate law &’ (11b) satisfies the latter, but not in general the
former axioms. See redrawing on the right above.

We concentrate on the left candidate; a dual argument establishes the require-
ments for the right one. We need to prove that § preserves unit (4c) and multi-
plication (4d) of the composite monad Ty0Ts:

/ T
= T 77T T77 (12a)

ToT3

Ty T3 To T3

(12b)

The first equation follows from the fact that the constituent laws do; and 31
preserve the units (4c); for the second equation we reason:
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To T3 Tp T3

Il { redraw, see below }

I { Yang-Baxter (13) }

To Ts

The second and the fourth step are redrawings employing the topological freedom
inherent in the notation. The central step is the third one where we drag the
distributive law d32 across the diagonal line, shown below in detail:

T3 T, T3 To -
1
031 5o1
T = T (13)
021 831
T,
Ty T3 Ty T3

We have discovered the so-called Yang—Baxter equation, which relates three dis-
tributive laws. The left- and the right-hand side are related by a rotation of 180°.
This entails that the order of do; and d37 is reversed as we drag d3o down.

Up to now we have added redrawing operations for clarity, to emphasize
the moves being made. This is one of the exceptional cases where such a move
is actually necessary. Consider the second step. If we hadn’t lifted the right-
most distributive law d31, then we wouldn’t be able to execute the subsequent
“dragging” step, as this step would cause the last edge of the diagonal to have
a horizontal tangent.! (The second redrawing is then a cosmetic one.)

! String diagrams that are equivalent up to planar isotopy denote the same natural
transformation. A planar isotopy is a continuous deformation of a plane diagram that
preserves cusps, crossings, and the property of having no horizontal tangents (Joyal
and Street 1991).
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For the right candidate ¢’ (11b) we obtain vertically reflected diagrams, which
are, however, semantically equivalent—the diagram on the left (right) below
denotes the same natural transformation as the diagram on the right (left) above.

T, Ty T T, T,
3
632 bs1
o, -
b31 &
-
T, T, ° T, T,

A more neutral depiction places the laws on the corners of equilateral triangles:

T T
Ts | T
032 021
Ty T3
LER
621 632
T T3
To To
The diagrams above suggest an alternative reading of Yang—Baxter: the condi-
tion allows us to exchange the laws d97 and d32. Note that Ty is the vertical
edge; T3 travels from left to right; and T in the opposite direction. The laws
that swap adjacent indices, do1 and 030, are either on the top or at the bottom;
the third law 37 is bound to be in between.
As an amusing aside, note that both composites “sort” the monads:
TgoT40T; is transmogrified to TioTo0T3. And indeed, the two arrangements

correspond to the two ways of constructing an odd-even transposition network
(Knuth 1998) for three inputs:

3 21 3 21

A transposition network is a special comparator network where comparators
only connect adjacent wires. Such a network is a sorting network if and only if it
sorts the decreasing sequence n,n —1,...,2, 1, a remarkable property that links
odd-even transposition networks to Yang—Baxter.

As a short intermediate summary, we can compose three monads if the three
distributive laws for the constituent monads satisfy Yang-Baxter (13).

Now, let’s become more ambituous and consider compositions of n monads:
T1, ..., T,. It is instructive to visualize the multiplication of the composite
monad for some small n, say, 6 first (ignore the diagram on the right):
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TiToTgTaTsTeT1ToTsTaTsTe TiToTgTaTsTeT1ToTsTaTsTe
| H2 ¥ [

3 ¥l
Ty To T3 T4 Ts Ts Ty To T3 T4 Ts Tg

The left diagram has a very regular structure, consisting of two key parts. Firstly,
an “interchanging network”, the triangle of Js that pairwise swaps the positions
of the functors, sending Tio---0TgoT0---0Tg to TyoTj0---0TgoTg. Secondly,
a “merging network”, the bottom row of us that combine adjacent matching
pairs of wires, taking the reorganized sequence to the composite Tio---0Tg.
The triangle consists of no less than 15 distributive laws. In general, we need
0ji : T;0T;—=T;oT; for n > j>1 > 1. Perhaps unsurprisingly, the total number of
required laws is given by the triangular numbers: () = % (n — 1)n. The network
above contains as sub-diagrams the multiplications for all “sub-composite mon-
ads”, i.e. compositions of contiguous subsequences of Ty, ..., Tg. The diagram
on the right above provides an example. The sub-diagram of labelled vertices is
the multiplication of TooTg0Ty4. In fact, each distributive law serves as the root of
a sub-diagram: d;; spans the multiplication of the composite monad T;o---oTj;.

Of course, the distributive laws have to go together—they must satisfy suit-
able instances of Yang-Baxter (13). To see which instances are needed, it is
again useful to visualize the proof for some small n. Continuing our running
example, we have to show that we can distribute Tqo---0Tg over T i.e. that
the composite distributive law respects the multiplication of Too---0Tg.

ToT3TyTsTeTaT3T4T5Ts
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The bottom diagonal line amounts to the composite law, the horizontal com-
position of da1, ..., dg1. The proof involves moving the diagonal upwards, first
across the multiplications and then across the triangle of distributive laws. The
first move is justified as the d;; are distributive laws which preserve multiplica-
tions (4b). The other moves require instances of Yang—Baxter, in fact, a triangu-
lar number of instances: d;, O, and dx; for i =1 and 6 > k> j > 2. Analogous
proofs are needed to show that we can distribute Tgo---0Tg over Ty, T40---0Tg
over T3, and TsoTg over T4. In general, we require that d;;, dg;, and dy; satisfy
the Yang—Baxter equation for n > k> j >1i > 1:

Ty Ty Ty Ty

The total number of proof obligations is therefore given by the sum of the tri-

angular numbers, the so-called tetrahedral numbers: () = ¢(n —2)(n — 1)n.

6 Conclusion

We have explored various aspects of composing monads using string diagrams.
Although not emphasized in the paper, but see (Marsden 2014) and (Hinze
and Marsden 2015), this notation silently handles trivial bookkeeping steps such
associativity, identity laws, functoriality, and naturality, allowing us to focus on
the essentials of our proofs. In order to highlight key proof steps, we enthusias-
tically exploited the visual nature of the notation, and the topological freedom
it affords. Many diagrams were drawn so that proof steps have intuitive inter-
pretations such as sliding or dragging components within them. We have also
addressed the pragmatics of string diagrams, adding new bells and whistles to
the graphical notation. Fat wires were introduced to distinguish composite func-
tors within our diagrams, and large vertices provided space to clearly insert
parallel wires where required. We also introduced a two-dimensional analogue of
parentheses by partitioning diagrams into regions using white lines.

Traditional mathematics follows a rhythm of “definition, theorem, proof, def-
inition, theorem, proof”. In this paper we adopted a different approach. We
typically began with an equation we wished to prove. We then optimistically
attempted a proof, and our graphical notation allowed us to see the missing
properties that were required to complete it. These properties were then incor-
porated into our definitions. In this way, we rediscovered Beck’s distributive
laws for composing monads, and the axioms they are required to satisfy. We also
identified the significance of the Yang-Baxter equation in iterating composition
of monads, in a straightforward visual manner.
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As we have been working within a single fixed category, our diagrams have
been “monochrome”, with all regions the same colour. In fact string diagrams can
be extended to support coloured regions, so we can work with multiple categories
within our proofs. This extension also allows us to work with ordinary objects
and arrows, and in fact we can conduct a large part of elementary category
theory within this setting. Detailed discussion of these colourful diagrams can
be found in the recent papers (Marsden 2014) and (Hinze and Marsden 2015).

String diagrams are not the only two-dimensional notation for categories,
functors, and natural transformations. Their Poincaré dual, so-called pasting
schemes, seem to be in wider use. When the first author presented string dia-
grams at a recent IFIP WG 2.8 meeting (June 2015), Phil initially wasn’t very
convinced of their advantages. Overnight he worked out the properties using the
more traditional pasting schemes only to discover that they don’t provide any
geometric intuition at all. Hopefully the present paper fully convinces you of the
virtues of string diagrams, Phil.

Acknowledgements. The authors are very grateful to Tarmo Uustalu for bringing
compatible compositions and iterated distributive laws to their attention. We would
also like to thank the two anonymous reviewers for their helpful comments and feed-
back. This work has been partially funded by EPSRC grant numbers EP/J010995/1,
EP/103808X/1 and AFSOR grant “Algorithmic and Logical Aspects when Composing
Meanings”. The main part of the work was done while the first author was affiliated
with the University of Oxford.

References

Beck, J.: Distributive laws. In: Appelgate, H., et al. (eds.) Seminar on Triples and
Categorical Homotopy Theory. Lecture Notes in Mathematics, vol. 80, pp. 119-140.
Springer, Heidelberg (1969)

Cheng, E.: Tterated distributive laws. ArXiv e-prints, October 2007

Hinze, R., Marsden, D.: Equational reasoning with lollipops, forks, cups, caps, snakes,
and speedometers. José Oliveira Festschrift (2015, to appear)

Joyal, A., Street, R.: Geometry of tensor calculus I. Adv. Math. 88, 55-113 (1991)

King, D.J., Wadler, P.: Combining monads. In: Launchbury, J., Sansom, P. (eds.)
Proceedings of the 1992 Glasgow Workshop on Functional Programming. Workshops
in Computing, pp. 134-143. Springer, Berlin/Heidelberg (1993)

Knuth, D.E.: The Art of Computer Programming. Sorting and Searching, vol. 3, 2nd
edn. Addison-Wesley Publishing Company, Reading (1998)

Manes, E.G.: Algebraic Theories. Springer, Heidelberg (1976)

Marsden, D.: Category theory using string diagrams (2014). arXiv preprint
arXiv:1401.7220

Penrose, R.: Applications of negative dimensional tensors. In: Welsh, D.J.A. (ed.)
Combinatorial Mathematics and its Applications, pp. 221-244. Academic Press,
New York (1971)

Peyton Jones, S.L., Wadler, P.: Imperative functional programming. In: Proceedings
of the 20th Annual ACM Symposium on Principles of Programming Languages,
pp. 71-84, Charleston, South Carolina, January 1993


http://arxiv.org/abs/1401.7220

168 R. Hinze and D. Marsden

Wadler, P.: Comprehending monads. In: Proceedings of the 1990 ACM Conference on
LISP and Functional Programming, Nice, pp. 61-78. ACM Press, June 1990

Wadler, P.: The essence of functional programming. In: Proceedings of the 19th Annual
ACM Symposium on Principles of Programming Languages, Sante Fe, New Mexico,
pp. 1-14, January 1992



Experiences with QuickCheck:
Testing the Hard Stuff and Staying Sane

John Hughes"2(®)

! Chalmers University, Géthenburg, Sweden
rjmhQ@chalmers.se
2 Quviq AB, Go6thenburg, Sweden

Abstract. This is not a typical scientific paper. It does not present a
new method, with careful experiments to evaluate it, and detailed refer-
ences to related work. Rather, it recounts some of my experiences over
the last 15 years, working with QuickCheck, and its purpose is as much
to entertain as to inform.

QuickCheck is a random testing tool that Koen Claessen and I
invented, which has since become the testing tool of choice in the Haskell
community. In 2006 I co-founded Quviq, to develop and market an Erlang
version, which we have since applied for a wide variety of customers,
encountering many fascinating testing problems as a result.

This paper introduces Quviq QuickCheck, and in particular the exten-
sions made for testing stateful code, via a toy example in C. It goes on
to describe the largest QuickCheck project to date, which developed
acceptance tests for AUTOSAR C code on behalf of Volvo Cars. Finally
it explains a race detection method that nailed a notorious bug plagu-
ing Klarna, northern Europe’s market leader in invoicing systems for
e-commerce. Together, these examples give a reasonable overview of the
way QuickCheck has been used in industrial practice.

1 Introduction

Here’s an interesting little experiment. Try asking a room full of software devel-
opers, “who really, really loves testing?” Very, very few will raise their hands. For
whatever reason, most developers see testing as more of a chore than a pleasure;
few go to work in the morning raring to write some test cases. And yet, testing
is a vital part of software development! Why should it be so unpopular?

To understand why, imagine writing a suite of unit tests for software with,
say, n different features. Probably you will write 3—4 test cases per feature. This
is perfectly manageable—it’s a linear amount of work. But, we all know you will
not find all of your bugs that way, because some bugs can only be triggered by a
pair of features interacting. Now, you could go on to write test cases for every pair
of features—Dbut this is a quadratic amount of work, which is much less appealing.
And even if you do so, you will still not find all of your bugs—some bugs only
appear when three features interact! Testing for all of these would involve O(n?)
work, which is starting to sound very unappealing indeed—and this is before we

© Springer International Publishing Switzerland 2016
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even start to consider race conditions, which by definition involve at least two
features interacting, and even worse, only manifest themselves occasionally even
in test cases that can provoke them in principle!

This is the fundamental problem with testing—you can never be “done”. No
wonder it’s not so popular. What is the answer to this conundrum? Simply this:

DON’T WRITE TESTS!

But of course, we can’t just deliver untested code to users. So the message is
actually more nuanced: don’t write tests—generate them!

This is how I have spent much of my time in recent years, working with a test
case generator called QuickCheck. QuickCheck was first developed in Haskell
by Koen Claessen and myself (Claessen and Hughes 2000), and has become
the testing tool of choice among Haskell developers. The idea has been widely
emulated—Wikipedia now lists no fewer than 35 reimplementations of the basic
idea, for languages ranging from C to Swift. Thomas Arts and I founded a
company, Quviq, to market an Erlang version in 2006 (Hughes 2007), and since
then we have made many extensions, and had great fun finding bugs for Ericsson
(Arts et al. 2006), Volvo Cars (Arts et al. 2015), and many others. In this paper I
will sketch what Quviq QuickCheck does, and tell a few stories of its applications
over the years.

#include <stdlib.h> X .
void put (Queue *q, int n)

{ q -> buflq -> inp]l = n;
q -> inp = (q -> inp + 1)
% q -> size; }

typedef struct queue
{ int *buf;
int inp, outp, size;

} Queue; int get (Queue *q)

{ int ans = q -> bufl[q -> outp];
-> outp = (q -> outp + 1)
% q -> size;

Queue *new(int n)
{ int *buff = 1
malloc (n*sizeof (int));
Queue q = {buff,0,0,n};
Queue *qptr =
malloc (sizeof (Queue));
*qptr = q;
return qptr; 1}

return ans; }

int size(Queue *q)
{ return (q->inp - gq->outp)
% q -> size; }

Fig. 1. A queue ADT, implemented as a circular buffer in C.

2 A Simple Example

Let us begin with a simple example: a queue, implemented as a circular buffer,
in C. The code appears in Fig. 1. It declares a struct to represent queues, con-
taining a pointer to a buffer area holding integers, the indices in the buffer where
the next value should be inserted respectively removed, and the total size of the
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buffer. The new function, which creates a queue of size n, allocates memory for
the struct and the buffer, initializes the struct, and returns a pointer to it. get
and put read and write the buffer respectively at the appropriate index, incre-
menting the index afterwards modulo the size. Finally, size returns the number
of elements currently in the queue, by taking the difference of the input and
the output indices, modulo the size. The code is straightforward, and obviously
correct—it’s just a simple example to give us something to test.

Quviq QuickCheck provides a mechanism for testing C code directly from
Erlang. In the Erlang shell, we can call

1> eqc_c:start(q).

which compiles q.c (containing the code from Fig. 1), and makes the functions
in it callable from Erlang. This is done by parsing the C code to extract the
types and functions it contains, generating a server that calls the C functions on
demand, generating client code in Erlang that passes a function and arguments
to the server and collects the result, and then running the server in a separate
OS process so that buggy C code cannot interfere with the OS process running
QuickCheck. The result is a safe test environment for C functions that might
behave arbitrarily badly.

We can now perform simple tests to verify that the code is working as it
should:

2> Q = q:new(5). 4> q:put(Q,2). 6> q:get(Q).
{ptr,"Queue" ,6696712} ok 1
3> q:put(Q,1). 5> q:size(Q). 7> q:get(Q).
ok 2 2

We create a queue with space for 5 elements, binding the pointer returned to Q.
Then we put 1 and 2 into the queue, test size, and take the elements out of the
queue again. All the results are as expected. We can even continue the test:

8> q:get(Q). 10> q:get (Q).

100663302 6696824 12> q:get(Q).
9> q:get(Q). 11> q:get(Q). 2

27452 1

which returns the contents of uninitialized memory, as expected, until we reach
the values 1 and 2 again. We really are running C code, which is just as unsafe as
ever, and the queue implementation does not—and is not intended to—perform
any error checking. If you abuse it by removing elements from an empty queue,
you will get exactly what you deserve.

Testing with QuickCheck. Like much of the code Quviq works with, this
example is stateful. We test stateful systems by generating sequences of calls
to the API under test, just like the test cases that developers write by hand.
But we also model the state of the system abstractly, and define model state
transitions for each operation in the API. Using these state transition functions,
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Fig. 2. Adjudging a test based on a state machine model.

6-6-0-6-0
1111
0-0-0-0-0

Fig. 3. A sample test case for the queue.

we compute the model state at every point in a test. We define postconditions for
each API call, relating the actual result of the call to the model state—see Fig. 2.
A test passes if all postconditions hold. While the code we test can be in any
programming language (such as C), the model—the state transition functions,
postconditions, etc.—is defined in Erlang.

In this case, we might model the state of the queue by a list of the integers
that should be in it; with this model, a sample test case might appear as in Fig. 3.
Here we start with an empty queue (modelled by the empty list [1), each put
operation appends an element to the model state, each get operation removes
an element from the state, and get’s postcondition checks that the actual result
(in red) was the first element of the model state before the call.

We will not present all the code of the model here, but to give its flavour, we
present the specification of get:

get_pre(S) -> S#state.ptr /= undefined andalso
S#state.contents /= [].

get_next (S, _Value, _Args) ->
S#state{contents=tl1(S#state.contents)}.

get_post (S, _Args,Res) -> eq(Res,hd(S#state.contents)).

Here the model state S is actually an Erlang record (state) with fields ptr
(pointer to the queue), contents (expected list of elements), and size (max-
imum size). get_pre is the precondition: get may only be called if the ptr is
defined (i.e. new has been called), and the queue is non-empty. get_next is the
state transition function: it replaces the list of elements in the model state by its
tail. get_post is the postcondition, which checks that the actual result of get,



Experiences with QuickCheck: Testing the Hard Stuff and Staying Sane 173

Res, is equal to the first element of the expected contents. QuickCheck recognises
these functions by virtue of their names (get followed by a particular suffix),
and uses them to generate and run random tests. The property tested is: if all
operation preconditions hold during a test run, then so do the postconditions.
Tests are run by invoking QuickCheck from the Erlang shell, giving this
property as a parameter. In this case, the tests fail almost immediately:

18> eqc:quickcheck(q_eqc:prop_q()).
....Failed! After 5 tests.
[{set,{var,1},{call,q,new, [1]13}},
{set,{var,2},{call,q,put, [{var,1},11}},
...10 lines of output elided...

g:new (1) -> {ptr,"Queue", 4003800}
q:put ({ptr,"Queue", 4003800}, 1) -> ok
q:get ({ptr,"Queue", 4003800}) -> 1
q:put ({ptr,"Queue", 4003800}, -1) -> ok
q:put ({ptr,"Queue", 4003800}, -1) -> ok
q:put ({ptr,"Queue", 4003800}, 0) -> ok
q:get ({ptr,"Queue", 4003800}) -> 0
Reason: Post-condition failed: 0 /= -1

After four successful tests (represented by a ‘.’ in the output), QuickCheck
generated a failing example, which appears next in a symbolic form—but in this
paper, we focus on the pretty-printed results that follow it (beginning with the
line q:new(1) ->...). These show the calls made and results returned—and
clearly, something is wrong, because the postcondition of the last call failed. 0,
the actual result of the call, was not equal to —1, the expected value.

Like most randomly generated failing tests, this one contains irrelevant calls
as well as those few that actually provoked the failure. So QuickCheck then
shrinks the test case to a simpler one, searching for the smallest similar test that
also fails. In this case,the output continues:

Shrinking xxxX..XX.XxX.xxxx.xxx(5 times)
[{set,{var,1},{call,q,new, [1]3}},

{set ,{var,2},{call,q,put, [{var,1},1]1}},
{set ,{var,3},{call,q,put, [{var,1},013}},
{set,{var,4},{call,q,get, [{var,1}13}}]

g:new (1) -> {ptr,"Queue", 4009248}
q:put ({ptr,"Queue", 4009248}, 1) -> ok
q:put ({ptr,"Queue", 4009248}, 0) -> ok
q:get ({ptr,"Queue", 4009248}) -> 0
Reason: Post-condition failed: 0 /= 1

During shrinking, each ‘.’ represents a smaller test that also failed—progress
towards the minimal failing test—while ‘x’ represents a smaller test that passed.
Shrinking not only removes unnecessary calls from the test case, but also simpli-
fies arguments where possible—in particular, —1 no longer appears in the test.
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While randomly generated failing tests vary widely, the result after shrinking
is very consistent—always either the test case above, or this very similar one:

g:new (1) -> {ptr,"Queue", 4027504}
q:put ({ptr,"Queue", 4027504}, 0) -> ok
q:put ({ptr,"Queue", 4027504}, 1) -> ok
qg:get ({ptr,"Queue", 40275043}) -> 1
Reason: Post-condition failed: 1 /= 0

Debugging the Model. But why does the test above fail? Inspecting the
results, we see that first we create a queue with space for one element, then we
put a 0 into it, then we put a 1 into it—and at this point, the queue should
contain [0, 1]—then finally we get the first element, which should be 0, but was
actually 1! Clearly this is wrong!

But why did the C code return 17 Tracing through the example, we see
that we allocated a buffer large enough to hold one integer, and then put two
integers into it! Since we implemented a circular buffer, then the second value (1)
overwrites the first (0). This is why get returns 1—the data has been corrupted
by putting too many elements into the queue.

This really is a minimal test case for this error: not only must we perform two
puts and a get, but we must put two different values—otherwise we overwrite a
value with an equal one, and the error is not detectable. This is why the values
put are 0 and 1—one of them is arbitrary, so can shrink to 0, while the other
must be different. The simplest value different from 0 is 1, so this is the value we
see. In retrospect, it was very informative that we did not see two zeroes—this
told us immediately that if we were to put two zeroes, then the test would pass.

So where is the error? Recall that the code is not intended to behave sensibly
when abused—and putting two elements into a queue of size one is surely abuse.
Arguably, there is nothing wrong with the code—this is a bad test. This means
that the fault is not in the implementation, but in the model. Inspecting the
precondition of put in the model we have been using so far, we find

put_pre(S) -> S#state.ptr /= undefined.

This allows tests to call put at any time, as long as the queue pointer is defined.
We should of course only allow calls of put if the queue is not already full:

put_pre(S) -> S#state.ptr /= undefined andalso
length (S#state.contents) < S#state.size.

With this change to the precondition, we can repeat the last failed test, and see

q:new (1) -> {ptr,"Queue", 4027648}

q:put ({ptr,"Queue", 4027648}, 0) -> ok

q:put ({ptr,"Queue", 4027648}, 1) -> !!! precondition_failed
Reason: precondition_failed

It still fails, but at an earlier point and for a different reason—the second call to
put can no longer be made, because its precondition is not satisfied.
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Random tests now pass, and we see satisfying output from QuickCheck:

28> eqc:quickcheck(g_eqc:prop_q()).

0K, passed 100 tests
53.5% {q,put,2}
40.2% {q,get,1%}
6.3% {q,new,1}

We usually collect statistics as tests are run; in this case we collect the names
of the functions called ({q,new,1} represents q:new/1, the new function with 1
argument in module g, and so on). Over 50 % of the calls tested were to put,
around 40 % were to get—which is not so surprising, since given our precondi-
tions, we cannot call get unless there is a corresponding call to put. However,
these statistics reveal that we have not tested the size function at all! There is
a simple reason for this—for simplicity, we omitted it from the model.

Debugging the Code. It is easy to model the behaviour of size as well, but
with this extension to the model, tests fail immediately. The shrunk example is
this:

g:new (1) -> {ptr,"Queue", 4033488}
q:put ({ptr,"Queue", 4033488}, 0) -> ok
q:size ({ptr,"Queue", 4033488}) -> 0
Reason: Post-condition failed: 0 /= 1

We create a queue with room for one element, put an element into it, then ask
how many there are—which of course should be 1, but size returns 0! This time
the model is not at fault—the C code is simply returning the wrong answer.

Using this example we can trace through the code in Fig. 1 to find the prob-
lem. new(1) initializes q->size to 1. size returns

(q->inp - q->outp) % q->size

But g->size is 1, and any value modulo 1 is zero! It follows that size always
returns 0 when the queue size is 1, no matter how many times we call put.
Likewise, put and get increment their respective indices modulo 1, so these
indices are also always zero. Putting an element into the queue does not change
its state—a full queue looks exactly the same as an empty one! This is the real
problem, and it is not limited to queues of size one. If we create a queue of size
n, and put n items into it, then the same thing happens—the input index wraps
around back to zero, and a full queue looks the same as an empty one. Our
representation of queues is inadequate—it cannot distinguish full from empty.

How to fix this? There are several possibilities—we could, for example, add
a boolean to the Queue struct to distinguish full queues, but this would lead to
special cases throughout the code. Much nicer is to modify the new function so
that, when asked to create a queue with space for n elements, we actually create
one with space for n + 1 elements!
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Queue *new(int n)
{ int *buff = malloc((n+1)*sizeof (int));
Queue q = {buff,0,0,n+1};

Queue *gptr = malloc(sizeof (Queue));
*qptr = q;
return qptr;

}

Let this be our secret. Now, the only way for a caller to witness the ‘bug’ is by
putting n+ 1 elements into a queue with room for n—violating the precondition
of put, which means the problem is their fault! We successfully avoid blame, and
can go home happy.

Sure enough, with this change then repeating the last test succeeds:

32> eqc:check(q_eqc:prop_q()).
0K, passed the test.

However, running random tests provokes another failure, which always
shrinks to the same test case:

q:new (1) -> {ptr,"Queue", 5844232}
q:put ({ptr,"Queue", 5844232}, 0) -> ok
q:get ({ptr,"Queue", 5844232}) -> 0
q:put ({ptr,"Queue", 5844232}, 0) -> ok
q:size ({ptr,"Queue", 5844232}) -> -1
Reason: Post-condition failed: -1 /= 1

We create a queue of size one (that’s really two!), and put a zero into it—mnow
it’s full. We get the zero—and now it’s empty, so we can put another zero in.
Now the queue should contain one zero. .. but when we ask the size, then —1 is
returned! This is clearly a bug in the C code—the size should never be negative.

Tracing this example through the code in Fig. 1, we see that we really created
a queue with a g->size of 2, then called put twice, so the input index q->inp
wraps around back to zero. We called get once, so g->outp is 1, and in size,
(g->inp - g->outp) % gq->size computes (-1) % 2—but (—1)mod2 is +1,
as we all learned in school. Or is it? Trying it in Erlang:

34> (-1) rem 2.
-1

In Erlang, at least, rem is not the modulo operator—it computes the remainder
after integer division, rounding towards zero. Since (-1) div 2 is zero, then
(-1) rem 2 must be —1. The same is true in C.

With this in mind, we see that size returns a negative result whenever
q->inp has wrapped around, but g->outp has not—whenever

q->inp - gq->outp

is negative. To fix the bug, we must ensure that this expression is never negative,
and a simple way to do so is to apply abs to it. We modify size as follows,
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int size (Queue *q)
{ return abs(gq->inp - g->outp) % q -> size;

}
and repeat the last test:

36> eqc:check(q_eqc:prop_q()).
0K, passed the test.

Of course it passes, as we would expect.

Now, notice what we did. We found a subtle bug in our implementation. We
created a test case that provoked the bug. We fixed the code, and our test now
passes. All our tests are green! So...we’re done, right?

In practice, many developers would be satisfied at this point. But let us just
run a few more random tests. .. we find they fail immediately!

g:new(2) -> {ptr,"Queue", 6774864}
q:put ({ptr,"Queue", 6774864}, 0) -> ok
q:put ({ptr,"Queue", 6774864}, 0) -> ok
q:get ({ptr,"Queue", 6774864}) -> 0
q:put ({ptr,"Queue", 6774864}, 0) -> ok
q:size ({ptr,"Queue", 6774864}) -> 1

Reason: Post-condition failed: 1 /= 2

What’s going on here? First, we create a queue of size two. Progress! The code
now works—for queues of size one. We put three items into the queue, and remove
one. Now there should be two items in the queue, but size returns 1.

This is actually very similar to the example we just fixed. The queue is size
two (really three!), so calling put three times makes the input index wrap around
back to zero. We called get once, so the output index is one. The correct answer
for size is thus (—1) mod 3, which is 2, but we computed abs(-1) % 2, which
is 1. Taking the absolute value was the wrong thing to do; it worked for the first
test case we considered, but not in general.

A correct implementation must ensure that the operand of % is non-negative,
without changing its value modulo q->size. We can do this by adding q->size
to it, instead of taking the absolute value:

int size (Queue *q)
{ return (gq->inp - q->outp + g->size) % q -> size;

}

When we make this change, then this last failing test—and all the others we can
generate—pass. The code is correct at last.

Lessons from the Queue Example. What can we learn from this? Three
lessons that apply in general:

— The same property can find many different bugs. This is the whole point of
test case generation: one model can provoke a wide variety of bugs.
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— FErrors are often in the model, rather than the code. Calling something a
specification does not make it right! QuickCheck finds discrepancies between
the model and the code; it is up to the developer to decide which is correct.

— Minimal failing test cases make debugging easy. They are often much smaller
than the first failing one found. We think of shrinking as “extracting the
signal from the noise”. Random tests contain a great deal of junk—that is
their purpose! Junk provokes unexpected behaviour and tests scenarios that
the developer would never think of. But tests usually fail because of just a
few features of the test case. Debugging a test that is 90 % irrelevant is a
nightmare; presenting the developer with a test where every part is known to
be relevant to the failure, simplifies the debugging task enormously.

Property-Based Testing. I referred several times above to the “property”
that is being tested, namely that “if all operation preconditions hold during a test
run, then so do the postconditions’. Properties are fundamental to QuickCheck:
indeed, QuickCheck always tests a property, by generating suitable test cases and
checking that the property holds in each case. Properties are often expressed in
terms of a stateful model—as in this section—but this is not always the case, and
even for the same model, the properties tested may differ. Since properties are
fundamental here, we call the general approach “property-based testing’, rather
than “model-based testing” which is a better-established term.

3 The Volvo Project

So far, we only considered a toy example—the reader could be forgiven for
wondering if the method really scales. After all, in this example, the specification
was actually larger than the code! QuickCheck would not be useful if this were
true in general. So, let us summarize the results of the largest QuickCheck project
so far—acceptance testing of AUTOSAR Basic Software for Volvo Cars (Arts
et al. 2015).

Modern cars contain 50-100 processors, and many manufacturers base their
software on the AUTOSAR standard. Among other things, this defines the ‘Basic
Software’, which runs on every processor in the car. It consists of an Ethernet
stack, a CAN-bus stack (the CAN bus, or “Controller Area Network”, is heavily
used in vehicles), a couple of other protocol stacks, a routing component, and a
diagnostics cluster (which records fault codes as you drive). The basic software is
made up of many modules, whose behaviour is specified in detail, but there are a
number of suppliers offering competing implementations. Usually a car integrates
basic software from several different suppliers—which means that if they do not
follow the standard, then there is a risk of system integration problems. It is
not even easy to tell, if two processors cannot talk to each other, which of the
suppliers is at fault!

Volvo Cars wanted to test their suppliers code for conformance with the
standard, and funded Quviq to develop QuickCheck models for this purpose.
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Most errors we found are confidential, but we can describe one involving the
CAN bus stack, which we tested using a mocked hardware bus driver. Now, every
message sent on the CAN bus has a CAN identifier, or message type, which also
serves as the priority of the message—the smaller the CAN identifier, the higher
the priority. QuickCheck found a failing test with the following form:

— Send a message with CAN identifier 1 (and check that the hardware driver
is invoked to put it onto the bus).

— Send a message with CAN identifier 2 (which should not be passed to the
driver yet, because the bus is busy).

— Send a message with CAN identifier 3 (which should also not be sent yet).

Confirm transmission of message 1 by the bus (and check that the driver is

now invoked to send message 2).

Of course, the bug was that the stack sent the message with identifier 3 instead.

This is the smallest test case that can provoke the bug. We must first send a
message, making the bus busy, and then send two more with different priorities,
which are both queued. Then we must release the bus, and observe that the
wrong message is taken from the queue. This is just what the test does.

The source of the bug was this: the original CAN standard allowed only
11 bits for the message identifier, but today 2048 different message types is no
longer enough, so the current standard also allows an ‘extended CAN id’ of 29
bits. Both kinds have the same meaning—in particular, the priority does not
depend on the encoding—but when the stack sends a message, it must know
which format to use. This particular stack stored both kinds of identifier in the
same unsigned integer, but used bit 31 to indicate an extended identifier. In
this test, message number 2 used an extended CAN identifier, while message
number 3 used the original format. Of course, when comparing stored message
identifiers in order to decide which message to send, it is essential to mask off the
top bit...which the developer forgot to do in this case. So the second message
was treated as priority 23! 4+ 2, and was not chosen for sending next.

The actual fault is a tricky mistake in low-level C code—mnevertheless, it can
be provoked with a short sequence of API calls, and we can find this sequence by
generating a random one and shrinking it.

The fault is also potentially serious. Those priorities are there for a reason.
Almost everything in the car can talk on the CAN bus—the brakes, the stereo. . . .
Here’s a tip: don’t adjust the volume during emergency braking!

For this project we read around 3,000 pages of PDFs (the standards doc-
uments). We formalized the specification in 20,000 lines of QuickCheck code.
We used it to test a million lines of C code in total, from 6 different suppliers,
finding more than 200 problems—of which well over 100 were ambiguities or
inconsistencies in the standard itself! In the few cases where we could compare
our test code to traditional test suites (in TTCN3), our code was an order of
magnitude smaller—but tests more.

So, does the method scale? Yes, it scales.
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4 Debugging a Database

The last story (Hughes and Bolinder 2011) begins with a message to the Erlang
mailing list, from Tobbe To6rnqvist at Klarna.

“We know there is a lurking bug somewhere in the dets code. We have
got ‘bad object’ and ‘premature eof’ every other month the last year. We
have not been able to track the bug down since the dets files is repaired
automatically next time it is opened.”

The context: Klarna was a Swedish start-up offering invoicing services to web
shops!. They built their product in Erlang, and stored their data in Mnesia, the
database packaged with the Erlang distribution. Mnesia provides transactions,
distribution, replication, and so on, but needs a back end to actually store the
data. The back end for storage on disk is dets, which stores tuples in files. This
problem piqued my interest—it was quite notorious in the Erlang community,
and sounded as though it might involve a race condition.

To explain how QuickCheck tests for race conditions, let us consider a much
simpler example: a ticket dispenser such as one finds at delicatessen counters,
which issues each customer with a ticket indicating their place in the queue.
We might model such a dispenser in Erlang by two functions, take_ticket ()
and—because the roll of tickets needs to be replaced sometimes—reset().
A simple unit test for these functions might look as follows:

ticket_test () ->
ok = reset(),

1 = take_ticket (),
2 = take_ticket(),
3 = take_ticket (),
ok = reset(),

1 = take_ticket ().

Here we use Erlang pattern matching to compare the result of each call with its
expected value (ok being an atom, a constant, in Erlang—conventionally used
as the result of a function with no interesting result). This test case is typical
of test cases written in industry: we make a sequence of calls, and compare the
results to expected values.

It is easy to create a QuickCheck state machine for testing the dispenser
also. We can model its state as a single integer, which is set to 0 by reset (),
incremented by take_ticket (), and used in the postcondition of take_ticket
to check the result.

However, running sequential tests of the ticket dispenser is not enough: the
whole point of the system is to regulate the flow of many concurrent customers
to one delicatessen counter. If we do not also run parallel tests of the API, then
we are failing to test an essential part of its behaviour.

! They have since grown to well over 1,000 people, serving 8 countries and counting.
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Now, consider one simple parallel test:

reset()
take_ticket () ||take_ticket ()
take_ticket ()

which represents first resetting the dispenser, then ftwo customers taking tickets
in parallel—the left customer taking two tickets, the right customer taking one.
What are the expected results? Well, the left customer might get tickets #1 and
#2, and the right customer ticket #3. Or, the left customer might get tickets
#1 and #3, while the right customer gets ticket #2! But if both customers get
ticket number #1, then the test has failed.

This poses a problem for the traditional way of writing test cases, because we
cannot predict the expected results. In this case, we could in principle compute
all three possibilities (in which the right customer gets ticket number #1, #2 or
#3), and compare the actual results against all three—but this approach does
not scale at all. Consider this only slightly larger test:

reset ()
take_ticket () ||take_ticket()||reset ()
take_ticket () ||take_ticket ()

This test has thirty possible correct outcomes! No developer in their right mind
would try to enumerate all of these—and anyone who tried would surely get at
least one wrong. The only practical way to decide if a test such as this has passed
or failed, is via a property that distinguishes correct from wrong results. Parallel
testing is a ‘killer app’ for property-based testing.

The way that QuickCheck decides whether a test like this has passed is
by searching for any interleaving of the calls which makes their results match
the model. If there is such an interleaving, then the test passes—but if there
is no such interleaving, then it has definitely failed. Here we are using the
same model as we used for sequential testing, to test a different property of
the implementation—mnamely, serializability of the operations.

Testing a buggy version of the dispenser, QuickCheck immediately reports:

Parallel:
1. dispenser:take_ticket() --> 1
2. dispenser:take_ticket() --> 1

Result: no_possible_interleaving

That is, two parallel calls of take_ticket can both return 1—but no sequence of
two calls can return these results. In this case, there is a blatant bug in the code:
take_ticket () reads and then writes a global variable containing the next ticket
number, with no synchronization at all—so no wonder there is a race condition.
But the point is that QuickCheck finds the bug very fast, and shrinks it to this
minimal example very reliably indeed.

Returning to dets, it stores tuples of the form {Key,Val;, Valy...} in a
file, and its API is unsurprising. For example,
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— insert(Table,List) inserts a list of tuples into a table,

— delete(Table,Key) deletes all tuples with the given key from the table, and

— insert_new(Table,List) is like insert, unless one of the keys to be inserted
is already in the table, in which case it is a no-op.

These operations are all guaranteed to be atomic.

A state machine modelling dets is easy to construct—it is almost enough just
to model the table by a list of the tuples that should be in it. My model of the
core of the dets API is less than 100 lines of code—which compares well to the
implementation, over 6,000 lines of code spread over four modules, maintaining
hash tables on the disk, supporting an old format for the files, and so on. Thus,
although dets is quite complex, its intended behaviour is simple.

I first tested the model thoroughly by running tens of thousands of sequen-
tial tests. This ensures that the model and the code are consistent—and it did
turn up a few surprises. There is no point running parallel tests of a system,
if inconsistencies can already be found using sequential tests. (I assumed that
dets behaves correctly in the sequential case—it is mature and well-tested code,
after all—so any inconsistencies indicate a misunderstanding of the intended
behaviour, i.e. a bug in the model).

Once the model was correct, I began to run parallel tests. This only required
writing a few lines of code, because we reuse the same model for sequential and
parallel testing. Almost immediately, a real bug appeared:

Prefix:
open_file(dets_table, [{type,bag}]) --> dets_table
Parallel:
1. insert(dets_table,[]) --> ok
2. insert_new(dets_table,[]) --> ok
Result: no_possible_interleaving

In the sequential prefix of the test, we open the dets file, then in parallel call
insert and insert_new. Both insert an empty list of tuples—so they are both
no-ops—and they both return ok! At first sight this looks reasonable—but the
documentation for insert_new says it should return a boolean! Indeed, in tens of
thousands of sequential tests, insert_new returned true or false every time—
now, suddenly, it returned ok. Strange!

Another run of QuickCheck reported a second bug:

Prefix:
open_file(dets_table, [{type,set}]) --> dets_table
Parallel:
1. insert(dets_table,{0,0}) --> ok
2. insert_new(dets_table ,{0,0}) ...time out...

In this case, both insert and insert_new try to insert the same tuple, which
means that insert_new could succeed or fail. .. but it should not time out, and
we should not see the message

=ERROR REPORT==== 4-0ct-2010::17:08:21 ===
** dets: Bug was found when accessing table dets_table
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At this point I disabled the testing of insert new, which seemed not work
in parallel, and discovered a third bug:

Prefix:

open_file(dets_table, [{type,set}]) --> dets_table
Parallel:
1. open_file(dets_table,[{type,set}]) --> dets_table
2. insert(dets_table ,{0,0}) --> ok

get_contents (dets_table) --> []
Result: no_possible_interleaving

Here we first open the file, and then in parallel open it again, and insert a
tuple, then fetch the entire contents of the table. The test fails because process
2 sees an empty table, even though it just inserted a tuple! It may seem a little
suspicious to open the table twice, but it is not at all—Erlang is designed for
highly concurrent applications, so we expect many processes to be using the table
at the same time, and all of them need to make sure it is open.

I reported these bugs to Hans Bolinder at Ericsson, who was responsible for
the dets code, and next day he sent me a thank you and a fixed version. However,
he thought these were probably not the bugs that were plaguing Klarna, because
the symptoms were different. At Klarna, the file was being corrupted. Hans gave
me one line of code that could check for corruption, and I added it to the test
to check that, after executing a parallel test, the file was not corrupt.

This time it took around 10 min of testing to find a bug:

Prefix:
open_file(dets_table, [{type,bag}]) --> dets_table
close(dets_table) --> ok
open_file(dets_table, [{type,bag}]l) --> dets_table
Parallel:
1. lookup(dets_table,0) --> []
2. insert(dets_table ,{0,0}) --> ok
3. insert(dets_table ,{0,0}) --> ok
Result: ok

First we open, close, and open the file again, and then we do three things in
parallel: a lookup of a key that is not found, and two insertions of the same tuple.
All results are consistent with the model-—but the corruption check encountered
a ‘premature eof’.

This is really the smallest test case that can provoke this error. It was ini-
tially hard to believe that the open—close—open sequence was really necessary. I
manually removed the first open and close, and ran the smaller test case tens of
thousands of times. It passed, every single time. Today I know why: the first call
to open creates the file, while the second call opens an existing file. It’s slightly
different, and dets enters a slightly different state—and that state is key to pro-
voking the bug. Three parallel operations are needed because the first makes
the dets server busy, causing the next two to be queued up, and then (wrongly)
dispatched in parallel by the server, once the first call is complete.
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The final bug was found when preparing a talk on this experience soon after-
wards, while rerunning the tests in order to copy the output onto slides. Again,
after around ten minutes of testing, the following bug was found:

Prefix:
open_file(dets_table, [{type,set}]) --> dets_table
insert (dets_table, [{1,0}]) --> ok
Parallel:
1. lookup(dets_table ,0) --> []
delete (dets_table,1) --> ok
2. open_file(dets_table,[{type,set}]) --> dets_table
Result: ok

We open the file and insert a tuple, then, in parallel, reopen the file, and lookup
a key not in the table, then delete the key that is. All the results are consistent
with the model—but the corruption check encountered a ‘bad object’. Recall the
mailing list message:

“We know there is a lurking bug somewhere in the dets code. We have got
‘bad object’ and ‘premature eof’ every other month the last year.”

So it seemed these might indeed be the Klarna bugs.

In each case, Hans Bolinder returned a fixed version of the code within a day
of receiving the bug report—and at Klarna, where the problem had meanwhile
begun to appear once a week, there has been only one ‘bad object’ error since
the new code went into production...when a reading a file last written before
the new code was installed.

Prior to this work Hans Bolinder had spent six weeks at Klarna hunting for
the bug, and the best theory was that it struck when the file was around 1 GB,
and might be something to do with rehashing. Now we know the bugs could
be provoked with a database with at most one record, using only 5-6 calls to
the API. In each case, given the minimal failing test, it was less than a day’s
work to find and fix the bug. This really demonstrates the enormous value of
shrinking—and shows just how hopeless it is to try to debug this kind of problem
from failures that happen in production, where not only the five or six relevant
things have occurred, but also millions of irrelevant others.

5 In Conclusion

This paper recounts some of our experiences of using an advanced testing tool
in real applications—its purpose is as much to entertain as to inform. Of course,
there is a wealth of other work in the area, that this paper makes no attempt to
cover—RANDOOP (Pacheco et al. 2007), DART (Godefroid et al. 2005), and
their successors would be good starting points for further reading.

I have also just touched the surface of the work that we have done. There was
far more to the Volvo project than could be described here. We needed to develop
a property-based approach to mocking (Svenningsson et al. 2014). We needed
to develop ways to cluster models of individual components into an integrated
model of a subsystem, because AUTOSAR subsystems are typically implemented
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monolithically, but specified as a collection of interacting components. We found
that QuickCheck’s shrinking tended to isolate the same bug in each run—which
is not ideal when generating a test report on a component with several differ-
ent bugs—so we developed methods to direct testing away from already-known
problems towards areas where unknown bugs might still lurk, and report all
the bugs at once. We were asked “does your model cover this test case?”, so we
developed tools to answer such questions—and when the AUTOSAR consortium
released six “official” test cases for the CAN bus stack, we used them to show
that three of these test cases were not covered by the model, because they were
not consistent with the standard (Gerdes et al. 2015). We were asked: “which
requirements have you tested?”, so we developed ways to collect requirements
coverage during testing—leading us to question what testing a requirement even
means (Arts and Hughes 2016).

In other areas, we helped Basho test their no-SQL database, Riak, for the key
property of eventual consistency—and found a bug (now fixed, of course) that
was present, not only in Riak, but in the original Amazon paper (DeCandia et al.
2007) that kicked off the no-SQL trend. Recently we tested Dropbox’s file syn-
chronization service, with some surprising results there too (Hughes et al. 2016).
Both these applications were based in part on the state machine framework
presented here, but added additional properties to express subtle correctness
conditions.

Perhaps the most general lesson from all this experience is that formulat-
ing specifications is hard—and many developers struggle with it. It may often
be easier to give examples of correct behaviour, than to define in general what
correctness means. This should not come as a surprise, since mathematicians
have used examples for centuries—but it does suggest that starting from a spec-
ification may not always be appropriate. Sometimes I am asked: “wouldn’t it
be great if we could just synthesize code from a specification?” It would not:
we would just replace buggy code with buggy specifications. A key insight from
using QuickCheck is that we find bugs by comparing two independent descrip-
tions of the desired behaviour—the implementation, and the specification—and
it is the inconsistencies between the two that reveal errors.

The need for a specification is the real weakness of property-based testing—
not that we use testing, rather than static analysis or proof, to relate specifi-
cations and implementations. Testing works well enough! The real question is:
how can we make specifications more useable, and easier to construct—for real
systems with all their complex behaviours? There is much work to be done
here—perhaps future tools will even help developers construct specifications
from examples.

In any event, there are many fascinating problems waiting to be addressed.
If this paper helps persuade the reader that testing is not a chore that must be
done, but a fascinating research area in its own right, then it will have fulfilled
its purpose.

And don’t forget,

DON’T WRITE TESTS, GENERATE THEM!
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Abstract. In the field of program transformation, one often transforms
programs into continuation-passing style to make their flow of control
explicit, and then immediately removes the resulting continuations using
defunctionalisation to make the programs first-order. In this article, we
show how these two transformations can be fused together into a single
transformation step that cuts out the need to first introduce and then
eliminate continuations. Our approach is calculational, uses standard
equational reasoning techniques, and is widely applicable.

1 Introduction

In his seminal work on definitional interpreters for higher-order programming
languages, Reynolds [12] popularised two techniques that have become central to
the field of program transformation: (i) transforming programs into continuation-
passing style (CPS) to make their flow of control explicit; and (ii) transforming
higher-order programs into first-order style using defunctionalisation. These two
transformations are often applied together in sequence, for example to trans-
form high-level denotational semantics for programming languages into low-level
implementations such as abstract machines or compilers [1,2,11-13].

However, there is something rather unsatisfactory about applying these two
transformations in sequence: the CPS transformation introduces continuations,
only for these to immediately be removed by defunctionalisation. This seems
like an ideal opportunity for applying fusion, which in general aims to combine
a series of transformations into a single transformation that achieves the same
result, but without the overhead of using intermediate structures between each
step. In our case, the intermediate structures are continuations.

Despite CPS transformation and defunctionalisation being obvious candi-
dates for being fused into a single transformation, this does not appear to have
been considered before. In this article, we show how this can be achieved in
a straightforward manner using an approach developed in our recent work on
calculating compilers [5]. Our approach starts with a specification that captures
the intended behaviour of the desired output program in terms of the input
program. We then calculate definitions that satisfy the specification by con-
structive induction [4], using the desire to apply induction hypotheses as the
driving force for the calculation process. The resulting calculations only require
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standard equational reasoning techniques, and achieve the combined effect of
CPS and defunctionalisation without the intermediate use of continuations.

We illustrate our approach by means of two examples: a minimal language
of arithmetic expressions to introduce the basic ideas in a simple manner, and
a call-by-value lambda calculus to show how it can be applied to a language
with variable binding. More generally, the approach scales up to a wide range
of programming language features and their combination, including exceptions,
state, loops, non-determinism, interrupts, and different orders of evaluation.

The article is aimed at a general functional programming audience rather
than specialists, and all the programs and calculations are written in Haskell.
The calculations have also been mechanically verified using the Coq proof assis-
tant, and the proof scripts for our two examples, together with a range of other
applications, are freely available online via GitHub [7].

2 Arithmetic Expressions

Consider a simple language of arithmetic expressions built up from integers and
addition, whose syntax and denotational semantics are defined as follows:

data Fxpr = Val Int | Add Expr Ezpr

eval : Fxpr — Int
eval (Valn) =n
eval (Add = y) = eval z + eval y

Now suppose that we wish to calculate an abstract machine for this language,
which is given by a set of first-order, tail-recursive functions that are together
semantically equivalent to the function ewval. We initially perform this calcula-
tion using the standard two step approach [1]: transformation into continuation-
passing style, followed by defunctionalisation. Then in Sect. 3 we show how these
two transformation steps can be combined into a single step.

Step 1 - Add Continuations

The first step is to transform the evaluation function into continuation-passing
style. More specifically, we seek to derive a more general evaluation function

eval’ :: Expr — (Int — Int) — Int

that takes a continuation of type Int — Int as additional argument, which is
applied to the result of evaluating the expression. More precisely, the desired
behaviour of eval’ is specified by the following equation:

eval' z ¢ = ¢ (eval 1) (1)

Rather than first defining the new function eval’ and then separately proving by
induction that it satisfies the above equation, we aim to calculate a definition
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for eval’ that satisfies this equation by constructive induction on the expression
argument z. In each case, we start with the term eval’ z ¢ and gradually trans-
form it by equational reasoning, aiming to arrive at a term ¢ that does not refer
to the original semantic function eval, such that we can then take eval’ z ¢ = t as
a defining equation for eval’ in this case. For the base case, when the expression
has the form Val n, the calculation is trivial:

eval’ (Val n) ¢

= { specification (1) }
¢ (eval (Val n))

= { applying eval }
cn

By means of this calculation, we have discovered the definition for eval” in the
base case, namely: eval’ (Val n) ¢ = ¢ n. In the inductive case, when the
expression has the form Add x y, we start in the same manner as above:

eval' (Add z y) ¢

= { specification (1) }
¢ (eval (Add z y))

= { applying eval }
¢ (eval z + eval y)

Now we appear to be stuck, as no further definitions can be applied. However, as
we are performing an inductive calculation, we can use the induction hypotheses
for z and y, that is, eval’ ¢/ = ¢ (eval z) and eval’ y ¢ = ¢” (eval y). To
use these hypotheses, we must rewrite the term being manipulated into the form
¢’ (eval z) and ¢ (eval y) for some continuations ¢’ and ¢”. This can be readily
achieved by abstracting over eval z and eval y using lambda expressions. Using
this idea, the rest of the calculation is then straightforward:

¢ (eval z + eval y)
= { abstracting over eval y }
(Am — ¢ (eval x + m)) (eval y)
= { induction hypothesis for y }
eval' y (Am — ¢ (eval z + m))
= { abstracting over eval z }
(An — eval’ y (Am — ¢ (n+m))) (eval z)
= { induction hypothesis for z }
eval’ z (An — eval’ y (Am — ¢ (n + m))

The same result can also be achieved by applying the induction hypotheses in the
opposite order to the above, but for the purposes of the later fused calculation
it is important that we apply the induction hypothesis on y first if we want to
ensure that the resulting abstract machine evaluates the arguments of addition
from left-to-right. In conclusion, we have calculated the following definition:
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eval’ 2 BExpr — (Int — Int) — Int
eval’ (Valn) c=cn
eval’ (Add z y) ¢ = eval’ z (An — eval’ y (Am — ¢ (n+ m)))

Finally, our original evaluation function can now be redefined in terms of
the new version by taking the identity function as the continuation in specifica-
tion (1), which results in the definition eval z = eval’ z (An — n).

Step 2 - Defunctionalise

The second step is to transform the new evaluation function back into first-order
style, using defunctionalisation. The basic idea is to replace the higher-order type
Int — Int of continuations by a first-order datatype whose values represent the
specific forms of continuations that we actually need.

Within the definitions for the functions eval and eval’, there are only three
forms of continuations that are used, namely one to terminate the evaluation
process, one to continue once the first argument of an addition has been eval-
uated, and one to add two integer results together. We begin by defining an
abbreviation Cont for the type of continuations, together with three combina-
tors halt, next and add for constructing the required forms of continuations:

type Cont = Int — Int

halt :» Cont

halt =An—n

next : Expr — Cont — Cont
next y ¢ = An — eval’ y (add n c)
add 2 Int — Cont — Cont
addnec =Xim—c(n+m)

Using these definitions, our evaluator can now be rewritten as:

eval :: Expr — Int
eval x = eval’ z halt
eval’ 2 Exzpr — Cont — Int

eval’ (Valn) c=cn
eval’ (Add z y) ¢ = eval’ z (next y c)

The next stage in the process is to define a first-order datatype whose construc-
tors represent the three combinators:

data CONT where
HALT :: CONT
NEXT :: Expr — CONT — CONT
ADD ::Int — CONT — CONT

Note that the constructors for the new type have the same names and types as
the combinators for the Cont type, except that all the items are now capitalised.
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The fact that values of type CONT represent continuations of type Cont is
formalised by the following denotational semantics:

exec 2 CONT — Cont
exec HALT = halt

exec (NEXT y ¢) = neat y (exec ¢)

exec (ADD n ¢) add n (ezxec c)

In the literature this function is typically called apply [12]. The reason for using
the name ezec in our setting will become clear shortly. Using these ideas, our
alm now is to derive a new evaluation function

eval” :: Expr — CONT — Int

that behaves in the same way as our continuation semantics eval’ :: Expr —
Cont — Int, except that it uses values of type CONT rather than continuations
of type Cont. The desired behaviour of eval” is specified by the equation:

eval” © ¢ = eval’ z (exec c) (2)

We can now calculate a definition for eval” from this specification, and in turn
new definitions for ezec and eval in terms of the new function eval”. The calcu-
lations are entirely straightforward, and can be found in Hutton and Wright [8].
The end result is the following set of definitions:

eval” :: Expr — CONT — Int
eval” (Val n) ¢ =execcn

eval” (Add z y) ¢ = eval” x (NEXT y ¢)
exec 2t CONT — Int — Int
exec HALT n=n

exec (NEXT y ¢) n = eval” y (ADD n ¢)
exec (ADD n ¢) m = exec ¢ (n+ m)

eval :: Fxpr — Int
eval © = eval” © HALT

Together with the new type, these definitions form an abstract machine for
evaluating expressions: CONT is the type of control stacks for the machine,
which specify how it should continue after the current evaluation has concluded;
eval” evaluates an expression in the context of a control stack; ezec executes a
control stack in the context of an integer argument; and finally, eval evaluates an
expression by invoking eval” with the empty control stack HALT. The fact that
the machine operates by means of two mutually recursive functions, eval” and
ezec, reflects the fact that it has two modes of operation, depending on whether
it is being driven by the structure of the expression or the control stack.

3 Fusing the Transformation Steps

We now show how the two separate transformation steps that were used to derive
the abstract machine for evaluating expressions can be combined into a single
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step that avoids the use of continuations. In the previous section, we started off
by defining a datatype Ezpr and a function ewval :: Expr — Int that respectively
encode the syntax and semantics for arithmetic expressions. Then in two steps
we derived an abstract machine comprising four components:

— A datatype CONT that represents control stacks;

— A function eval” :: Expr — CONT — Int that evaluates expressions;
— A function exec :: CONT — Int — Int that executes control stacks;
— A new definition for eval :: Expr — Int in terms of eval”.

By combining specifications (1) and (2), the relationship between the three func-
tions is captured by the following equation:

eval” z ¢ = exec ¢ (eval x) (3)

That is, evaluating an expression in the context of a control stack gives the
same result as executing the control stack in the context of the value of the
expression. The key to combining the CPS and defunctionalisation steps is to
use this equation directly as a specification for the four additional components,
from which we then aim to calculate definitions that satisfy the specification.
Given that the equation involves two known definitions (Fzpr and the original
eval) and four unknown definitions (CONT, eval”, exec, and the new eval), this
may seem like an impossible task. However, with the benefit of the experience
gained from our earlier calculations, it turns out to be straightforward.

We proceed from specification (3) by constructive induction on the expres-
sion z. In each case, we aim to rewrite the term eval” z ¢ into a term ¢ that does
not refer to the original semantics eval, such that we can then take eval” z ¢ = ¢
as a defining equation for eval”. In order to do this we will find that we need to
introduce new constructors into the CONT type, along with their interpretation
by the function ezec. The base case is once again trivial:

eval” (Val n) ¢
= { specification (3) }
exec ¢ (eval (Val n))
= { applying eval }
exec ¢ n

The inductive case begins in the same way:

eval” (Add z y) c
= { specification (3) }
exec ¢ (eval (Add z y))
= { applying eval }
exec ¢ (eval x + eval y)

At this point no further definitions can be applied. However, we can make use
of the induction hypotheses for the argument expressions z and y. In order to
use the induction hypothesis for y, that is, eval” y ¢’ = exec ¢’ (eval y), we
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must rewrite the term that is being manipulated into the form ezec ¢’ (eval y)
for some control stack ¢’. That is, we need to solve the equation:

exec ¢’ (eval y) = exec ¢ (eval x + eval )
First of all, we generalise eval z and eval y to give:
exec ¢’ m = exec ¢ (n+ m)

Note that we can’t simply use this equation as a definition for exec, because
n and ¢ would be unbound in the body of the definition. The solution is to
package these two variables up in the control stack argument ¢’ by adding a new
constructor to the CONT type that takes these two variables as arguments,

ADD :: Int — CONT — CONT

and define a new equation for ezec as follows:
exec (ADD n ¢) m = exec ¢ (n + m)

That is, executing the command ADD n ¢ in the context of an integer argu-
ment m proceeds by adding the two integers and then executing the remaining
commands in the control stack ¢, hence the choice of the name for the new
constructor. Using these ideas, we continue the calculation:

exec ¢ (eval x + eval y)

= { define: exec (ADD n c¢) m = exec ¢ (n + m) }
exec (ADD (eval z) ¢) (eval y)

= { induction hypothesis for y }
eval” y (ADD (eval x) c)

No further definitions can be applied at this point, so we seek to use the induction
hypothesis for z, that is, eval” z ¢/ = exec ¢’ (eval ). In order to do this, we
must rewrite the term eval” y (ADD (eval z) ¢) into the form exec ¢’ (eval z)
for some control stack ¢’. That is, we need to solve the equation:

exec ¢’ (eval z) = eval” y (ADD (eval x) c)
As with the case for y, we first generalise eval x to give
exec ¢’ n = eval” y (ADD n c)

and then package the free variables y and ¢ up in the argument ¢’ by adding a
new constructor to CONT that takes these variables as arguments

NEXT :: Expr — CONT — CONT

and define a new equation for exec as follows:

exec (NEXT y ¢) n = eval” y (ADD n c)
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That is, executing the command NEXT y ¢ in the context of an integer argu-
ment n proceeds by evaluating the expression y and then executing the control
stack ADD n c. Using this idea, the calculation can now be completed:

eval” y (ADD (eval ) ¢)

= { define: exec (NEXT y ¢) n = eval” y (ADD n ¢) }
exec (NEXT y ¢) (eval x)

= { induction hypothesis for z }
eval” x (NEXT y ¢)

Finally, we conclude the development of the abstract machine by aiming to
redefine the original evaluation function eval :: Expr — Int in terms of the new
evaluation function eval” :: Expr — CONT — Int. In this case there is no need
to use induction as simple calculation suffices, during which we introduce a new
constructor HALT :: CONT to transform the term being manipulated into the
required form in order that specification (3) can then be applied:

eval ©

= { define: exec HALT n=n }
exec HALT (eval )

= { specification (3) }
eval” x HALT

In summary, we have calculated the following definitions:

data CONT where
HALT :: CONT
NEXT :: Expr — CONT — CONT
ADD ::Int — CONT — CONT

eval” 2 Expr — CONT — Int
eval” (Valn) ¢ =execcn

eval” (Add z y) ¢ = eval” z (NEXT y c)
exec 22 CONT — Int — Int
exec HALT n =n

exec (NEXT y ¢)n = eval” y (ADD n ¢)
exec (ADD n ¢) m = exec ¢ (n+m)

eval : Fxpr — Int
eval T = eval” v HALT

These are precisely the same definitions as in the previous section, except that
they have now been calculated directly from a specification for the correctness
of the abstract machine, rather than indirectly using two transformation steps.

In a similar manner to the first calculation step in Sect.2, we could have
reversed the order in which we apply the induction hypotheses in the case of
Add, which would result in an abstract machine that evaluates the arguments
of addition right-to-left rather than left-to-right.
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Reflection

The fundamental drawback of the two step approach is that we have to find
the right specification for the first step in order for the second step to yield the
desired result. This is non-trivial. How would we change the specification for
the CPS transformation such that subsequent defunctionalisation yields a com-
piler rather than an abstract machine? Why did the specification we used yield
an abstract machine? By combining the two transformation steps into a single
transformation, we avoid this problem altogether: we write one specification that
directly relates the old program to the one we want to calculate. As a result, we
have an immediate link between the decisions we make during the calculations
and the characteristics of the resulting program. Moreover, by avoiding CPS and
defunctionalisation, the calculations become conceptually simpler. Because the
specification directly relates the input program and the output program, it only
requires the concepts and terminology of the domain we are already working on:
no continuations or higher-order functions are needed.

4 Lambda Calculus

For our second example, we consider a call-by-value variant of the untyped
lambda calculus. To this end, we assume for the sake of simplicity that our meta-
language is strict. For the purposes of defining the syntax for the language, we
represent variables using de Bruijn indices:

data Expr = Var Int | Abs Ezpr | App Expr Ezpr

Informally, Var i is the variable with de Bruijn index i > 0, Abs = constructs
an abstraction over the expression z, and App = y applies the abstraction that
results from evaluating the expression z to the value of the expression y.

In order to define the semantics for the language, we will use an environ-
ment to interpret the free variables in an expression. Using de Bruijn indices we
can represent an environment simply as a list of values, in which the value of
variable 7 is given by indexing into the list at position i:

type Env = [ Value]

In turn, we will use a value domain for the semantics in which functional values
are represented as closures [10] comprising an expression and an environment
that captures the values of its free variables:

data Value = Clo Expr Env

Using these ideas, it is now straightforward to define an evaluation function that
formalises the semantics of lambda expressions:

eval :: Fxpr — Env — Value
eval (Vari)e =-elli



196 G. Hutton and P. Bahr

eval (Absz) e = Clozx e
eval (App z y) e = case eval x e of
Clo ' ¢’ — eval 2’ (eval y e: ¢€’)

Keep in mind that although we use Haskell syntax, we now assume a strict
semantics for the meta language. In particular, in the case of App = y above,
this means that the argument expression y is evaluated before z’.

Unlike our first example, however, the above semantics is not compositional.
That is, it is not structurally recursive: in the case for App =z y we make a
recursive call eval =’ on the expression z’ that results from evaluating the argu-
ment expression z. As a consequence, we can no longer use simple structural
induction to calculate an abstract machine, but must use the more general tech-
nique of rule induction [14]. To this end, it is convenient to first reformulate
the semantics in an explicit rule-based manner. We define an evaluation relation
U C Ezpr x Env x Value by means of the following set of inference rules, which
are obtained by rewriting the definition of eval in relational style:

e!li is defined
Var i . elli Absz . Cloz e

z . Cloz' € Yy e u 2 Yyier v
Appzy e v

Note that eval is not a total function because (i) evaluation may fail to terminate,
and (ii) looking up a variable in the environment may fail to return a value.
The first cause of partiality is captured by the |} relation: if eval z e fails to
terminate, then there is no value v with = |}, v. The second cause is captured
by the side-condition “e !l i is defined” on the inference rule for Var i.

Specification

For the purposes of calculating an abstract machine based on the above seman-
tics, the types for the desired new evaluation and execution functions remain
essentially the same as those for arithmetic expressions,

eval” :: Ezpr — CONT — Int
exec :: CONT — Int — Int

except that eval” now requires an environment to interpret free variables in its
expression argument, and the value type is now Value rather than Int:

eval” :: Expr — Env — CONT — Value
erec :: CONT — Value — Value

For arithmetic expressions, the desired behaviour of the abstract machine was
specified by the equation eval” z ¢ = exec ¢ (eval z). For lambda expressions,
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this equation needs to be modified to take account of the presence of an envi-
ronment e, and the fact that the semantics is expressed by a relation |} rather
than a function eval. The resulting specification is as follows:

z e v = eval”"zec=erecco (4)

Note that there is an important qualitative difference between the specifica-
tion above and specification (3) for arithmetic expressions. The latter expresses
soundness and completeness of the abstract machine, whereas the above only
covers completeness, that is, every result produced by the semantics is also pro-
duced by the machine. But the specification does not rule out that exec termi-
nates with a result for an expression that diverges according to the semantics. A
separate argument about soundness has to be made. Bahr and Hutton [5] discuss
this issue in more detail in the context of calculating compilers.

Calculation

Based upon specification (4), we now calculate definitions for the functions eval”
and ezec by constructive rule induction on the assumption z |} v.In each case,
we aim to rewrite the left-hand side eval” z e ¢ of the equation into a term ¢
that does not refer to the evaluation relation J}, from which we can then conclude
that the definition eval” z e ¢ = t satisfies the specification in this case. As in
our first example, along the way we will find that we need to introduce new
constructors into the CONT type, together with their interpretation by exec.
The base cases for variables and abstractions are trivial.
Assuming Var i |, e!li, we have that

eval” (Var i) e c
= { specification (4) }
exec ¢ (el )

and assuming Abs z | Clo x e, we have that

eval” (Abs z) e ¢
= { specification (4) }
exec ¢ (Clo z e)

In the case for App = y e v, we may assume z | Clo 2’ ¢/, y e v and
x' Ju.er v by the inference rule that defines the behaviour of App z y, together
with induction hypotheses for the three component expressions z, y and z’.
The calculation then proceeds by aiming to rewrite the term being manipulated
into a form to which these induction hypotheses can be applied. Applying the
induction hypothesis for z’, i.e. eval” 2’ (u:e’) ¢/ = exec ¢’ v, is straightforward:

eval” (App z y) e ¢
= { specification (4) }
exec ¢ v
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= { induction hypothesis for z’ }
eval” ' (u:e€') c

In turn, to apply the induction hypothesis for y, i.e. eval” y e ¢’ = ezec ¢’ u,
we need to rewrite the term eval” ' (u: €’) ¢ into the form ezec ¢’ u for some
control stack ¢/, i.e. we need to solve the equation:

exec ¢’ u = eval” 2’ (u:e') c

As in our first example, the solution is to package the free variables z’, ¢’ and c
in this equation up in the control stack argument ¢’ by adding a new constructor
to the CONT type that takes these variables as arguments

FUN :: Expr — Env — CONT — CONT

adding a new equation for ezxec
exec (FUN 2’ ¢’ ¢) u = eval” ' (u:¢€') ¢
and then continuing the calculation:
eval” ' (u:e') ¢
= { define: ezec (FUN ' ¢’ ¢) u = eval” 2’ (u:e') ¢ }
exec (FUN 2’ ¢’ ¢) u

= { induction hypothesis for y }
eval” y e (FUN z' €' ¢)

Finally, to apply the induction hypothesis for the expression z, i.e. eval” z e ¢’ =
exec ¢’ (Clo 2’ e’), we need to solve the equation

exec ¢’ (Clo 2’ ') = eval” y e (FUN z' €' ¢)

for which purposes we add another new constructor to the CONT type that
takes the free variables y, e and ¢ in this equation as arguments,

ARG :: Expr — Env — CONT — CONT

add a new equation for exec
exec (ARG y e ¢) (Clo z' €') = eval” y e (FUN 2’ €' ¢)
and then conclude as follows:
eval” y e (FUN 2’ €' ¢)
= { define: exec (ARG y e c¢) (Clo ' ¢') = eval” y e (FUN z’ ¢’ ¢) }
exec (ARG y e ¢) (Clo z’ €')

= { induction hypothesis for z }
eval” z e (ARG y e ¢)

In a similar manner to the first example, we can then define the top-level eval-
uation function simply by applying eval” to a nullary constructor HALT.
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In summary, we have calculated the following definitions, which together form
an abstract machine for evaluating lambda expressions:

data CONT where
HALT :: CONT
ARG :: Expr — Env — CONT — CONT
FUN : Expr — Env — CONT — CONT

eval” : Bxpr — Env — CONT — Value
eval” (Var i) e c = ezec ¢ (e!q)

eval” (Abs x) e ¢ = ezec ¢ (Clo x e)

eval” (App x y) e ¢ = eval” z e (ARG y e ¢)

exec 2 CONT — Value — Value

exec (ARG y e ¢) (Clo ¢’ ¢') = eval” y e (FUN z’ €' ¢)

exec (FUN z' ¢’ ¢) u =eval” 2’ (u:e') ¢

eval : Expr — Env — Value

eval x e = eval” x e HALT

The names of the control stack commands are based on the intuition that ARG
evaluates the argument of a function application, whereas FUN evaluates the
function body. The resulting abstract machine coincides with the CEK machine
[6]. We have also calculated abstract machines for lambda calculi with call-by-
name and call-by-need semantics, which correspond to the Krivine machine [9]
and a lazy variant of the Krivine machine derived by Ager et. al [3], respectively.
The calculations can be found in the associated Coq proofs [7].

5 Summary and Conclusion

We presented the simple idea of applying fusion on the level of program cal-
culations. Instead of first producing continuations via CPS transformation and
then immediately turning them into data via defunctionalisation, we transform
the original program in one go into the target program. Despite its conceptual
simplicity, the benefits of this idea are considerable: the input program and the
output program are linked directly to the desired output program via the spec-
ification that drives the calculation. This directness simplifies the calculation
process and allows us to guide the process towards the desired output more eas-
ily. Moreover, by cutting out the continuations as the middleman, we avoid some
of its complexities. For example, we have found that using CPS transformation
for deriving compilers often yields non-strictly-positive datatypes, which makes
the transformation unsuitable for formalisation in proof assistants. However, the
non-strictly-positive datatypes disappear after defunctionalisation, and by fusing
the two transformations we avoid the issue entirely.

To demonstrate the generality of the idea presented in this paper, we applied
it to a variety of examples. The associated Coq proofs [7] contain formal calcu-
lations of abstract machines for different varieties of lambda calculi as well as
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languages with exception handling and state. The systematic nature of the cal-
culations indicates the potential for automation of the entire derivation process
with little or no interaction from the user apart from the specification.

Acknowledgements. We thank the anonymous reviewers for their comments and
suggestions.
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Abstract. The Lambda Calculus has perplexed students of computer sci-
ence for millennia, rendering many incapable of understanding even the
most basic precepts of functional programming. This paper gently intro-
duces the core concepts to the lay reader, assuming only a minimum of
background knowledge in category theory, quantum chromodynamics, and
paleomagnetism.

In addition, this paper goes on to its main results, showing how the
Lambda Calculus can be used to easily prove the termination of Leibniz’
Hailstone numbers for all n > 0, to show that matrix multiplication is pos-
sible in linear time, and to guarantee Scottish independence.

1 Introduction

The fascinating story of the discovery of the Lambda Calculus is well known to all
school children, but we here recount the essentials of the story for completeness.
In the 27t" century BC, Egyptian slaves were quarrying stone for the Pyramid of
Djoser, northwest of Memphis. Buried deep in the sand, they unearthed arare stele,
complete with the full Lambda Calculus, written in hieroglyphics. At the time, none
of the finest scholars of the ancient world could decipher the tablet and for many
years it lay forgotten, a relic of a bygone era.

All that changed, however, when in 1929 Alonzo Church came upon the Djoser
stele in the British Museum. In the decade before, Church had been working as a
chorus girl in a music hall production of the Social Network during its long and infa-
mous tour of the Middle East. There he had developed a passion for hieroglyphics
and early Egyptian history. Thus it was that when he first laid eyes on the stone
carvings, he instantly knew the significance of the markings and began fervently to
decode them. He completed the work in 1932 with the paper, “A set of postulates
for the foundation of logic”. His article was an instant success, reaching number one
on the New York Times best seller list for twelve weeks running, and earning him
a much coveted Turing Award!. The rest, as they say, is history.

1.1 Lambda Calculus Defined

But, what is the Lambda Calculus? Despite the usual confusion that surrounds it,
this dainty and delightful logic can be perfectly described in one short sentence:
“The square of the hypotenuse is the sum of the squares of the other two sides.”

Or more formally:
E = mc? (1)
Now that the reader is fully conversant with the calculus, the next section
describes the importance of Lambda Calculus to circadian rhythm biology.

! Thisseriously annoyed Alan Turing who did not win a Turing Award. Inresponse, Turing
changed hisname to Benedict Cumberbatch and won an Oscar. Oscar didn’t really mind.

© Springer International Publishing Switzerland 2016
S. Lindley et al. (Eds.): Wadler Festschrift, LNCS 9600, pp. 201-206, 2016.
DOI: 10.1007/978-3-319-30936-1_11
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THIS IS MY CITY

MINE TO PROTECT MINE TO WATCH OVER

BUTIT WASN'T ALWAYS THIS WAY
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ONE YEAR EARLIER: [#%

O fdlepe>) —n //'g
H'(e> —

AN ACCIDENT WITH A RADIOACTIVE
ETHERNET CABLE MOMENTARILY
CONNECTED MY FRONTAL LOBES TO
THE INTERNET

ALSO I REALLY LIKED CATS

THENATEONAL
Drugs All Over
Edinburgh

New Boots Warehouse

Nicola Sturgeon says she is super chuffed with
all the jobs and stuff and reckons this will really
stick it o the Tories (who suck by the way).
Local resident Bobby McBob, said this is a dream
come true since he hasn't been able to find
Valium in his local corner shop for years.

OBVIOUSLY,
I STARTED
TO FIGHT
CRIME

THE MOB
HAD COME
TO MY CITY.

Cameron marries Pig
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WITH MY NEW SKILLS IT WAS EASY TO FIND
THE WAREHOUSE THE MOB WAS USING
TO HIDE ITS DRUGS

CREEPING THROUGH UNNOTICED WAS EASY

> %7

by

\'HESE FOOLS DIDN'T EVEN UNDERSTAND LINEAR TYPES

I BURNED ALL
THE MOB'S

MY CITY WAS
SAVED

BUT CRIME NEVER SLEEPS,
MY JOURNEY HAD JUST
BEGUN

A KEWSIABER THAT SUPSORYS A INDE PERENT SCOTLAND

No Drugs
in Edinburgh

Mass Murder - Police stumped

Security guards at the new Boots warehouse were
ambushed and killed last night. CCTV footage
showed a caped, sword wielding madman in blue
rampaging through the warehouse shouting "Death
to drug dealers!" Police say they are currently
following up leads, but nobody believes a word of it.

Wadler Wins Turing Award

Professor Philip Wadler of Edinburgh University has won the
prestigious Turing award for comput e. When asked for a
comment, the committee said "Well, irthday and so we.
thought he'd probably like to see this headline in this comic."

DON'T MISS THE NEXT EPISODE: LAMBDA MAN VS THE GOTO GUY IN STORES 2026
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2 Conclusion and Further Work

This paper has two major contributions. The first is that we are the first
researchers to the best of our knowledge to have found a bonefide use for Comic
Sans in a scientific paper?. The second, arguably more important contribution,
is that we have wished Phil Wadler a very happy sixtieth birthday. In the future
we hope that while we are exploring more uses for Comic Sans, that Phil has a
jolly good time.

We would also strongly recommend that, no matter how much Phil wants to
have a washboard stomach and to fight crime, he does not experiment trying to
make a radioactive ethernet cable. And, under no circumstances should he go
inserting ethernet cables anywhere other than ethernet sockets.
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Abstract. Work to date on combining linear types and dependent types
has deliberately and successfully avoided doing so. Entirely fit for their
own purposes, such systems wisely insist that types depend only on the
replicable sublanguage, thus sidestepping the issue of counting uses of
limited-use data either within types or in ways which are only really
needed to shut the typechecker up. As a result, the linear implication
(‘lollipop’) stubbornly remains a non-dependent S —o 7. This paper
defines and establishes the basic metatheory of a type theory supporting
a ‘dependent lollipop’ (z:5) —o T'[z], where what the input used to be is
in some way commemorated by the type of the output. For example, we
might convert list to length-indexed vectors in place by a function with
type (I :List X) — Vector X (length [). Usage is tracked with resource
annotations belonging to an arbitrary rig, or ‘riNg without Negation’.
The key insight is to use the rig’s zero to mark information in contexts
which is present for purposes of contemplation rather than consumption,
like a meal we remember fondly but cannot eat twice. We need no run-
time copies of [ to form the above vector type. We can have plenty of
nothing with no additional runtime resource, and nothing is plenty for
the construction of dependent types.

1 Introduction

Girard’s linear logic [15] gives a discipline for parsimonious control of resources,
and Martin-Lof’s type theory [18] gives a discipline for precise specification of
programs, but the two have not always seen eye-to-eye.

Recent times have seen attempts to change that. Pfenning blazed the trail in
2002, working with Cervesato on the linear logical framework [8], returning to the
theme in 2011 to bring dependency on values to session types in joint work with
Toninho and Caires [27]. Shi and Xi have linear typing in ATS [24]. Swamy and
colleagues have linear typing in F™* [25]. Brady’s Idris [6] has uniqueness typing,
after the fashion of Clean [9]. Vékar has given a categorical semantics [28] where
dependency is permitted on the cartesian sublanguage. Gaboardi and colleagues
use linear types to study differential privacy [12]. Krishnaswami, Pradic and
Benton [16] give a beautiful calculus based on a monoidal adjunction which
relates a monoidal closed category of linear types to a cartesian closed category
of intuitionistic dependent types.

© Springer International Publishing Switzerland 2016
S. Lindley et al. (Eds.): Wadler Festschrift, LNCS 9600, pp. 207-233, 2016.
DOI: 10.1007/978-3-319-30936-1_12
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Linear dependent types are a hot topic, but for all concerned bar me, linearity
stops when dependency starts. The application rules (for twain they are, and
never shall they meet) from Krishnaswami and coauthors illustrate the puzzle.

I''AtFe:A—oB I''’ARe: A I''ArFe:x:X. A T'Fe': X
A AFee : B I'sAkee : Ale/x]

Judgments have an intuitionistic context, I', shared in each premise, and a
linear context A, carved up between the premises. Later types in I" may depend
on earlier variables, so I' cannot be freely permuted, but in order to distribute
resources in the linear application, the linear context must admit permutation.
Accordingly, types in A can depend on variables from I', but not on linear
variables. How could they? When the linear context is chopped in two, some
of the linear variables disappear! Accordingly, the argument in the dependent
application is a purely intutionistic term, depending only on shared information,
and the result type is thus well formed.

In this paper, I resolve the dilemma, with one idea: nothing. Contexts account
for how many of each variable we have, and when we carve them up, we retain
all the variables in each part but we split their quantities, so that we know
of which we have none. That is, contexts with typed variables in common are
modules, in the algebraic sense, with pointwise addition of resources drawn from
some rig (‘riNg without Negation’). Judgments account for how many of the
given term are to be constructed from the resources in the context, and when
we are constructing types, that quantity will be zero, distinguishing dynamic
consumption from static contemplation. Correspondingly, we retain the ability
to contemplate variables which stand for things unavailable for computation. My
application rule (for there is but one) illustrates the point.

Abpfema:S)—T AiFprS>s
Ag+ A1k p fseT]s:S)x

The function type is decorated with the ‘unit price’ 7 to be paid in copies of
the input for each output required, so to make p outputs, our resource must be
split between p functions and pm arguments. The two contexts Ay and A; have
the same variables, even if some of them have zero resource, so the resulting type
makes sense. If the ring has a 1, we may write (12:5) — T as (z:5) — T.

In summary, this paper contributes the definition of a type theory with uni-
form treatment of unit-priced dependent function spaces which is even
unto its syntax bidirectional, in the sense of Pierce and Turner [22], resulting
in a metatheoretic treatment of novel simplicity, including type preservation
and a proof that erasure of all zero-resourced components retains type safety.

2 A Rig of Resources

Let us model resources with a rig, rather as Petricek, Orchard and Mycroft do,
in their presentation of coeffects [21].
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Definition 1 (Rig). Let R be a set (whose elements are typically called p,m,¢),
equipped with a value 0, an addition p+ 7, and a ‘multiplication’, ¢p, such that

O+p=p p+t(m+o)=(p+m)+eéd ptr=nm+p
o(pm) = (dp)m  Op=0=p0  d(p+7m)=¢p+or  (p+m)d=pd+7d

I was brought up not to presume that a rig has a 1. Indeed, the trivial rig {0} will
give us the purely intuitionistic type theory we know and love. Moreover, every
rig has the trivial sub-rig, a copy of intuitionistic type theory, in which we shall
be able to construct objects (types, especially) whose runtime resource footprint
is nothing but whose contemplative role allows more precise typechecking. The
{0, 1} rig gives a purely linear system, but the key example is ‘none-one-tons’.

Definition 2 (None-One-Tons).

p—i—ﬂO 1w ,071"0 1w
0 01w 01000
1 1loww 1 01w
W [ORORO) o [0ww

The 0 value represents the resource required for usage only in types; 1 resources
linear runtime usage; ® indicates relevant usage with no upper limit, or with
weakening for o (as treated in Sect.12), arbitrary usage. With the latter in
place, we get three recognizable quantifiers,

informally Vr:S. T (£:8) — T Mz:S. T
formally 0z:8)—-T (1z:8)—-T (wz:8)—T

where V is parametric, effectively an intersection rather than a product, with
abstractions and applications erasable at runtime, but TT is ad hoc and thus
runtime persistent. In making that valuable distinction, I learn from Miquel’s
Implicit Calculus of Constructions [20]: a dependent intersection collects only
the functions which work uniformly for all inputs; a dependent product allows
distinct outputs for distinguishable inputs.

Unlike Miquel, I shall remain explicit in the business of typechecking, but
once a non-zero term has been checked, we can erase its zero-resourced sub-
structures to obtain an untyped (for types are zero-resourced) \-term which is
the runtime version of it and computes in simulation with the unerased original,
as we shall see in Sect. 11. Note that erasure relies on the absence of negation:
zero-resourcing should not be an accident of ‘cancellation’.

Although I give only the bare functional essentials, one can readily imagine
an extension with datatypes and records, where the type of an in place sorting
algorithm might be (1 xs:List Int) — {1 ys:OrderedList Int; 0p:ys ~ xs}.

We can, of course, contemplate many other variations, whether for usage
analysis in the style of Wadler [30], or for modelling partial knowledge as
Gaboardi and coauthors have done [12].
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3 Syntax and Computation

The type theory I present is parametrised by its system of sorts (or ‘universes’).
I keep it predicative: each sort is closed under quantification, but quantifying over
‘higher’ sorts is forbidden. My aim (for further work) is to support a straight-
forward normalization proof in the style championed by Abel [2]. Indeed, the
resource annotations play no role in normalization, so erasing them and embed-
ding this system into the predicative type theory in Abel’s habilitationsschrift [1]
may well deliver the result, but a direct proof would be preferable.

Definition 3 (Sort Ordering). Let S be a set of sorts (i,j,k) with a well-
k> jj=i Vj.(¥i.j=i— P[i]) — P[]
Vk. Plk

founded ordering j > i:

k1

Asperti and the Matita team give a bidirectional ‘external syntax’ for the
Calculus of Constructions [4], exploiting the opportunities it offers to omit type
annotations. I have been working informally with bidirectional kernel type theo-
ries for about ten years, so a precise treatment is overdue. Here, the very syntax
of the theory is defined by mutual induction between terms, with types specified
in advance, and eliminations with types synthesized. Types are terms, of course.

Definition 4 (Term, Elimination).

R,S5,T,s,t::=x%; sort i e,fui=x variable
| (ma:S) — T function type | fs application
| hx.t abstraction | s:S  annotation
| e elimination

Sorts are explicit, and the function type is annotated with a ‘price’ m € R:
the number of copies of the input required to compute each copy of the output.
This bidirectional design ensures that \ need not have a domain annotation—
that information always comes from the prior type. An elimination becomes a
term without annotation: indeed, we shall have two candidates for its type.

In the other direction, a term can be used as an elimination only if we give
a type at which to check it. Excluding type annotations from the syntax would
force terms into S-normal form. Effectively, type annotations mark places where
computation is unfinished—the ‘cuts’, in the language of logical calculi: we see
the types of the ‘active’ terms. I plan neither to write nor to read mid-term type
annotations, but rather to work with g-normal forms and typed definitions.

Syntactically, terms do not fit where variables go: we must either compute the
[-redexes after substitution, as in the hereditary method introduced by Watkins
and coauthors [32] and deployed to great effect by Adams [3], or we must find
some other way to suspend computation in a valid form. By adding cuts to the
syntax of eliminations, I admit a small-step characterization of reduction which
allows us to approach the question of type preservation without first establishing
[B-normalization, which is exactly cut elimination in the sense of Gentzen [14].
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The syntax is set up so that a redex pushes a cut towards its elimination.
The B-rule replaces a redex elimination at a function type by redexes at the
domain and range. The v-rule strips the annotation from a fully computed term.

Definition 5 (Contraction, Reduction, Computation). Contraction
schemes are as follows:

(hx.t:(mx:S) = T)s~g (t:T)[s:5/x] t:T ~y t

Closing ~g and ~+, under all one-hole contexts yields reduction, s ~» t. The
reflexive-transitive closure of reduction is computation: —»=~-*.

Let us defer the metatheory of computation and build more of the type theory.

4 Typing Rules

What we might be used to calling a context is here a precontext, I

Definition 6 (Precontext, Context). I' ::= - | I, z:S.
A I'-context is a marking-up of I' with a rig element for each variable.

Aisa Cx(I)
-is a CX(-) Apx:Sisa CxX(I,xz:5)

If A is a I'-context, we may take |A| = I

It is my tidy habit to talk of “I"-contexts”, rather than slicing “contexts” by
|—|, after the fact: I'-contexts form an R-module: addition A+ A is pointwise,
and multiplication ¢ A premultiplies all the rig-annotations on variables in A by
@, keeping types the same. It is another (similar) habit to suppress the conditions
required for wellformedness of expressions like A + A: that is how I am telling
you that A and A are both I'-contexts for some I'.

Definition 7 (Prejudgment). The prejudgment forms, P, are as follows.

type checking Ir'=T>t
type synthesis I'FeeS

As with contexts, judgments decorate prejudgments with resources from R.
We may define a forgetful map |—] from judgments to prejudgments.

Definition 8 (Judgment). The judgment forms, J, and |—] : J — P are
given as follows.

type checking |AFpT ot =|AFT >t
type synthesis |[AFpeeS|=|A|lFeeS
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Let us say that ¢ and e are, respectively, the subjects of these judgments. Let
us further designate A and T inputs and S an output. My plan is to arrange
the rules so that, presupposing input to a judgment makes sense, the subjects
are validated and sensible output (if any) is synthesized. My policy is “garbage
in; garbage out” and its benefit is that information flows as typing unfolds from
subjects (once checked) to inputs and outputs, but never from inputs back to
subjects. By restricting the interaction between the parts of the judgments in
this way, I arrange a straightforward inductive proof of type preservation.

Readers familiar with traditional presentations may be surprised by the lack
of a context validity judgment: I was surprised, too. Rather, we must now main-
tain the invariant that if a derivable judgment has valid input, every judgment
in its derivation has valid input and output, and its own output is valid.

Any assignment of resources to a valid precontext I" gives a context A. The
typing judgments indicate that the resources in A are precisely enough to con-
struct the given ¢ or e with multiplicity p: it may help to think of p as ‘how
many runtime copies’. The types S and T consume no resources. We may use
the derived judgment form I' ¢ T' 3 t to abbreviate the all-resources-zero judg-
ment 07"+ 07T > ¢t which is common when checking that types are well formed.

Definition 9 (Type Checking and Synthesis). Type checking and synthesis
are given by the following mutually inductive definition.

AFpR>t AFpeGSSWR

PRE AFrpT5t LR POST AFpcc R

SORT Fl—o*ja*i‘7>z VAR 0L, px:S,0I"px el
Fl_o*iBS
INe:Sko*;25T

FUN

I'ko %3 (r2:8) =T Aobpfe(ma:S)—T

Aprax:SEpT >t A bpr S5

LAM Abp(ra:S)—T>3Na.t APP Ao+ A b p fseTs:5)x]
AFpecS |AlFog#;28 AFpS>s
arpeev g i

ELIM AFpTBQS*T cuT AFps:Ses

Introduction forms require a type proposed in advance. It may be necessary
to PRE-compute that type, e.g., to see it as a function type when checking a
lambda. The SORT rule is an axiom, reflecting the presupposition that the context
is valid already. Wherever the context is extended, the rules guarantee that the
new variable has a valid type: in FUN, it comes from the subject and is checked;
in LAM, it is extracted from an input. The FUN rule pushes sort demands inward
rather than taking the max of inferred sorts, so it is critical that ELIM allows
cumulative inclusion of sorts as we switch from construction to usage.

The VAR or CUT at the heart of an elimination drives the synthesis of its type,
which we may need to POST-compute if it is to conform to its use. E.g., to use
APP, we must first compute the type of the function to a function type, exposing
its domain (to check the argument) and range (whence we get the output type).
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Presuming context validity, VAR is an axiom enforcing the resource policy. Note
how APP splits our resources between function and argument, but with the same
precontext for both. The usual ‘conversion rule’ is replaced by ELIM sandwiched
between POSTs and PREs computing two types to compatible forms.

Valid typing derivations form R-modules. Whatever you make some of with
some things, you can make none of with nothing—plenty for making types.

5 Dependent Iterative Demolition of Lists

Thus far, I have presented a bare theory of functions. Informally, let us imag-
ine some data by working in a context. Underlines e help readability only of
metatheory: I omit them, and sorts to boot. I telescope some function types for
brevity. Let us have zero type constructors and plenty of value constructors.

OList: (0 X :%) — =, o nil: (0 X :x) — List X,
w cons: (0 X:x12:X,1axs:List X) — List X

Let us add a traditional dependent eliminator, resourced for iterative demolition.

olit: (0X:%x,0P:(0x:List X) — %) —

1n:P (nil X)) —

we:(la:X,0xs:List X,1p:Pas) — P (cons X z zs)) —
las: List X) —» Puxs

P

The nil case is used once. In the cons case the tail zs has been reconsituted as p
but remains contemplated in types. The intended computation rules conform.

it X Pnc(il X)~n lit X Pnc(cons X xas) ~ cxuxs(litX Pncus)

Typechecking both sides of each rule, we see that n occurs once on both sides

of each, but that ¢ is dropped in one rule and duplicated in the other—some

weakening is needed. Meanwhile, for cons, the tail zs has its one use in the

recursive call but can still be given as the zero-resourced tail argument of c.
Some familiar list operations can be seen as simple demolitions:

o append : (0 X :%,1 xs:List X, 1 ys:List X) — List X
append = A X. hzs. hys. lit X (. List X) ys (h@. n_. has’.cons X x xs’) zs
wreverse : (0 X:%,1as:List X) — List X
reverse = ) X. hzs. lit X (\_. (1 ys:List X) — List X)
(hys-ys) (nz. noe N f. nys. f (cons X x ys)) zs (nil X)

Now let us have unary numbers for contemplation only, e.g. of vector length.

0 Nat : x*, 0 zero : Nat, Osuc:(0n:Nat) — Nat
0 Vector : (0 X :%,0n:Nat) — x,  vnil: (0 X :*) — Vector X zero,
 veons: (0 X :x,0n:Nat,1z:X,1 zs:Vector X n) — Vector X (sucn)
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We can measure length statically, so it does not matter that we drop heads.
Then, assuming length computes as above, let us turn lists to vectors.

0 length : (0 X :%,0 zs:List X) — Nat
length = % X. lit X () -. Nat) zero (\. z. \ _.suc)
w vector : (0 X :*,1 zs:List X) — Vector X (length zs)
vector = ) X.lit X (\ zs. Vector X (length zs))
(vnil X) (nz. N zs. nzs’.vcons X (length zs) x xs”)

In the step case, the zero-resourced list tail, xs, is used only to compute a
zero-resourced length: the actual runtime tail is recycled as the vector zs’. The
impact is to demolish a list whilst constructing a vector whose length depends
on what the list used to be: that is the dependent lollipop in action.

6 Confluence of Computation

We shall need to establish the diamond property for computation.

Definition 10 (Diamond Property). A binary relation R has the diamond
property if Vs,p,q. sRp A sRq = 3r. pRr A qRr.

s Rp

Appealing to visual intuition, I will typically depict such propositions, R 3 R

qRr

where the existential quantifier governs points and proofs below and right of it.

The Tait-Martin-Lof-Takahashi method [26] is adequate to the task. We

introduce a ‘parallel reduction’, >, which amounts to performing none, any or

all of the available contractions in a term, but no further redexes thus arising.
Proving the diamond property for > will establish it for —. Here is how.

Lemma 11 (Parallelogram). Let R, P be binary relations with R C P C R*.
If P has the diamond property, then so has R*.

Proof. If sR*p then for some m, sR™p, hence also sP™p. Similarly, for some n,
sP"q. We may now define a ‘parallelogram’ ¢;; for 0 <4 < m,0 < j < n, first
taking two sides to be the P-sequences we have, s = tggPt19P ... Pt;,0 = p and
s =togPto1 P ... Pty, = q, then applying the diamond property

tij P otig;
for0<i<m,0<j<n P 3 P
tigi+1) P tarnyG+1)

Let r = t;,n. The lower two sides give pP"r and ¢P™r, so pR*r and qR*r. O

By design, parallel reduction fits Lemma 11. We have structural rules for
each construct, together with v and 3 rules.
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Definition 12 (Parallel Reduction). Let parallel reduction, >, be defined by
mutual induction for terms and eliminations, as follows.

S S ToT toet eve tot ToT
x;Dx; (rx:S)—>To(rx:S)—>T rz.t>rzt ede t:Tot
fof sps tpt ToT trt’ S S ToT sps
T>T fso fls t:Tot": T (ot:(rx:S)—>T)s> {t':T)[s:59"/x]
Lemma 13 (Parallel Reduction Computes). ~ Cp> C —».
Proof. Both inclusions are easy inductions on derivations. O

Crucially, parallel reduction commutes with substitution, because the latter
duplicates or drops redexes, but never subdivides them.

Lemma 14 (Vectorized Substitution). Admissibly, %.

Proof. Proceed by structural induction on the derivation of ¢t > t'. Effectively
we are lifting a substitution on terms to a substitution on parallel reduction
derivations. The only interesting cases are for variables and (3-contraction.

For y; > y; where e;/y; and e} /y; are in the substitutions ‘before’ and ‘after’:
here, we substitute the given derivation of e; > €.

For (\z.t: (rx:S) — T)sv> (t':T7)[s': 5" /x], where our ‘argument’ inductive
hypotheses yield (s:S)[e/y] > (s':5)[e’/y], we may extend the term and deriva-
tion substitutions, then use ‘body’ hypotheses to deduce t[(s:.5)[e/y]/z, e/y] >
t'[(s":5")[€'/y]/x, €' /y] and similarly for T; the usual composition laws allow us
to substitute in phases —[(s:S)[e/y]/x,e/y] = —[s': S’ /x][e/y] and the § rule
then yields (hz.t: (wz:S) — T) s)le/y] > (t' : T")[s": 5" /z][e/y]. O

Iterating Lemma 14, we get that if e — ¢’ and ¢ — ¢/, then t[e/x] — t'[¢//x].

Lemma 15 (Parallel Reduction Diamond).

s> p
v v
qor

Proof. We use induction on the derivation of s > p, then case analysis on the
derivation of s > q. Where both use the same rule, the inductive hypotheses yield
common parallel reducts. The only interesting cases are where computation is
possible but one side declines the opportunity.

spbg S Q@

spp Sb P $:5>q:Q
s:Spp 550 ¢q:Q 7

For v, we have
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s> p S>P R

Inductively, we obtain V 3V and VvV 3V , then also %.
qo T Qr R LEh 4
s>p SpP S'>P spp

(hz.s : (mx:S) = 8 s> (p: P)[p: P/x]

svqg SrQ S'>Q

For 3, we have

: : : s> q
hz.s:(mx:S) =8 s> (he.d : (rz:Q) — Q) ¢
Induction yields common reducts 7/, R, R',r, so (p’: P')[p: P/z] > (' : R)[r: R/x]
by Lemma 14, then the 3 rule gives us the required

gor QbR Q>R gb>r

hz.¢ :(mz:Q)— Q) g (v':R)[r:R/x] =
Corollary 16 (Confluence).
s—»Dp
UER
q—r
Proof. Apply Lemma 11 with Lemmas 13 and 15. O

7 Subtyping and Its Metatheory

Subtyping is the co- and contravariant lifting of the universe ordering through
the function type, where Luo’s Extended Calculus of Constructions is covariant
in the codomain and equivariant in the domain [17]. It is not merely convenient,
but crucial in forming polymorphic types like x; 3 (0 X :%¢) — (12:X) — X, as
the FUN rule demands X : ;. To establish that cut elimination preserves typing,
we must justify the subtyping in the ELIM rule with a proof of subsumption, i.e.,
that term can be lifted from sub- to supertype. While developing its proof, below,
I had to adjust the definition to allow a little wiggle room where the application
rule performs substitution: type annotations obstruct the proof. Rather than
demanding cut elimination to get rid of them, I deploy wilful ignorance.

Definition 17 (Subtyping). Let ~ (‘similarity’) identify terms and elimina-
tions structurally up to s:S ~ s:5'. Define subtyping inductively thus.

S~T J=i 'S T<T
S=<T *i =% (rx:S) =T 2 (rax:5)—> T

In particular, subtyping is reflexive, so a term e is accepted if its synthesized
type S and its checked type T have a common reduct.

Note that computation plays no role in subtyping: given that it is deployed at
the ‘change of direction’, we can always use POST and PRE to compute as much
as is needed to make this rather rigid syntactic definition apply. The rigidity then
makes it easier to establish the crucial metatheoretic properties of subtyping.
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Lemma 18 (Subtyping Transitivity). Admissibly, R

Proof. Contravariance in the rule for function types obliges us to proceed by
induction on the maximum of the heights of the derivations (or, in effect, the
‘size change’ principle, for which subtyping is a paradigmatic example). If both
derivations are by similarity, the result is by similarity. Otherwise, we have either
sorts, in which case the transitivity of > suffices, or function types, in which case
the result follows from the inductive hypotheses. O

We need two results about the interaction between subtyping and compu-
tation. If we compute one side, we can compute the other side to match, and
if we compute both sides independently, we can compute further to reestablish
subtyping. Both will depend on the corresponding fact about similarity.

Lemma 19 (Similarity Preservation). Again, with 3 applying below and
right,

S ~T S ~T S~T S ~ T
v 3v \Y \Y 3
S~ T _ S’ T Silwr}v/ é/ %/
v Vv
S~ - Si// CZ%//

Proof. For 1>, use copycat induction on derivations. If just one side computes, we
need only compute the other. When both compute apart, we need to compute
both back together, hence the far left 3. For —, we iterate the results for >. O

Lemma 20 (Subtyping Preservation).

ST
Lo
S=T S<T T s T
f 3l 3 o3t
S/jT/ S/ j T/ S//jT//

Proof. Induction on the derivation of S < T. Lemma 19 covers similarity. For
sorts, there is no way to compute. For function types, computation occurs only
within sources and targets, so the inductive hypotheses deliver the result. O

Lemma 21 (Subtyping Stability). S <T = S[r:R/z] <X T[r:R'/x].

Proof. Induction on derivations. Wherever R and R’ occur distinctly, ~
ignores. a

The key result about subtyping is that it is justified by the admissibility of
subsumption, pushing terms up the ordering. We may extend subtyping point-
wise to contexts and establish the following rule, contravariant in contexts.
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Theorem 22 (Subsumption). If A < A, then admissibly,

AEpS>s
AFpT>s

AFpee S

S2T IS’ I SAAFpec s

Proof. We proceed by induction on typing derivations. For PRE, we make use
of Lemma 20. We may clearly allow iterated PRE to advance types by —», not
just ~». I write .". to mark an appeal to the inductive hypothesis.

AFpR e A+pR
arplist g, S AEpR St
AI—pSBtS R ]ﬁi]ﬁ' AFpT>t

For SORT, transitivity of > suffices. For FUN, we may pass the inflation of the
desired sort through to the premises and appeal to induction.

For

S'<S T=<T Apnx:SEpT >t
2:S)—>T <X (nx:8")—>T Abp(rxz:S)—>T>3nrzx.t
contravariance of function subtyping allows us to extend the context with the
A pnx:S'EpT St
Fop(rx:S) —-T >nx.t’

LAM, we have The
(m

source subtype and check the target supertype, e

AFpeeR
AFpS>e
we have A + pe € R and by Lemma 18, we get R’ < T and apply ELIM.

For pPOST, we may again appeal to Lemma 20. For VAR, we look up the
subtype given by the contextual subtyping.
Agbpfe(ra:S)—-T AkFprSos

A+ A1 Fp fseT]s:5/x]
and A; share a precontext, we have 4, < Ag and & < A;. Inductively, we may
deduce in succession, -, 35", T". S < S'ANT' < TN LKAtpfe(re:S)—>T
A Fpr S os
from which we obtain &) + & F p fs € T'[s:S5'/z] where Lemma 21 gives, as
required, T'[s:S"/x] <X T[s:S/x]. O

For ELIM, we have R =S S =<T.Inductively, for some R < R

For ApPP, we have . Given that Ag

8 Not That Kind of Module System

Above, I claimed that I'-contexts and typing deriviations yield R-modules. Let
us make that formal. Firstly, what is an R-module?

Definition 23 (R-module). An R-module is a set M with

zero 0 M
addition —+ —: M x M — M
scalar multiplication — — R x M — M

which make (M,0,4+) a commutative monoid and are compatible R in that, for
almeM 0m=m (p+m)m=pm-+am (pr)m = p(mm).
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The obvious (and, for us, adequate) way to form R-modules is pointwise.

Lemma 24 (Pointwise R-modules). X — R is an R-module with

0z=0 (f+g9)z=fat+gz (pf)z=p(f2)

ProoF. Calculation with rig laws for R. (]
By taking X = 0 and, we get that 0 — R =2 1 is an R-module. By taking
X =1, we get that 1 — R = R itself is an R-module.

Lemma 25 (Contexts R-modules). I'-contexts form an R-module.

PRrROOF. The I'-contexts, A are given by functions A|— : dom(I") — R, where
(A, px:S, A)|z = p. Lemma 24 applies. O
Where the ‘coeffects’ treatment of resources from Petricek and coauthors [21]
retains the non-dependent mode of splitting the context—some variables into
one premise, the rest in the other—the potential for type dependency forces
more rigidity upon us. The module structure of I'-contexts lets us send I" to all
premises, splitting up the resources the context gives each of I’s variables.
What about typing derivations? We can play the same game. Let 7 (X) be
the set of finitely branching trees whose nodes are labelled with elements of X.
The typing rules tell us which elements D, of 7(J) constitute valid deductions
of the judgment at the root. We can separate such a tree into a shape and a
set of positions. The elements of 7(J) with a given shape form a module by
lifting R pointwise over positions. That is but a dull fact about syntax, but
more interesting is that the module can then be restricted to valid derivations.

Definition 26 (Shape and Positions). Shapes, d, of derivations inhabit trees
T(P) of prejudgments. The shape of a given derivation is given by taking
|—] : T(J) — T(P) to be the functorial action T (|—]) which replaces each
Judgment with its corresponding prejudgment. Position sets, Pos : T(P) — Set
and prejudgment positions Pos' : P — Set are given structurally:

Pos (ledn> = Pos'(P) + ZPOS(di) Pos'(I" ) =0
: Pos'(I'=T > t) = dom(I") + 1
Pos'(I'-e € S) =dom(I") + 1

where 1 is the unit type with element *.

That is, each typing prejudgment has a resource position for each quantity in
its context and for the number of things to be constructed. A straightforward
recursive labelling strategy then yields the following.

Lemma 27 (Representing Derivations).
Vd e T(P)
{D:T(J)||D] =d} =Pos(d) — R.
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PROOF. Structural induction. At each node, {J : J| |J| = P} = Pos'(P) — R.

P J Pos'(P) - R

Ik I+ _

I'tT>t AbpT>t x— Alx; x—p

I'teeS AbpeeS x— Alx; x—p O

The derivation trees of shape d thus form an unremarkable R-module. Let us
establish something a touch more remarkable. In fact it is obvious, because when
designing the system, I took care to ensure that any nonzero resource demand
in the conclusion of each rule is linearly a factor of the demands in the premises.

Theorem 28 (Valid Derivation Modules). For any valid derivation tree D
of shape d, the R-module on {D' : T(J)||D’'] = d} refines to an R-module on
{D':T(J)||D'] =d,D’ valid}.

PRrROOF. It is necessary and sufficient to check closure under addition and scalar
multiplication as the latter gives us that 0D is a valid zero. The proof is a
straightforward induction on d, then inversion of the rules yielding the conclu-
sion. For scalar multiplication, I give the cases for VAR, APP and CUT, as they
give the pattern for the rest, showing local module calculuations by writing true
equations in places where one side is given and the other is needed.

5 Fa:S. I F B a:S. I F
0 px:S,0I"FpxeS ) 0,¢px:S,0I"FopxeS
AFpfe(ma:S)—T pAF¢pp fe(ma:S)—T
AFprS>s A+ (pp)m S > s

¢ A+ AFpfseT[s:S/z] | ~ oA+ ¢AF ¢p fseTs:S/x]

& |[AlFo*;2S AbpS3s\  |¢dA|Fgx>S ¢dAFPpS>s
AFps:Ses o QA ¢pps:SeS

For addition, I give just the APP case, which makes essential use of commutativity
of the rig’s addition and distributivity of multplication over addition.

Aobpo fe(mae:S)—T Abpr fe(rma:S)—-T
Aoll_po’]TSBS Alll_pl’]TSBS
Aot AJF po fs€T5:5/a] = AL+ AT F p1 fs € T[5:5/]

Ao+ A F(po+p1) fE€E(ma:S)—T
A0/+A1/ H (p0+p1)7r S3s
(Ag+ A1)+ (A + AY)E (po + p1) fseT]s:S/x]

Hence, valid derivations form an R-module. (|
Not only can we multiply by scalars and add. We can also pull out common
factors and split up our resources wherever they make multiples and sums.
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Lemma 29 (Factorization). If A+ ¢p T > t then for some context named
Alp, A= p(A)d) and AJpF p T > t. Similarly, if A+ ¢pe € S then for some
Alp, A= ¢(A/@) and AJpFpee S.

Proof. Induction on derivations. The only interesting case is APP.

Aobppfe(nx:S)>T At (pp)mr S>s
Ao+ A o¢p fseTs:S/x]

Inductively, Ag/¢+ p f € (mx:S) — T, and reassociating, Ay/¢ - pr S > s, s0
distribution gives us ¢(Ag/p + A1/p) - ¢p f s € T[s:5/x]. O

This result does not mean R has multiplicative inverses, just that to make ¢
things at once, our supplies must come in multiples of ¢, especially when ¢ = 0.
Corollary 30 (Nothing from Nothing). If AF0T >t then A =0[A].
Proof. Lemma 29 with ¢ = p = 0. O

Lemma 31 (Splitting). If A+ (¢ + p) T > ¢t then for some A = A + A/,
AF ¢T3t and A+ pT >t Similarly, if AF (¢ + p) e € S then for some
A=A+AX A+-pecSand A'+FpecS.

Proof. Induction on derivations. The only interesting case is APP.

AgbF(dp+p) fe(ma:S) =T Ak (p+p)mrS>s
Ao—f—Al'_((i)—l-p)fSET[SS/l']

Inductively, & F ¢ f € (mx:S) > T and X Fp f € (mx:S) — T, and
distributing, A F ¢ S>sand A Fpr S>s,50 A+ A+ om fse€T[s:S/x]
and A+ A+ pr fse€T[s:S/x]. O

9 Resourced Stability Under Substitution

Let us establish that basic thinning and substitution operations lift from syntax
(terms and eliminations) to judgments (checking and synthesis). It may seem
peculiar to talk of thinning in a precisely resourced setting, but as the precontext
grows, the context will show that we have zero of the extra things.

Notationally, it helps to define localization of judgments to contexts, in that
it allows us to state properties of derivations more succinctly.
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Definition 32 (Localization). Define

ki Cx(D)x T = T
A AFpT>t =AAFpT >t
A AtpeeS =AAFpeesS

Strictly speaking, I should take care when localizing A - J to freshen the
names in J’s local context relative to A. For the sake of readability, I shall pre-
sume that accidental capture does not happen, rather than freshening explicitly.

Lemma 33 (Thinning). Admissibly, AL T

Proof. Induction on derivations, with 7 absorbing local extensions to the con-
text, so the inductive hypothesis applies under binders. We can thus replay the
input derivation with 07 inserted. In the APP case, we need that 0I"+01" = 01".
In the VAR case, inserting 01" preserves the applicability of the rule. a

Apx:SEFIAFee S
A+ A+ Jle/x] '

Lemma 34 (Substitution Stability). Admissibly,

Proof. Induction on derivations, effectively substituting a suitable &, 0" - ¢ e €
S for every usage of the VAR rule at some |A],¢px:S,0I"' F ¢ = € S. Most cases
are purely structural, but the devil is in the detail of the resourcing, so let us take
account. For PRE, LAM, ELIM and POST, the resources in A are undisturbed and
the induction goes through directly. For SORT and FUN, A = 0", and Corollary 30
tells us that ¢ = 0 and hence A = 0I', pushing the induction through. For VAR
with variables other than z, again, ¢ = 0 and the induction goes through. For vARrR
at z itself, Lemma 33 delivers the correct resource on the nose. For cUT, we may
give all of the es to the term and (multiplying by 0, thanks to Theorem 28) exactly
none of them to its type. In the APP case, Lemma 31 allows us to share out our es
in exactly the quantities demanded in the premises. a

10 Computation Preserves Typing

The design of the system allows us to prove that computation in all parts of a judg-
ment preserves typing: inputs never become subjects at any point in the derivation.
While following the broad strategy of ‘subject reduction’ proofs, exemplified by
McKinna and Pollack [19], the result comes out in one delightfully unsubtle dollop
exactly because information flows uniformly through the rules.

We can lift — to contexts, simply by permitting computation in types, and
we can show that any amount of computation in judgment inputs, and a parallel
reduction in the subject, preserves the derivability of judgments upto computa-
tion in outputs. We should not expect computation to preserve the types we can
synthesize: if you reduce a variable’s type in the context, you should not expect
to synthesize the unreduced type, but you can, of course, still check it.
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Theorem 35 (Parallel Preservation).

AT t AL o7 Ae S AL g
pl >t peeE
i%/;éﬂkp’f’at’ i,vléas%/\ﬁ(kpe'ésl
e

PRrROOF. We proceed by induction on derivations and inversion of >. Let us work
through the rules in turn.

Type Checking. For PRE, we have

AFpR Al Tk AFpR 3¢
Ar,Tst YV o+ 3 AFpT 57
At T — R

with the confluence of computation telling me how much computation to do to
R if T want T” to check t'. For SORT, subject and checked type do not reduce,
but one axiom serves as well as another.
given I'bo%; 2%, j>=14 I — 1" deduce I" g *; 3 *;
For FUN and LAM, respectively, we must have had
FFo*iES .'AF/F()*Z‘BSI

F,.TZS"O *; 2T v v ,',F/,IZS/ () *iBT/
I'to ;3 (rx:S)—>T l I'bto ;3 (mz:S") - T

F/S/T/
I sTt
Aprz:SEpT >t Ll |v A prx:S'EpT ¢
Arp(rz:S) =T 3 rx.t Loy Arp(rna:S)—-T >nra.t

For ELIM, we have two cases. For the structural case, we must compute.

AT e S
%g%%£SjT Llv 3l Adrpees
- AT € S’
§=T ’ ’
£ i AFPG/GS//S/—»S”
P AFpe el . .
AbpT">¢€ 2T
4 - ! "
5%/{1%// AFPTIBQ/ =T

Lemma 20 reestablishes subtyping after computation.
For v-contraction, we have a little more entertainment. We start with

A s S <T

AFpS>s Y | |

As ST
Abps:Sels 3| | CAF ST

AFPTBQ S//jT”
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i /
Then by Theorem 22 (subsumption), we obtain AT )T 55 T —T".
Type Synthesis. For POST, we have
Ae S~ R
AFpeelS iV E@ Hi S AbEpees
AFpecR Ar+-pe e R
Ae S — R

For VAR, again, one axiom is as good as another

IS

0ly,pz:S, 0 Fpxe sl IR 0y, px:S" 0l Fpxes
;s

The case of CUT is just structural.

A S s
|[AlFo#;,25 AkFpS>s | vv A Fo 28 S AFEpS oS
AFps:SesS Y Arps:5" el
S

For ApPP, we have two cases. In the structural case, we begin with

Ao+ Ay f s

AFpfera:S) T AbFprSos ! | vv
Ao+ A b p fseT|s:S)x] .,
A4+4 fs

and we should note that the computed context 4 + 4 continue to share a
common (but more computed) precontext. The inductive hypothesis for the
function tells us the type at which to apply the inductive hypothesis for the

S T
. Ak pfera:S)=T - AFprS >s
argument. We obtain EIS% ET% v+ AF )5 €T 55/

where Lemma 14 tells us that T[s: S/x] — T’[s': S’/z]. This leaves only the
case where application performs (3-reduction, the villain of the piece. We have

Aok p(hz.t:(ma:Sy) = Tp) € (mx:51) = Th Ao+ Ay £ So Ty s So Ty

Ak pr Sy o £ iVVVV$$
Ag+A1Fp(Oha.t: :80) = Ty) s € Tils:S
otAikp(hat:(ra:S) — To) s € Tus:S1/x] N+ NS T s S Ty

noting that POST might mean we apply at a function type computed from that
given. Let us first interrogate the type checking of the function. There will have
been some FUN, and after PRE computing Sy — Sy and Ty — T5, some LAM:

|Ao] Fo*i 280 [Agl,2:80 o *i 3 T Ag,pra:So b pTh ot
|_AOJ Fo *iB(W$:So)—>TO Ao"p(ﬂ$:52)—>T29)\$.t
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We compute a common reduct So — {5}, 51,52} — 57, and deduce inductively

. L%va‘si Fo *; 9T6 Lﬁ{lj Fo *; D 56
A pmaSiEpTiot A FEpr Sios

so that cuT and POST give us & F pr ¢’ : S} € Si. Now, Lemma 34 (stability
under substitution) and CUT give us

|4+ A Fox T8 :S0/x] A+ A b pTh[s':Sh/x] '[85, /]
K+ M FpT5)[s":50/x] € Tols": 50 /]

so POST can compute our target type to a common reduct Ty — {T{,T1, T2} —
T/, and deliver &, + A + p (t':T)[s": S, /x] € Ty[s:S1/x]. O

Corollary 36 (Preservation).

At AbpT ae 5 A l— p S
>t $ i ec
1= = 3| N3 :
AFpT >t pe el
ATV P A e S’
Proof. Tteration of Theorem 35. O

11 Erasure to an Implicit Calculus

Runtime programs live in good old lambda calculus and teletype font, to boot.
Definition 37 (Programs).p:=2x | \z ->p|pp.

I introduce two new judgment forms for programs, which arise as the erasure
of our existing fully explicit terms.

Definition 38 (Erasure Judgments). When p # 0, we may form judgments
as follows: AbFpT>twp AbFpecsS »p.

That is, programs are nonzero-resourced. Such judgments are derived by an
elaborated version of the existing rules which add programs as outputs. For
checking, we must omit the type formation rules, but we obtain implicit and
explicit forms of abstraction. For synthesis, we obtain implicit and explicit forms
of application. In order to ensure that contemplation never involves consumption,
we must impose a condition on the rig R that not only is the presence of negation

unnecessary, but also its absence is vital: %_8
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Definition 39 (Checking and Synthesis with Erasure).
AFpR>t »p
AFpT >t »p TR

AOQz:SEpT >t w»p 6 =0
AFp(@z:S) —=Toratwp’?™

Aprz:SEpT >t »p
AFp(rx:S)—>T>3rx.t » \JC—>pp7T7é0

AFpee S w»p
AFpT>e »p

PRE-+

LAMO

LAM-+

ELIM+ ST

Abpee S L IS

POST+- AFpcc R wp

VAR+

0, px:S,0I"FpxelS »a

AFpfe(px:S)—T wp |AlFgS>s 6=0
AbpfseT[s:S/z] »p PP =

Abpfe(rne:S)—=Twp AbFprS>sw»p 20
A+ Abp fseT[s:S/x] »pp’ o

LAJFo*lBS A"pSBSPP
AFps:SeSw»p

APPO

APP+

CUT+

We can be sure that in the LAMO rule, the variable x bound in t occurs
nowhere in the corresponding p, because it is bound with resource 0, and it
will remain with resource 0 however the context splits, so the rule VAR+ cannot
consume it, even though VAR can still contemplate it. Accordingly, no variable
escapes its scope. We obtain without difficulty that erasure can be performed.

Lemma 40 (Erasures Exist Uniquely and Elaborate). If p # 0, then

AFpT >t AFpT >t w»p
dp. AFpT >t »p AFpT >t
Abpee S AbFpee S »p
Jdp. Akpee S »p AFpeesS
Proof. Induction on derivations. a

The unerased forms may thus be used to form types, as Theorem 28 then

. AFpTs>twep AbFpeeSw»p
gives us that = AT == [A]Foe€s

How do programs behave? They may compute by § reduction, liberally.

Definition 41 (Program Computation).

! ~ ! /
\ -> ! / \ _>pM—>I§ -> / p p/ pwp !
(\z->p)p" ~ plp'/z] \o->p ~ \z->p" pps ~ P'Pa PsP ~ PsP
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The key to understanding the good behaviour of computation is to observe
that any term which erases to some \x -> p must contain a subterm on its left
spine typed with the LAM+4 rule. On the way to that subterm, appeals to APPO
will be bracketed by appeals to LAMO, ensuring that we can dig out the non-zero
. by computation. Let us now show that we can find the LAM+.

Definition 42 (n-to-p-Function Type). Inductively, (vx:S) — T is a 0-to-
p-function type if pr # 0; (px:S) — T is an n + 1-to-p-function type if pp =0
and T is an n-to-p-function type.

Note that n-to-p-function types are stable under substitution and subtyping. Let
A" denote \-abstraction iterated n times.

Lemma 43 (Applicability). If A - p T >t » \x->p, then T — some
n-to-p-function type T’ and t — some \"y. nx.t' such that

AFpT'S;L\y. ra.t » \z->p

IfAFpee S » \x->p, then S — some n-to-p-function type S’ and e —»
some \"y. hx.t' : S’ such that

AFp ry. vat S €S » \z ->p.

Proof. Proceed by induction on derivations. Rules VAR+ and APP+ are excluded
by the requirement to erase to \x->p. For PRE+, the inductive hypothesis applies
and suffices. For LAMO, the inductive hypothesis tells us how to compute ¢ and
T to an abstraction in an n-to-p-function type, and we glue on one more \ y. —
and one more (¢y:S) — —, respectively. At LAM+, we can stop. For POST+,
the inductive hypothesis gives us a cut at type S/, where S — S’, so we can take
the common reduct S — {S’, R} — R’ and deliver the same cut at type R’. For
CUT+, we again proceed structurally. This leaves only the entertainment.

For ELIM+, we had ¢ € S with S < T. Inductively, ¢ — ry. L z.t’ : 5’
with S — S’, some n-to-p-function type. Lemma 20 gives us that " — T’
with S’ X T, also an n-to-p-function type. Hence 7" > L y. v z.t' : S’ and then
Theorem 35 (preservation) allows the v-reduction to 7" 3 L y. rz.t'.

For appO, the inductive hypothesis gives us f — ry. \*y. rz.t' : (dx :
S — T with S — S’ and T — T, and T" an n-to-p-function type. Hence
fs— (W"y. hax.t':T")[s: 5" /x]. Preservation tells us the reduct is well typed at
some other reduct of T'[s:.S/x], but the common reduct is the type we need. O

Theorem 44 (Step Simulation). The following implications hold.

Wt —>UAAFpT >t wpp P 7P
AFpeeS w»p ’
3.5 e > AS—>SAAFpees »p P P
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Proof. Induction on derivations and inversion of program computation. The only
interesting case is the APP+ case when the computation takes a (-step.

AFpfe(mz:S) =T w\e—>p AFprS>s»p _—
A+ AFpfseTls:S/z » \e—>p)p ~plp/a] 7

We have some f whose type is a 0-to-p function type and which erases to some
\z -> p, so we may invoke Lemma 43 to get that f — Az.t at some reduced
function type, (mz:S5") — T’, where S’ still accepts the argument s, by preser-
vation, erasing to p’. Accordingly, f s — (¢t:T7")[s:S’/x], where the latter is still
typed at a reduct of T'[s:S/z] and erases to p[p’/z]. O

Accordingly, once we know terms are well typed, contemplation has done its
job and we may erase to virtuous and thrifty 0-free programs.

12 Take It or Leave It

Let us consider liberalising our rig-based resource management. At present, the
{0, 1, w} rig imposes a kind of relevance, but not traditional relevance, in that it
takes at least two uses at multiplicity 1 or one at w to discharge our spending
needs: what if we want traditional relevance, or even the traditional intuitionistic
behaviour? Similarly, we might sometimes want to weaken the linear discipline
to affine typing, where data can be dropped but not duplicated.

One option is to impose an ‘order’, < on the rig. We can extend it pointwise
to I'-contexts, so A < A if A has at least as many of each variable in I" as A.

The < relation should be reflexive and transitive, and at any rate we shall
need at least that the order respects the rig operations

p<m w<¢ T<¢ T<¢ L
p<p p<¢ pt+m<p+o pm < po Tp

¢
op

IAINA

to ensure that valid judgments remain an R-module when we add weakening:

AI—QTBt /
WEAK A(I—pTBtASA

To retain Lemmas 29 and 31 (factorization and splitting), we must also be able
to factorize and split the ordering, so two more conditions on < emerge: factor-
ization and additive splitting.

pr < pg p+p<m
m<¢ A p o< Np<pAT=¢"+)

Stability under substitution requires no more conditions but a little more work.
The following lemma is required to deliver the new case for WEAK.
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Lemma 45 (Weakening). If p < p’ then

AFprT >t Arprnee s
dJA A< AN AF-prT >t JA A< AN Atprec S’

Proof. Induction on derivations, with the interesting cases being VAR, WEAK and
APP: the rest go through directly by inductive hypothesis and replay of the rule.
For VAR, form A by replacing the p'm in A by pm, which is smaller.

For WEAK, we must have delivered &’ = p'7T > t from some A with A < A’
and A + p'm T > t. By the inductive hypothesis, there is some A < A with
AF pr T 3t and transitivity gives us A < A’.

For App, the fact that < respects multiplication allows us to invoke the
inductive hypothesis for the argument, and then we combine the smaller contexts
delivered by the inductive hypotheses to get a smaller sum. a

As a consequence, we retain stability of typing under substitution and thence
type preservation. To retain safe erasure, we must prevent WEAK from bringing
a contemplated variable back into a usable position by demanding ;’%

If we keep < discrete, nobody will notice the difference with the rigid system.
However, we may now add, for example, 1 < ® to make o capture run-time
relevance, or 0 < 1 < w for affine typing, or 0,1 < w (but not 0 < 1) to make
(w x:5) — T behave like an ordinary intuitionistic function type whilst keeping
(12:S) — T linear: you can throw only plenty away.

13 Contemplation

Our colleagues who have insisted that dependent types should depend only on
replicable things have been right all along. The R-module structure of deriva-
tions ensures that every construction fit for consumption has an intuitionistic
counterpart fit for contemplation, replicable because it is made from nothing.

In a dependent type theory, the variables in types stand for things: which
things? It is not always obvious, because types may be used to classify more
than one kind of thing. The things that variables in types stand for are special:
when substituted for variables, they appear in types and are thus contemplated.
A fully dependent type theory demands that everything classified by type has a
contemplatable image, not that everything is contemplatable.

Here, we use the same types to classify terms and eliminations in what-
ever quantity, and also to classify untyped programs after erasure, but it is the
eliminations of quantity zero which get contemplated when the application rule
substitutes them for a variable, and everything classified by a type in one way
or another corresponds to just such a thing.

Such considerations should warn us to be wary of jumping to conclusions,
however enthusiastic we may feel. We learned from Kohei Honda that session
types are linear types, in a way which has been made precise intuitionistically
by Caires and Pfenning [7], and classically by Wadler [31], but we should not
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expect a linear dependent type theory, to be a theory of dependent session types
per se. The linear dependent type theory in this paper is not a theory of session
types because contemplated terms give too much information: they represent
the participants which input and output values according to the linear types.

Dependency in protocol types should concern only the signals exchanged
by the participants, not the participants’ private strategies for generating those
signals. In fact, the signal traffic, the participants and the channels are all sorts
of things classified by session types, but it is only the signal traffic which must
inform dependency. That is another story, and I will tell it another time, but
it is based on the same analysis of how dependent type theories work. It seems
realistic to pursue programming in the style of Gay and Vasconcelos [13] with
dependent session types and linearly managed channels.

What we do have is a basis for a propositions-as-types account of certifying
linearly typed programs, where the idealised behaviour of the program can be
contemplated in propositions. When proving theorems about functions with unit-
priced types, we know to expect uniformity properties when the price is zero:
from parametricity, we obtain ‘theorems for free’ [23,29]. What might we learn
when the price is small but not zero? Can we learn that a function from lists to
lists which is parametric in the element type and linear in its input necessarily
delivers a permutation? If so, the mission to internalise such results in type
theory, championed by Bernardy, Jansson and Paterson [5] is still more crucial.

Looking nearer, I have mentioned the desirability of a normalization proof,
and its orthogonality to resourcing. We must also look beyond — and give
dependent accounts of other linear connectives: dependent ® clearly makes sense
with a pattern matching eliminator; dependent (z:S5)& T'[x] offers the intriguing
choice to select an S or a T[z] whose type mentions what the S used to be, like
money or goods to the value of the money. But what are the duals?

It would be good to study datatypes supporting mutation. We have the
intriguing prospect of linear induction principles like

VX . VP:List X — *.
(n:P]) —o (c:(x:X) —o (wsp: (zs:List X)& P xs) —o P (x :: fst zsp)) —
(zs:List X) —o P s

which allow us at each step in the list either to retain the tail or to construct a P
from it, but not both. Many common programs exhibit this behaviour (insertion
sort springs to mind) and they seem to fit the heuristic identified by Dominguez
and Pardo for when the fusion of paramorphisms an optimisation [11].

What we can now bring to all these possibilities is the separation of con-
templation from consumption, ensuring that contemplation requires no resource
and can correspondingly be erased. More valuable, perhaps, than this particular
technical answer to the challenge of fully integrating linear and dependent types
is the learning of the question ‘What are the contemplated images?’.
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Abstract. Extensible sparse functional arrays (ESFA) is a persistent
data structure with an implementation that performs every operation
in O(1) time and space. There is no requirement for single threading
of arrays, and no performance penalty for sharing. The implementa-
tion is an example of hardware/software co-design and also of active
data structures. This makes the work interdisciplinary, and it builds on
many ideas from functional programming. These include the definition of
new array operations, observations about mutability and purity, monads,
program transformations to remove unnecessary data structures, equa-
tional reasoning, and fixing space leaks in the garbage collector. This
paper summarises a recently published exposition of the system, focus-
ing on drawing connections with some of these foundational ideas. It
also presents some new results on a simulation of ESFA on a GPU. A
surprising result is that although the simulation has high overheads and
limited parallelism, it can outperform a state of the art red black tree
implementation when there is a large amount of sharing between arrays.

1 Introduction

Sometimes a program can be transformed to run faster by eliminating unnec-
essary work. An example is Wadler’s “listless” transformation (Wadler 1984),
which avoids the creation of unnecessary intermediate lists. This improves effi-
ciency, but the remaining lists still limit performance because it takes time to
follow chains of pointers in order to find a particular item.

By combining digital circuit design with algorithms — transforming the
underlying machine as well as the software — we can get rid of some of the
pointers too. The idea is to design a “smart memory” with a small amount
of processing capability in each location. The benefit comes from the massive
parallelism inherent in digital circuits: every logic gate is operating in parallel,
all the time. Many of them can be made to do useful work much of the time,
although conventional architectures waste nearly all of this processing power.
Such machines are called associative memories or content addressable parallel
processors, and the combination of parallel circuits and software is an example
of hardware/software co-design. The general approach is sometimes called active
data structures because a memory operation initiated by the CPU causes the
memory to perform many small computations internally (O’Donnell, Hall, and
Monro 2013).
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A particularly challenging data structure is the pure functional array, which
might better be called a persistent array. When an array a is updated with a
mapping ¢ — v from an index ¢ to a value v, the result is a new array a’ which
is identical to a except that it contains the new mapping. The original array
a is unchanged — it is persistent. Functional arrays can be implemented using
data structures related to binary search trees (Graefe 2010), giving logarithmic
time access provided the trees are balanced. To be efficient, the algorithms need
both to rebalance trees and maintain sharing between arrays (O’Neill 1994) and
(O’Neill 2000).

This paper discusses the application of circuit parallelism to extensible sparse
functional arrays (ESFA). The system consists of a machine (a digital circuit)
called ESFM, along with algorithms running on ESFM that implement the oper-
ations for ESFA. Circuit parallelism enables the machine to perform a variety of
data structure operations in unit time, while chains of pointers need to be fol-
lowed on a conventional architecture. Each lookup and each update takes a small
constant number of memory accesses, regardless of the past history of updates.
There is no restriction on which arrays may be updated, and there is no loss
of sharing.

The system has been described in a previous paper (O’Donnell 2015). In this
paper we give a high level overview of the main ideas and provide a broader
context. Then we present some new results about an implementation of ESFM
using general purpose graphical processing units (GPUs) and compare the per-
formance with that of a C library. Finally, we discuss work in progress on memory
management.

There are several other approaches to functional arrays, and the choice
depends on the nature of the application. We argue that functional arrays are
simply a different data structure than imperative arrays. Both kinds of array
can be used in an imperative language, and also in a functional language. The
distinction between imperative and functional arrays lies in the API, not in the
programming language.

Section 2 presents two APIs for functional arrays: a pure one and a stateful
one using a monad. Section 3 explains the main idea: using a novel circuit to
eliminate explicit tree structures and avoid following pointers. Section4 shows
two applications of equational reasoning in deriving or proving the correctness
of the implementation: one application is in the hardware design, and the other
is in the algorithm running on that hardware. In Sect.5 we discuss using a
multicore (a GPGPU) to simulate the ESFM circuit, and show how the GPU
architecture suggests a new family of bulk array operations. Future directions
are suggested in Sect.6, where a space leak is identified along with a possible
solution using a hardware garbage collector. Section 7 concludes with a discussion
of the links between this work and some of the classic early research in functional
programming.
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2 Shall I Be Pure?

Imperative languages are based on the assignment statement, which calculates a
new value, destroys the information stored in a variable, and replaces it with the
new value. The new value of a variable is stored in the same place as the original
one. This has several advantages: it enables circular structures to be traversed by
marking nodes as they are encountered, and a small part of a large structure can
be changed allowing efficient incremental updates to an array. However, variables
vary over time, so equational reasoning is not valid.

Pure functional languages are based on the equation, which also calculates a
new value and saves it but does not insist on destroying any existing information.
The new value may be stored in a newly allocated memory location. Values are
persistent and immutable, while destruction is left to the garbage collector. This
approach is pure and retains referential transparency, but is incompatible with
imperative arrays and makes some algorithms harder to implement efficiently
(e.g. traversing circular data structures).

Effects introduce impurity, while purity leads to inefficiency. Wadler asked
rhetorically “is there a way to combine the indulgences of impurity with the
blessings of purity?” (Wadler 1992). Answering in the affirmative, he showed how
to apply monads to allow computational effects in a pure functional language.
This makes it possible to use imperative arrays in a functional language, retaining
the benefits of both effects and purity.

But that is not the end of the story for functional arrays. When you update
an imperative array, the old array contents are gone. If an algorithm needs access
to the old array value as well as the new one, then monads don’t help: the sharing
of pure functional arrays is needed.

Imperative arrays and functional arrays are distinct data structures, with dif-
ferent APIs. They are not tied to particular programming paradigms. You can use
imperative arrays in a functional language (with monads, or unique types), and you
can also use functional arrays in an imperative language. The historical terminol-
ogy can be misleading; the essential distinction is whether the arrays are persistent,
not whether the host programming language is functional or imperative.

It has turned out to be useful to give two APIs for ESF arrays: a high level
one where each array operation is a pure function (Table 1), and a low level one
that makes the machine state explicit (Table 2). The high level interface allows
the programmer to manipulate arrays with pure update and lookup functions,
and requires storage management to be handled automatically. The low level
interface gives access to operations needed by the storage manager, and requires
performing all the array operations in a monad.

Table 1 defines the high level API, which consists of ordinary expressions and
pure function applications. This API places no constraints on the structure of
the program; there is no need to perform array operations in a monad. There is
a constant empty which is an array containing no elements. Every array other
than empty must be constructed using update, and arrays are accessed using
lookup. The remaining operations support sparse access by traversing the defined
elements of an array. Two laws state the relationship between lookup and update.
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Table 1. Array operations: pure functional API

empty i Array
update : Array — (Ide — Val) — Array
lookup it Array — Idx — Maybe Val

minDef,mazDef :: Array — Maybe (Idz — Val)
nextDef,prevDef :: Array — Idz — Maybe (Idz — Val)

Law 1 (Empty Array). For all i:: Idz,

lookup empty i = Nothing

Law 2 (Nonempty Array). For all a:: Array, element (j — v):: (Idx — Val)
and index 1 :: Idx,

lookup (update a (j — v)) i
|i=j=Justv
| ¢ # j = lookup a i

Memory management is essential and is not expressible in the pure interface.
It could be performed either by the user program or by an automatic garbage
collector. In either case, it is better to write the memory management as an
imperative functional program (Peyton Jones and Wadler 1993), rather than
doing it all at the lowest level of programming. Therefore a lower level interface
is needed to make memory management explicit. The crucial low level operation
is to delete an array. This operation changes the state, so it needs to be provided
in a monad.

type SystemState s e a = StateT (ClircuitState s, e) 10 a
type EsfaState a = SystemState Cell AuzState a
type Result a = Either ErrMsg a

Table2 shows the lower level API. The array accesses (updateS etc.) are
similar to the pure counterparts. The last two operations change the machine
state. When an array is deleted, the array handle is reclaimed and all elements
that have become inaccessible are identified (but see Sect.6).

There is a special facility to enable a finaliser to be run when an element
is reclaimed. This is necessary, for instance, if the element contains a pointer
back into the heap in the CPU’s memory. When an updateS creates a new array
with a new element, a Boolean parameter notify indicates whether the main
program wants to be notified when the element is reclaimed. Later, when the
element is identified as garbage, it is reclaimed immediately if the Boolean is
False. If notify is true, then the element is left in the ESFM memory but marked
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Table 2. Array operations in the stateful API. The deleteS and killZombieS operations
support memory management, and the others correspond to functions in the pure API
in Table 1.

updateS : Array — (Idz — Val) — Bool — FEsfaState (Result Array)
lookupS it Array — Idz — EsfaState (Result Val)

minDefS,mazDefS :: Array — FEsfaState (Result (Idz — Val))
nextDefS,prevDefS :: Array — Idz — EsfaState (Result (Idz — Val))

deleteS :: Array — FEsfaState ()

killZombieS 2 EsfaState (Maybe Val)

as a zombie. There is an operation killZombie that searches associatively for a
zombie, reclaims it, and returns the value of the element for finalisation.

Both the deleteS and killZombie operations are single machine operations;
they take O(1) time.

Monads are not needed for pure functional arrays, but they do allow for
explicit implementation of memory management. The programmer can choose
which approach is suitable for an application.

3 Transforming Programs to Eliminate Trees

Wadler showed how to transform programs to eliminate trees (Wadler 1990).
The reason functional arrays are tricky to implement on a conventional machine
is that the resulting trees require time to traverse and to rebalance.

The essential idea behind ESFA is to eliminate all the trees used to represent
arrays. To do this we need to do some circuit design, because the new algorithms
do not run on conventional hardware. For the full details see (O’Donnell 2015);
this section just introduces some of the ideas.

Ordinary memory hardware (“random access memory”) accesses data by its
address. Associative memory hardware accesses data by its contents. For exam-
ple, suppose each memory word contains two fields: a key and a value. Instead
of an instruction like load Reg,address — which requires finding the address
of the data — the hardware provides an instruction like loadval Reg,key. This
instruction broadcasts the key to each memory cell, which compares it with the
local key value. If a cell finds a match, it returns the corresponding value.

The ESF Machine (ESFM) is related to associative memory but provides
more general computational capabilities. Instead of memory words, it holds a
set of cells. Each cell contains several fields, including the index and value of an
array element, and some control bits indicating whether the cell is full or empty.

We can think of an imperative array as “knowing” where its elements are.
That is, given the address of an array a, the element of a[i] is just a+k x ¢ where k
is the size of an element. That approach is inconsistent with the massive sharing
that ESF arrays may have.
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The key idea is to reverse the perspective completely. We will represent an
array by a handle, which is just a unique number that is unrelated to the locations
of any of the array’s elements. Instead, we will just place the elements (the
mappings ¢ — v from index 4 to value v) in random locations anywhere in the
machine. Associative searching rather than address is used to locate an element.

In this reverse perspective, an array doesn’t know its elements, but instead
each element knows the set of arrays that contain the element. This is called the
element’s inclusion set.

To perform all the operations in the API within O(1) time and space — with
no restrictions whatsoever on sharing — we need to be able to represent every
inclusion set in constant space, and test for set membership in constant time.
For arbitrary sets this would be impossible, but inclusion sets are not arbitrary:
they satisfy a set of invariants that are maintained by all the ESFA operations.

The invariants ensure that (1) we can identify each array a by a code ¢ and
(2) associate a pair of natural numbers low and high with each cell z containing
an element, such that a is in the inclusion set of the element in z if and only if
low x < ¢ < high z. For an explanation of why this is so, see (O’Donnell 2015).
For now, the point is that every inclusion set can be represented by just two
numbers, and set membership can be determined by two comparisons.

When a lookup takes place, the elements are found by parallel comparisons in
each cell. When an update takes place, many (typically half) of the array codes
and low /high values in the entire machine need to be incremented. When a delete
takes place, many of these are decremented. This looks like a lot of overhead,
but it is exactly the kind of computation that circuit parallelism is good at: each
cell has enough logic gates to perform a comparison and an increment, and all
the cells can do this in parallel.

4 Calculating is Better than Scheming

The implementation of ESF arrays contains two levels. The lower level is a digital
circuit design that provides combinators for parallel maps, folds, and scans. The
upper level implements each operation in the API using the parallel combinators.
Both levels contain many details, are rather complex, and tricky to get right.
For both, it has proved more successful to calculate the algorithm rather than
to do ad hoc coding (Wadler 1987a).

4.1 Deriving Circuit Combinators

The lower level is a digital circuit specified functionally with the Hydra hardware
description language, a domain specific language embedded in Haskell. Rather
than describing the circuit directly, a circuit generator is used. This is a higher
order function that constructs a large circuit from building blocks. The overall
structure is a tree circuit, with building block circuits at the leaves (called cells)
and nodes. A clock cycle in the circuit performs an upsweep and downsweep
vertically through the tree.
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sweep
2(s—d—(s,u)) - ¢f = cell function
—(d—u—u—(u,d,d)) --nf =node function
—d -- a = root input
— ClircuitState s -- state of tree circuit
— (CircuitState s, u) -- (new state, root output)

A sweep causes each cell to apply a logic function to its state to produce
an output to send up; later this function also calculates the new state using
the current state and the incoming down message. These two logic functions are
combined in the single function cf.

sweep cf nf a (Leaf ¢) = (Leaf ¢',y)
where (¢',y) =cf ca

Each node uses its nf function to calculate the value a’ to send up, and the
values p’ and ¢’ to send down to the left and right subtrees. Again, all these
calculations are combined in one function nf. An alternative way to define a
general tree circuit is to separate the cell and node functions into separate up
and down functions, and then to define separate upsweep and dnsweep functions.

sweep cf nf a (Node x y) = (Node ' y', a’)
where (a’,p',¢') =nf apq
(z',p) = sweep ¢f nf p’ z
(y', q) = sweep cf nf q'y

The operations in Table 2 are implemented using a family of combinators that
define global parallel computations. These include map and several varieties of
fold and scan. The combinators are implemented by instantiating sweep with cell
and node circuits, in order to generate the full machine. The ¢scanl combinator
is similar to the scanl function defined in the Haskell prelude.

tscanl
(s —a) -- get singleton from cell
— (s = a—s) --update cell using singleton
— (a — a — a) - h: function to be folded
—a -- initial accumulator

— SystemState s e a

This function defines a communication pattern that begins with the cells,
transmits information up the tree, and then transmits further information back
down the tree. If h is associative, then tscanl performs a scan-from-left over the
cells of the tree.

The implementation of ¢scanl is short but subtle, and some incorrect ver-
sions have been published. It can be derived using equational reasoning; this
gives a clear insight as well as a correctness proof (O’Donnell 1994). The other
combinators can be derived as well.



Pointlessness is Better than Listlessness 241

. .tscanl f g h a = sweepm cf nf a
where ¢f sa= (g s a,fs)

nfapq=(hpgqahap).

4.2 Deriving Effect on State of Array Operations

The implementation of the array operations using the parallel combinators is
even more subtle than the combinators themselves. Each operation must perform
a combination of associative searches and conditional changes to fields within
each cell. For most operations there are a number of different cases for each cell,
depending on the relationship between that cell’s fields and the arguments to
the operation.

Again, equational reasoning is the key to calculating what each cell needs to
do. The calculation is carried out at the level of sets rather than the machine
representation; this abstracts away from some low level details and also allows
for choices about the lowest level representation to be deferred.

We focus on the inclusion sets of the cells, not directly on the arrays. The
aim is to show that after an operation, every element in the machine has the
right inclusion set. An interesting case is a’ < updateS a elt nfy where the new
array (with code ¢) must be added to the inclusion set of a cell z. In this case,
low z < ¢ < high x. This case is called expand because the inclusion set of the
cell 2’ after the operation has been expanded to include the new array b.

The full proof is given in (O’Donnell 2015), but the following calculation
gives the flavour of the proofs underlying the system.

Lemma 1 (Case Expand). If low x < ¢ < high x then iset ' st’ = iset © stU
{b} where b is the result of the update.

Proof.
= ( definition of iset )
{p|p€ Nat A g = encode p st' A\ low z' < q< highz'}
= ( substitute x for z’ )
(low ' = low z and high ' = high x + 1)
{p|p € Nat A q = encode p st' Nlow z < q < highx+1}
= ( split into three sets based on location of ¢ )
{p|p € Nat A ¢ = encode p st' Nlow z < q¢< ¢}
U{p|p € Nat A q=encodep st Ng=c+1}
U{p|p€ Nat A qg=encodep st Nc+1<q<highz+1}
= ( (1) Where ¢ < ¢, ¢ = encode p st’ = encode p st. )
( (2) Since encode b st’' =c+1)
( (8) Where ¢ > ¢, q = encode p st’ = encode p st +1. )
{p|p€ Nat A qg=encode p st Nlowz <q<c}
u{b}

U{p|p€Nat AN qg=encodep st \Nc+1<qg+1< highz+1}
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= ( Subtract 1 from both sides of inequalities in (3) )
( Reorder the sets as U is commutative )

{p|p € Nat A g =encode p st Nlowz < qg<c}
U{p|p € Nat A q=encode p st A\ c < q < high z}
u{o}

= ( Combine the set comprehensions )
{p|p € Nat A ¢ = encode p st A\ low z < q < high x}
ufb}

= ( Definition of iset )
iset x st U{b}.

5 A New Array Operation: Performance on a GPU

Thinking about both the implementation and the usage of a data structure
can suggest ways to enhance the API. An early example is Wadler’s new array
operation, which performs monolithic update with folds used to combine values
at the same index (Wadler 1986). This section describes yet another new array
operation(s) which appeared as the result of developing a parallel simulator for
ESFA. The results in this section are preliminary, and have not been published.

The ESFM is a digital circuit that implements a smart memory. In some situ-
ations a simulation of ESFM can actually be faster than a direct implementation
using state of the art tree algorithms. Simulation is a useful technique to study
the behaviour of a circuit, but circuit simulators are slow because they make
a calculation for each component on each clock cycle. Therefore we developed
a parallel simulator for ESFA using a multicore GPGPU (a graphics process-
ing unit enhanced for general purpose computing) (Owens 2007). The simulator
was written in C+CUDA, and experiments were performed using an NVidia
GeForce GTX 590 GPGPU with CUDA capability 2.0, 512 CUDA cores, and a
clock speed of 1.22 GHz.

We would not expect the multicore simulator to be fast enough for real usage
of ESFA, but it could be a helpful research tool. Instead of simulating the circuit
at a very low level (registers and logic functions), the simulator implements the
ESFM at the level of the parallel combinators. It was written to take advantage
of the capabilities of a GPU, as well as overcoming the considerable difficulties
with this architecture.

One property of GPGPUs is the ability for each thread to copy a value
from shared memory to global memory, or vice versa, more or less in parallel.
This suggests that we can introduce two new operations for the ESFA API: bulk
update and bulk lookup. For a bulk lookup, we first identify the cells that belong
to an array, and then copy the corresponding elements in parallel to the global
memory. For a bulk update, we first allocate the required number of new cells
in parallel (if the machine contains enough free cells), set the values of the low
and high fields in parallel, and then copy the elements in parallel from global
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memory into these cells. This is decidedly not the same as copying a slice from
an array stored in contiguous memory locations.

A bulk update takes an array a and a vector of k values xqg,x1,...,Tp_1.
It creates a new array a’ which is the same as a but with the mappings
0~ g, ..., k=1 x_1. The indices must be consecutive because they
are generated by a parallel scan; it is also possible to define a more general
bulk update where the indices are provided explicitly, but the implementation
is slower.

In addition to the bulk operations we also introduced associative searching,
which is a natural application of circuit parallelism. Indeed, the ESFM is a
distant descendant of associative memories from nearly 50 years ago.

The entire API for ESFA has been implemented on the GPU, along with the
bulk operations. For comparison, we have also implemented the ESFA APT using
the Map library in C++, a state of the art implementation of red black trees.

The C++4 Map library implements essentially the same API as ESFA. It
supports sparse array operations that are part of the ESFM API, and so makes
an excellent basis for functional arrays. The main difference between C++ Map
and ESFM is that Map performs side effects on the trees, so copying is sometimes
necessary. If most updates are single threaded, then Map performs very well, but
if there is a large amount of sharing then ESFM is faster and uses less space.
The Map copy constructor can form the basis of an implementation of functional
arrays, with a space penalty when arrays are shared.

We developed an experimental testbed for measuring performance. This uses
two separate implementations of the API: one using the ESFM implemented in
C+CUDA running on the GPU, and one using C4++ Map running on a single
CPU. We used a variety of test data: some small cases worked out by hand, and
some large test data that was generated by machine.

Several points should be kept in mind while considering the performance
measurements. The ESFM tests ran on a GPU with 512 relatively small processor
cores, while the Map tests ran on a sequential CPU. However, the nominal
performance of the GPU is not 512 times that of the CPU, due to a variety
of overheads. (It is not really meaningful to say that the GPU is x times more
powerful than the CPU, but a factor of 20 to 50 might be a reasonable guess.)

We found that initial tests of functional arrays in C++ were very fast, much
faster than ESFM. In particular, one test run containing 50,000 (relatively) ran-
dom operations created by Hydra, which we used to test our GPU implemen-
tation of ESFM, ran with 2 s per operation under C++, as opposed to 18 us
for ESFM.

This appears to show that the copying required to implement functional
arrays in C++ is not an undue burden when there is not too much sharing.
However, the story becomes more interesting when we consider what happens
when long arrays are created without deletes to control the use of space, asso-
ciative search and bulk updates, and the use of no-copying semantics to make
the C++ implementation as efficient as possible.
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5.1 Bulk Updates

A bulk update is potentially more efficient than an equivalent sequence of incre-
mental updates, even on a sequential machine, because the implementation of
update knows something about the shape of the resulting data structure. On the
GPU, bulk update is even better because many of the memory transfers can be
done in parallel. We experimented with bulk updates of various “chunk sizes”.
Ideally, we would expect that the C++ implementation would take time pro-
portional to the size of the update chunk, while the GPU would be not too much
worse than constant time, until the chunks become large enough to overwhelm
the processor cores. Table3 shows that this is largely true. However, because
the C++ implementation was not doing copying, but was instead building the
arrays from an empty array, this test was optimal for that implementation.

Table 3. Bulk update and search

us per bulk update (rounded) us per search (rounded)
Chunk Size C+4 Map ESFM Array Size C++ Map ESFM
1 1 58 1 0 66
2 2 58 2 0 66
4 3 58 4 0 66
8 6 58 8 0 66
16 12 59 16 1 66
32 23 59 32 1 66
64 46 59 64 2 66
128 93 61 128 4 66
256 190 65 256 9 66
512 387 72 512 17 66
1024 786 87 1024 36 66
2048 1594 117 2048 74 66
4096 3255 177 4096 150 67
8192 6775 300 8192 276 66
16384 13924 544 16384 538 67

5.2 Searches

A search operation specifies an array and a value, and it produces a list of all
indices in the array that are mapped to the value. If several indices map to
the value there is a “collision”, and resolving collisions is the hardest aspect of
associative search. In general, searches are very fast on the ESFM. To investigate
the worst case, we experimented with searches where all the elements of a chunk
have the same value. The arrays used in these experiments were generated by
bulk updates.

Our hypothesis was that the time for an associative search over an array
where all indices map to the same value would be proportional to the array size
on the C++ implementation, while it would remain constant on the GPU. This
proved to be the case, as can be seen in Table 3.
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Both the bulk update and search operations on the GPU require two par-
allel scans, one of which operates over 1024 cells per block. Several techniques
were used to obtain a reasonably efficient implementation; these include loop
unrolling, avoidance of bank conflicts, and the Xiao and Feng inter-block syn-
chronisation algorithm (Xiao and Feng 2010).

5.3 Long Arrays Created Using Updates

The C++ implementation is fast when there is relatively limited sharing and
plenty of bulk updates; this allows the C++ program to do little copying.

The situation is quite different when there is a lot of sharing, which requires
expensive copying for C++ but which is easy for ESFM. Table 4 shows the aver-
age time per update for the C++4 Map implementation and the ESFM running
on the GPU. Each line shows the array size n and the time per update (averaged
over the n updates to create the array) for each implementation. The arrays con-
tain extensive sharing, and as a result the C++ implementation slows down in
line with the array size; it fails to terminate with 16K elements. In contrast, the
ESFM implementation takes constant time per update.

It is worth reiterating that the GPU program is simulating a circuit-parallel
system. The GPU has limited parallelism (512 cores, which is a small number
for circuit simulation) and the program has considerable overhead, especially in
synchronisation. Despite this, the GPU version of ESFA can outperform a state
of the art red black tree implementation when there is a large amount of sharing
between arrays.

5.4 Long Arrays with Deletes for Intermediate Arrays

Since keeping intermediate arrays was eventually a disaster for the C++ imple-
mentation, we experimented with what happened when deletes were inserted
at critical moments, ensuring that the most recent arrays still remained. This
corresponds to a situation where a program builds arrays with a lot of sharing,
but does not actually need the sharing and periodically cleans up by deleting
the arrays that will not be needed again.

Manual cleanup using delete operations sped up the C++ version consider-
ably, suggesting that explicit space management by the user program is really
quite important for the C++ version. Of course, this technique cannot be used
if the program needs access to the old arrays.

For the ESFM, each delete operation takes a constant time (13 s on the
machine we used). The time for a deletion does not depend on the shapes or
sizes of the arrays, or the past history of operations. Furthermore, the usage of
delete has no effect on the speed of the other operations; the only purpose of
delete is to reclaim memory so that a future update will succeed.
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Table 4. Update with sharing (s per update)

Array Size | C++ Map | ESFM
1 1 19
2 1 20
4 2 20
8 3 20
16 5 20
32 10 20
64 18 20
128 34 20
256 63 20
512 114 20
1024 218 20
2048 428 20
4096 853 20
8192 1711 20
16384 Hangup 20

6 Fixing Some Space Leaks with a Hardware
Garbage Collector

One of the greatest practical advances in functional programming has proven to
be automatic memory management, which has been adopted widely. When the
programmer must explicitly allocate and free memory, serious errors are hard to
avoid. If memory is released that shouldn’t be, the result is a dangling reference;
conversely, if memory isn’t released which is actually inaccessible, the result is a
space leak.

Garbage collectors greatly reduce such errors, but they are not always perfect.
Wadler identified a situation where a space leak results from a perfectly reason-
able programming style, and showed how to fix the space leak by modifying the
garbage collector (Wadler 1987b).

An analogous situation arises with ESF arrays, although the details are dif-
ferent. The low level API for ESFA provides an operation to delete an array
a. The array handle is reclaimed, and all array elements that are inaccessible
are reclaimed in one instruction. Any array elements that can be accessed via
a different handle (some array other than a) are of course retained. The delete
operation seems almost like a garbage collector that takes O(1) time — apart
from one problem.

The problem stems from shadowing: if an index is bound to several different
values in an array, only the most recent binding is visible and the older ones
are shadowed (inaccessible). More precisely, suppose array ag is empty and a;41
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is defined by updating a;, for 0 < 7 < n. Consider an arbitrary update in this
sequence: say a; was created with the new element i — z. Now if another array
ar in the sequence is created later (so k > j) with the same index (e.g. with a
new element i — y) we say that the older element ¢ — z is shadowed in a,,.
That is, lookup a i should return y, not x.

Shadowing is relative to a specific array. Thus the element ¢ — x is shadowed
in a, but it is visible in a; and possibly many other arrays. The associative
techniques, based on comparing an array code with the low and high fields of
a cell, determine the set of candidates for the elements of an array. If this set
contains two elements ¢ — x and ¢ — y, then the rank is used to choose the
right one for a lookup.

Now suppose a; is deleted, while a,, still exists. Should the element associated
with a; be reclaimed? If is inaccessible via a; but it might be accessible via some
other array that still exists. But what if the element happens to be shadowed
in all such arrays? In that case, the element is inaccessible in the sense that
there does not exist a lookup that would return it. But delete cannot reclaim the
element without knowing its shadowing status.

Work on this problem is currently in progress, with the ultimate goal of
stating precisely the correctness conditions for a storage manager and proving
that the system satisfies them.

7 Conclusion

ESF arrays are based on implementing an API using novel hardware as well as
algorithms. Thus it brings together several diverse topics, including algorithms,
data structures, parallelism, and digital circuits.

This work builds on a number of foundational ideas in computer science, and
a remarkable number of them were introduced or advanced by Philip Wadler.
These include new functional array operations, giving low level support for data
structures in the garbage collector, using monads to allow effects to combine with
purity, and arguing eloquently for the use of equational reasoning and program
transformation.

Research is often insular and focused on narrow topics. A broader perspective
can lead to solutions that would be unachievable within a specialised area.
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Abstract. Focusing on path-dependent types, the paper develops foun-
dations for Scala from first principles. Starting from a simple calculus
D<. of dependent functions, it adds records, intersections and recursion
to arrive at DOT, a calculus for dependent object types. The paper shows
an encoding of System F with subtyping in D.. and demonstrates the
expressiveness of DOT by modeling a range of Scala constructs in it.
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1 Introduction

While hiking together in the French alps in 2013, Martin Odersky tried to
explain to Phil Wadler why languages like Scala had foundations that were
not directly related via the Curry-Howard isomorphism to logic. This did not
go over well. As you would expect, Phil strongly disapproved. He argued that
anything that was useful should have a grounding in logic. In this paper, we try
to approach this goal.

We will develop a foundation for Scala from first principles. Scala is a func-
tional language that expresses central aspects of modules as first-class terms and
types. It identifies modules with objects and signatures with traits. For instance,
here is a trait Keys that defines an abstract type Key and a way to retrieve a
key from a string.

trait Keys {

type Key

def key(data: String): Key
}

A concrete implementation of Keys could be

object HashKeys extends Keys {
type Key = Int
def key(s: String) = s.hashCode
}
© Springer International Publishing Switzerland 2016
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Here is a function which applies a given key generator to every element of a
list of strings.

def mapKeys(k: Keys, ss: List[String]): List[k.Key] =
ss.map (k.key)

The function returns a list of elements of type k.Key. This is a path-dependent
type, which depends on the variable name k. In general a path in Scala consists
of a variable name potentially followed by field selections, but in this paper
we consider only simple paths consisting of a single variable reference. Path-
dependent types give a limited form of type/term dependency, where types can
depend on variables, but not on general terms. This form of dependency already
gives considerable power, but at the same time is easier to handle than full term
dependency because the equality relation on variables is just syntactic equality.

There are three essential elements of a system for path-dependent types.
First, there needs to be a way to define a type as an element of a term, as in
the definitions type Key and type Key = Int. We will consider initially only type
tags, values that carry just one type and nothing else. Second, there needs to
be a way to recover the tagged type from such a term, as in p.Key. Third, there
needs to be a way to define and apply functions whose types depend on their
parameters.

These three elements are formalized in System D.., a simple calculus for
path-dependent types that has been discovered recently in an effort to recon-
struct and mechanize foundational type system proposals for Scala bottom-up
from simpler systems (Rompf and Amin 2015). One core aspect of our approach
to modeling path-dependent types is that instead of general substitutions we
only have variable/variable renamings. This ensures that paths always map to
paths and keeps the treatment simple. On the other hand, with substitutions not
available, we need another way to go from a type designator like k.Key to the
underlying type it represents. The mechanism used here is subtyping. Types of
type tags define lower and upper bound types. An abstract type such as type Key
has the minimal type | and the maximal type T as bounds. A type alias such
as type Key = T has T as both its lower and upper bound. A type designator is
then a subtype of its upper bound and a supertype of its lower bound.

The resulting calculus is already quite expressive. It emerges as a general-
ization of System F., (Cardelli et al. 1994), mapping type lambdas to term
lambdas and type parameters to type tags. We proceed to develop System D_.
into a richer calculus supporting objects as first class modules. This is done in
three incremental steps. The first step adds records and intersections, the sec-
ond adds type labels, and the third adds recursion. The final calculus, DOT, is a
foundation for path-dependent object types. Many programming language con-
cepts, including parameterized types and polymorphic functions, modules and
functors, classes and algebraic data types can be modeled on this foundation via
simple encodings.

A word on etymology: The term “System D” is associated in English and
French with “thinking on your feet” or a “quick hack”. In the French origin of
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the word, the letter ‘D’ stands for “se débrouiller”, which means “to manage”
or “to get things done”. The meaning of the verb “débrouiller” alone is much
nicer. It means: “Create order for things that are in confusion”. What better
motto for the foundations of a programming language?

Even if the name “System D” suggests quick thinking, in reality the devel-
opment was anything but quick. Work on DOT started in 2007, following earlier
work on higher-level formalizations of Scala features (Odersky et al. 2003; Cremet
et al. 2006). Preliminary versions of a calculus with path-dependent types were
published in FOOL 2012 (Amin et al. 2012) and OOPSLA 2014 (Amin et al.
2014). Soundness results for versions of System D.. and DOT similar to the
ones presented here, but based on big-step operational semantics, were recently
established with mechanized proofs (Rompf and Amin 2015).

The rest of this paper is structured as follows. Section2 describes System
D... Section3 shows how it can encode F... Section4 extends D.. to DOT.
Sections 5 and 6 study the expressiveness of DOT and show how it relates to
Scala. Section7 outlines the implementation of the DOT constructs in a full
Scala compiler. Section 8 discusses related work and Sect. 9 concludes.

2 System D,

Figure 1 summarizes our formulation of System D... Its term language is essen-
tially the lambda calculus, with one additional form of value: A type tag {A = T}
is a value that associates a label A with a type T'. For the moment we need only
a single type label, so A can be regarded as ranging over an alphabet with just
one name. This will be generalized later.

Our description differs from Rompf and Amin (2015) in two aspects. First,
terms are restricted to ANF form. That is, every intermediate value is abstracted
out in a let binding. Second, evaluation is expressed by a small step reduction
relation, as opposed to a big-step evaluator. Reduction uses only variable/vari-
able renamings instead of full substitution. Instead of being copied by a substi-
tution step, values stay in their let bindings. This is similar to the techniques
used in the call-by-need lambda calculus (Ariola et al. 1995).

We use Barendregt’s Variable Convention throughout. For example, in the
third evaluation rule, which un-nests let-bindings, we assume that we can appro-
priately a-rename the variable y which changes scope so that it is not captured
in the final term wu.

The type assignment rules in Fig. 1 define a straightforward dependent typing
discipline. A lambda abstraction has a dependent function type V(x:S)T. This
is like a dependent product II(z:S)T in LF (Harper et al. 1993), but with the
restriction that the variable x can be instantiated only with other variables, not
general terms. Type tags have types of the form {A : S..U}, they represent types
labeled A which are lower-bounded by S and upper-bounded by U. A type tag
referring to one specific type is expressed by having the lower and upper bound
coincide, as in {A : T..T'}. The type of a variable = referring to a type tag can
be recovered with a type projection x.A.
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Syntax
T,Y, 2 Variable S, T,U ::= Type
= Value T top type
{A=T} type tag uE bottom type
Az:T)t lambda {A:S5.T} type declaration
s, tyu = Term x.A type projection
- T variable Y(x:S)T dependent function
v value
Ty application
let t=tinu let
Evaluation t — t
let x =vin e[z y] — let z =v in e[[z := y|t] ifo=XAz:T)t

let x=yint — [x =yt
let z=let y=sintinu — lety=sinlet x =tin u

e[t] — elu] ift — u
wheree::=[]|let z=[]int|let z=vine
Type Assignment
. 4 . rrt:T I'-ET<U
Ia:T, I"+2:T (VAR) (Sup)
I'Et:U

INax:TkHt:U z¢ (T

(ALL-T) I'ka:¥(z:8T I'ty:8

' XNaz:T)t:Y(x:T)U (ALL-E)
I'tazy:|z:=yT
r'et:T INx:Tku:U
z ¢ fv(U) I'-{A=T}:{A:T.T} (Typ-I)

(LET)

I'Fletx=tinu:U

Subtyping I'ET<T

. I'ES<:T I'T<:U
I'-T<T (Top) (TRANS)
I+ S<U
I'-T<T (REFL)
't x:{A:S5.T I't+x:{A:S8.T
{ ) (<:-SEL) z:{ } (SEL-<:)
' S<:z.A 'z A< T
I+ Sy <: S
F,.T:S2}‘T1<:T2 ' Sy<:S, I'ETi<: Ty
I+ V(z:Sl)Tl <: V(I:SQ)TQ I+ {A : 51..T1} <: {A : Sz..TQ}
(ALL-<:-ALL) (Typ-<:-TYP)
I'-l<T (Bor)

Fig. 1. System D..
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The subtyping rules in Fig.1 define a preorder S <: T between types with
rules (REFL) and (TRANS). They specify T and L as greatest and least types
(Topr), (BoT), and make a type projection z.A a supertype of its lower bound
(<:-SEL) and a subtype of its upper bound (SEL-<:). Furthermore, the stan-
dard co/contravariant subtyping relationships are introduced between pairs of
function types (ALL-<:-ALL) and tagged types (TYP-<:-TYP).

System D.. can encode System F .. as we will see in Sect. 3. However, unlike
System F .., System D.. does not have type variables. Instead, type definitions,
such as {A = T}, are first-class values of type {A : T..T}. Combined with
dependent functions, these path-dependent types can express the idioms of type
variables, such as polymorphism.

For example, take the polymorphic identity function in System F..:

FAla<T)A(z:a)z : Y(ae< T)a—a«a
and in System D_.:
FXa:{A: L.THAz:a.d)x : V(a:{A: L.T}HV(r:a.A)a.A

Like in System F.., we can apply the polymorphic identity function to some
type, say T, to get the identity function on T

Fltf=...inleta={A=T}infa : V(:T)T

The role of subtyping is essential: (1) the argument a of type {A : T..T'} can
be used for the parameter a of type {A : L..T}, (2) the dependent result type
V(z:a.A)a.A can be converted to V(z:T)T because T <: a.A <: T.

2.1 Example: Dependent Sums

Dependent sums can be encoded using dependent functions, through an encoding
similar to that of existential types in System F.

X(a: ST =V(z:{A: L.THV(f:V(z:S)V(y:T)z.A)z. A
pack [z,ylas X(x: ST = Az:{A: L.THNf:V(z:SV(y:T)z. A) f z y
unpack z:S,y: T =tinu = letz; =tinletz, ={A=U}in
let z3 = (A(z:S)A(y:T)u) in
let 24 = 21 29in 24 23
z.1= unpack z:S5,y: T =zinx

z.2= unpack z:S,y: T =ziny

where U is the type of u. The associated, admissible subtyping and typing rules
are easy to derive and can be found in Appendix A.1. Note that

1. unpacking via unpack z,y = tinwu is only allowed if z and y do not appear
free in the type U of u,
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2. similarly, the second projection operator —.2 may only be used if x does not
appear free in 7. In such cases, we have X(x : S)T = S x T, i.e. z is in fact
an ordinary pair.

These restrictions may come as a surprise: while they are similar to the hygiene
conditions imposed on existential types in System F/F.., they do not apply
to dependent sums in (fully) dependently typed languages. In such languages,
the bound names z, y can be prevented from leaking into the overall type of an
unpack statement by substituting the projections ¢.1 and ¢.2 for occurrences of x
and y in U. The same is true for the return type of the second projection z.2,
which would be [z := z.1]T. Unfortunately, such substitutions are forbidden
in D.. because types may only depend on variables, as opposed to arbitrary
terms (like z.1 or ¢.2). For the same reason, the typing rule (LET) for let expres-
sions features a similar hygiene condition. Finally, note that the above encoding
allows for the unrestricted projection of “existential witnesses” via —.1, whereas
no such operation exists on existential types in System F/F ...

3 Embedding F.. in D_,

System D.. initially emerged as a generalization of F.., mapping type lamb-
das to term lambdas and type parameters to type tags, and removing certain
restrictions in a big-step evaluator for F.. (Rompf and Amin 2015). We make
this correspondence explicit below.

Pick an injective mapping from type variables X to term variables xx. In
the following, any variable names not written with an X subscript are assumed
to be outside the range of that mapping. Let the translation * from F_. types
and terms to D.. types and terms be defined as follows.*

X Zxx.A
TH =T
(T —->U)" =V(z:T")U*
VX < 9T =V(zx:{A: L.S*HT™

Az :T)t)* = Na : T*)t*
(AX <:9)t)" = AMax : {A: L.S"Ht"
(tu)*
(t[U))

=letzr=t"inlety=u"inzy x,y fresh
*=letz=t"inletyy ={A=U"}inzyy x,Y fresh

! The definition of ¢* assumes a countable supply of fresh names x, X ¢ fu(t).
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Note that there are D.. terms that are not in the image of *. An example is
Az : {A:T..T}Hz. Typing contexts are translated point-wise as follows:

(X< T)Y' =ox:{A:L.T"}
(x:T) =a2:T"
Theorem 1. If ' bp S <:T then I'™ Fp S* <: T,

Proof. The proof is by straight-forward induction on F .. subtyping derivations.
The only non-trivial case is subtyping of type variables, which follows from (VAR)
and (SEL-<:).
I ox {A: L.T*}, I+ ax:{A: L.T"}
I',ox {A: LT}, I Fax A< T*

(SEL— <)

Theorem 2. If I' bp t:T then I'™ Fp t* : T*.

Proof (Sketch). The proof is by induction on (System F) typing derivations. The
case for subsumption follows immediately from preservation of subtyping. The
only remaining interesting cases are type and term application, which are given
in detail in Appendix A.2.

4 DOT

Figure 2 presents three extensions needed to turn D.. into a basis for a full
programming language. The first extension adds records, the second adds type
labels, and the third adds recursion. For reasons of space, all three extensions
are combined in one figure.

4.1 Records

We model records by single field values that can be combined through intersec-
tions. A single-field record is of the form {a = t} where a is a term label and ¢
is a term. Records di, ds can be combined using the intersection d; A ds. The
selection z.a returns the term associated with label a in the record referred to
by x. The evaluation rule for field selection is:

letz =vine[z.a] — letz =vinelt] fv=...{a=1t}...

It’s worth noting that records are “call-by-name”, that is, they associate labels
with terms, not values. This choice was made because it sidesteps the issue how
record fields should be initialized. The choice does not limit expressiveness, as
a fully evaluated record can always be obtained by using let bindings to pre-
evaluate field values before they are combined in a record.

New forms of types are single field types {a:T'} and intersection types T AU.
Subtyping rules for fields and intersection types are as expected. The typing
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Syntax ...
a,b,c Term member | d ::= Definition
A B, C Type member {A=T} type definition
v = Value {a =1t} field definition
v(z:T)d object dNd aggregate definition
AMa:T)t lambda S, T,U == ... Type
Sytou = ... Term {a:T} field declaration
z.a selection SAT intersection
w(x:T) recursive type
Evaluation ... t — t

let z =vinefz.al — let x=vineft] ifv=v(z:T)...{a=t}...

Type Assignment (terms) ... rt¢:T

x:TkH4:T | I'tz:{a:T} FLD.E
't v(x:T)d: p(x:T) (-0 I'ktza:T (FLD-E)
I'-az:T REC.I
Troop@n Lhep@?) oo
I'-axz:T

I'tax:T I'tF2x2:U
I'tx:TANU

Type Assignment (definitions) r-d:T

't {A=T}:{A:T.T} (Typ-I) Fedio:Te I'Edo: T
dom(d;) N dom(dz) = 0

r-t¢:T ' dindz : Ty AT
(FLD-I)
I'-{a=t}:{a:T}

Subtyping ... I'ET<T

I'TAU<:T (ANDi-<:) I'TAU<:U (AND2-<:)

(AND-T)

(ANDDEF-I)

I'-S<T I'-S<U
I'-T<U ' S<:TANU

r'r{a:T} <:{a:U} (FLD-<:-FLD)

(<:-AND)

Fig. 2. DOT extensions to D<.

rules (FLD-I) and (FLD-E) introduce and eliminate field types in the standard
way. The typing rule (ANDDEF-I) types record combinations with intersection
types. To ensure that combinations are consistent, it requires that the labels of
the combined records are disjoint.
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There is also the general introduction rule (AND-I) well known from lambda
calculus with intersections (Coppo et al. 1979). In the system with non-recursive
records, that rule is redundant, because it can be obtained from subsumption
and (<:-AND). As demonstrated in Sect. 5, the rule does add expressiveness once
recursion is added.

4.2 Type Labels

Records with multiple type fields are supported simply by extending the alphabet
of type labels from a single value to arbitrary names. In the following we let
letters A, B, C range over type labels.

4.3 Recursion

The final extension introduces objects and recursive types. An object v(z:T)d
represents a record with definitions d that can refer to each other via the variable
x. Its type is the recursive type p(z:T'). Following the path-dependent approach,
a recursive type recurses over a term variable x, since type variables are absent
from DOT. Note that type tags are no longer terms in their own right: they
must now be wrapped in a v binder like any other record definition.

The evaluation rule for records is generalized to the one in Fig.2. There,
when selecting x.a, the selected reference x and the self-reference in the object
v(z:T)d are required to coincide (this can always be achieved by a-renaming).

The rule ({}-I) assigns a recursive type to an object by typing its definition.
Note that the definitions are typed without subsumption (which is only defined
on terms, and in this final extension, definitions d are syntactically not terms t).

The introduction and elimination rules (REC-I) and (REC-E) for recursive
types are as simple as they can possibly be. There is no subtyping rule between
recursive types (Amadio and Cardelli 1993). Instead, recursive types of variables
are unwrapped with (REC-E) and re-introduced with (REC-I).

The choice of leaving out subtyping between recursive types represents a
small loss in expressiveness but a significant gain in simplifying the meta-theory.

4.4 Meta-Theory

This section presents the main type soundness theorems of DOT and outlines
their proofs, which have been machine-checked.? The central results are the usual
small-step preservation and progress theorems.

Soundness results for slightly different versions of D.., DOT, and a number
of variations were established previously with mechanized proofs by Rompf and
Amin. These soundness results are phrased with respect to big-step evaluators.
The type systems are slightly more expressive than the ones presented here in
that they are not restricted to terms in ANF, and in including a subtyping
rule on recursive types. This particular rule poses lots of challenges, which are
described in detail in the technical report (Rompf and Amin 2015).

2 The full development on paper and in Coq is at http://wadlerfest.namin.net.
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Definition 1. An answer n is defined by the production
n:=z|v| letx =vinn

Theorem 3 (Progress). If F ¢ : T then t is an answer or there is a term u such
thatt — wu.

Theorem 4 (Preservation). If - t:T andt — wu then F u:T.

Note that the preservation property is weaker than normally stated in that
it demands an empty context. We will strengthen the theorem in the proofs to
get a useful induction property.

The central difficulty for coming up with proofs of these theorems was out-
lined in a previous FOOL workshop paper (Amin et al. 2012): it is possible to
arrive at type definitions with unsatisfiable bounds. For instance a type label
A might have lower bound T and upper bound L. By subtyping rules (SEL-
<:), (<:-SEL) and transitivity of subtyping one obtains T <: 1, which makes
every type a subtype of every other type. So a single “bad” definition causes the
whole subtyping relation to collapse to one point, just as an inconsistent theory
can prove every proposition. With full type intersection and full recursion, it is
impractical to rule out such bad bounds a priori. Instead, a soundness proof has
to make use of the fact that environments corresponding to an actual execution
trace correspond to types of concrete values. In a concrete object value any type
definition is of the form A = T, so lower and upper bounds are the same, and bad
bounds are excluded. Similar reasoning applied in the big-step proofs (Rompf
and Amin 2015), where the semantics has a natural distinction between static
terms and run-time values. Here, we need to establish this distinction first.

We first define a precise typing relation I' byt : T as follows:

Definition 2. I' - t: T if I' = t: T and the following two conditions hold.

1. If t is a value, the typing derivation of t ends in (ALL-1) or ({}-I).

2. If t is a variable, the typing derivation of t consists only of (VAR), (REC-E)
and (SUB) steps and every (SUB) step makes use of only the subtyping rules
(AND;-<:), (AND2-<:) and (TRANS).

Definition 3. A store s is a sequence of bindings x = v, with € representing the
empty store.

Definition 4. The combination s | t combines a store s and a term t. It is
defined as follows:

letr =vin(s | t)
t

Definition 5. An environment I' = x; : T; corresponds to a store s = T; = v;,
written I' ~ s, if I' Fyv; : T;.
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A precise typing relation over an environment that corresponds to a store can
only derive type declarations where lower and upper bounds coincide. We make
use of this in the following definition.

Definition 6. A typing or subtyping derivation is tight in environment I if it
only contains the following tight variants of (SEL-<:), (<:-SEL) when I"" =1T':

I'vbyx: {A:T. T}
I'T <:z.A

I'bya: {A:T. T}
"'z A< T

(<:-SEL-TIGHT) (SEL-<:-TIGHT)

For environments that extend I', full (SEL-<:) and (<:-SEL) are permitted. We
writeI' Fyt:Torl'Fp S<UfI'Et:Torl B S < U with a derivation
that is tight in I'.

A core part of the proof shows that the full (SEL-<:) and (<:-SEL) rules are
admissible wrt 4 if the underlying environment corresponds to a store.

Lemma 1. If I' ~ s and s(z) = v(z:T)d and I' F 5 x= : {A: S.U} then
I'FaxzA<:UandI' by S <:z.A.

The next step of the proof is to characterize the possible types of a variable
bound in a store s in an environment that corresponds to s.

Definition 7. The possible types Ts(I,x,v) of a variable x bound in an envi-
ronment I' and corresponding to a value v is the smallest set S such that:

1. Ifv=v(z:T)d then T € S.

2. Ifv=v(x:T)d and {a=t} €d and I' - ¢t : T’ then {a:T'} € S.

3 Ifv=v@e:T)Ydad{A=T} edand ' - S<:T', ' - T <: U then
{A:5.U} € S.

4. Ifv=XNz:S)tand Nx:St+t:Tand '+ S <:Sandx:S8 +T<:T
then ¥(x:S)T" € S.

5. IfS1 €S and Sy € S then S1 NSy € S.

6. IfSeSand ' Fyy:{A:S..S} then y. A€ S.

7. If T € S then u(x:T) € S.

8 TeS.

The possible types of a variable are closed under subtyping:

Lemma 2. If I' ~ s, s(x) = v, T € Ts(I'z,v) and I' - T <: U, then U €
Ts(I,z,v).

The possible types of a variable include each of its typings:
Lemma 3. If ' ~sand I' b z: T then T € Ts(I, x, s(x)).

These possible types lemmas are proved first for tight subtyping and typing,
by induction on the subtyping or typing derivation, and extended to standard
subtyping and typing with Lemma 1, since (SEL-<:) and (<:-SEL) are admissible
for 4 over I'.

With the above lemmas it is easy to establish a standard canonical forms
lemma.
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Lemma 4 (Canonical Forms). If I ~ s, then

1. IfI' b a2 : V(x: T)U then s(xz) = Ma : T")t for some T and ¢ such that
r-T<Tandlx:THkHt:U.

2. IfI' - x:{a:T} then s(z) = v(xz : S)d for some S, d, t such that I' - d: 5,
{a=t)ed I'Ft:T.

As usual, we also need a substitution lemma, the proof of which is by a standard
mutual induction on typing and subtyping derivations.

Lemma 5 (Substitution). If INe : S F ¢t : T and I' F y : [x := y|S then
b jx:=yt:[z:=y]T.

With (Canonical Forms) and (Substitution) one can then establish the following
combination of progress and preservation theorems by an induction on typing
derivations.

Proposition 1. Assume I' b t: T and I' ~ s. Then either

- t 18 an answer, or
— There exist a store s' and a term t' such that s |t — s' | t' and for any such
s', t' there exists an environment I such that I, T" = t' : T and I, " ~ s'.

Theorems 3 and 4 follow from Proposition 1, since the empty environment cor-
responds to the empty store.

5 Encodings

In this section, we explore the expressiveness of DOT by studying program frag-
ments that are typable in it. We start with an encoding of booleans, which is
in spirit similar to the standard Church encoding, except that it also creates
Boolean as a new nominal type. We use the abbreviation

IFT = { if: V(x: {A: L..T}H)V(t: x.A)V(f: x.A): x.A }

A first step defines the type boollmpl.Boolean as an alias of its implementation,
a record with a single member if.

let boolImpl =
v (b: { Boolean: IFT..IFT } N { true: IFT } N { false: [FT
1)
{ Boolean = IFT } A
{ true = A(x: {A: L.. T} A(t: x.A)X(f: x.A)t } A
{ false = A(x: {A: L..T})A(t: x.A)X(f: x.A)f }
in ...

In a second step, the implementation of Boolean gets wrapped in a function
that produces an abstract type. This establishes bool.Boolean as a nominal type,
which is different from its implementation. The type is upper bounded by IFT,
which means that the conditional if is still accessible as a member.
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let bool =
let boolWrapper =
AMx: p(b: {Boolean: L..IFT} A {true: b.Boolean} A { false:
b.Boolean })) x
in boolWrapper boolImpl
in ...

This example shows that that direct mappings into DOT can be tedious at
times. The following shorthands help.
5.1 Abbreviations

— We group multiple intersected definitions or declarations in one pair of braces,
replacing A with ; or a newline. E.g.

{A=T; a=t}y={AaA=T}AN{a=¢t]}
{A: S..T; a: T} = {A: s.. T} N { a: T }

— We allow terms in applications and selections, using the expansions

tu=1let x = t in x u
xu=1let vy = uin x vy
t.a = let x = t in x.a

— We expand type ascriptions to applications:
t: T = (A(x: T)x)t

— We abbreviate v(x: T)d to v(x)d if the type of definitions d is given explicitly.
— We abbreviate type bounds by expanding A <: T to A: L. T, A >:S to A:
S.T,A=TtoA: T.T,and A to A: L..T.

5.2 Example: A Covariant Lists Package

As a more involved example we show how can define a parameterized abstract
data type as a class hierarchy. A simplified version of the standard covariant List
type can be defined in Scala as follows:

package scala.collection.immutable
trait List[+A] {
def isEmpty: Boolean; def head: A; def tail: List[A]
}
object List {
def nil: List[Nothing] = mew List[Nothing] {
def isEmpty = true; def head = head; def tail = tail /*
infinite loops */
}
def cons[A] (hd: A, tl: List[A]) = new List[A] {
def isEmpty = false; def head = hd; def tail = tl
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}

This defines List as a covariant type with head and tail members. The nil
object defines an empty list of element type Nothing, which is Scala’s bottom
type. Its members are both implemented as infinite loops (lacking exceptions
that’s the only way to produce a bottom type). The cons function produces a
non-empty list.

In the DOT encoding of this example, the element type A becomes an abstract
type member of List, which is now itself a type member of the object denoting
the package. From the outside, List is only upper-bounded, so that it becomes
nominal: the only way to construct a List is through the package field members
nil and cons. Also, note that the covariance of the element type A is reflected

because the tail of the List only requires the upper bound of the element type to
hold.

let scala_collection_immutable = v(sci) {
List = p(self: {A; isEmpty: bool.Booleam; head: self.A; tail: sci.ListA{A
<: self.A}})
nil: sci.ListA{A = 1} =
let result = v(self) {
A = 1; isEmpty = bool.true; head = self.head; tail = self.tail }
in result
cons: V(x: {A})V(hd: x.A)V(tl: sci.ListA{A <: x.A})sci.ListA{A <: x.A} =
A(x: {A})A(hd: x.A)A(tl: sci.ListA{A <: x.A})
let result = v(self) {
A = x.A; isEmpty = bool.false; head = hd; tail = tl }
in result
Yo { p(sci: {
List <: p(self: {A; head: self.A; tail: sci.ListA{A <: self.A}})
nil: sci.ListA{A = 1}
cons: V(x: {A})V(hd: x.A)V(tl: sci.ListA{A <: x.A})sci.ListA{A <: x.A}
IN

in ...

As an example of a typing derivation in this code fragment consider the right
hand side of the cons method. To show that result corresponds to the given result
type sci.ListA{A <: x.A}, the typechecker proceeeds as follows. First step:

by typing of rhs

result: v(self: { A = x.A, hd: x.A, tl: sci.ListA{A = x.A}})
by (REC-E)

result: { A = x.A, hd: x.A, tl: sci.ListA{A = x.A}}
by (SuB), since self A = x.A

result: { A = x.A, hd: self.A, tl: sci.ListA{A = self.A}}

by (SUB), since A: x. A.x. A <: A

result: { A, hd: self.A, tl: sci.ListA{ A = self.A}}
by (REC-I)

result: v(self: { A, hd: self.A, tl: sci.ListA{ A = self.A}})
by (SUB) wia (<:-SEL) on sci.List

result: sci.List
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Second step:

result: { A = x.A, hd: x.A, tl: sci.ListA{A = x.A}}
by (SuB)
result: {A <: x.A}

Combining both steps with (AND-I) gives
result: sci.ListA{A <: x.A}

The explicit naming of the result was necessary so that we could “unwrap”
the recursive type on it, apply subsumption and then “rewrap” using (REC-I)
and (AND-I). In Scala, this sequence of steps can be an automatic conversion
on the value; no separate let-binding is needed.

How close is this encoding to actual Scala? Here’s legal Scala code which
closely mimicks the previous list encoding in DOT.

object scala_collection_immutable { sci =>
trait List { self =>
type A
def isEmpty: Boolean
def head: self.A
def tail: List{type A <: self.A}
}

def nil: sci.List{type A = Nothing} = new List{ self =>
type A = Nothing
def isEmpty = true
def head: A = self.head
def tail: List{type A = Nothing} = self.tail
}

def cons(x: {type A}) (hd: x.A) (tl: sci.List{type A <: x.A})
sci.List{type A <: x.A} = new List{ self =>
type A = x.A
def isEmpty = false
def head = hd
def tail = tl

}

The main difference between the DOT and Scala versions concerns recursive
types. Scala does not support recusive types directly, but recursion is employed
indirectly in the definition of traits and objects. Consequently, List in now a trait
instead of a type definition, and scala_collection_immutable is an object instead
of a let-bound variable. Otherwise, there are only minor syntactic differences.
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6 Dependent Types in Scala

The previous section showed how generic types can be encoded as path-
dependent types in DOT. So it established that DOT is sufficiently expressive
to encode standard abstraction patterns we expect in programming languages
today. In this section we show by means of an example® that path-dependent
types are themselves a useful programming concept.

The example models command line options using heterogeneous maps. Say,
you want to represent the settings given in the bash command line

ls -1 --sort time --width=120

There are two settings: sort is associated with the string “time” and width is
associated with the integer 120. We’d like to store these settings in a map in a
typesafe way. This map is necessarily heterogeneous: if the key is “sort” it should
accept and return a string as value, whereas for the “width” key it should accept
and return integer values.

Here is the interface of a HMap trait for heterogeneous maps in Scala:

trait Key { type Value }

trait HMap {

def get(key: Key): Option[key.Value]

def add(key: Key) (value: key.Value): HMap
}

Type dependencies are expressed with the Key type which contains a single
type field Value to indicate the type of the value associated with that key. HMap
contains two methods, get and add with result types that depend on the passed
key argument.

To represent command line settings as HMap keys, we define a class Setting
that extends Key and that defines a str field:

class Setting(val str: String) extends Key

Settings for sort and width define the setting name and the type of the values
associated with the setting.

val sort = new Setting("sort") { type Value = String }
val width = new Setting("width") { type Value = Int }

The settings in the command line above can now be represented as:

val params = HMap.empty
.add (width) (120)
.add(sort) ("time")

The system keeps track of the type associated with a setting, so the following
two accesses of the params map both typecheck:

3 The example is based on a talk by Jon Pretty (2015).
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val x: Option[Int] = params.get (width)
val y: Option[String] = params.get (sort)

Here is a minimally complete implementation of HMap that makes this work:

trait HMap { self =>
def get(key: Key): Option[key.Valuel]
def add(key: Key) (value: key.Value) = new HMap {
def get (k: Key) =
if (k == key) Some(value.asInstanceOf[k.Valuel)
else self.get (k)
}
}

object HMap ({
def empty = new HMap { def get(k: Key) = None }
}

Note the asInstanceOf cast in the definition of get. This is necessary
because the type checker cannot conclude that k == key implies k.Value
== key.Value, i.e. that equality is extensional. Equality (==) is user-defined
in Scala, so extensionality needs to be ensured in the definitions of the actual
key types and values.

If we compare this to Haskell’s HMap (van der Ploeg 2013) we notice several
differences. First, Haskell, lacking dependent method types, expresses a depen-
dent method type with an additional polymorphic parameter. Second, the type
of keys in Haskell’s implementation is fixed, whereas in Scala’s approach it can
be augmented with new information through subclassing, as was seen in the case
of Setting. Third, in Haskell key creation is a monadic operation, so all code
manipulating HMap has to be placed in a monad. By contrast, the Scala code is
Monad-free (and also side-effect-free).

7 Implementation

The DOT calculus is at the core of the new dotty compiler for Scala (Odersky
et al. 2013), which has been under development since 2013. dotty is currently
used as an experimental platform to develop future versions of Scala. One of the
first changes, influenced by DOT, is the introduction of true intersection types.

Unlike nsc, the current reference compiler for Scala, dotty does not maintain
parameterized types and type applications. Instead, parameterized types in Scala
sources are immediately mapped to types with abstract type members, and type
applications are mapped to type refinements, very similar to what is shown in
Sect. 5.

An important benefit of this reductionist approach is that it gives for the first
time a satisfactory explanation of wildcard types, which arise when modeling type
parameter variance. If we combine generics and subtyping, we inevitably face the
problem that we want to express a generic type where the type argument is an
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unknown type that can range over a set of possible types. The prototypical case is
where the argument ranges over all subtypes or supertypes of some type bound,
as in List[- <: Fruit] (or List<? extends Fruit> in Java).

Such partially undetermined types come up when we want to express vari-
ance. We would like to have that List[Apple] is a subtype of List[Fruit] since Apple
is a subtype of Fruit. An equivalent way to state this is to say that the type
List[Fruit] includes lists where the elements are of an arbitrary subtype of Fruit.
The wildcard type List[_ <: Fruit] expresses that notion directly. Definition-site
variance can be regarded as a user-friendly notation that expands into use-site
variance expressions using wildcards.

The problem is how to model a wildcard type such as List[_ <: Fruit] in a for-
mal type system. The original proposal of wildcard types by Igarashi and Viroli
(Igarashi and Viroli 2002) interpreted them as existential types. However, the
implementation of the feature in Java uses subtyping rules that are not explica-
ble using just existential types. A tentative formalization exists with WildFJ
(Torgersen et al. 2004), but the issues look quite complicated. Tate, Leung and
Learner have explored some possible explanations (Tate et al. 2011); however
their treatment raises about as many questions as it answers.

Say, C is a class with type parameter A, which can be declared nonvariant,
covariant, or contravariant. The scheme used in dotty is to model C as a class
with a single type member

class C { type A }

A type application C[T] is then expressed as C & { type A =T } if A is nonvariant,
as C & { type A <: T } if Cis covariant and as C & { type A >: T } if Cis
contravariant.

Wildcard type applications are mapped as they are written. For instance,
C[- <: T] would be expressed as C & { type A <: T }. So the previously thorny
issue how to model wildcards has an almost trivially simple solution in this
approach.

8 Related Work

The DOT calculus represents the latest development in a long-standing effort
to formalize the core features of the Scala programming language. Previous
formalizations include the vObj calculus (Odersky et al. 2003), Featherweight
Scala (Cremet et al. 2006) and Scalina (Moors et al. 2008). The vObj calculus
features a rich type language, including distinct notions of singleton types, type
selections, record types, class types and compound types. However, this richness
makes vObj rather unwieldy in practice and somewhat unsuitable as a core cal-
culus. Furthermore, subtyping in ¥Obj lacks unique upper or lower bounds, and
mixin composition is not commutative. Type checking in ¥Obj was shown to be
undecidable, prompting the development of Featherweight Scala (Cremet et al.
2006) as an attempt at a calculus with decidable type checking. Scalina (Moors
et al. 2008) was proposed as a formal underpinning for introducing higher-kinded
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types in Scala. Among these three systems, only the #Obj has been proven sound,
and its proof has not been machine-verified.

A common theme among earlier systems is their complexity, which makes
them hard to reason about and extend with new features. The goal of DOT is to
provide a more streamlined calculus that could serve as a basis for mechanized
proofs of various extensions. To this end, DOT focuses on the essence of path-
dependent types and reduces complexity as far as having only variables as paths.
Despite and due to such restrictions, DOT is more general than previous models
as it does not assume a class-based language or any other particular choice of
implementation reuse. A preliminary version of DOT was formalized using a
small-step operational semantics with a store (Amin et al. 2012) without giving
a soundness proof. The first mechanized soundness proof was established for a
more restricted variant (uDOT) using a closure-based big-step semantics (Amin
et al. 2014). Soundness results with mechanized proofs for versions of System
D.. and DOT similar to the ones presented here (but still based on big-step
semantics) were only recently established (Rompf and Amin 2015).

Our work shares many goals with recent work on ML modules. In this con-
text, path-dependent types go back at least to SML (Macqueen 1986), with
foundational work on transparent bindings by Harper and Lillibridge (1994) and
Leroy (1994). Unlike DOT, their systems are stratified, i.e. definitions can only
depend on earlier definitions in the same type. This ensures well-formedness of
definitions by construction, but rules out recursive definitions. Also, type bounds
are not considered. MixML (Dreyer and Rossberg 2008) drops the stratification
requirement between module and term language and enables modules as first
class values as well as mixin-style recursive definitions. More recent work models
key aspects of modules as extensions of System F (Montagu and Rémy 2009;
Rossberg et al. 2014). The latest development, 1 ML (Rossberg 2015), unifies
the ML module and core languages through an elaboration to System F,. Our
work differs from these in its integration of subtyping and recursive definitions,
as well as an overriding focus on keeping the formalism minimal.

In object-oriented programming languages, Ernst first proposed path-
dependent types for family polymorphism (2001) and virtual classes (2003) in
gbeta. Calculi for virtual classes include ve (Ernst et al. 2006) and Tribe (Clarke
et al. 2007). Virtual classes abstract not only over types, but also over classes
and inheritance — requiring additional restrictions or type machinery to control
interactions between statically unknown class hierarchies. In contrast, the core
DOT calculus does not model inheritance by design.

Abstract type tags {A: S..T} provide a form of first-class subtyping con-
straints in DOT. As illustrated in Sect. 3, this subsumes the type of bounded
polymorphism found in e.g. F... However, unlike F., DOT allows abstract types
to be lower-bounded, and even to assume absurd bounds, such as {A: T..1}.
This makes the type system more expressive, but complicates the meta theory
and renders reduction under abstraction unsafe in general (see Sect.4). In DOT,
these issues are solved by adopting a weak-reduction strategy and ensuring type
safety only in run-time typing contexts (i.e. those that correspond to a store).
Cretin, Scherer and Rémy propose an alternative approach in their F.. and Fy,
systems (Cretin and Rémy 2014; Scherer and Rémy 2015). They consider a more
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general notion of coercion constraints which come in two flavors: consistent con-
straints, under which reduction is safe, and (potentially) inconsistent constraints,
under which reduction is forbidden. Their approach thus regains a more flexible
reduction strategy at the expense of a considerably more complex type system.

9 Conclusion and Future Work

We have developed DOT, a minimal formal foundation for Scala. The calculus
departs from standard practice in that it places type names related by subtyping
constraints and path-dependent types at the center and regards type parame-
terization as a secondary feature that can be expressed through encodings.

Developing a sound meta-theory for DOT has been difficult because the issues
were at first poorly understood. In retrospect, the main difficulty came from the
fact that the combination of upper and lower type bounds* allows programmers
to define their own subtyping theory and that theory might well be inconsistent.
An inconsistent subtyping theory arises from bad bounds, where the lower bound
of a type is not a subtype of its upper bound. Through transitivity of subtyping,
bad bounds can turn every type into a subtype of every other type, which makes
the progress part of type soundness fail. Because of recursion and intersection
types, it’s impossible to stratify the system so that bad bounds are ruled out a
PTLOTI.

We solve the issue by carefully distinguishing values that can arise at run-time
from other terms. Run-time values carrying types are always constructed using a
v-term and its typing rule makes sure that every type member is defined as an
alias of a concrete type. So run-time values cannot have bad bounds. The tricky
aspect of the meta theory was how to exploit this intuition in the formal proofs.

The intuitions gained by DOT feed into Scala in several ways. For one, Scala
is set to adopt constructs studied in DOT, such as full intersection types. Further-
more, the dotty Scala compiler has an internal type representation that generally
resembles DOT and in particular encodes type parameterization as membership.

We also plan to study several extensions of DOT with the aim of bridging the
gaps between the calculus and the programming language. Areas to be studied
include formalizations of type parameters, variance, traits and classes, as well as
inheritance. We expect that most of these extensions will be formalized through
encodings into the base calculus. Their soundness will likely be established by
proving type preservation of the encodings instead of adding to the meta-theory
of DOT itself.
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A Additional Rules and Detailed Proofs

A.1 Typing of Dependent Sums/X's

There are one subtyping rule and four typing rules (all admissible in D..) asso-
ciated with the encoding of dependent sums given in Sect. 2.1.

F|_Sl<252 F,$251|_T1<ZT2
'k X(z:8)T <: X(x:S2)Ts

(X-<:-X)

I't-z:S I't-y:T x ¢ fu(S)
I' + packz,ylas X(z: S)T : X(z: S)T

(2-T)

'kt:X:8T Iz:S, y:TkFu:U x,y ¢ fo(U)

- (X-E)
'+ unpack z:S,y:T=tinu:U
't z:X(x:9T S.p
I'kz1:8 (Z-ProJy)
't z:Xx:5T T
S S ST wd fu(T) (5-Prom)

I'kz22:T

The proofs of admissibility are left as an (easy) exercise to the reader.

A.2 Proof of Theorem 2

We want to show that the translation —* preserves typing, i.e. if I’ Fp t: T
then I'™* Fp t*: T,

We start by stating and proving two helper lemmas. Write [z.A := U]T for
the capture-avoiding substitution of x.A for U in T.

Lemma 6. Substitution of type variables for types commutes with translation of
types, i.e.

(X =U)T)" = [xax.A:=U"T"
Proof. The proof is by straight-forward induction on the structure of T'.

Lemma 7. The following subtyping rules are admissible in D, :
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'z:{A:U.U} I'z:{A:U.U}
Iz A:=UT<:T I'T<:[z.A:=UT

Proof. The proof is by induction on the structure of T

Proof (Theorem 2). Proof is by induction on (F..) typing derivations. The case
for subsumption follows immediately from preservation of subtyping (Theo-
rem 1). The only remaining non-trivial cases are type and term application.

Term Application Case. We need to show that

I*s* :Y(z:89T* It 8"

I'letx=s"inlety =t"inx y: T"

is admissible. First note that z is not in fv(T*), hence [z := y|T* = T* for all
y. In particular, using (VAR) and (ALL-E), we have

Iz :Y(z:8%)T* I'y:Ss*
I'gy:T*

(ALL-E)
where " = '™,z : V(2 : S*)T*,y : S*. Applying the induction hypothesis,
context weakening and (LET), we obtain

I'* o :V(z:8)T*t": S* Iez:T*
I' o :¥V(z:8")T" lety =t"inx y: T*

(LET)

The result follows by applying the induction hypothesis once more:

I*s* :V(z:8)"T* I' o :Y(z:8)"T" lety =t"inx y : T*
(LET)

I'letr=s"inlety=t"inzy:T"
Type Application Case. By preservation of subtyping, we have I'* F U* <: S*,
hence it suffices to show that
It :Vzx:{A: L.S*HT* rur <8
I'letx=t"inletyy = {A=U"}inz yy : ([X :=UT)"

is admissible. By context weakening, (T'yP-<:-TYP), (BoT) and (SUB), we have
'l <u* rv* <. s*
I'yy : {A:U*..U*} Iyy :{A: 1.5}
Iyy : {A: 1.5%}

(Typ-<:-TYP)
(SuB)

where IV = I',z : V(zx : {A: L.S*}NT*,yy : {4 : U*..U*}. By (VAR) and
(ALL-E), we have
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I'z:V(zx:{A: L.S*}HT* Iyy : {A: 1.5}

- . (ALL-E)
INzyy :zx == yy|T

Next, we observe that, by Lemma 6
([X :=UD)" = [zx.A:=U*T"
= lyy A :=U"xx == yy|T"
By Lemma 7, (VAR) and (SUB), we thus have
Iyy : {A:U*..U*}
I zyy : o= XyyT" INzx =yy]T" <: ([X :=UIT)*
I'zyy: ([X:=U]T)*

(Lemma 7)
(SuB)

The result follows from applying (LET) twice. Note that, being fresh, neither x
nor yy appear free in ([X := U]T)*, hence the hygiene condition of (LET) holds.
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Linear Ap is CP (more or less)
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Abstract. In this paper we compare Wadler’s CP calculus for classical
linear processes to a linear version of Parigot’s Ap calculus for classical
logic. We conclude that linear Au is “more or less” CP, in that it equa-
tionally corresponds to a polarized version of CP. The comparison is
made by extending a technique from Mellies and Tabareau’s tensor logic
that correlates negation with polarization. The polarized CP, which is
written CP* and pronounced “CP more or less,” is an interesting bridge
in the landscape of Curry-Howard interpretations of logic.

1 Introduction

In 2012 Philip Wadler introduced CP, a language of “classical processes” in the
style of Caires and Pfenning’s session-typed processes (2010). CP is a recent
advance in the long and distinguished line of work that connects logic to compu-
tation via the Curry-Howard correspondence. In this instance, Wadler connects
Girard’s (classical) linear logic (1987) to a variant of Milner’s m-calculus (1992)
by using types to express communication protocols—sessions—that synchronize
concurrent threads of execution. The connection to logic endows CP with strong
correctness properties: type safety and deadlock freedom.

Over the years, research into the Curry-Howard isomorphism has built up a
vast landscape of languages and logics. One particularly rich and relevant domain
is calculi typed by classical (but not necessarily linear) logic. Among these are
Griffin’s A¢-calculus (1990), Parigot’s Au-calculus (1992), Curien and Heberlin’s
Apfi-calculus /System L (2000), and Wadler’s own dual calculus (2003). With
CP in mind, we can even consider linear versions of these calculi, such as Lin-
ear L (Munch-Maccagnoni 2009; Spiwack 2014) and linear Ay, the natural linear
variant of Parigot’s A\u-calculus.

A natural question then arises:

How does CP relate to linear interpretations of classical calculi?

In this paper, we answer the question by showing that CP is almost (but not
quite) the same thing as linear Ap. In particular, linear Ay corresponds exactly
with a polarized version of CP, which we introduce here and dub CP*. Com-
pared to Wadler’s original CP, CP* (which can be read “CP more or less”)
separates positive (sending) from negative (receiving) types and inserts shift
connectives between them. Operationally, polarization reduces the amount of

© Springer International Publishing Switzerland 2016
S. Lindley et al. (Eds.): Wadler Festschrift, LNCS 9600, pp. 273-291, 2016.
DOI: 10.1007/978-3-319-30936-1_15
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nondeterminism, statically making more choices about how processes synchro-
nize.! CP¥ is thus “more or less” CP, where the scheduling is statically decided.
We summarize our results in the following Wadleresque slogan:

Linear A\ is CP (more or less).

The relationship between linear Ay and CP hinges on duality. Linear Ap is
a classical logic of two-sided sequents, while CP (and consequently CPi) is a
classical logic of one-sided sequents. To relate them, we follow a plan laid out by
Mellies and Tabareau (2010) in the context of tensor logic, which similarly comes
in two flavors. The two-sided presentation of tensor logic is an intuitionistic logic
of (non-involutive) negation; the one-sided presentation is a polarized logic of
(non-invertible) shift operators. When linear Ay takes the place of the two-sided
presentation, CP arises naturally from the dualization procedure.

The contributions of this paper are summarized as follows. Section 2 presents
a core formulation of Wadler’s CP, using a novel and elegant operational seman-
tics. Section 3 introduces linear Ay, including both call-by-value and call-by-name
operational semantics. We define CP¥ in Sect. 4, first describing the duality
derived from tensor logic, and then inferring the syntax and semantics from the
type structure. Section 5 gives the main result, establishing the equational cor-
respondence between linear Ay and CP*. We briefly conclude with a discussion
of the relationships between CP, CPi, and other computational interpretations
of classical logics.

2 CP and Session Types

In this section we describe a variation on Wadler’'s CP calculus (2012; 2014),
based on the line of work by Caires and Pfenning (2010) that treats the types
of linear logic as descriptions of session protocols and the proofs of linear logic
as processes obeying these protocols. A (binary) session is just a communication
channel between two processes. The types of linear logic describe the protocols
by which these channels should behave.

X, Yu=1|X@Y |L|IXBY|[0|XaY |T|X&Y

Consider a process P that offers a channel z obeying protocol X. The process
at the other end of the channel, @, must obey the dual protocol X*. Duality

is involutive—that is, we have (X1)” = X. We write the composition of these
two processes as vz.(P | @), and the session type X describes their behavior as
shown in Fig. 1.

Each connective has an associated direction—processes send messages over
channels behaving like a tensor ®, but they receive messages over channels behav-
ing like a par % . However, the direction of each channel is not fixed. For example,
a process may send a value on a channel, then immediately receive a flag on the
same channel. The session-based type of such a channel would be X; ® (X2 & X3).

! Pfenning and Griffith (2015) have also studied polarization in their work on
intuitionistic session types, where it distinguishes synchronous and asynchronous
communication.
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z:X P z: X+ Q
1 sends an empty message over z 1 receives an empty message on
and immediately halts 2 and closes the channel
sends a channel obeying X; n L receives a channel obeying X+
X110 Xz over z, then behaves like X» XX over z, then behaves like Xo™
0 (no channels obey 0) T aborts
X @ X sends a flag indicating whether Xt & X2J_ receives a flag indicating that z

z will behave as X7 or Xo will behave as X1+ or Xo*

Fig. 1. Session types and their intended semantics. Process P interacts with @ via the
cut vz.(P | Q). By duality, P could equally well offer a channel behaving as X .

2.1 Syntax and Static Semantics

As in the w-calculus, a process P is made up of bodies and prefixes to manipulate
channels.

Pi=zoy | va.(Py | Py)
EIRY | z().P
| z[y].(P1 | P2) } x(y)P()
| zlinj;].P \ x:case(Pl | Py)

The link operator z <> y connects the channels z and y together. The cut
operator vx.(P; | P2) synchronizes communication on a channel whose endpoints
lie in P; and Ps. The other syntactic forms are prefix actions, which send or
receive on channels according to one of the session protocols.

The typing judgment P {2 specifies that the channels offered by P obey
certain protocols, specified by 2. Here {2 is a collection of channel names z with
their types X. The typing rules for CP are shown in Fig. 2.

2.2 Operational Semantics

Wadler (2012) nicely summarizes the Curry-Howard interpretation of session
types as follows: propositions are session types, proofs are processes, and cut
elimination is communication. The operational behavior of processes is the
description of how communication occurs over channels. The end goal of this
communication is a process that is free of both cuts and (non-atomic) links. With
that goal in mind, each step of communication falls into one of three groups.

First, O-reduction rules describe the synchronous communication between
two processes.

vely — x| P
ve.(z[].0] z().P

v (z[yl.(Pr| Pa) | 2(y).P3
vz.(z[inj,].P | z.case(P; | Pa)

—p Ply/z}

—g P

—p vy(P1|vz.(Py | Ps))
—gve.(P| P;)

= I >~
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Pib,z:A Pobaz: At 02

AX CcuT
yozhky: Atz A vr. (P | Pa) F $21, 02
P
— 1 — 1
z[]OF z:1 z().Prz: 1,2
PiE21,y: A PaF(2,z: B Pry:Az:B, 2 %
(P P F 01, aa AeB © () PFz:ANB. Q2
1 T
(no 0 rule) z.case()Fz: T,
P"Q,:E:Ai Pl}—ZE:A,Q PQ"CEZB,Q &
z[inj,].PF 2,2 : A1 @ A, @ z.case(P1 | Po)Fz: A& B, 2

Fig. 2. The CP calculus

Structural equivalence rules allow us to swap the order of cuts and forwarding
links in these rules to avoid unnecessary duplication.

ve.(Py | Py) =5 va.(Py | Py) T Y=y (1)
Second, link forwarding is defined by n-expansion rules.

(b y: Lia:1) =y y0all0
(yeorrFy: Xt Y 2:X0Y) -
(y—azby:T,z:0

(szFy:AJ‘&BJ—,x:A@B

) —
) =y y(y)ale’](y 2" |y = 2)

) —n y.case()

) —n y-case(z[inj,].y < z | zlinj,].y < z)

The rest of the operational behavior of processes deals with commuting conver-
sions, by which non-interfering actions can be executed in any order. Presenta-
tions of commuting conversions are often very intricate, as there are a quadratic
number of interleavings of non-interfering actions. Here, we present a unified
view of commuting conversions by classifying them into three groups.

The first group of commuting conversions permutes an action (corresponding
to one of the session protocols) around a cut. For example, when z does not occur
in P, and y does not occur in Py, then

v (Py | y[z].(P2 | P3)) —cc ylz].(P2 | va.(Py | Ps)).
The presence of the additives, T and &, adds even stranger looking conversions:

vz.(y.case() | Q) —cc y.case()
vz.(y.case(P; | P2) | Q) —cc y.case(ve. (P | Q) | vz.(Py | Q))

This class of conversions is directed, to push the cut after the action so that
it becomes closer to its own synchronizing channel. The combination of this
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class of conversions with the (-reduction rules results in a cut elimination pro-
cedure (Theorem 1).

The second group of commuting conversions says that two cuts on different
channels can be performed in either order. Assuming that z does not occur in
P5 and y does not occur in P, we have

v (Py | vy.(Py | P3)) =cc vy.(Ps | vaz.(Py | P3)).

This type of conversion is classified by Wadler as a structural equivalence, which
we denote =;. However, while the two structural equivalences in Eq. (1) are
necessary to define the normalization or communication procedure of processes,
the conversion in this section is not.

The third class of conversions says that prefix actions on different channels
can occur in any order. For example, if z (which is not equal to z) does not
occur in Pq, then

wlinj,].2[y].(Pr | P2) =cc z[y).(P1 | z[in,]. P2).

The motivation behind this type of commuting conversion is the independence
of non-interfering sessions. That is, when two prefixes do not refer to each other,
they should not interfere. Again, this class of conversions is undirected; it is not
necessary for the definition of a communcation/cut-elimination procedure. The
relation =¢¢ instead defines behavioral equivalence of processes, as described by
Pérez et al. (2014).

Commuting Conversions via Contexts. A context C is any process with
holes (possibly zero or more than one) for other processes. The number of holes
in C is called its arity. We write C[Py, .., P;] for the operation that fills holes
with processes.? Two contexts are disjoint, written C;_L Cs, if the set of channels
referred to by C} is disjoint from the set of channels referred to by Cs.

The composition of two contexts Cso C) replicates the inner context €} in all
of the holes of the outer context Cs. This is illustrated by the following examples:

ve{O| P)o C=vz.(C|P)
z.case() o C = z.case()
z.case(O |O) o C = z.case(C | C)

The arity of C} o Cs is the product of the arities of the two subcontexts.
For any context C with a single hole, we have a congruence rule to reduce
processes under actions.
P=,P
C[P] =, C[P] (2)
2 To give the definitions in this section precisely, it would be necessary to use named

holes and substitutions to fill in the holes. For the purposes of this paper we leave
these operations informal.
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To define commuting conversions, we pick out certain classes of contexts that
refer to the different components of the commuting conversion rules. Evaluation
contexts, written C°, consist of cuts with a single top-level hole, and action
contexts, written C%, consist of prefix actions also with top-level holes.

C¢u=vz (0| Po) | vz.(Py | O)
C* u=2().0]2[y].(O| P2) | 2[y].(P1 | O) | 2(y).0
| z.case() | z[inj;].00 | z.case(O | O)

Notice that x.case() is a context with arity zero, and z.case(d | O) is a context
with arity two.

The three classes of commuting conversion rules can be summarized neatly
as follows:

ceLce

ACTION-CUT
Ce OCC‘[Pl, ..,Pi] —cc C° Ooe[Pl, ..,Pi]

Cs1Cs

CUT-CUT
Cf o C§[P] =cc C5 o C§[P]

CoLCy
Cf (@) Cg[Pl, ..,Pi] =cC Cél @) Cf[Pl, ..,Pi]

ACTION-ACTION

2.3 Reduction and Equivalence

The step relation on processes is the least relation generated by —3, —,, —cc,
and =,. Behavioral equivalence, written =, is defined to be the least congruence
containing the step relation and =¢¢.

Theorem 1 (Progress and Preservation).

1. If P+ §2 then either P is cut- and link-free, or P can take a step.
2. If P+ (2 and P steps to P’, then P’ (2.

The structural equivalence relation =; makes reduction in CP extremely
non-deterministic. We conjecture that the step relation is confluent up to com-
muting conversions =¢¢, but have not proved this fact. In addition, there is no
meaningful notion of evaluation order; the properties of call-by-name and call-
by-value are not even expressible. In Sect. 4 we will see that CP¥ has the ability
to resolve this non-determinism by employing different evaluation strategies, in
the style of Wadler’s dual calculus (2003).

3 Linear Ap and Linear Classical Logic

In this section we answer the question: what is a linearized classical language,
as opposed to a language for classical linear logic? Just as the simply-typed
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A-calculus can be linearized to obtain a calculus for intuitionistic linear logic,
we can similarly linearize Parigot’s Apu-calculus for classical logic (1992). Such
systems have been considered before, for example by Munch-Maccagnoni (2009)
and Spiwack (2014).

Following Wadler (2005), we take the types of linear Ay to consist of nega-
tion, units, products and sums—implication is defined in terms of negation and
products. Products and sums are written in the style of linear logic.

A B:=-A|1|A®B|0| A® B.

3.1 Syntax and Static Semantics

The syntax of Ap consists of two parts: terms and commands. Terms ¢ are
typed expressions, while commands ¢ have no types, but instead define a relation
between the two different sorts of variables. Term variables, written z, can be
thought of in the usual way—as providing input to an expression. Continuation
variables, written «, consume the output of an expression.

The quintessential command feeds a term ¢ into a continuation variable c,
and is written [a]¢. On the other hand, if a continuation variable « is used in a
command ¢, the term pa.c extracts the value passed to « inside of c.

The syntax of terms and commands is summarized below. We use expressions
e to refer to either syntactic form.

=z | pa.c

|Xa:c |letz = t;inty

| () |let () = t1inty

| (t1,t2) | let (21, 22) = t; inty

| case tof ()

| inj, ¢ | case tof (inj, z1 — t1,inj, 22 — t2)
cu=[a]t

| t 1o |letz =tinc

|let () =tinc|let (z1,20) = tinc

| casetof () |casetof (inj; 21 — ¢1,inj, 20 — ¢2)

There are similarly two typing judgments: I" - ¢t : A | II for terms, and
I' ¢ | II for commands. Here I' is a context of term variables z, and IT is
a context of continuation variables a. For rules that are polymorphic in the
judgment, we write I' + e : © | II, where © is a stoup of either zero or one
types.

Figure3 shows the typing rules. Many of the rules are unsurprising for a
linear A-calculus. Note that A is used for negation abstraction instead of the
usual A\, and every application is a command, not a term.

To understand how these language features interact, consider the encoding
of linear implication A — B in classical logic as = (A ® = B). We can encode the
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Nt AL In,z:AbFe: 0|11

zArz Al R TloFletz=tine:0 |, "
I'bFe|la:A It Al
—— -l wE
I'tpoe: Al Il I'klajt | Ha: A
F,:E:A'—C‘H Fll—tll—\A|H1 FQ}—tQIA‘HQ
T'FXz.c:—A|IT DI ttg | I, 1D

11 Fll—tzl\Hl F2|_619|H2 1-E

O N,oFlet()=tine: O | I, Il

F1|_t1:A1|H1 FQ}_tQ:AQ‘HQ
I, I b (t, ) s Ay ® Ao | I, I

Nbtt:AB| I Is,z:Ay:BlFe:0|Il

N, hFlet(z,y) =tine: O | Iy, I, ©-B
Ckt:0]|11 IHt:A |11
0-E P @-1
I'-casetof (): © | II I'inj,t: A1 @ Az | IT

F1|‘t:A1€BA2|H1 F2,£E1:A1|—6119‘H2 FQ,IQIAQFegl(“)‘HQ

-E
I, I» F casetof (inj; x1 — e1,inj, 22 — e2) : © | II1, 1 ®

Fig. 3. The Linear Ap-calculus

application rule as

Fl}_tllA—OB|H1 FQ"IfgIA|H2
Iy, Iy bty ty: B| Iy, Iy ) =

y:BFy:B|-
y:BH[Bly|B:B
Ik ty: Al Il FXy.[Bly: - B|B:B
N+t :-(A®-B)| I Iy (to, My [Bly) : A® =B | II5,3: B
I, Dy =ty (b, Ay.[Bly) | 1, 12,3 : B
I, Iy = pBty (t, \y.[Bly) : B | I, IT,

We can also consider the encoding of Felleisen’s C operator (1988), which is typed
by double negation elimination.

I't:--41]A ‘FXzfalr:—Ala: A
I'-t(z.fa]z) | Aa: A
Tt pat(Azfa]z): A| A
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3.2 Operational Semantics

In this section we define an operational semantics for linear Ay in both call-by-
value and call-by-name style. We first give the § and 7 rules that are shared
by the two reduction strategies. The § rules are given in terms of let bindings,
and the difference between CBV and CBN comes down to the treatment of let
reduction and evaluation contexts, as shown in Fig. 4.

First, the § rules:

(1) B -

(=) (Az.c)t —gletz =tinc

(1) let()=()ine —g e

(®) let (z1,22) = (t1,t2) ine —gletr = tinletz = tzine
(0) -

(®) caseinj, t of (inj, 21 — e1,injy 12 — e2) —pg letx; = tine;

Next we have local 1 expansions:

() t: A —y pafa]t
(=) t:=A —p ATt
(1) t:1 —y let () =tin()
(®) t: A1 @Ay —y let (21, 20) = tin (21, 22)
(0) t:0 —, case tof ()
(@) t: Al @ Ay — casetof (inj, 21 — inj, 21, inj, 7o — inj, 22)
CBV CBN
letz =vine —g e{v/z} letz =tine —p e{t/z}
vi=Az.c| ()| (vi,v2) | inj, v viu=Az.c| ()| (t,te)|inj, ¢t
E:=0|[oE E:=0]|[aE
| Et|letz = Fine | Et
|let () = Eine |let () = Eine
| (E,t) | (v,E)|let (z1,22) = Eine | let (z1,22) = E'ine
| case E of (inj; z1 — e1,inj, 22 — e2) | case E of (inj, z1 — e1,inj, 22 — e2)

| inj, E
Fig. 4. CBV and CBN for linear A\u: let reduction, values, and evaluation contexts

Terms reduce under arbitrary evaluation contexts, and under p binders.
Notice that evaluation contexts are closed under term variables z; we only con-
sider reduction over closed terms. However, evaluation contexts are open under
continuation variables «, and these contexts characterize the capturing of u
binders inside larger expressions.

t—t c—c Elpa.c] is a command
E[t] — E[t'] pa.c — pa.c’ Elua.c] — {E/a}
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As an example of the last rule, consider the application (ua.c) ¢t which captures
the current context [J¢ as the continuation « inside the command c. To achieve
this, the continuation variable a should be replaced everywhere by the actual
continuation O t. We write this substitution ¢{E/a}, with the defining clause as

(810} = {E a.oHe=s
[BIt{E/a} otherwise
Note that in the first case, substitution does not continue inside of ¢ because the
use of continuation variables is linear.
Since this rule only applies to evaluation contexts that form a command,
how do such contexts reduce when E[ua.c] is a term? First, the term undergoes
n-expansion, and then p-capturing applies to the new context [3]E:3

Blua.c] =y nB.18)(Blua.cl) — up.c{[8)E/a}.
We define two classes of normal forms, ¢V for terms and ¢V for commands:

tN =0 | pa.c N = [Blv

Theorem 2 (Progress and Preservation).

1. If T e: O | II then e is either one of t or ¢V, or e can take a step.
2.IfT'Fe:O|II ande — ¢, then 'k e : O | II.

4 Dualization and CP*

On the surface, the programming style of CP seems alien to the programming
style of Au. To rephrase Bernardy et al. (2014), the Ap-calculus is still a A-
calculus; CP is not. To go even further, the type systems are not obviously
equivalent; it is not clear how negation relates to the operators of CLL.

Tensor logic (Mellies and Tabareau 2010) provides insight into the relation-
ship between a A calculus and a one-sided judgment. Introduced in the setting of
game theory, it also has applications in category theory (Mellies and Tabareau
2010) and as a type theory for CPS (Paykin et al. 2015). Perhaps the defining
feature of tensor logic is that it can be studied equally well from two perspec-
tives. The two-sided perspective results in a logic of non-involutive negation,
while the one-sided perspective results in a logic of non-invertible polarization.

In this section we will replicate the two perspectives of tensor logic in the
setting of classical linear logic. The question we must answer is: how does the
two-sided Ap calculus relate to the one-sided CP?

3 The operational semantics we present here is quite a bit different from Selinger (2001)
and Wadler (2005). Their p — (3 rules are encompassed by our notion of u-capturing.
Their £ rule corresponds to the procedure of p-capturing inside a term described
here.
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4.1 Duality in Ap
De Morgan duality, written (—)L, is the key to permuting types around the
turnstile in a derivation. The canonical rules for duality are

I'F AT AR IT
At =11 '+ A1

Duality is strictly involutive ((Al)l = A), which means that the above rules
are also invertible. This flexibility allows us to shift perspective by freely moving
hypotheses to different parts of the judgment. Therefore, any judgment I' - IT
in a two-sided logic can be viewed in a one-sided logic as - - I'+, IT.

In classical logics, De Morgan duality is a meta-operation on types. We saw
this operation in CLL, where (X ® Y)L =Xt % YJ‘, for example. But what
is duality in the Ap calculus, where? is not a type operator? We could try to
encode duality as negation — A, except that negation is not strictly involutive.

And yet, for any type A of linear Ay, we may imagine its syntactic dual A+,
not as a meta-operation, but as an explicit constructor. If we respect the fact
that AL is syntactically equal to A, we find that there are two disjoint classes of
propositions: negative propositions A~, which are syntactic duals, and positive
propositions A1, which correspond to the original types.*

We assign names to the duals of various connectives to simplify their presen-
tation. In the style of CLL, we write A+ 2% B for (A® B)" where A and B are
positive types. Thus each connective gets attributed both a positive and a nega-
tive copy, as summarized in Fig. 5. Seen another way, the positive and negative
types are axiomatized as follows:

At =1 At @ A, 0] At @ Ayt
AT o=1 A" B Ay | T A1 & A~

Operator  Positive Copy  Negative Copy

]l & o® =
— P oR ~
— S -

Fig. 5. Positive and negative copies of linear operators

4 Drawing the connection to category theory, every object A € C has a dual object
AOP ¢ COP_ Thus A and its dual live in distinct categories.



284 J. Paykin and S. Zdancewic

Negation. To incorporate negation into this analysis, first consider that it is
self-dual: (- A)" = = A*. Close examination tells us that these are really two
distinct copies of negation, one positive and one negative.

However, this presentation of negation is incompatible with the one-sided
sequent calculus, because negation is contravariant: it moves a proposition from
one side of the judgment to the other. In the presence of syntactic duality, we
could imagine negation being partitioned into two parts: the contravariant dual-
ity operator (f)l, along with a covariant shift operator written |, which turns
a negative proposition into a positive proposition. The left and right negation
rules from the two-sided formulation might instead be written as follows, where
— AT = (AT

'+ A Il AR II
DA+ IT I+ AN 1T
I At 11 't A+ 1T

The shift operator |, as well as its dual copy T, explicitly change the polarity
of their argument. These fit nicely into Fig. 5, and they augment the syntax of
types as follows:

At o= | A
A u= | 14T

Thus the act of dualizing a logic with negation naturally generates polar-
ized types, in the sense of Girard (1991). This relationship between negation
and polarization is not new. It has been explored by Laurent and Regnier (2003)
relating polarization procedures of classical logic to CPS translations using nega-
tion. Similarly, Laurent (2003) gave a semantics of the (non-linear) Ap-calculus
in terms of polarized proof nets. Finally, Zeilberger (2008) takes negation to be
a primitive operator in his polarized logic and observes that = A" is isomorphic
to J(AT)".

4.2 Polarizing CP

It remains to see how polarization can be incorporated into the type system of
CP. This question has already been addressed, at least in the case of intuition-
istic session types, by Pfenning and Griffith (2015). In their setting, channels
are directed, where positive channels are outgoing, and negative channels are
incoming. Shift operations explicitly change the direction of the channel.

This intuition carries over naturally to the classical case. We define a term
language CP*, pronounced “CP more or less,” to be a polarized version of
CP. The syntax of processes is identical to that of CP, with the addition of
two actions for shifting the direction of a channel. The syntax of processes is as
follows:

P:=--|lz.P|Tz.P
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P1FA1;H1,1‘:A PQF.ZZAL,AQ;HQ

AX CuUT
YT [ Y (A+)J';3; At I/QI.<P1 ‘ P2> |‘A1,A2;H1,H2
PHAz: AT PrHAz: AT 1T
le.PF Az JA—, 1T v tz.PFH Az :TAT; 1T T
. PrF AT N
z[]OF sz :1 z().Prx: L AT
PiFAGILL,y: AT PobF Ag; I,z : BT Pry:A",z: B, A Il

Sl (PL | P F AL Asi L I,z AT @ BY © 2 Pro:A BB Al

1 T
(no 0 rule) z.case() Fx: T, A IT

PFA;H,I:AZ‘+ o Pibx: AT, Al Pobx: B, A Il
zfinj,.PF A 1Lz : Ayt @ Axt z.case(P1 | Po)Fz: A= & B—, A I

&

Fig. 6. CP*

The process | z.P offers an output channel x : | A~, which sends a special “shift”
message over x, before reversing the direction of the channel and continuing with
an input channel z : A~. Similarly, Tz.Q waits to receive a shift message on =z,
before treating x as output in Q.

Judgments of CP* have the form P b A;II, where A consists of negative
(incoming) channels, and P; consists of positive (outgoing) channels. The typing
rules are given in Fig. 6.

The operational semantics of CP* augments the semantics of CP with rules
for the shift operators. The § and 7 rules are as follows:

ve.(lz.Py | Tx.Py) —g va.(Py | Py)
(yeozky: 1A%z - l(A"')J') -y lz.lyy =z

The structural equivalences = in Eq. (1) are no longer applicable in CP¥. The
reason is that only one of va.(Py | Ps) and va.(Py | Py) is ever well-typed in
CP¥, and similarly for z < y and y — z.

Action contexts in CP* are extended with the shift operators.

C*u=---||z.0]| 120

4.3 Evaluation Order

Taking the commuting conversion rules verbatim from CP results in a similarly
nondeterministic reduction strategy for CP*. However, CP* has the ability to
express other reduction strategies. In particular, we can specify either a call-by-
name and call-by-value evaluation strategy in a way similar to Wadler’s dual
calculus (2003).
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To illustrate what we mean by CBV and CBN in this context, consider the
following encoding of implication as the polarized type |(AT — B™). Application
can be encoded as follows:

QFy:AT z<—>w|—z:B_;x:(B_)J'

o[yl (Q|z—x)F2z:B ;0: AT ® (Bf)l

Prux: (AT — B7) Tz.2[yl(Q |z z)F2z: B ,z: (AT (B")
ve P | tx.z[y].(Q |z x)Fz:B7;-

1

); -

The process P is the equivalent of a A-abstraction if it has the form |z.z(y).P’ for
Prz:B y: (A+)J'. In this case, the application reduces to vy.(Q | P'{z/z}).

It is here we can talk about evaluation order. A call-by-value evaluation order
reduces the argument @) before continuing in the evaluation of the result z : B~.
We can achieve this by prioritizing commuting conversions on the right of a
cut over conversions on the left. This can be done by refining the definition of
evaluation contexts.

C®:=vz(P|0) | ve.(Od]| P

where P? is any process starting with an action on z.
Similarly, a call-by-name evaluation order tries to compute z : B~ before
evaluating the argument (), by prioritizing conversions on the left:

C¢:=vz (O] P) | vz.(P*|O).

5 Equational Correspondence

The dualization described in the previous section shows how typing judgments
in the linear Apu-calculus relate to typing judgments in a CP-like language. But
the structure of the typing judgments says nothing about the equivalence of the
operational semantics of the two languages. The notion of equational correspon-
dence (Sabry and Felleisen 1993) makes this relationship formal.

Definition 3. Let Ly and Lo be term languages with equality, written t; =1 t]
and ty =5 t}. Suppose that there exist two maps Fy and Fy as shown below. These
maps form an equational correspondence if the following conditions hold:

F 1. If 1 =1 t; then Fy (t1) =2 F1 (1).

— 2. If ty = té then Fy (tg) =1 Fy (té)

Y~ 3. For all terms ty € L1, t =1 Fy (Fl (tl))
F 4. For all terms to € Lo, ty =9 Fy (Fy (12)).

Lo

‘We thus come to our main theorem:

Theorem 4. Linear \p equationally corresponds with CP¥.
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FHt:A|IT I'tc|IT Pr AT
tDrrt oA crIh AT (P). | 1T
Y=y (y ¢ z)w = [z]y
(lety = tine)® = py.(t¥ | @) (vy(P1 | P2))s :=lety = (P1). in (P2).

({z.P). == [z]\z.(P).

(he.c)®) = (") {z/a)
g (ty.P)s = 3 (P)))

([o]t)" == (t“)){a/a}

e (@0.0)- = [2]()
(Az.e)i=da.c (()-P). == let () = yin (P).
()" = v (6™ [ 12.6) (@) (P | P2). = [2]((Py)-, (P2).)
0" ===2[.0 (y(y').P). :=let (y',y) = yin(P).
(et () = tine)™ := vy.(t® | y().e™) (y.case()). := caseyof ()

(z[inj,].P). = [z]inj, (P).
(y.case(Py | P2)). :=
casey of (inj, y — (P1)«,injy y — (P2)«)

(t1, 1)@ o= z[2']. () | @)
(let (y',y) = tine)™ = vy.(t" | y(y').e™)
(casetof () := vy.(t¥) | y.case())
(inj, )™ := z[inj,).t™
(case tof (inj, y — e1,inj, y — €)™ =

Vy‘(t(y) ‘ y.case(el(” | ez(m))>
Fig. 7. Equational correspondence between linear Ay and CP*

Proof (Sketch). We start by defining translations, shown in Fig. 7, between the
two languages. First, for I' F e : © | II, we define e(*) to be a process so that
e@ =L 11,2 : ©. When e is a command ¢ we write c¢*.

Next, for P - A; IT, we define (P), to be a command so that A+ F (P), | II.
The classes of term and continuation variables are collapsed in CP¥, so we move
between them freely in the translations.

The remainder of the proof must show that the four conditions in the defin-
ition of equational correspondence hold. But condition (4), which says that all
Au expressions e satisfy e = (e(o‘))*, is not quite right for terms, because every
(P), is a command. Instead we amend the condition to say that for every term
t, we have t = po.(t(),. O

6 Discussion

6.1 Comparing Classical Type Systems

Unlike the simply-typed A-calculus for intuitionistic logic, there is no canonical
type system for classical logic. Instead, there are a number of candidate type
systems corresponding to different well-known formulations of classical logic.

e Classical logic can be formulated as intuitionistic logic plus the property of dou-
ble negation elimination. The A¢-calculus (Griffin 1990) is a typed A-calculus
with the addition of the control operator C, of type ((4 — L) — 1) — A.
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e (lassical logic can alternatively be formulated as intuitionistic logic with
multiple conclusions, which corresponds to the structure of the Au-calculus
(Parigot 1992).

e The logic may be in natural deduction or sequent calculus form. Curien and
Herbelin’s Apji-calculus (2000), which is also called System L (Spiwack 2014),
and Wadler’s dual calculus (2003) are variations on equivalent sequent calculus
formulations of Ap.

These systems are all related by equational correspondences—de Groote
(1994) proves the correspondence between Ap and A\¢, and Wadler (2005) proves
the correspondence between Ay and the dual calculus. Our work continues in this
tradition by indicating that the linear versions of these systems (for example,
Spiwack’s Linear L 2014) are also equivalent to CP*.

6.2 A Syntax for Tensor Logic

Mellies and Tabareau introduce tensor logic in the setting of game-theoretic
semantics for linear logic. While they study the denotational semantics of the
logic extensively and provide translations from CLL, Mellies and Tabareau do
not give proof terms for either of the two formulations—two-sided or one-sided.

However, proof terms are not hard to imagine in the style of Ay and CP¥.
The two-sided perspective types a (strict) sublanguage of linear Ay with nega-
tion but without the p operator. The result is a simply-typed A-calculus where
the return type of every function is L, as described by Lafont et al. (1993). The
one-sided perspective of tensor logic can similarly type a (strict) sublanguage
of CP*, where each process offers at most one output channel. This formula-
tion is equivalent to Spiwack’s Polarized L (2014), and corresponds to a focused
polarized logic, as opposed to CP*, which is unfocused.

6.3 Session Types and Linear Logic

Linear logic has long been explored as a type system for concurrent program-
ming, especially process calculi in the style of the m-calculus (Bellin and Scott
1994; Beffara 2006; Kobayashi et al. 1999). Caires and Pfenning (2010) present
an elegant interpretation of an (intuitionistic) linearly-typed fragment of the 7-
calculus by interpreting linear propositions as session types (Honda 1993; Honda
et al. 1998) in a calculus they call 7-DILL. The connections between session types
and linear logic have been studied in the past (Mazurak and Zdancewic 2010;
Gay and Vasconcelos 2010) but had not been formally compared. Wadler (2014)
makes the connection formal by exhibiting a translation between CP, a classical
variant of 7-DILL, and GV, a variation of the session-typed calculus of Gay and
Vasconcelos (2010). Lindley and Morris (2014, 2015) expand this translation to
a bisimulation between CP and GV.
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6.4 Variations on CP

The process calculus described in Sect. 2 varies from Wadler’s original formula-
tion of CP in a few significant ways. The first is that Wadler’s processes only
communicate at the top level, never under prefix actions. This means that nor-
mal forms consist of any processes that do not begin with a cut. Following Pérez
et al. (2014), we allow communication to take place at any point in a process,
even if another channel is waiting to synchronize. For example, in the process

z().vy-(y[.0 [ y().P),

communication takes place over the channel y even though z sends a message
first. Operationally, the difference is the exclusion of the structural rule in Eq. (2).
Wadler’s equational theory is thus finer-grained than ours, and does not reach
the level of behavioral equivalence.

In the same vein, Wadler does not equate the processes defined by our third
class of commuting conversions. Following Bellin and Scott (1994) and Pérez
et al. (2014), behavioral equivalence means that the order of non-interfering
prefix actions is unobservable, and should be equated.

The treatment of n-expansions for link forwarding is another departure
from Wadler’s presentation. Like Wadler, we allow link forwarding at arbi-
trary type for the sake of expressibility. However, just as in the A-calculus,
n-expansion reduces the allowable normal forms by equating behaviorally equiv-
alent processes.

The operational semantics we define for CP in Sect. 2 extends naturally to
CP*. It is worth noting, however, that the equational correspondence proved
in Sect.5 relies on the second class of commuting conversions (CUT-CUT) but
not the third (ACTION-ACTION). Therefore it would still be applicable using a
semantics closer to Wadler’s original presentation (2014).

Finally, Wadler’s presentation of CP includes the linear exponentials ! and 7,
as well as polymorphism V and 3. In this paper we work with the linear “core” of
CP, excluding the exponentials for the sake of clarity. To incorporate polymor-
phism into our presentation, we would need to extend types with type variables.
In that case, communication would eliminate all cuts, but not necessarily links
at atomic type.

6.5 How Much is “More or Less”?

In the introduction we made the claim that linear Ay was “more or less” CP,
and we made the statement precise by exhibiting CP*. However, we haven't
addressed exactly how much CP¥ is “more or less” CP.

We can easily define an erasure operation |—| on both types and processes
that removes all shift operations. Trivially, if P = A;IT then |P| F |A|,|II]. As
Zeilberger (2008) shows for a different polarized term syntax, the completeness
of such an erasure can be summarized as follows: If @ F |A|,|II] in CP, then
there exists a CPT process P such that P+ A; IT and |P| = Q. In addition, we
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would require that this “expansion” of @) respects equalities in a similar way to
equational correspondences. However, even describing the necessary relationship
in detail is beyond the scope of this work.

Meanwhile, CP¥ offers operational behaviors not expressible in CP. In par-
ticular, CP¥ has the ability to set a particular reduction strategy such as CBV,
CBN, or something in between. Once an evaluation strategy is fixed, the types
dictate the evaluation of any particular process. The programmer thus has full
control over scheduling in CPi, while in CP the programmer has no control.
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Abstract. The ability to perform type tests at runtime blurs the line
between statically-typed and dynamically-checked languages. Recent
developments in Haskell’s type system allow even programs that use
reflection to themselves be statically typed, using a type-indexed runtime
representation of types called TypeRep. As a result we can build dynamic
types as an ordinary, statically-typed library, on top of TypeRep in an
open-world context.

1 Preface

If there is one topic that has been a consistent theme of Phil Wadler’s research
career, it would have to be types. Types are the heart of the Curry-Howard
isomorphism, occupying the intersection of logic and practical programming. Phil
has always been fascinated by this remarkable dual role, and many of his papers
explore that idea in more detail.

One of his most seminal ideas was that of type classes, which (with his student
Steve Blott) he proposed, fully-formed, to the Haskell committee in February
1988 [WBS89]. At that time we were wrestling with the apparent compromises
necessary to support equality, numerics, serialisation, and similar functions that
have type-specific, rather than type-parametric, behaviour. Type classes com-
pletely solved that collection of issues, and we enthusiastically adopted them for
Haskell [HHPJWO07]. What we did not know at the time is that, far from being
a niche solution, type classes would turn out to be a seed bed from which would
spring all manner of remarkable fruit: before long we had multi-parameter type
classes; functional dependencies; type classes over type constructors (notably
the Monad and Functor classes, more recently joined by a menagerie of Foldable,
Traversable, Applicative and many more); implicit parameters, derivable classes,
and more besides.

One particular class that we did not anticipate, although it made an early
appearance in 1990, was Typeable. The Typeable class gives Haskell a handle on
reflection: the ability to examine types at runtime and take action based on those
tests. Many languages support reflection in some form, but Haskell is moving
steadily towards an unusually statically-typed form of reflection, contradictory
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though that sounds, since reflection is all about dynamic type tests. That topic
is the subject of this paper, a reflection on types in homage to Phil.

2 Introduction

Static types are the world’s most successful formal method. They allow program-
mers to specify properties of functions that are proved on every compilation.
They provide a design language that programmers can use to express much of
the architecture of their programs before they write a single line of algorithmic
code. Moreover this design language is not divorced from the code but part of it,
so it cannot be out of date. Types dramatically ease refactoring and maintenance
of old code bases.

Type systems should let you say what you mean. Weak type systems get in
the way, which in turn give types a bad name. For example, no one wants to write
a function to reverse a list of integers, and then duplicate the code to reverse a
list of characters: we need polymorphism! This pattern occurs again and again,
and is the motivating force behind languages that support sophisticated type
systems, of which Haskell is a leading example.

And yet, there comes a point in every language at which the static type
system simply cannot say what you want. As Leroy and Mauny put it “there are
programming situations that seem to require dynamic typing in an essential way”
[LM91]. How can we introduce dynamic typing into a statically typed language
without throwing the baby out with the bathwater? In this paper we describe
how to do so in Haskell, making the following contributions:

— We motivate the need for dynamic typing (Sect. 3), and why it needs to work in
an open world of types (Sect. 4). Supporting an open world is a real challenge,
which we tackle head on in this paper. Many other approaches are implicitly
closed-world, as Sect. 9 discusses.

— Dynamic typing requires a runtime test of type equality, so some structure that
represents a type—a type representation—must exist at runtime, along with
a way to get the type representation for a value. We describe a type-indexed
form of type representation, TypeRep a (Sects.5.1 and 5.2), and explain how
to use it for a type-safe dynamic type test (Sect.5.3).

— We show that simply comparing type representations is not enough; in some
applications we must also safely decompose them (Sect. 5.4).

— Rather unexpectedly, it turns out that supporting decomposition for type
representations requires GADT-style kind equalities, a feature that has only
just been added to GHC 8.0 (Sect. 5.5). Type-safe reflection requires a very
sophisticated type system indeed!

Our key result is a way to build open-world dynamic typing as an ordinary
statically-typed library (i.e. not as part of the trusted code base), using a very
small (trusted) reflection API for TypeRep. We also briefly discuss our imple-
mentation (Sect. 6), metatheory (Sect. 7), and other applications (Sect. 8), before
concluding with a review of related work (Sect.9). This paper is literate Haskell
and our examples compile under GHC 8.0.
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3 Dynamic Types in a Statically Typed Language

Haskell’s type system is so expressive that it is remarkably hard to find a com-
pelling application for dynamic typing. But here is one. Suppose you want to
write a Haskell library to implement the following familiar state-monad API!2:

data ST s a -- Abstract type for state monad
data STRef s a -- Abstract type for references (to value of type a)
runST 2 (Vs.STsa)—a

newSTRef ::a— ST s (STRef s a)
readSTRef :: STRef sa— ST s a
writeSTRef :: STRef sa— a— ST s ()

Papers about state monads usually assume that the implementation is built in,
but what if it were not? This is not a theoretical question: actively-used Haskell
libraries, such as vault® face exactly this challenge. To implement ST we need
some kind of “store” that maps a key (a STRef) to its value. This Store should
have the following API (ignore the Typeable constraints for now):

extendStore :: Typeable a = STRef s a — a — Store — Store
lookupStore :: Typeable a = STRef s a — Store — Maybe a

It makes sense to implement the Store by a finite map, keyed by Int or some
other unique key, which itself is kept inside the STRef. For that purpose, we can
use the standard Haskell type Map k v, mapping keys k to values v. But what
type should v be? As the type of extendStore declares, we must be able to insert
any type of value into the Store. This is where type Dynamic is useful:

type Key = Int
data STRef s a= STR Key
type Store = Map Key Dynamic

Dynamic suffices if we have the following operations available, used to create and
take apart Dynamic values:*

toDynamic  :: Typeable a = a — Dynamic
fromDynamic :: Typeable a = Dynamic — Maybe a

! There is another connection with Phil’s work here: an API like this was first pro-
posed in “Imperative functional programming” [PJW93], a collaboration between one
of the present authors and Phil, directly inspired by Phil’s ground-breaking paper
“Comprehending monads” [Wad90].

2 For our present purposes you can safely ignore the “s” type parameter; the paper
“State in Haskell” explains what is going on [LPJ95].

3 https://hackage.haskell.org/package/vault.

4 These types also motivate the Typeable constraint above. We discuss that constraint
further in Sect. 5.2, but without looking that far ahead, Phil’s insight about “the-
orems for free” tells us that the type fromDynamic :: Dynamic — Maybe a is a
non-starter [Wad89]. Any function with that type must return Nothing, Just L, or
diverge.
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We can now implement the functions on Store, thus:

extendStore (STR k) v s = insert k (toDynamic v) s
lookupStore (STR k) s = case lookup k s of
Just d — fromDynamic d
Nothing — Nothing

In lookupStore the dynamic type check made by fromDynamic will always succeed.
(That is, when looking up a STRef s a, we should always find a value of type a.)
The runtime tests compensate where the static type system is inadequate.

In summary, there are a few occasions when even a type system as sophisti-
cated as Haskell’s is not powerful enough to give the static guarantees we seek.
A Dynamic type, equipped with toDynamic and fromDynamic, can plug the gap.

4 The Challenge of an Open World

Where does type Dynamic come from? One classic approach is to make Dynamic
a tagged union of all the types we care about, like this:

data Dynamic = Dint Int
| DBool Bool
| DChar Char
| DPair Dynamic Dynamic

toDynint :: Int — Dynamic

toDynint = Dint

fromDynint :: Dynamic — Maybe Int
fromDynint (Dint n) = Just n

fromDynint _ = Nothing

toDynPair :: Dynamic — Dynamic — Dynamic
toDynPair = DPair

dynFst :: Dynamic — Maybe Dynamic

dynFst (DPair x1 x2) = Just x1

dynFst _ = Nothing

For each type constructor (Int, Bool, pairs, lists, etc.) we define a data construc-
tor (e.g. DPair) in the Dynamic type, plus a constructor function (e.g. toDynPair)
and one or more destructors (e.g. dynFst, dynSnd).

This approach has a fundamental shortcoming: it is not extensible. Con-
cretely, what is the “...” above? The data type declaration for Dynamic can
enumerate only a fixed set of type constructors (integers, booleans, pairs, etc.)’.
We call this the closed-world assumption. Sometimes a closed world is accept-
able. For example, if we were writing an evaluator for a small language we would

5 Although the set of type constructors is fixed, you can use them to build an infinite
number of types; e.g. (Int, Bool), (Int, (Bool, Int)), etc.
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need Dynamic to have only enough data constructors to represent the types of
the object language.

But in general the world is simply not closed; it is unreasonable to extend
Dynamic, whenever the user defines a new data type! In the ST example, it is
fundamental that the monad be able to store values of user-declared types.

So in this paper we focus exclusively on the challenge of open-world exten-
sibility. Before moving on, it is worth noting that a surprisingly large fraction
of the academic literature on dynamics in a statically typed language makes
a closed-world assumption (see Sect.9). Moreover, even if we accept a closed
world, the approach sketched above has other difficulties, discussed in Sect.9.2.

5 TypeRep: Runtime Reflection in an Open World

We can implement an open-world Dynamic as an ordinary, type-safe Haskell
library, on top of a new abstraction, that of type-indexed type representations or
TypeRep. In fact, Haskell has supported (un-type-indexed) type representations
and an open-world Dynamic for years, but in a rather unsatisfactory way (the
“old design”). However, recent developments in Haskell’s type system—notably
GADTs [XCC03,PJVWWO06], kind polymorphism [YWC+12], and kind equali-
ties [WHE13]—have opened up new opportunities (the “new design”). A major
purpose of this paper is to motivate and describe this new design. For readers
familiar with the old design, we compare it with the new one in Sect.9.1.

5.1 Introducing TypeRep

The key to our approach is our type-indexed type representation TypeRep. But
what is a type-indexed type representation? It is best understood by example:

— The representation of Int is the value of type TypeRep Int.
— The representation of Bool is the value of type TypeRep Bool.
— And so on.

That is, the index in a type-indexed type representation is itself the represented
type. TypeRep is abstract, and thus we don’t write the TypeRep value in the
examples above. Note, however, that we have said the value, not a value—there
is precisely one value of type TypeRep IntS. TypeRep thus defines a family of
singleton types [EW12]; indeed, TypeRep is the singleton family associated with
the kind * of types.

As we build out the API for TypeRep, we will consider how to build an
efficient, type-safe, and open-world implementation of Dynamic. Converting to
and from Dynamic should not touch the value itself; instead we represent a
dynamic value as a pair of a value and a runtime-inspectable representation of
its type. Thus:

6 Recall that L is not a value.
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data Dynamic where
Dyn :: TypeRep a — a — Dynamic

Here we are using GADT-style syntax to declare the constructor Dyn, whose
payload includes a runtime representation of a type a and a value of type a. The
type a is existentially bound; that is, it does not appear in the result type of the
data constructor.

Now we have two challenges: where do we get the TypeRep from when creating
a Dynamic in toDynamic (Sect.5.2); and what do we do with it when unpacking
it in fromDynamic (Sect.5.3)?

5.2 The Typeable Class

Because each type has its own TypeRep, the obvious approach is to use a type
class, thus:

class Typeable a where
typeRep :: TypeRep a

This class has only one operation, a nullary function (or simple value) that is
the type representation for the type. Now we can write toDynamic:

toDynamic :: Typeable a = a — Dynamic
toDynamic x = Dyn typeRep x

The type of the data constructor Dyn ensures that the call of typeRep produces
a type representation for the type a. Easy!

But where do instances of Typeable come from? The magic of type classes
gives us a simple way to solve the open-world challenge, by using a single piece
of built-in compiler support: every data type declaration gives rise to a Typeable
instance for that type (Sect. 6). Furthermore, because Typeable and its instances
are built in, we can be sure that these representations uniquely define types; for
example, the user cannot write bogus instances of Typeable that use the same
TypeRep for two different types.

5.3 Type-Aware Equality for TypeReps

The second challenge is to unpack dynamics. We need a function with this
signature:

fromDynamic :: Typeable a = Dynamic — Maybe a

The function fromDynamic takes a Dynamic and tests whether it wraps a value
of the desired type; if so, it returns the value wrapped in Just; if not, it returns
Nothing. The Typeable constraint allows fromDynamic to know what the “desired
type” is.
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But how is fromDynamic implemented? Patently it must compare type rep-
resentations, so we might try this:

fromDynamic :: ¥ d. Typeable d = Dynamic — Maybe d
fromDynamic (Dyn (ra:: TypeRep a) (x :: a))
| rd==ra = Just x -- Eeek! Type error!
| otherwise = Nothing
where
rd = typeRep :: TypeRep d

The type signatures for ra and x could be omitted, but we have put them
in to remind ourselves that the types of ra and x are connected through the
existentially-bound type a. The value rd is (the runtime representation of) the
“desired type”, disambiguated by a type signature. We compare rd with ra, (the
representation of) x’s type, and return Just x if they match. The operational
behaviour is just what we want, but the type checker will reject it. It has no
reason to believe that x actually has type d: the type-checker surely does not
understand that we have just compared TypeReps linking up x’s type with d.
Fortunately, we have a fine tool to use whenever a runtime operation needs to
inform us about types: generalised algebraic data types, or GADTs. We need an
equality on TypeRep that returns a GADT; pattern-matching on the return value
gives the type-checker just the information it needs. Here are the definitions”:

eqT :: TypeRep a — TypeRep b — Maybe (a :=: b)
-- Primitive; implemented by compiler
data a :=: b where
Refl :: a:~: a
Here eqT returns Nothing if the two TypeReps are different, and (Just Refl) if
they are the same. The data constructor Refl is the sole, nullary data constructor
of the GADT (a :~: b). Pattern matching on Refl tells the type checker that the
two types are the same. In short, when the argument types are equal, eqT returns
a proof of this equality, in a form that the type checker can use.
To be concrete, here is the definition of fromDynamic:

fromDynamic :: ¥ d. Typeable d = Dynamic — Maybe d
fromDynamic (Dyn (ra :: TypeRep a) (x :: a))
= case eqT ra (typeRep :: TypeRep d) of
Nothing — Nothing
Just Refl — Just x

We use eqT to compare the two TypeReps, and pattern-match on Refl, so that
in the second case alternative we know that a and d are equal, so we can return
Just x where a value of type Maybe d is needed.

Since Maybe is a monad, we can use do notation for this code, and instead
write it like this:

" Here we are using GHC’s ability to define infix type constructors.
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fromDynamic (Dyn ra x)
= do Refl «— eqT ra (typeRep :: TypeRep d)
return x

When we make multiple matches this style is more convenient, so we use it from
now on.

More generally, eqT allows to implement type-safe cast, a useful operation
in its own right [Wei04,LPJ03,LPJ05].

cast ::V a b. (Typeable a, Typeable b) = a — Maybe b
cast x = do Refl < eqT (typeRep :: TypeRep a)
(typeRep :: TypeRep b)
return x

5.4 Decomposing Type Representations

So far, the only operation we have provided over TypeRep is eqT, which com-
pares two type representations for equality. But that is not enough to implement
dynFst:

dynFst :: Dynamic — Maybe Dynamic

dynFst (Dyn pab x)

= -- Check that pab represents a pair type
-- Take (fst x) and wrap it in Dyn

How can we decompose the type representation pab, to check that it indeed
represents a pair, and extract its first component? Since types in Haskell are
built via a sequence of type applications (much like how an expression applying
a function to multiple arguments is built with several nested term applications),
the natural dual is to provide a way to decompose type applications:

splitApp :: TypeRep a — Maybe (AppResult a)
-- Primitive; implemented by compiler
data AppResult t where
App :: TypeRep a — TypeRep b — AppResult (a b)

The primitive operation splitApp allows us to observe the structure of types.
If splitApp is applied to a type constructor, such as Int, it returns Nothing;
otherwise, for a type application, it decomposes one layer of the application,
and returns (Just (App ra rb)) where ra and rb are representations of the sub-
components. Like eqT, it returns a GADT, AppResult, to expose the type equal-
ities it has discovered to the type checker.

Now we can implement dynFst:

dynFst :: Dynamic — Maybe Dynamic
dynFst (Dyn rpab x)
= do App rpa rb «— splitApp rpab
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App rp ra < splitApp rpa
Refl — eqT rp (typeRep :: TypeRep (,))
return (Dyn ra (fst x))

We check that the type of x, whose TypeRep, rpab, is of form (,) a b, by decom-
posing it twice with splitApp. Then we must check that rp, the TypeRep of the
function part of this application, is indeed the pair type constructor (,); we can
do that using eqT. These three GADT pattern matches combine to tell the type
checker that the type of x, which began life in the (Dyn rpab x) pattern match
as an existentially-quantified type variable, is indeed a pair type (a, b). So we
can safely apply fst to x, to get a result whose type representation ra we have in
hand.

In the same way we can use splitApp to implement dynApply, which applies
a function Dynamic to an argument Dynamic, provided the types line up:

dynApply :: Dynamic — Dynamic — Maybe Dynamic
dynApply (Dyn rf f) (Dyn rx x) = do
App ra rt2 «— splitApp rf
App rtc rtl «— splitApp ra
Refl «— eqT rtc (typeRep :: TypeRep (—))
Refl «—eqT rtl rx
return (Dyn rt2 (f x))

In both cases, the code is simple enough, but the type checker has to work
remarkably hard behind the scenes to prove that it is sound. Let us take a closer
look.

5.5 Kind Polymorphism and Kind Equalities

There is something suspicious about our use of typeRep :: TypeRep (,). So far
we have discused type representations for only types of kind . But (,) has
kind (x — * — x); does it too have a TypeRep? Of course it must, to allow
TypeRep Int, TypeRep Maybe, and TypeRep (, ). So the type constructor TypeRep
must be polymorphic in the kind of its type argument, or poly-kinded, and so
must be its accompanying class Typeable, thus:

data TypeRep (a:: k) -- primitive, indexed by type and kind
class Typeable (a:: k) where
typeRep :: TypeRep a

Fortunately, GHC has offered kind polymorphism for some years [YWC+12].
Similarly, the result GADT AppResult must be kind-polymorphic. Here is its
definition with kind signatures added®:

8 The kind signatures are optional. With PolyKinds enabled, GHC infers them, but we
often add them for clarity.
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data AppResult (t :: k) where
App::V ki k (a::ky — k) (b:: ky).
TypeRep a — TypeRep b — AppResult (a b)

In AppResult, note that ki, the kind of b, is existentially bound in this data
structure, meaning that it does not appear in the kind of the result type (a b).
We know the result kind of the type application but there is no way to know the
kinds of the subcomponents.

With kind polymorphism in mind, let’s add some type annotations to see
what existential variables are introduced by the two calls to splitApp in dynFst:

dynFst :: Dynamic — Maybe Dynamic
dynFst (Dyn (rpab :: TypeRep pab) (x :: pab))
=do App (rpa:: TypeRep pa) (rb:: TypeRep b) «— splitApp rpab
-- introduces kind ko, and types pa:: ko — x, b:: ko
App (rp :: TypeRep p) (ra:: TypeRep a) < splitApp rpa
-- introduces kind ki, and types p:: k1 — ko — %, a:: ky
Refl — eqT rp (typeRep :: TypeRep (,))
-- introduces p ~ (,) and (k1 — ka — %) ~ (x = * — %)

return (Dyn ra (fst x))
Focus on the arguments to the call to eqT in the third line. We know that:

- = TypeRepp and p :ky — ko — %
—  typeRep:: TypeRep (,) and (,):x —*x — %

So eqT must compare the TypeReps for two types of different kinds; if the run-
time test succeeds, we know not only that p ~ (,), but also that k1 ~ x and
ko ~ x. That is, the pattern match on Refl GADT constructor brings local kind
equalities into scope, as well as type equalities.

We can make this more explicit by writing out kind-annotated definitions for
(:~:) and eqT, thus:

eqT 1V ki ko (a:: k1) (b:: k). TypeRep a — TypeRep b — Maybe (a :~: b)
data (a:: ky) :=: (b:: ko) where
Refl ::¥ k (a:: k). a:=~: a

If the two types are the same, then eqT returns a proof that the types are equal
and simultaneously a proof that the kinds are equal: a heterogeneous (often
referred to as “John Major”) equality [McB02].

In the case of dynFst, if eqT succeeds, the type checker can conclude
(ky = ko — x) ~ (* = x = x) and p ~ (,). The GHC constraint solver
uses these equalities to conclude that the type of x is (a, b), validating the pro-
jection fst x.

The addition of first-class kind equalities, to accompany first-class type equal-
ities, is the most recent innovation in GHC 8.0. Indeed, they motivate a systemic
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change, namely collapsing types and kinds into a single layer, so that we have
*::%. This change is described and motivated in a recent paper [WHE13]. Type-
safe decomposition of type representations is a compelling motivation for kind
equalities.

5.6 Visible vs. Invisible Type Representations
Here are two functions with practically identical functionality:

cast :: (Typeable a, Typeable b) = a — Maybe b
castR :: TypeRep a — TypeRep b — a — Maybe b

A Typeable class constraint is represented at runtime by a value argument, a
Typeable “dictionary” in the jargon of type classes [WB89]. A dictionary is just
a record of the methods of the class. Since Typeable a has only one method, a
Typeable a dictionary is represented simply by a TypeRep a value. So, in imple-
mentation terms the function cast actually takes two TypeRep arguments exactly
like castR. It’s just that castR takes visible TypeRep arguments, while cast takes
invisible (compiler-generated) Typeable arguments. So which is “better”?

The answer is primarily stylistic. Sometimes, in library code that manipulates
many different TypeRep values, it is much clearer to name them explicitly, as we
have done in the earlier examples in this section. But in other places (usually
client code) it is vastly more convenient to take advantage of type classes to
construct relevant Typeable evidence.

The two are, of course, equally expressive, since the implementation is the
same in either case. Going from an implicit type representation ( Typeable) to an
explicit one (TypeRep) is easy, if inscrutable: just use the method typeRep. For
example, here is how to define cast using castR:

cast :: (Typeable a, Typeable b) = a — Maybe b
cast = castR typeRep typeRep

The two calls to typeRep are at different types, but that is not very visible in
the code. That is why it is often clearer to pass TypeRep values explicitly. But
for the caller of cast is it much easier to pass invisible arguments; for example,
in the call:

(cast x) :: Maybe Bool

the compiler will construct a TypeRep for x’s type and one for Bool, both
wrapped as Typeable dictionaries, and pass them to cast.

However, going from explicit to implicit is not as easy. Suppose we have a
TypeRep a and we wish to call a function with a Typeable a constraint. We
essentially need to invent an instance Typeable a on the spot. Haskell provides
no facility for local instances, chiefly because doing so would imperil class coher-
ence.? In the context of type representations, though, incoherence is impossible:

® Though, some Haskellers have hacked around this restriction with abandon. See
Kiselyov and Shan [KS04] and Edward Kmett’s reflection package (at http://hackage.
haskell.org/package/reflection).
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there really is only one TypeRep a in existence, and so one Typeable a instance
is surely the same as any other. Our API thus provides the following additional
function withTypeable, which we can use to close the loop by writing castR in
terms of cast:

with Typeable :: TypeRep a — (Typeable a=-r) — r

castR :: TypeRep a — TypeRep b — a — Maybe b
castR ta tb = withTypeable ta (withTypeable tb cast)

We cannot implement withTypeable in Haskell source. But we can implement it
in GHC’s statically-typed intermediate language, System FC [SCPJDO07]. The
definition is simple, roughly like this:

with Typeable tr k = k tr -- Not quite right

Its second argument k expects a Typeable dictionary as its value argument. But
since a Typeable dictionary is represented by a TypeRep, we can simply pass tr
to k. When written in System FC there is a type-safe coercion to move from
TypeRep a to Typeable a, but that coercion is erased at runtime. Since the
definition can be statically type checked, with Typeable does not form part of the
trusted code base.

5.7 Comparing TypeReps

It is sometimes necessary to use type representations in the key of a map. For
example, Shake [Mit12] uses a map keyed on type representations to look up class
instances (dictionaries) at runtime; these instances define class operations for the
types of data stored in a collection of Dynamics. Storing the class operations once
per type, instead of with each Dynamic package, is much more efficient.'®

More specifically, we would like to implement the following interface:

data TyMap

empty :: TyMap

insert :: Typeable a = a — TyMap — TyMap
lookup :: Typeable a = TyMap — Maybe a

But how should we implement these type-indexed maps? One option is to
use the standard Haskell library Data.Map. We can define the typed-map as a
map between the type representation and a dynamic value.

data TypeRepX where
TypeRepX :: TypeRep a — TypeRepX
type TyMap = Map TypeRepX Dynamic

10 See also http://stackoverflow.com/q /32576018 /791604 for another use case for a map
keyed on type representations.
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Notice that we must wrap the TypeRep key in an existential TypeRepX, otherwise
all the keys would be for the same type, which would rather defeat the purpose!
The insert and lookup functions can then use toDynamic and fromDynamic to
ensure that the right type of value is stored with each key.

insert :: V a. Typeable a = a — TyMap — TyMap

insert x = Map.insert (TypeRepX (typeRep :: TypeRep a)) (toDynamic x)
lookup :: ¥V a. Typeable a = TyMap — Maybe a

lookup = fromDynamic <=< Map.lookup ( TypeRepX (typeRep :: TypeRep a))

Because Data.Map uses balanced binary trees, TypeRepX must be an instance
of Ord:

instance Ord TypeRepX where
compare (TypeRepX trl) (TypeRepX tr2) = compareTypeRep trl tr2

compareTypeRep :: TypeRep a — TypeRep b — Ordering -- primitive

The TypeRep API includes a comparison function compareTypeRep that com-
pares two TypeReps, indexed by possibly-different types a and b. Notice that we
cannot make an instance for Ord (TypeRep a): if we compare two values both
of type TypeRep t, following the signature of compare, they should always be
equal!

Alternatively, we could use a more strongly typed data structure that inter-
nally keeps track of the dependency between the key and the element type. A
simple example might be the following binary search tree:

data TyMap = Empty | Node Dynamic TyMap TyMap

Of course, much more general structures are also possible.!!

Looking up values in this tree requires comparing the ordering of type
representations. We could implement this comparison using the ordering for
TypeRepX, but that implementation is clumsy. Once we have found the value,
we must do an extra cast to show that it has the correct type.

lookup :: TypeRep a — TyMap — Maybe a
lookup tr1 (Node (Dyn tr2 v) left right) =
case compareTypeRep trl tr2 of
LT — lookup trl left
EQ — castR tr2 trl v -- know this cast will succeed
GT — lookup trl right
lookup trl Empty = Nothing

However, we can improve this implementation using the following more infor-
mative comparison function, thereby avoiding this redundant check. In partic-
ular, when the two type representations are equal, this function will return an
equality proof, just like eqT.

' The dependent-map library is an example of such a data structure. See https://
hackage.haskell.org/package/dependent-map-0.1.1.3/docs/Data- Dependent- Map.
html.
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cmpT :: TypeRep a — TypeRep b — OrderingT a b
-- definition is primitive

data OrderingT a b where
LTT :: OrderingT a b
EQT :: OrderingT t t
GTT :: OrderingT a b

It is, of course, trivial to define compareTypeRep in terms of cmpT.

5.8 Representing Polymorphic and Kind-Polymorphic Types

Our interface does not support representations of polymorphic types, such as
TypeRep (V a. a — a). Although plausible, supporting those in our setting brings
in a whole new range of design decisions that are as of yet unexplored (e.g.
higher-order representations vs. de-Bruijn?). Furthermore, it requires the lan-
guage to support impredicative polymorphism (the ability to instantiate quan-
tified variables with polymorphic types, for instance the a variable in TypeRep a
or Typeable a), which GHC currently does not. Finally, representations of poly-
morphic types have implications on semantics and possibly parametricity, an
issue that we discuss in the next section.

Similarly, constructors with polymorphic kinds would require impredicative
kind polymorphism. A representation of type TypeRep (Proxy ::V kp. kp — *)
would require the kind parameter k of TypeRep (a:: k) to be instantiated to
the polymorphic kind V kp. kp — *. Type inference for impredicative kind
polymorphism is no easier than for impredicative type polymorphism and we
have thus excluded this possibility.

5.9 Summary

It is time to draw breath. We used the ST example to motivate a Dynamic type
(Sect. 3); then we used Dynamic to motivate type-indexed type representations
(Sect.5.1); and in the rest of Sect.5 we have discussed the various operations
we need over those representations. Our final API for TypeRep is summarised in
Fig. 1.

Why do we make TypeRep primitive rather than Dynamic? When we design
a primitive, built-in feature for a language, we seek the smallest, most sharply-
focused feature that serves the need. We need built-in support for something like
TypeRep and the Typeable class to implement Dynamic. If the Dynamic library
becomes just an ordinary library, with no uses of wunsafeCoerce, that usefully
shrinks the trusted code base. Moreover, TypeRep is independently useful to
support other abstractions (not just Dynamic), as we describe in Sect. 8.
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-- Related definitions

-- Informative propositional equality
data (a:: k1) :=: (b:: k2) where

Refl ::V k (a:: k). a:~: a

-- An informative ordering type, asserting type equality in the EQ case
data OrderingT a b where

LTT :: OrderingT a b

EQT :: OrderingT t t

GTT :: OrderingT a b

-- Data. Typeable
data TypeRep (a:: k)

-- primitive, indexed by type and kind

instance Show ( TypeRep a)

class Typeable (a:: k) where
typeRep :: TypeRep a
-- Typeable instances automatically generated for all type constructors
-- class access
withTypeable :: TypeRep a — (Typeable a = r) — r

-- existential version
data TypeRepX where
TypeRepX :: TypeRep a — TypeRepX
instance Eq  TypeRepX
instance Ord TypeRepX
instance Show TypeRepX

-- comparison

eqT :: TypeRep a — TypeRep b — Maybe (a :=: b)

cmpT :: TypeRep a — TypeRep b — OrderingT a b
-- construction

mkTyApp :: TypeRep a — TypeRep b — TypeRep (a b)
-- pattern matching

splitApp :: TypeRep a — Maybe (AppResult a)

data AppResult (t :: k) where
App :: TypeRep a — TypeRep b — AppResult (a b)
-- information about the “head” type constructor

tyConPackage :: TypeRep a — String

tyConModule :: TypeRep a — String

tyConName :: TypeRep a — String

Fig. 1. New Typeable interface

6 Implementation

How do we implement type representations? We use a GADT like this:

data TypeRep (a:: k) where
TrApp  :: TypeRep a — TypeRep b — TypeRep (a b)
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TrTyCon :: TyCon — TypeRep k — TypeRep (a:: k)

data TyCon = TyCon { tc_module :: Module, tc_name :: String }
data Module = Module { mod_pkg :: String, mod_name :: String }

The TyCon type is a runtime representation of the “identity” of a type con-
structor. For every datatype declaration, GHC silently generates a binding for a
suitable TyCon. For example, for Maybe GHC will generate:

$tcMaybe :: TyCon
$tcMaybe = TyCon { tc_.module = Module { mod_pkg = "base"
,mod_name = "Data.Maybe" }
,tc_name = "Maybe"}

The name $tcMaybe is not directly available to the programmer. Instead (this is
the second piece of built-in support), GHC’s type-constraint solver has special
behaviour for Typeable constraints, as follows.

To solve Typeable (t1 ta), GHC simply solves Typeable t; and Typeable ts,
and combines the results with TrApp. To solve Typeable T where T is a type
constructor, the solver uses TrTyCon. The first argument of TrTyCon is straight-
forward: it is the (runtime representation of the) type constructor itself, e.g.
$tcMaybe.

But TrTyCon also stores the representation of the kind of this very con-
structor, of type TypeRep k. Recording the kind representations is impor-
tant, otherwise we would not be able to distinguish, say, Proxy :: x — % from
Proxy :: (* — x) — %, where Proxy has a polymorphic kind (Proxy ::V k. k — *).
We do not support direct representations of kind-polymorphic constructors like
Proxy, for reasons outlined in Sect.5.8; rather TrTyCon encodes the instanti-
ation of a kind-polymorphic constructor (such as Proxy). There is a limitation
here: the kind of the instantiated type constructor must be monomorphic (again,
for reasons outlined in Sect. 5.8), so (a) the type constructor must have a rank-1
prenex-polymorphic kind, and (b) it can be instantiated only with monomorphic
kinds (i.e. predicatively).

Notice that TrTyCon is fundamentally insecure: you could use it to build a
TypeRep t for any t whatsoever. That is why we do not expose the representation
of TypeRep to the programmer. Instead the part of GHC’s Typeable solver that
builds TrTyCon applications is part of GHC’s trusted code base.

Another reason for keeping TypeRep abstract is that it allows us to vary
details of the representation. For example, the SYB pattern (Sect.8.2) makes
many equality tests for TypeRep. If we stored a fingerprint, or even a hash-value,
in every node, we could make comparisons work in constant time. Another aspect
that we might want to vary is how much meta-data we make available in a TyCon.

7 Properties of a Language with Reflection

The addition of features such as Dynamic and TypeRep has implications to the
semantics and metatheory of a programming language.
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Strong Normalization. The addition of type Dynamic (whether implemented
with TypeRep or not) creates the possibility for loops without explicitly using
recursion (nor recursive data types):

delta :: Dynamic — Dynamic

delta dn = case fromDynamic dn of
Just f — fdn
Nothing — dn

loop = delta (toDynamic delta)

Effectively Dynamic behaves like a negative recursive datatype, a feature that
breaks strong normalization.

A similar example can be encoded with the more primitive TypeRep, adapting
an example from previous work [VW10] (Sect. 5.3):

data Rid = MkT (V a. TypeRep a — a — a)

rt :: TypeRep Rid

rt = typeRep

delta::¥ a. TypeRepa — a — a

delta ra x = case (eqT ra rt) of
Just Refl — case x of MKT y — y rt x
Nothing — x

loop = delta rt (MkT delta)

These examples demonstrate that primitives like TypeRep or Dynamic cannot
be incorporated in languages where logical consistency is required, such as Coq
or Agda, without further restrictions (e.g. predicative polymorphism, or weaker
elimination forms). Fortunately Haskell is not one of those.

Parametricity. Now that we have added TypeRep, Typeable and automatically-
generated type representations as built-in features, the alert reader might wonder
whether we have perhaps accidentally weakened parametricity, and thereby lost
Phil’s free theorems.

Fortunately, the type system makes it explicit when run-time reflection is
used, and must do so even though every type is Typeable. Phil’s free theorems
would go out of the window if we allowed cast to have the type cast ::a —
Maybe b! That is the principled reason for requiring explicit Typeable constraints.
There is an operational reason too: the Typeable constraint is implemented as
a runtime argument; if there was no explicit Typeable constraint we would be
forced to pass a Typeable dictionary to every polymorphic function, just in case
it needed it, which would be disgusting.

Thanks to those explicit type representation arguments, techniques that have
appeared in previous work [VW10] for a closed world of representations can be
used to deduce “free theorems” from the types of all polymorphic functions.
When those functions include TypeRep arguments (or Typeable constraints) then
such theorems can still be derived but are often not very informative.
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We conjecture that these results will carry over to (a) an open world of type
representations, and (b) representations of types that hide polymorphic types in
their defining equations (such as Rid above; see Sect. 5.3 of [VW10]), but both
directions are open problems — perhaps new puzzles for Phil to solve!

8 Other Applications of TypeRep and dynamic

One of the advantages of building Dynamic on top of TypeRep is that the latter
is independently useful to build other abstractions. We briefly describe some of
these applications in this section.

8.1 Variants of Dynamic

In ML, the extensible exception type is built-in, but not so in Haskell: it is
programmed as a library using Typeable, using a design described by “An exten-
sible dynamically-typed hierarchy of exceptions” [MPJMRO1]. Here are the key
definitions:

throw# :: SomeException — a

data SomeException where
SomeException :: Exception e = e — SomeException

class ( Typeable e, Show e) = Exception e where {...}

The primitive exception-raising operation is throw#. Its argument is the fixed
type SomeException, whose definition is an existential rather like Dynamic; the
difference is that as well as having a Typeable superclass (which makes it like
Dynamic), Exception also has Show superclass, and some methods of its own.

The fundamental data structure of the Shake build system [Mitl2] is a
directed acyclic graph (DAG) in which each node contains a value, a recipe
for recomputing that value, and the dependencies of the node. If the values of
any of the dependent nodes changes, the node’s own value should be recomputed.
The value in a node may be of any type, including types defined by the client of
the Shake library, so again we have a fundamentally open-world problem. Shake
solves this by ubiquitous use of dynamically typed values, both as keys and as
values of its finite mappings [Mit12, Sect. 4.1]. For example, the Shake type Any
is just like Dynamic, except that it includes Binary, Eq, Hashable, Show, and
NFData constraints.

8.2 Supporting Generic Programming

Here is the opening example from “Scrap Your Boilerplate” [LPJ03]:

increase :: Float — Company — Company
increase k = everywhere (mkT (incS k))
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A Company is a tree-shaped data structure describing a company; the function
increase is supposed to find every employee in the data structure and increase his
or her salary by k, using incS:: Float — Salary — Salary. The function everywhere
applies its argument function to every node in the data structure; we will not
consider it further here. Our focus is the function mkT, which depends critically
on Typeable:

mkT :: (Typeable a, Typeable b) = (b — b) — a — a
mkT f x = case (cast f) of

Justg — gx

Nothing — x

That is, mkT takes a type-specific function (such as incS) and lifts it to work on
values of any type, as follows: if types match use g, otherwise use the identity
function. (cast was described in Sect.5.7.)

So the SYB approach to generic programming depends crucially on dynamic
type tests. The popular Uniplate library for generic programming also makes
essential use of comparison of TypeReps, for a similar purpose as SYB [MRO07].
Note, however, that TypeRep alone is not enough to support generic program-
ming (see Sect. 9.5).

8.3 Distributed Programming and Persistence

Cloud Haskell is an Erlang-style library for programming a distributed system
in Haskell [EBPJ11]. A key component of the implementation, described in the
paper, is the ability to serialise a code pointer and send it from one node to another
in the distributed system. This code pointer could be implemented in a variety of
ways, such as: a machine address, a small integer, a long string, a URL.

But regardless of how it is implemented, the receiving node must deserialise
the code pointer to some code. To guarantee that the code is then applied to appro-
priately typed values, the receiving node must perform a dynamic type test. That
way, even if the code pointer was corrupted in transit, by accident or malice, the
receiving node will be type-sound. A simple way to do this is to serialise a code
pointer as a key into a static pointer table containing Dynamic values. When receiv-
ing code pointer with key k, the recipient can lookup up entry k in the table, find
a Dynamic, and check that it has the expected type. The key can be an integer,
a string, or whatever; regardless, if it is corrupted, the recipient might access the
wrong entry in the table, but the type test will ensure soundness.

In other variants of this idea, one might want to serialise and deserialise values
of type Dynamic, and hence of type TypeRep. It turns out that this raises some
quite interesting issues that are beyond the scope of this paper'2.

12 Gee the tree of wiki pages rooted at https://ghc.haskell.org/trac/ghc/wiki/
DistributedHaskell for lots more information.
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8.4 Meta Programming

It is perhaps unsurprising that meta programming for a statically typed target
language often involves type reflection. For example, it is popular to define a type-
indexed version of the syntax tree of expressions, so that a value of type Expr t
is a syntax tree for an expression of type t. But then what is the type of a front
end for the language, which takes a String, parses it (presumably to an un-typed
syntax tree), and then typechecks it to reject type-incorrect programs. The front
end cannot have this type

frontEnd :: String — Maybe (Expr a) -- Nol

because that is too polymorphic. The type a has to depend on the contents of the
string! So we need something more like this:

data DynExp where
DE :: TypeRep a — Expr a — DynExp

frontEnd :: String — DynExp

Here frontEnd returns an existential pair of a Expr a, and a TypeRep that describes
the type of the expression. The earliest paper we have found that clearly embod-
ies this idea is “Tagless staged interpreters for typed languages” [PTS02], but it
has become more widespread since Haskell has supported this programming style
[GMO08,MCGN15].

9 Related Work

9.1 The Old Implementation of Typeable and Dynamic

GHC has supported Dynamic and a non-indexed version of TypeRep for some time.
Here is the essence of the implementation in GHC 7.10:

data TypeRep -- Abstract

class Typeable a where

typeRep :: proxy a — TypeRep
data Dynamic where

Dyn :: TypeRep — a — Dynamic
data Proxy a = Proxy

Typeable had built-in support, so that newly declared data types would automat-
ically get Typeable instances. But TypeRep was not indexed, so there was no con-
nection between the TypeRep stored in a Dynamic and the corresponding value.
Indeed, accessing the typeRep required a proxy argument to specify the type that
should be represented.

Because there is no connection between types and their representations, this
implementation of Dynamic requires unsafeCoerce. For example, here is the old
fromDynamic:
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fromDynamic :: ¥ d. Typeable d = Dynamic — Maybe d
fromDynamic (Dyn trx x)

| typeRep (Proxy :: Proxy d) == trx = Just (unsafeCoerce x)
| otherwise = Nothing

Likewise, unsafeCoerce was used in the definition of dynApply:

dynApply :: Dynamic — Dynamic — Maybe Dynamic
dynApply (Dyn trf f) (Dyn trx x) =
case splitTyConApp trf of
(tc,[t1, t2]) | te==funTc && t; == trx —
Just (Dyn to ((unsafeCoerce f) x))
_ — Nothing

Here split TyConApp, a special definition from Data. Typeable that decomposes type
representations, and funTc is the function type constructor. There is nothing spe-
cial about function types. Other forms of data also need their own unsafe elimi-
nation functions to be defined. For example, the implementations of dynFst and
dynSnd are similar, and also require unsafeCoerce.

Furthermore, the library designer cannot hide all such uses of unsafeCoerce
from the user. If they want to use their own parameterized type with Dynamic,
then they too must use unsafeCoerce. In short, the old interface to this library is
not expressive enough to work with type representations and dynamics safely.

9.2 Dynamics in a Closed World

We have focused entirely on an open-world setting (Sect.4). If, however, your
application can work with a closed world, with a predetermined set of type con-
structors, then simpler designs are available.

Universal Datatype Implementation of Dynamic. The most obvious way
to implement closed-world dynamics is to use a universal datatype to represent
dynamic values (see Sect.4). But even in a closed-world setting this approach
is unsatisfactory. Most prominently it suffers from a serious efficiency problem,
because converting a value to or from Dynamic traverses the value itself. For exam-
ple, to convert an (Int, Bool) pair to a Dynamic, we would have to deep-copy the
value, and then do the reverse when we get it out. This is silly: in the ST example
of Sect. 3 we only want to store the value in the Store, and read it back out later; we
shouldn’t need to process the value in any way whatsoever! Processing the value
has a semantic problem too: a dynamic type test forces evaluation of a term, so it
will fail on diverging terms; in our ST example, we could not store bottom in the
Store.

GADT-Based Type Representations. In a closed-world setting, TypeRep can
be implemented as an ordinary library without built-in support, thus:
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data TypeRep (a:: x) where
TBool :: TypeRep Bool
TFun :: TypeRep a — TypeRep b — TypeRep (a — b)
TProd :: TypeRep a — TypeRep b — TypeRep (a, b)

With this representation for TypeRep, the functions eqT, dynApply, dynFst, etc.,
are all easily written, using pattern-matching on the TypeRep GADT. The trouble
with this approach is simply that it is not extensible: the set of representable types
is limited those with data constructors in TypeRep.

History of Encoding Type Representations. In concurrent work, Cheney and Hinze
[CHO2] and Baars and Swierstra [BS02] showed how to implement type Dynamic
by first encoding indexed type representations, similar to the GADT shown
above. (GADTSs were not a part of GHC at that time). These type representation
encodings were based on earlier work by Yang [Yan98] and Weirich [Wei04]. In
particular, Yang showed how to encode the TypeRep type above using higher-
order polymorphism (available in the ML module system). And Weirich used type
classes to encode a version of type Dynamic that supported type-safe cast (i.e.
toDynamic and fromDynamic) but could not destruct types (i.e. no dynApply).

9.3 Dynamic Typing in Other Statically-Typed Languages

Several statically typed languages include a Dynamic type as a language primi-
tive. Abadi et al. [ACPP91, ACPR95] laid the groundwork for such extensions, by
incorporating a special type Dynamic to contain values of unknown type. Values of
this type could be refined using a typecase operator that allowed pattern matching
on the actual type of the value.

Clean. The Clean language includes a dynamic type as well as a class constraint
similar to Typeable, called TC, for types that support “type codes” [Pil99]. Unlike
Haskell, where Dynamic is defined in terms of Typeable, both of these structures
are language primitives in Clean. Pil [Pil99] makes the case that type Dynamic
is not enough on its own; languages should also include something like Typeable.
Making Dynamic a language primitive is powerful. For example, Clean can sup-
port polymorphic values embedded into dynamics. In other words, types such as
V a. a — a are Typeable, unlike in Haskell (Sect. 5.8).

Clean’s interface to runtime types is also different from a user perspective.
Clean includes runtime type unification using type-pattern variables. This fea-
tures subsumes both runtime type equality (as in our eqT) as type patterns may
be nonlinear, and type destruction (as in our splitApp). We conjecture that this
difference is cosmetic.

OCaml. Leroy and Mauny [LM91] used similar mechanism to Abadi et al. in order
to extend the ML language with a dynamic type. However, more recent exten-
sions in support of dynamic typing in OCaml have been proposed in workshop
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talks [Frill,HG13]. Like the design presented here, these extensions include a type
for type representations ’a ty, and a comparison operation that returns a GADT-
based witness for type equality.

These extensions also include a mechanism to decompose type representations.
In this case, every type constructor needs its own a decomposition GADT and
function. For example (using Haskell syntax), the pair type constructor would be
accompanied by the following:

data /sPair a where
TypePair :: TypeRep a — TypeRep b — IsPair (a, b)
isPair :: TypeRep a — Maybe (IsPair a) -- Primitive implementation

These definitions could then be used to implement dynFst.

dynFst :: Dynamic — Maybe Dynamic

dynFst (Dyn tab x) = case isPair tab of
Just (TypePair ta tb) — Just (fst x)
Nothing — Nothing

Our AppResult GADT and splitApp function uses GHC’s kind-polymorphism to
generalize these definitions for any type constructor.

9.4 Reflection in Java

In a language with subtyping and down-casting, a maximal supertype acts like a
dynamic type. For example, in Java, a reference type, like String, can be coerced
to Object (the maximal supertype) without runtime overhead. Furthermore, Java
also supports a simple equivalent of fromDynamic using a runtime cast.

Here is another connection to Phil, who introduced generics to Java
[BOSW9S]. Java’s generics are limited in two (related) ways: Java has no notion
of higher-kinded types, and type parameters to generic classes (such as List(T))
and methods are erased, disallowing dynamic checks involving those parameters.

Generics have enhanced Java’s reflection feature, which has remarkable paral-
lels to Haskell’s. From its first versions, Java had the Class type, which was useful
for queries about a type, but not for casting. Phil’s generics then allowed Class to
be type-indexed [NWO0G], just like we are doing with TypeRep. For any reference
type T in modern Java, the expression T.class is a runtime type representation,
of type Class(T). With a Class(T) in hand, we can cast an arbitrary value to T,
even if T is a type parameter.

9.5 Generic Programming and Type Representations

The type representations described in this paper are not designed for full-blown
datatype generic programming [Gib07]. TypeRep allows one to compare and
explore just the shape of a type including names of type constructors and type
arguments. But generic programming requires the additional capability to gener-
ically explore the structure of the values inhabiting a type; for instance by allowing
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one to iterate over the data constructors of some unknown type without having
the actual type definition in scope.

There are many ways to support generic programming; from isomorphisms of
types to sums and products (for example the Generic class in Haskell [MDJL10]),
to providing built-in generic instances for iterators (for example the Data class
in Haskell [LPJO03]), to advanced variants of TypeRep that additionally include
type-indexed data structures for describing data constructors and introduc-
ing/eliminating values generically [Wei06].

10 Conclusions and Further Work

In this paper, we have designed a powerful API for type reflection and shown
that it can be used to implement a flexible and extensible dynamic type. The
next major challenge is to provide a better story for polymorphic dynamic
values (Sect. 5.8).
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Abstract. Embedded domain-specific languages (DSLs) are the subject
of wide-spread interest, and a variety of implementation techniques exist.
Some of them have been invented, and some of them discovered. Many
are based on a form of generative or multi-stage programming, where
the host language program builds up DSL terms during its evaluation.
In this paper, we examine the execution model of LMS (Lightweight
Modular Staging), a framework for embedded DSLs in Scala, and link it
to evaluation in a two-stage lambda calculus. This clarifies the seman-
tics of certain ad-hoc implementation choices, and provides guidance for
implementing similar multi-stage evaluation facilities in other languages.

Keywords: Multi-stage programming -+ Scala - Domain-specific
languages + LMS (Lightweight Modular Staging) - Partial evaluation

1 Introduction

Embedded domain-specific languages (DSLs) are the subject of wide-spread
interest across communities and languages. If a host-language program com-
putes and assembles DSL terms, we are dealing with a form of generative or
multi-stage programming [65]. Exactly how this is done depends on the lan-
guage and framework that is used. But in any case, the interactions between
meta-language and object-language (DSL) semantics can be non-trivial.

In this paper, we examine the evaluation mechanism of LMS (Lightweight
Modular Staging) [54]. LMS is a framework for building embedded DSLs and
program generators in Scala that uses types to identify staged expressions: any
normal Scala expression of type Int, String, or in general T, is evaluated at
program generation time, and expressions of type Rep[Int], Rep[String],
or in general Rep [T], produce staged expressions that will evaluate to values of
the corresponding type T when the generated code is run. In general, operations
on Rep [T] mirror those on T but lifted to the Rep level. For example, adding
two Rep [Int] values will produce a Rep[Int] result.

While this description succeeds in giving an overall idea of the approach,
it leaves many details unspecified. For example, how does one deal with func-
tions? Primitive constants of, e.g., type Int can be lifted to Rep[Int] values
without much effort as constant expressions, but it is less clear how to cre-
ate a staged function of type Rep [A=>B]. The approach chosen by LMS is to
© Springer International Publishing Switzerland 2016

S. Lindley et al. (Eds.): Wadler Festschrift, LNCS 9600, pp. 318-335, 2016.
DOI: 10.1007/978-3-319-30936-1_17



The Essence of Multi-stage Evaluation in LMS 319

use an explicit constructor fun that converts a present-stage function of type
Rep[A]=>Rep[B] into a staged function of type Rep [A=>B].

Armed with this knowledge, we can build up some intuition on how Rep
types enable interesting program transformations. Here is a staged version of
Ackermann’s function (note the use of the fun constructor):

val ack: Int => Rep[Int => Int] = { m: Int => fun { n: Rep[Int] =>
if (m==0) n+1
else if (n==0) ack(m-1) (1)
else ack(m-1) (ack(m) (n-1)

1}

ack(2)

What will be the result of this computation? The type of ack is a mixed-stage
function type Int => Rep[Int => Int], so ack(m) for a given integer m
will have type Rep[Int => Int]: a staged function from Int to Int that
corresponds to the body of ack but with all computations that depend on m
but not n (nor any other Rep value) readily evaluated.

val ackO: Int => Int = { n: Int => n+l }

val ackl: Int => Int = { n: Int => if (n==0) ackO0(l) else ackO(ackl(n-1))
val ack2: Int => Int = { n: Int => if (n==0) ackl(l) else ackl (ack2(n-1)
ack2

}
}

The question we would like to address in this paper is: how does all this work?
To do so, we will link the evaluation strategy of Scala and LMS to a two-stage
lambda calculus. Such multi-level calculi have been popularized by Nielson and
Nielson [46] and play a key role in the partial evaluation literature to describe
binding-time information similar to the Rep [T] vs T distinction in LMS.

Our two-level language is derived from Chaps. 8 and 10 in the book by Jones,
Gomard, and Sestoft [32]. We will build an evaluator for this calculus from
the ground up and show how it computes the specialized ack function above,
pointing to similarities and differences with systems from the literature.

While partial evaluation experts will most likely not find much novelty in
this paper, we hope that this exposition will be useful in clarifying the semantics
of multi-stage evaluation as it is implemented in LMS and that it may serve as
guidance for implementing similar facilities in other languages or frameworks.

2 A Two-Stage Lambda Calculus

The term language of our calculus is as follows:

Exp ::= Lit(Int) | Var(Int) | Let(Exp,Exp)
| Lit2 (Exp)
| Lam(Exp) | App(Exp,Exp) | Tic
| Lam2(Exp) | App2(Exp,Exp) | Tic2
| Ifz(Exp,Exp,Exp) | Plus(Exp,Exp) | Minus (Exp, Exp)
| Ifz2(Exp,Exp,Exp) | Plus2(Exp,Exp) | Minus2 (Exp, Exp)

For ease of implementation, we use DeBrujin levels to represent binders. The
term syntax contains integer literals, variables, let expressions, lambda abstrac-
tions, function application, simple side effects (Tic), conditionals, and arith-
metic. Most (but not all) constructs come in two versions. For example, Lam
is the present-stage lambda abstraction and Lam2 is the future-stage lambda
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abstraction. We will see later that variables and let bindings need not be dupli-
cated.

In what sense does this calculus model Scala and LMS? Since Rep types are
just regular Scala types and operations on Rep [T] are implemented within the
Scala language using operator overloading, Scala’s local type inference mecha-
nism essentially performs a local binding-time analysis [32] for us.

Here is the desugared version of ack:

val ack: Int => Rep[Int => Int] = { m: Int =>
fun { n: Rep[Int] =>
if (m==0) __plus(n, __1it(1)
else __ifThenElse(__equals(n, __1it(0)),
__apply(ack(m-1), __1it(1)),
__apply(ack(m-1), __apply(ack(m), __minus(n, __1it(1)))))
}
}
ack(2)

We can see that Scala’s typechecker has replaced all operations that involve Rep
values with method calls like __ plus and __ minus, using standard language
facilities like method overloading and implicits. These methods serve as smart
constructors that create corresponding expression terms when the program is
executed.

If we want to model the same behavior in our calculus, we can directly
translate the program above to our two-level language, replacing the primitive
Scala constructs with first-level terms and method calls with second-level terms:

Let (Lam (
Lam?2 (Lam (
Ifz(m,n+1,
Ifz2 (n,App2 (App(ack,m-1),Lit2(Lit(1))),
App2 (App (ack,m-1) ,App2 (App (ack,m) ,n-1)))))),
App (ack,Lit(2)))

A few expressions have been factored out for clarity:

ack = Vvar(0) m = Var (1) n = Var (3)
m-1 = Minus (m,Lit (1)) n-1 = Minus2(n,Lit2(Lit(1)))
n+l = Plus2(n,Lit2(Lit(1)))

Note that we map staged function definitions such as fun { m =>
} to nested expressions Lam2 (Lam (. ..)). For a faithful correspondance, we
need to model both the constructor invocation and the Scala function passed
as argument. Likewise, we map staged constant literals like __1it (1) to nested
terms Lit2 (Lit(1)).

Now that we have introduced the two-level term language, how should multi-
stage evaluation proceed? Intuitively, each future-stage operator should create a
program term at runtime, but a priori it is not clear how these terms are to be
composed. For example:

Let (Tic2,

Lit2(Lit(1)))
This term could either evaluate to Lit (1), assuming that Tic2 evaluates
to Tic, which is then discarded, or it could evaluate to Let (Tic,Lit (1)).
Arguably, the second option is the desired one, but it takes some additional work
to preserve the evaluation order and sharing behavior across evaluation stages.
A well established approach to achieve this is to insert let-bindings eagerly for all
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“serious” expressions and pass around only atomic identifiers or primitve con-
stants. We will build our multi-stage evaluator in steps, starting from a standard
single-stage evaluator, and add the necessary let-insertion logic in a second step,
by composing the evaluator with a transformation into administrative normal
form (ANF) [23].

3 Single-Stage Evaluation

The starting point for our multi-stage evaluator is a completely standard lambda
calculus evaluator with environments and closures:

Exp ::= Lit(Int) | Var(Int) | Tic | Lam(Exp) | Let(Exp,Exp) | App (Exp,Exp)
Val ::= Cst(Int) | Clo (Env, EXp)
Env = List[Val]

var stC = 0

def tick() = { stC += 1; stC - 1 }
def eval (env: List[Val], e: Exp): Val = e match {
case Lit(n) => Cst(n)
case Var (n) => env(n)
case Tic => Cst(tick())
case Lam(e) => Clo(env, e)
case Let(el,e2) => eval (env:+eval (env,el) ,e2)
case App(el,e2) =>
val Clo(env3,e3) = eval(env,el)

eval (env3:+eval (env,e2),e3)

In Scala, the snoc operator :+ appends an element to the right of a list,
so env:+eval (env, el) will first evaluate el in environment env, and then
append the result to the right of env. Variable lookup uses DeBruijn levels,
where env (n) returns the nth element from the left of a list.

To make matters slightly more interesting, we include a side-effecting oper-
ation Tic in our language, which we implement using side effects of the meta
language: the implicit Scala monad. Of course we could also build a purely func-
tional version based on monads, but for our purposes it is beneficial to trade off
this bit of impurity for ease in composition later.

4 ANF Conversion/Let-Insertion

The second building block is ANF conversion [23], which brings programs into a
normal form that makes the evaluation order explicit in a program and extracts
all intermediate results into let bindings. The ANF syntax is given by the non-
terminal N as follows:

V ::= Lit(Int) | Var(Int)
M ::= V | Lam(N) | App(V,V) | Tic
N ::= V | Let(M,N)

We will implement ANF conversion again using side-effects in the meta lan-
guage of our evaluator. We need two pieces of state: an accumulator for generated
let bindings stBlock and a counter for the next fresh variable name stFresh.
We also introduce a function run that implements a dynamic scoping discipline
for these two variables:
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var stFresh = 0
var stBlock: List[Exp]
def run[A] (f: => A): A
val sF = stFresh
val sB = stBlock
try f finally { stFresh = sF; stBlock = sB }

Nil

}

With this handling of mutable state in place, we can implement a first cut
of our ANF conversion function:

def anf(env: List[Exp], e: Exp): Exp = e match {
case Lit(n) => Lit(n)
case Var (n) => env(n)
case Tic =>
val s = Tic
val f = stFresh
stBlock:+= s
stFresh += 1

Var (f)

case App(el,e2) =>
val exl = anf (env,el)
val ex2 = anf (env,e2)

val s = App(exl,ex2)
val f = stFresh
stBlock:+= s
stFresh += 1
Var (f)
case Lam(e) =>
val el = run {
val f = stFresh
stBlock = Nil
stFresh += 1
val res = anf (env:+Var(f),e)
stBlock.foldRight (res) (Let)
}
val f = stFresh
stBlock:+= Lam(el)
stFresh += 1

Var (f)
case Let(el,e2) =>
val exl = anf (env,el)

anf (env:+exl, e2)

Function anf recurses structurally over the given term e and emits a let
binding for each encountered non-trivial expression. For lambda abstractions, we
use the dynamically scoped run construct to clear the stateful list of bindings
when entering the nested scope and to reset the bindings and the fresh name
reservoir when exiting the nested scope.

While this implementation gets the job done, it is not pretty. But it is easy
to recognize some patterns: fresh variables are created in several places, and the
emitting of let bindings can also be abstracted over. We factor out the repetitive
operations as follows:
def fresh()

def reflect(s:Exp)
def reify(f: => Exp)

{ stFresh += 1; Var(stFresh-1) }
{ stBlock :+= s; fresh() }
run { stBlock = Nil; wval last = f; stBlock.foldRight(last) (Let) }

Function fresh creates a fresh variable, reflect emits a let binding and
returns the new identifier, and reify accumulates all let bindings created in a
given block (note that £ is a by-name parameter =>Exp).

Now we can go ahead and greatly simplify our implementation:

def anf(env: List[Exp], e: Exp): Exp = e match {
case Lit(n) => Lit(n)
case Var (n) env (n)
case Tic reflect (Tic)
case Lam(e) => reflect(Lam(reify (anf (env:+fresh(),e))))

>
>
>
>
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case App(el,e2) => reflect (App (anf (env,el) ,anf (env,e2)))
case Let(el,e2) => anf (env:+ (anf (env,el) ), e2)
}

In fact, we no longer mention mutable state directly in the conversion function
anymore, which brings it much closer to common definitions of ANF conversion
based on evaluation contexts [23].

Based on this formulation it is easy to convince oneself that ANF conversion
preserves semantics:

eval (Nil, anf(Nil, e)) = eval(Nil, e)

5 Multi-stage Evaluation

We now turn our attention to multi-stage evaluation. We start off with a slightly
more uniform term language than the one given above:

Exp ::= Lit(Int) | var(Int) | Tic | Lam(Exp) | Let(Exp,Exp) | App (Exp, Exp)
| Lit2(Int) | Var2(Int) | Tic2 | Lam2(Exp) | Let2 (Exp,Exp) | App2 (Exp,Exp)
Val ::= Cst(Int) | Clo(Env,Exp) | Code(Exp)

For every operation in the term language there is a corresponding future-
stage variant that serves as term constructor. In addition, the syntax of values
now includes a Code (e) case for future-stage expressions.

The key idea now is to combine present-stage evaluation with future-stage
normalization into ANF. The ANF conversion part is adapted slightly to map
present-stage term constructors (App2, Lam2, ) to code values containing their
normal term equivalents (App, Lam, ...). This wrapping in Code values necessi-
tates a few tweaks to the helper functions:

def freshc()
def reflectc(s: Exp)
def reifyc(f: => val)

Code (fresh())
Code (reflect(s))
reify { wval Code(r) = £; r }

Now we are ready to put together eval and anf into a single multi-stage
evaluator (Fig. 1). As we can see, term constructors like App2 first evaluate their
arguments in the present-stage to code values, from which the argument terms
are extracted and the new App term is reflected.

It is important to note that there are only three ways in which code values
are constructed: (1) via reflectc, which creates a variable reference; (2) via
freshc in the environment, and then accessed through variable lookup; (3)
directly from a constant literal. The results of the only call to reifyc, which
may create non-atomic expressions, are only used to fill in the bodies of Lam
terms which are itself reflected immediately.

Thus, all code values are atomic expressions, terminating, and side-effect free.
They can be freely stored, duplicated and passed around without changing the
meaning of the program. Staged expressions will appear in the generated code in
the same order they were encountered when running the multi-stage program.

Partial evaluators that support side effects work in a similar way, insert-
ing let-bindings to prevent reordering or duplication of code. Many specializers
are implemented in continuation-passing style, which also leads to an elegant
on-the-fly ANF conversion. A version that corresponds very closely to the one
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def evalms(env: Env, e: Exp): Val = e match {

case Lit(n) => (Cst(n)
case Var(n) => env(n)
case Tic => Cst(tick())
case Lam(e) => Clo(env,e)
case Let(el,e2) => evalms(env:+evalms(env,el),e2)
case App(el,e2) =>
val Clo(env3,e3) = evalms(env,el)

evalms(env3:+evalms(env,e2),e3)

case Lit2(n) => Code(Lit(n))

case Var2(n) => env(n)

case Tic2 => reflectc(Tic)

case Lam2(e) => reflectc(Lam(reifyc(evalms(env:+freshc(),e))))
case Let2(el,e2) => evalms(env:+evalms(env,el),e2)

case App2(el,e2) =

val Code(sl) = evalms(env,el)
val Code(s2) = evalms(env,e2)
reflectc(App(sl,s2))

Fig. 1. Multi-stage evaluation: composing eval and anf

above is shown by Lawall and Thiemann [37,67]. Our method of ANF conversion
with direct-style reflect and reify operators can be seen as an instance of
normalization by evaluation [17,22,40] or monadic reflection [21,44].

To obtain the full generated code for a top-level expression e one can use
reifyc (evalms (Nil, e)). Another thing that becomes clear when looking
at evalms is that Var2 and Let2 behave in exactly the same way as Var and
Let. Therefore, we can drop them from our term language, as we had done in
Sect. 2. Adding the other constructs, Ifz, Plus, and Minus, is straightforward.

6 Recursion

Where does this multi-stage evaluator leave us? We can almost, but not quite,
run our ack example. The last missing bit is support for recursion. We could add
an explicit £ix combinator but instead, we chose to pass closures to themselves
as first argument when called. Thus, all functions can potentially be recursive.
However, if we leave it at that, we will find that our example (and in fact
many programs) will not terminate in the first stage. Here is a simpler example:

def f: Rep[Int => Int] = fun { n: Rep[Int] =>
) if (n == 0) 1 else f(n-1)

If we multi-stage evaluate this code naively, we will end up in a sequence
of calls trying to compute the body of £ — but in order to do that, we must
compute the body of £ again!

We need an additional insight: the body of fun in LMS or of Lam2 in
the calculus is itself an expression that will be evaluated. And if two functions
have the same body expression, and the same free variables, then they must
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compute the same results for all inputs: intensional, i.e., structural equality
implies extensional equality.

Thus, we can memoize the function expressions we are in the process of
evaluating and tie the recursive knot to an enclosing function if we hit a recursive
call. We achieve this by adding a small lookup table to the existing dynamically
scoped mutable state:

var stFun: List[(Int,Env,Exp)] = Nil
def run[A] (f: => A): A = {

val sN = stFun
) try f finally { ...; stFun = sN }

In addition, we modify the handling of lambda abstractions to check whether
we are trying to expand a given function body inside itself. If that is the case, we
just return the already existing parent symbol. Otherwise, the function is new.
We create an entry in our memo table and proceed to evaluate the body.

def evalms(env: Env, e: Exp): Val = e match {

case App(el,e2) =>
val Clo(env3,e3) = evalms(env,el)
val v2 = evalms (env,e2)
evalms (env3:+Clo(env3,e3) :+v2,e3)

case Lam2(e) =>
stFun collectFirst { case (n,‘env',‘e') => n } match {
case Some(n) =>
Code (Var (n))
case None =>
stFun :+= (stFresh,env,e)
reflectc (Lam(reifyc (evalms (env:+freshc () :+freshc(),e))))

The code snippet also shows the modified App case that passes the closure
to itself as first argument. The Lam case is updated correspondingly to create
two fresh vars as placeholders for the arguments.

With this support for specializing recursive functions in place, we can suc-
cessfully evaluate our ack example. We obtain the following result for ack (2).
Term syntax on the left, translated to Scala on the right:

Let (Lam( val ack2: Int => Int = { n: Int =>
Let (Ifz(Var(l), if (n==0) {
Let (Lam(Let (Ifz(Var(3), val ackl: Int => Int = { n: Int =>
Let (Lam(Let (Plus (Var (5) ,Lit (1)) ,Var(6))), if (n==0) {
Let (App (Var (4) ,Lit (1)) ,Var(5))), val ack0: Int => Int = { n: Int => n+l }
Let (Lam(Let (Plus (Var (5),Lit (1)) ,Var(6))), ack0 (1)
Let (Minus (Var(3),Lit (1)), Let (App(Var(2),Var(5)), } else {
Let (App (Var (4) ,Var (6)),Var(7))))) val ack0: Int => Int = { n: Int => n+l }
), Var(4))), ack0 (ackl (n-1)
Let (App (Var (2) ,Lit(1)),Var(3))), }
Let (Lam(Let (Ifz(Var(3), }
Let (Lam(Let (Plus (Var (5),Lit (1)) ,Var(6))), ackl (1)
Let (App (Var (4) ,Lit(1)),Var(5))), } else {
Let (Lam (Let (Plus (Var (5),Lit (1)) ,Var(6))), val ackl: Int => Int = { n: Int =>
Let (Minus (Var(3),Lit (1)), Let (App(Var(2),Var(5)), if (n==0) {
)))

Let (App (Var (4) ,Var (6)),Var (7)) val ack0: Int => Int = { n: Int => n+l }

),Var(4))), ack0 (1)
Let (Minus (Var(1),Lit (1)), Let (App(Var(0),Var(3)), } else {
Let (App (Var (2),Var(4)),Var(5))))) val ackO: Int => Int = { n: Int => n+l }
), var(2))), ack0 (ackl (n-1))
Let (App (Var (0) ,Lit(2)),Var(1))) }

}
ackl (ack2 (n-1))
}

}
ack2
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We can see that this code does the right thing and corresponds to the right
recursion pattern, but it contains duplicated function definitions for ack0 and
ackl. These are easily reclaimed by a code motion and common subexpres-
sion elimination or global value numbering algorithm. Hoisting functions and
removing duplicates yields exactly the desired result:

val ackO: Int => Int
val ackl: Int => Int
val ack2: Int => Int
ack2

{ n: Int => n+l }
{ n: Int => if (n==0) ack0(1l) else ackO(ackl(n-1))
{ n: Int => if (n==0) ackl(l) else ackl (ack2(n-1))

}
}

In the partial evaluation literature such patterns are known as polyvariant
specialization [8]: one function in the source yields multiple specialized variants
in the residual generated code. Sophisticated partial evaluators such as Similix
or PGG implement similar techniques [6,28,37,67].

7 Relation to LMS

We have seen how we can model and describe a simple multi-stage evaluation
algorithm for a small language. But how can we relate it to the actual implemen-
tation of LMS? Essentially we take the evalms function and turn it inside out,
from an interpreter over an initial term language to an evaluator in tagless-final
[10] style. But there is a problem: since we are working inside a running Scala
program we cannot get our hands on unevaluated Scala expressions, as would be
required by our implementation of staged literals and staged lambdas:

def evalms(env: Env, e: Exp): Val = e match {

case Lit2 (n) => Code (Lit (n))

, case Lam2 (e) => reflectc (Lam(reifyc (evalms (env:+freshc(),e))))

The argument n for Lit2 would correspond to a literal constant in the Scala
source code, and the argument e for Lam2 corresponds to an unevaluated Scala
expression, which we would evaluate at our own leisure, in an extended context,
on the right hand side. The fact that tools like LMS operate as libraries inside
a general-purpose host language is a key difference to offline partial evaluation
systems that operate on the program text.

We generalize our implementation in such a way that Lit2 takes an expres-
sion that evaluates to a constant, and Lam2 takes an expression that evaluates
to a function. The intention is that Lit2 (Lit (n)) and Lam2 (Lam(e)) cor-
respond to the previous behavior. The construct Lit2 now implements a lifting
facility, which enables embedding of arbitrary values computed in the present
stage as constants in the generated code. Note, however, that lifting (or cross-
stage-persistance) is not automatically valid for all possible types. It is easy to
see, for example, that a present-stage Scala closure does not necessarily have a
valid representation as C source code. For this reason, we restrict Lit to integers
here, and handle functions separately using Lam2. The implementation of Lam2
can be seen as a pretty standard use of higher-order abstract syntax.

We modify our evaluator as follows to immediately evaluate all subexpres-
sions and introduce the required indirection for functions:
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def evalms(env: Env, e: Exp): Val = e match {

case Lit2(e) => val Cst(n) = evalms(env,e); Code(Lit(n))
case Tic2 => reflectc(Tic)
case Lam2 (e) =>

val £ = evalms(env,e) // memoization elided
reflectc (Lam(reifyc (evalms (env,2pp (f, freshc())))))

case App?2(el,e2) =>
val Code(sl) = evalms(env,el)
val Code(s2) = evalms(env,e2)
reflectc (App(sl,s2))

As the last step towards our tagless-final interpreter, we refactor the evaluator
to introduce constructor methods for each kind of term:

def evalms(env: Env, e: Exp): Val = e match {
case Lit2 (e) => val Cst(n) = evalms(env,e); Code(lit(n))
case Tic2 => Code(tic())
case Lam2 (e) =>
val £ = evalms(env,e)
val f1 = { x => val Code(r) = evalms(env,App(f,Code(x))); r }
Code (lam(f1))
case App?2(el,e2) =>
val Code(sl) = evalms(env,el)
val Code(s2) = evalms(env,e2)
Code (app (sl,s2))

These term constructors are defined as follows to abstract over explicit envi-
ronments, recursive calls to evalms, and Code values:
type Rep[T] = Exp

def lit(n: Int): Rep[Int] = Lit(n)

def tic() = reflect (Tic)

def appl[A,B] (f:Rep[A=>B],x:Rep[A]): Rep[B] = reflect (App(f,x))

def lam[A,B] (f:Rep[A]=>Rep[B]): Rep[A=>B] = reflect (Lam(reify (f (fresh()))))

// memoization elided

At this point, we no longer need the explicit evaluator, and we can just use
the standard Scala evaluation to construct staged terms.

This API corresponds almost directly to the actual implementation in LMS.
Behind the reflect and reify API, the internal representation of LMS is dif-
ferent though. Rather than as simple expression trees, LMS has a graph-based
intermediate representation (IR) that directly supports code motion, common
subexpression elimination, dead code elimination and a range of other optimiza-
tions [14,54,55]. LMS also makes pervasive use of smart constructors to perform
rewriting while the IR is constructed.

But can we still handle recursion correctly in this setting? By switching away
from our explicit evaluator we lose control over the representation of closures,
which was key for detecting recursive calls through memoization. Fortunately,
Scala implements closures as objects on the JVM, with free references stored as
fields that can be queried via runtime reflection. In practice, LMS uses Java seri-
alization to convert closures to byte arrays, and then takes this binary fingerprint
as a key for memoization. This method neatly takes care of cyclic references, too.
To implement a framework similar to LMS in other languages, a similar facil-
ity would likely be needed, or an alternative strategy for supporting recursive
functions would need to be used (e.g. explicit staged fixpoint combinators).



328 T. Rompf

8 Case Study: Regular Expression Matchers

While the ack example in the previous sections served as a good example for
exposition, it is arguable not one that has a lot of practical uses. But the pattern
directly translates to more interesting applications.

In this section, we give a short overview of a fast regular expression matcher
that was developed using essentially the same technique by Nada Amin and the
author. Part of the code and description below has appeared in the author’s
Ph.D. thesis [53] and in a paper at POPL 2013 [55]. Specializing string matchers
and parsers is a popular benchmark in the partial evaluation and supercompila-
tion literature [1,15,58,59,61,69].

We consider regular expression matchers that are “multi-threaded” and
spawn a new conceptual thread to process alternatives in parallel. Of course
these matchers do not actually spawn OS-level threads, but rather need to be
advanced manually by client code. Thus, they are similar to coroutines.

From these non-deterministic matchers, we generate a set of mutually tail-
recursive functions that implement a deterministic finite automaton (DFA) that
recognizes the same regexp pattern without backtracking.

8.1 Regexp Matchers as Nondeterministic Finite Automata (NFA)

Here is a simple example for the fixed regular expression ‘. *AAB’:

def findAAB(): NIO = {

guard(Set ('A’)) {

guard(Set ('A’)) {
guard(Set(’'B’), Found)) {
stop ()

11} o+

guard(None) { findAAB() } // in parallel...
}

We can easily add combinators on top of the core abstractions that take care
of producing matchers from textual regular expressions. However the point here
is to demonstrate how the implementation works. The given matcher uses an
API that models nondeterministic finite automata (NFA):

type NIO = List[Trans] // state: many possible transitions
case class Trans(c: Set[Char], x: Flag, s: () => NIO)
def guard(cond: Set[Char], flag: Flag) (e: => NIO): NIO =
List (Trans (cond, flag, () => e)

def stop(): NIO = Nil

An NFA state consists of a list of possible transitions (type NIO). Each tran-
sition may be guarded by a set of characters and it may have a flag to be signaled
if the transition is taken. It also knows how to compute the following state. We
use Chars for simplicity, but of course we could use generic types as well. From
a given NFA transition, we can obtain the following state, and thus recursively
unfold the state space. Thus, it is sometimes useful to identify the notions of
NFA and NFA state. NFA states, and thus NFAs, can be composed in parallel
through list concatenation. Method guard implements sequential composition.
It creates a new NFA state with a single start transition and “the rest of the
automaton” given as a by-name expression (type =>NI0) that computes the fol-
lowing state. Note that the API does not mention where input is obtained from
(files, streams, etc.).
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8.2 From NFA to DFA Using Staging

We will translate NFAs to DFAs using LMS. This is the unstaged DFA API that
will be used by the generated code:

abstract class DfaState {
def hasFlag(x: Flag): Boolean
def next(c: Char): DfaState

}

def dfaFlagged(flag: Flag, link: DfaState) = new DfaState {
def hasFlag(x: Flag) = x == flag || link.hasFlag(x)
def next(c: Char) = link.next (c)
}
def dfaState(f: Char => DfaState) = new DfaState {
def hasFlag(x: Flag) = false
def next(c: Char) = f(c)

}

The staged API is just a thin wrapper:

type DIO = Rep[DfaState]
def dfa_flag(x: Flag) (link: DIO): DIO
def dfa_trans(f: Rep[Char] => DIO): DIO

Translating an NFA to a DFA is accomplished by creating a DFA state for each
encountered NFA configuration (removing duplicate states via canonicalize):

def convertNFAtoDFA (state: NIO): DIO = {
val cstate = canonicalize(state)
dfa_trans { c: Rep[Char] =>
exploreNFA (cstate, c) (dfa_flag) { next =>
convertNFAtoDFA (next)
}
}
}
convertNFAtoDFA (findAAB())

Since LMS memoizes functions in the same was as we have shown in Sect. 6
(here, the argument to dfa_trans), the framework ensures termination if the
NFA is indeed finite. We use a separate function to explore the NFA space
(see below), advancing the automaton by a symbolic character cin to invoke
its continuations k with a new automaton, i.e. the possible set of states after
consuming cin. The given implementation assumes that character sets contain
either zero or one characters, the empty set Set () denoting a wildcard match.
More elaborate cases such as character ranges are easy to add. The algorithm
tries to remove as many redundant checks and impossible branches as possible.
This only works because the character guards are staging-time values.
def exploreNFA[A] (xs: NIO, cin: Rep[Char]) (flag: Flag => Rep[A] => Repl[A])

(k: NIO => Rep[A]):Rep[A] = xs match {
case Nil => k(Nil)
case Trans (Set(c), e, s)::rest =>
if (cin == c)
// found match: drop transitions that look for other chars and
// remove redundant checks
val xsl = rest collect { case Trans(Set(‘'c‘')|None,e,s) => Trans(Set(),e,s) }

val maybeFlag = e map flag getOrElse (x=>x)
maybeFlag (exploreNFA (xsl, cin) (acc => k(acc ++ s())))

} else {
// no match, drop transitions that look for same char
val xsl = rest filter { case Trans(Set(‘'c‘'),_,_) => false case _ => true }

exploreNFA (xsl, cin) (k)
}
case Trans(Set(), e, s)::rest =>
val maybeFlag = e map flag getOrElse (x=>Xx)
maybeFlag (exploreNFA (rest, cin) (acc => k(acc ++ s())))
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8.3 Generated State Machine Code

The generated matcher code for regular expression . AAB is shown below, with
some slight syntactic changes to make it more readable. Each function corre-
sponds to one DFA state. Note how negative information has been used to prune
the transition space: given input such as . . .AAB the automaton jumps back to
the initial state, i.e. it recognizes that the last character B cannot also be A, and
it starts looking for two As after the B.

def stagedFindAAB(): DfaState = {
val found = dfaFlagged(Found, matched_nothing)
val matched_AA = dfaState { c: (Char) =>
if (c == B) found
else if (c == A) matched_AA
else matched_nothing
}
val matched_A = dfaState { c: (Char) =>
if (c == A) matched_AA
else matched_nothing
}
val matched_nothing = dfaState { c: (Char) =>
if (c == A) matched_A
else matched_nothing
}
}

9 Related Work

Multi-stage programming (MSP, staging for short), as established by Taha and
Sheard [65] enables programmers to delay evaluation of certain expressions to a
generated stage. MetaOCaml [9] implements a classic staging system based on
quasi-quotation. Lightweight Modular Staging (LMS) [54] uses types instead of
syntax to identify binding times, and generates an intermediate representation
instead of target code. LMS draws inspiration from earlier work such as Task-
Graph [4], a C++ framework for program generation and optimization. Delite
is a compiler framework for embedded DSLs that provides parallelization and
heterogeneous code generation on top of LMS [7,38,55,56,63].

Partial Evaluation. Partial evaluation [32] is an automatic program specializa-
tion technique. Despite their automatic nature, most partial evaluators also pro-
vide annotations to guide specialization decisions. Some notable systems include
DyC [26], an annotation-directed specializer for C, JSpec/Tempo [57], the JSC
Java Supercompiler [34], and Civet [58].

Partial evaluation has addressed higher-order languages with state using sim-
ilar let-insertion techniques as discussed here [6,28,37,67]. Further work has
studied partially static structures [43] and partially static operations [66], and
compilation based on combinations of partial evaluation, staging and abstract
interpretation [16,33,60]. Two-level languages are frequently used as a basis for
describing binding-time annotated programs [32,47].

Embedded DSLs. Embedded languages have a long history [36]. Hudak intro-
duced the concept of embedding DSLs as pure libraries [30,31]. Steele proposed
the idea of “growing” a language [62]. The concept of linguistic reuse goes back
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to Krishnamurthi [35]; Language virtualization to Chafi et al. [12]. The idea of
representing an embedded language abstractly as methods (finally tagless) is due
to Carette et al. [10] and Hofer et al. [29], going back to much earlier work by
Reynolds [52]. Compiling embedded DSLs through dynamically generated ASTs
was pioneered by Leijen and Meijer [39] and Elliot et al. [20]. All these works
greatly inspired the development of LMS. Haskell is a popular host language for
embedded DSLs [25,64], examples being Accelerate [42], Feldspar [3], Nikola [41].
Recent work presents new approaches around quotation and normalization for
DSLs [13,45]. Other performance oriented DSLs include Firepile [48] (Scala),
Terra [18,19] (Lua). Copperhead [11] (Python). Rackets macros [68] provide full
control over the syntax and semantics.

Program Generators. A number of high-performance program generators
have been built, for example ATLAS [70] (linear algebra), FFTW [24] (dis-
crete fourier transform), and Spiral [49] (general linear transformations). Other
systems include PetaBricks [2], CVXgen [27] and Halide [50,51].
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Abstract. We take another look at 1ML, a language in the ML tradi-
tion, but with core and modules merged into one unified language, ren-
dering all modules first-class values. 1ML already comes with a simple
form of effect system that distinguishes pure from impure computations.
Now we enrich it with effect polymorphism: by introducing effect decla-
rations and, more interestingly, abstract effect specifications, effects can
be parameterised over, and treated as abstract or concrete in the type
system, very much like types themselves. Because type generativity in
1ML is controlled by (im)purity effects, this yields a somewhat exotic
novel notion of generativity polymorphism — that is, a given functor can
be asked to behave as either “generative” or “applicative”. And this time,
we even get to define an interesting (poly)monad for that!

1 Introduction

In a recent paper [13] we introduced 1ML, a reboot of ML where modules are
first-class values. In this language, there no longer is any distinction between
core and modules, records or structures, functions or functors. Morally, every
expression denotes a module.

One peculiar feature of 1ML is its distinction between pure and impure
functions and computations, through a — very simple — form of effect system.
Although this is primarily motivated by the semantics of functors (as we will
see below), it obviously is an interesting distinction to make for “core-like” func-
tions as well. Effect systems [3,9,18] are regularly proposed as a complement to
functional type systems. They serve a similar role as monads [12,20], which have
been successfully incorporated into languages like Haskell, but with a little extra
flexibility — Wadler & Thiemann showed that both are essentially equivalent [21].

Telling pure from impure statically allows much better control over side
effects. Like any other form of type discipline, it allows more accurate specifica-
tion of interfaces, and prevents certain classes of errors. For example, a module
can specify that some of its interface functions are free of side effects. Or not.
Higher-order functions can shield against unwanted side effects when invoking
an argument function (or “callback”, as laymen say nowadays). All useful capa-
bilities, and in principle it is possible to put them to good use in 1ML already.

What makes the use of effects cumbersome in 1ML, however, is the lack
of support for effect polymorphism. In a higher-order language that is a real
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bummer, because the purity of a higher-order function will typically depend on
the purity of its argument. For example, consider

map f xs = if null xs then [] else f (head xs) :: map f (tail xs)

Is this a pure or impure function? It depends on f. We can imagine (at least)
two different signatures for map:

map:Vab.(a—pb) —plista—plistb
map:Vab. (a—b)—plista—listb

Here, we use “—p” to denote pure function types, and “—,” for impure ones.
Unfortunately however, map may only have one of these types in 1ML. If we
needed both, we would need to write different functions for the different sig-
natures. (Notably, IML’s pure arrows are subtypes of impure ones, but such
subtype polymorphism is insufficient to handle this case.)

Or we introduce the ability to abstract over (im)purity via polymorphism.
Both map and its argument could be polymorphic in their (joint) effect:

map:Vabe (a—cb) —plista—elistb

In this signature, we assume that e is a (universally quantified) effect variable.
By instantiating it with either P or |, we can use the same implementation of
map on either a pure or an impure argument, and get a corresponding pure or
impure computation in return.

Okay, you might think, that looks like a fairly trivial and standard extension.
Others proposed this long ago [9]. Well, what makes it interesting in 1ML is that
the (im)purity effect is intimately tied to the notion of type generativity.

Functions that return abstract types — “functors” in ML speak — are interest-
ing beasts. There are two traditional schools of semantics: “generative” functors
(the SML way) and “applicative” functors (the OCaml way). In 1ML, both
notions coexist, and depend on whether a functor is pure or impure. Consider:

F: (a: type) —p type

A pure functor like this is “applicative” [8,15], meaning that all applications to
equivalent types yield equivalent types:

type t = F bool
type u = F bool

defines types t and u to be equivalent. (Regardless, they are still abstract!)
An impure functor is “generative”, however:

G : (a: type) — type
generates a fresh type with every application. So,

type v = G bool
type w = G bool
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are different types! This is important in the face of impurity, since the types
produced by an impure computation may e.g. depend on state, and thus equating
them would be plain unsound. (More reasons why you all want both applicative
and generative functors are disclosed in Sects. 7 and 8 of [15].)

Now, what would happen if we allowed such a functor to be polymorphic
over its effect? Say,

H: (a: type) —p (e: effect) — . type

Depending on the choice of e, it would be either applicative or generative: that
is, H bool P = H bool P, while H bool | is not reflexive (or even a well-formed
type expression).

In other words, introducing polymorphism over effects implies a notion of
generativity polymorphism. Is that actually a thing?

It is! In this paper, we show that this — rather esoteric — notion can actually
be defined. And we don’t even have to leave the familiar grounds of System F,,
for that. Well, except for one small extension. We also show that generativity
polymorphism is the essence of MacQueen & Tofte & Kuan’s (arguably equally
esoteric) notion of “true” higher-order functors [6,7,10].

2 The Language

Figure 1 presents the syntax of 1ML extended with explicit effects, separated
into core syntax and various syntactic sugar. For space reasons, we focus on
the explicitly typed fragment 1MLey [13] here (though complementing this with
effect inference in full 1ML is an easy addition). The effect-related constructs
that are new relative to the original formulation of 1MLy are highlighted in the
figure.

As in the original paper, the syntax is normalised to require named subterms
in most constructs. The general forms, as well as many other familiar module or
core-level constructs, can easily be defined as syntactic sugar. See [13] for enough
sugar to upset your stomach.

2.1 Basic Use of Effects
The extended language incorporates three main additions.

Effect Annotations. First, function types acquire an explicit annotation F, that
specifies the effect that is released when calling the function. Because real pro-
gramming language syntax better works as plain text, we use the notation “F /T”
instead of making F' a subscript on the arrow, as we did in the introduction.
There are two basic effect constants: pure and impure. To ease notation in
the common cases, we allow abbreviating pure function types with a plain arrow

« w . »1

—7” and impure ones with a squiggly arrow “~-

1T apologise for any confusion this may cause with the original 1ML paper, where
“—" is spelled “=" and “~»” is spelled “—”. I chose to change the syntax for the
extended system because pure arrows are the more common case now, and I like

them to be represented by their natural operator.
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(identifiers) X _
(types) T == E|bool | {D}|(X:T)—F/T | type | effect | =FE | T where (.X:T)
(effects) F == E | pure | impure | F'\F
(declarations) D ::= X:T |include T | D;D | ¢
(expressions) E := X | true | false | if X then E else E:T | {B} | E.X |
fun (X:T)=E | X X | type T | effect F' | X:>T

(bindings) B := X=F |include E | B;B | €
Abbreviations:
(types) (declarations)
(XTh)—T> = (X:T1)— pure/T> effect X P = X:P —effect
(X:Th)~T> := (X:T1)—impure/T; effect X P=F := X : P — (=effect I)

g e . —
LT = (XT)Z T (bindings)
where: (parameter) P == (X:T') effect X P=F := X =fun P = effect F

Fig. 1. Syntax of 1MLex with effect polymorphism (see [13] for more abbreviations)

For example, the type of the polymorphic identity function,
id=funa= fun (x:a)=a

can be denoted as

id : (a : type) — pure/(x : a) — pure/a
or shorter, as just

id: (a:type) — (x:a) — a

Similarly, we can add impure operators to the language; for example, an
ML-style type ref T' of mutable references with operators

new : (a: type) — (x :a) ~ ref a
rd : (a:type) — (r:refa) ~ a
wr: (a:type) — (r:refa) —a~ {}

Note how these types mix pure and impure arrows. A type parameter — express-
ing (explicit) polymorphism — is best considered a pure function: “instantiating”
a polymorphic type should not have any effect. Similarly, an impure function
with curried value parameters (like wr) releases its effect only when the last
argument is provided.

Effect Values. Second, what makes the new syntax for function types interesting
instead of just verbose is that effects can now be “computed”: F' can not just
refer to the two effect constants, it can also consist of an expression E. This has
to be a (pure) expression of the new type effect, a type that is inhabited by effect
“values”. Those values are formed by the corresponding expression effect F'. Just
like types in 1ML, effects can thus be named or passed around as if they were
first-class values.
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For example, we can write an effect-polymorphic apply combinator:

apply = fun (a : type) (b : type) (e : effect) (f: a — e/b) (x : a) = fx
The type of this function is:

apply : (a : type) — (b : type) — (e : effect) — (a — e/b) — a — ¢/b
To apply it, we have to provide the right effect argument:

t = apply bool bool pure id true
f = apply (ref bool) bool impure (rd bool) (new false)

Similarly, the map function from the introduction can be given the (