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Résumé

Cette these traite de la conception et implémentation d'un langage de programmation
pour les systemes de traitement de flux en temps réel et a haute performance, comme
I’encodage vidéo. Le modele des réseaux de Kahn est bien adapté a ce domaine et y est
couramment utilisé. Dans ce modeéle, un programme consiste en un ensemble de proces-
sus paralleles communicant a travers des files mono-producteur, mono-consommateur.
La force du modele réside en son déterminisme.

Les langages synchrones fonctionnels comme Lustre sont dédiés aux systémes embar-
qués critiques. Un programme Lustre définit un réseau de Kahn qui est synchrone, c’est
a dire, qui peut étre exécuté avec des files bornées et sans blocage. Cette propriété est
principalement garantie par un systéme de types dédié, le calcul d’horloge, qui établit une
échelle de temps globale a un programme. Cette échelle de temps globale est utilisée pour
définir les horloges, séquences booléennes indiquant pour chaque file, et a chaque pas
de temps, si un processus produit ou consomme une donnée. Apres le calcul d’horloge
vient I’ analyse de causalité, qui garantit 'absence de blocage. Les programmes corrects du
point de vue des horloges et causaux sont compilés vers des machines a état fini, réalisés
soit en logiciel soit en matériel.

Nous proposons et étudions les horloges entieres dans le but d’utiliser les langages
synchrones fonctionnels pour programmer des applications de traitement de flux. Les
horloges entiéres sont une généralisation des horloges booléennes qui comprennent des
entiers arbitrairement grands. Elles décrivent la production ou consommation de plusieurs
valeurs depuis une méme file au cours d'un instant. Nous les utilisons pour définir la
notion d’échelle de temps local, qui peut masquer des pas de temps cachés par un sous-
programme au contexte englobant. Les échelles de temps local sont introduites par une
opération dite de rééchelonnement.

Ces principes sont intégrés a un calcul d’horloge pour un langage fonctionnel d’ordre
supérieur. Ce systéme de types capture en une unique analyse toutes les propriétés
requises pour la génération d'une machine a état fini. En particulier, il intégre et étend
I'analyse de causalité trouvée dans les langages synchrones fonctionnels existants. Nous
étudions ses propriétés, prouvant entre autres résultats que les programmes bien typés
ne bloquent pas. Nous adaptons ensuite le schéma de génération de code dirigé par les
horloges de Lustre pour traduire les programmes bien typés vers des circuits numériques
synchrones. La génération de code est modulaire : il n’est pas nécessaire de recompiler
les appelants d'une fonction lorsque le corps de celle-ci change, aussi longtemps que son
type reste le méme. L'information de typage contrdle certains compromis entre temps et
espace dans les circuits générés.

Mots-clés : langages de programmation fonctionnels; langages de programmation
synchrones; systémes de types; compilation; circuits numériques synchrones.
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Abstract

This thesis addresses the design and implementation of a programming language for
high-performance real-time stream processing, such as video decoding. The model of
Kahn process networks is a natural fit for this area and has been used extensively. In this
model, a program consists in a set of parallel processes communicating through single
reader, single writer queues with blocking reads. The strength of the model lies in its
determinism.

Synchronous functional languages like Lustre are dedicated to critical embedded
systems. A Lustre program defines a Kahn process network which is synchronous, that is,
which can be executed with finite queues and without deadlocks. This is mainly enforced
by a dedicated type system, the clock calculus, which establishes a global time scale
throughout a program. The global time scale is used to define clocks: per-queue boolean
sequences indicating, for each time step, whether a process produces or consumes a token
in the queue. After the clock calculus comes the causality analysis, which guarantees
the absence of deadlocks. Well-clocked and causal programs are compiled to finite state
machines, realized either as hardware or software code.

We propose and study integer clocks in order to extend the reach of synchronous
functional languages to high-performance real-time streaming applications. Integer clocks
are a generalization of boolean clocks that feature arbitrarily big natural numbers. They
describe the production or consumption of several values from the same queue in the
course of a time step. We use integer clocks to define the notion of local time scale, which
may hide time steps performed by a sub-program from the surrounding context. Local
time scales are introduced by an operation called rescaling.

These principles are integrated into a clock calculus for a higher-order functional
language. This type system captures in a single analysis all the properties required for the
generation of a finite state machine. In particular, it subsumes and extends the causality
analysis found in other languages. We study its properties, proving among other things
that well-typed programs do not deadlock. We then adapt the clock-directed code genera-
tion scheme of Lustre to translate typed programs to digital synchronous circuits. Code
generation is modular: one does not need to recompile the callers of a function when its
body changes, as long as its type is not modified. The typing information controls certain
trade-offs between time and space in the generated circuits.

Keywords: functional programming languages; synchronous programming languages;
type systems; compilation; digital synchronous circuits.
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Chapter 1

Introduction

1.1 Real-Time Stream Processing

Most human beings experience computing by interacting with personal computers, smart-
phones, or tablets. But while such user-facing systems are numerous, they are dwarfed by the
vast cohorts of computers that carry out autonomous supervision, control, and decision tasks.
Computers have indeed found their way into a variety of settings, including for example plant
control, autonomous vehicles, automatic trading, or network processing. In contrast with
traditional batch-oriented computing, the execution of programs involved in such systems
proceeds as a succession of reactions to an external environment. The precise nature of this
environment varies; common cases include the physical world, accessed through sensors,
or a network, accessed through an interface card. Reactions result in the production of new
information which may then be transmitted through the network or used to drive actuators.

This thesis is about programming the specific subclass of interactive computing systems
that perform what we call real-time stream processing. They are characterized by the fact that
they perform an unbounded number of reactions, each taking a bounded amount of time
and memory. In practice, such systems execute forever while consuming a finite amount of
resources. Examples include critical systems, such as the fly-by-wire software found in planes,
but also more computationally-intensive tasks like real-time video encoding or decoding,
scientific data acquisition, and low-latency packet routing. These systems consist in either
software, hardware, or a mixture of both.

Real-time stream processing is often implemented in languages such as C, assembly, or
hardware description languages such as VHDL or Verilog. This is sometimes considered part
and parcel of this application domain, with resource constraints mandating a programming
style where low-level details have to be handled with utmost care and tedious precision. In this
thesis we adopt a different point of view by contributing to the design and implementation
of specialized programming languages for real-time stream processing. We hope that higher-
level languages will lead to stronger safety and efficiency guarantees, as well as improved
programmer productivity. Moreover, we think that such an investigation is interesting in itself
because it helps uncover interesting pieces of programming language theory.
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12 CHAPTER 1. INTRODUCTION

1.2 Kahn Process Networks and Synchrony

One may think of a stream processing application as an assemblage of processes executing
concurrently. The processes may have internal state. Each of them communicates with its
neighbors or the environment via message exchanges through dedicated channels.

While this description is reminiscent of distributed systems, it is actually much simpler.
Message inversion, duplication, and loss do not occur. Security and fault-tolerance are also
non-issues. A few simple primitives suffice to describe the communication patterns of each
process. Message reception is blocking: a process deciding to read an incoming message is
suspended until the message is effectively received. Furthermore, a process may only read on
a unique input channel at a time. Contrast with the select() function or the timeouts provided
by UNIX. An important consequence of these restrictions is determinism: assuming that the
sequence of output messages of each process depends only on its sequence of input messages,
the same is true of the application as a whole.

Kahn process networks The description of stream processing given above is both vague and
rather operational in nature. In a seminal paper, Kahn [1974] advocates a more abstract point of
view based on elementary domain theory. He interprets processes as mathematical functions
and channels as mathematical streams, which are the infinite sequences of values transmitted
through them. The functions corresponding to processes enjoy special properties that reflect
the aforementioned discipline in the use of communication primitives. Such properties ensure
that the general theory of domains applies; the benefit is that this theory immediately provides
useful constructions and results. For instance, one may use domain theory to describe the
concurrent and sequential composition of two networks, or the creation of feedback loops. It
also gives basic results such as determinism for free and includes rigorous proof techniques for
recursively defined streams.

The account given by Kahn of stream processing was so influential that nowadays an appli-
cation belonging to this framework is often referred to as a Kahn Process Network (KPN). This
is often used in a broad sense that do not involve denotational ideas: a concurrent application
is a Kahn process network when its communications obey the unique blocking read discipline,
making it deterministic.

Synchrony The original paper by Kahn proposed the use of domain theory for modeling
stream-processing applications. Reading between the lines, the proposed methodology was to
give a denotational description of an imperative program and then use the clean formalism of
domain theory to prove properties of this description.

There are several problems with this initial idea. First, it is not very practical as it forces
the programmer to deal with two very different languages, an imperative language for writing
programs and a mathematical metalanguage for proving properties. Second, real-world stream
processing must often deal with resource constraints. This often lead to optimizations that
obscure the logical structure of the application, such as the implementation of communications
over shared memory and the sequentialization of concurrency. Moreover resource constraints
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1.2. KAHN PROCESS NETWORKS AND SYNCHRONY 13

are difficult to address in the idealized denotational setting employed by Kahn, which has little
to say about space and time usage.

To circumvent these limitations while preserving the original insight, Caspi, Pilaud, Halb-
wachs, and Plaice [1987] put forward an original idea. The idea is to reverse the roles: rather
than write an imperative program and then interpret it in a domain of streams and functions,
we will program directly with streams and then generate imperative code. The goal is to get the
best of both worlds: simple high-level programs one can reason rigorously about, compiled to
resource-conscious low-level code.

The concrete embodiment of this idea is Lustre, a domain-specific functional programming
language where streams are tangible values rather than ethereal mathematical objects. Any
Lustre program describes a Kahn process network, and the role of the Lustre compiler is to
produce an implementation obeying resource constraints. More precisely, since Lustre targets
real-time critical systems, the generated code must be sequential, and work within bounded
memory and terminate in bounded time. Programs for which the compiler cannot produce
such an implementation are rejected.

The inner working of a Lustre compiler is based on a principle called synchrony. Synchrony
is a sufficient condition for a Kahn network to be implementable within bounded space. Two
streams are synchronous when their elements are computed simultaneously. This involves a
notion of time step shared between subprograms; one goal of the Lustre compiler is to actually
establish such a time base, and use it to check synchrony. The notion is actually so integral to
Lustre that the language is generally designated as a synchronous language.

Operationally, the fact that all streams in a Kahn network are synchronous means that any
value that is produced can be consumed instantaneously. This has several important conse-
quences for its compilation to sequential imperative code. First, streams can be implemented
as local variables since no buffering between time steps is required. Second, during the course
of a time step, the production of an element must occur before its consumption. A Lustre
program where it is indeed the case is said to be causal, a property which is also enforced by
the compiler. This ensures that the underlying Kahn network is deadlock-free.

Compilation We can now give a broad overview of the most idiosyncratic stages of a Lustre
compiler following the principles outlined above. This is a very schematic view that we will
detail and refine during the course of the thesis.

First, the compiler checks for synchrony. This is done using a dedicated static analysis,
the clock calculus. This consists in associating to each stream a clock, which describes the
time step at which its elements are computed. Technically, a clock is a boolean stream which
represents the presence and absence of data in another stream. Two streams that have the
same clock are necessarily synchronous. The clock calculus is often implemented as a type
system [Caspi and Pouzet, 1996].

Second, the compiler checks that the program is causal. This is what its causality analy-
sis [Cuoq and Pouzet, 2001] does, by checking that during a time step, no cyclic dependency
between computation occurs. Lustre proposes a special delay operator which makes it possible
to transmit a value from one time step to the next. As its current output never depends on its
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14 CHAPTER 1. INTRODUCTION

current input, this operator is handled in a special way by the causality analysis. This is why
the definition of recursive streams is possible as long as self-references occur through delays.

Finally, the compiler may generate code implementing the Kahn network. A traditional
focus of Lustre has been bounded-memory C code, but this is not the only possibility. An
interesting alternative is the generation of synchronous digital circuits, which are not very
different from causal synchronous Kahn networks anyway. Targeting sequential software code
actually requires more work than targeting digital circuits, since each program piece has to
be scheduled so that productions occurs before consumptions. In a circuit this scheduling
is done in a dynamic and implicit way by electrical currents. Schedulability is a sufficient
condition for causality, and is in practice also checked by the causality analysis.

1.3 Synchrony and Performance

Lustre and its compilation technique based on synchrony has turned out to be well-adapted to
the implementation of critical control systems. Its industrial variant, SCADE [Esterel Technolo-
gies, 2015], is widely used in aircrafts, nuclear plants, trains, or industrial systems. The success
of Lustre can be traced back to several factors. An important practical reason is its proximity to
difference equations, the traditional formalism used by control scientists. Another explanation
which is closer to our concerns is the fact that control programs involve inexpensive but tightly
synchronized computations for which synchrony is a natural condition.

In other subfields of stream processing, the situation is quite different. Consider for instance
a real-time video processing program. Such a program naturally decomposes as a pipeline
of filters. Each filter performs thousands of arithmetic operations on image chunks, and
communicates with its neighbor by rare but large messages. Implementing such programs in
Lustre is difficult, mainly because of the synchrony condition. Concretely, synchrony forces
the programmer to introduce buffering by hand. This is a tedious and error-prone process
without tool support. In practice it leads to low-level code in which the static analyses of the
compiler are more of a hindrance than help.

An important step towards addressing this limitation of synchrony was its generalization
to n-synchrony by Cohen et al. [2006]. Communication between synchronous streams can be
implemented with a buffer of size zero, that is with no buffer at all. Communication between
n-synchronous streams can be implemented with a buffer of size n. The clock calculus of Lustre
can be extended to check n-synchrony rather than ordinary 0-synchrony. Lucy-n [Mandel et al.,
2010] is an experimental n-synchronous variant of Lustre in which the compiler infers clocks
and buffer sizes. Interestingly, there are several valid clocks for the same program; distinct
clocks describe distinct implementations of the Kahn network as a state machine, and may
express space/time trade-offs.

The adoption of n-synchronous Kahn networks makes possible the automatic inference of
buffers and buffer sizes from high-level code manipulating streams, avoiding manual coding
altogether. But it does not solve another problem that arise when trying to implement efficient
stream processing in Lustre-like languages. High-performance stream processing frequently
involve sporadic but large transfers of data on which uniform treatments are applied. For effi-
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1.3. SYNCHRONY AND PERFORMANCE 15

The JPEG image encoding process is organized as a series of transformations. The three last steps are
the discrete cosine transform (DCT), followed by the zigzag scan, before finally going through entropy
coding. We focus on real-time implementations of the zigzag scan.

L~ //
> zigzag
T X y
/
< > —

The goal of the zigzag scan is to reorder the numbers produced by the DCT in order to expose
redundancies exploitable by the entropy coder. In a real-time JPEG encoder, the input of the zigzag
scan would typically consist in a stream of elements of matrices serialized in the left-to-right, top-
to-bottom order. Its output is a stream featuring the same elements, reordered by “zigzaging” along
the diagonal of each matrix. The figure above describes this process for 3x3 matrices.

X|do|lay|dx|ad3|aag|ds | dg | dy | dg

Y| ao |4 as

The chronogram above describes a real-time implementation of the zigzag scan that processes at
most one element per time step. The first line represents the input stream x, produced by the DCT,
the second the output stream y, fed to the entropy coder. Thick vertical gray bars represent time
steps and thin black lines represent dependencies. The dependencies that cross time steps must be
implemented using memory.

Another possibility is to process the input stream matrix line by matrix line, as in the chronogram
above. More values are produced and consumed per time step, and the amount of memory needed
changes.

X|dy ady dy ds a4 ds dg d; dg bo b1 l’)g

~_ _— \ -
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~| <
_— ~— \

Y|a a1 a3 as as apx as a; ag|by by bz
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Finally, an implementation may process a full matrix at each time step, as above. As shown in
the chronogram above, no memory is needed. However, such an implementation will be more
demanding in terms of code size or circuit area.

Figure 1.1: The JPEG Zigzag Scan
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ciency reasons, one generally wants the generated code to take advantage of this loose coupling
between computations, which is a form of locality. In software, programmers use blocking
to add or modify loops and arrays in judicious places; this is particularly common in signal
processing code. In hardware, circuit designers use retiming, slowdown, and unfolding to trade
between throughput, latency, area, and frequency (e.g., Leiserson and Saxe [1991]; Parhi and
Messerschmitt [1991]). Figure 1.1 illustrates implementation choices for a simple function.

A direct solution to this second problem is to introduce arrays in the source language and
use them to program batched computations and communications. Unfortunately, while the
extension of Lustre with arrays and array operators is well-studied [Morel, 2002; Gérard et al.,
2012], the integration between array-oriented code and scalar code is not as tight as one could
wish for. It is difficult to translate from one style, or even particular array size, to another. For
example, in order to transform a stream of scalars into a stream of arrays, the programmer
must introduce a hand-rolled serial-to-parallel converter. The amount of memory needed by
such a converter depends on the rest of the program, and must be guessed by the programmer.
This is brittle and error-prone. The same is true in other synchronous languages that feature
arrays, such as Esterel v7 [Esterel Technologies, 2005]. This is problematic when exploring
performance trade-offs in the implementation of a given function.

1.4 Contributions

In this thesis we propose several extensions to Lustre-like languages in order to make them
more suitable for programming real-time stream processing systems. In particular, we address
the aforementioned issues with the exploitation of locality and decoupling in high-performance
applications. We believe that our contributions improve both the expressiveness of the lan-
guage, its compilation process, and its metatheory.

Integer clocks In Lustre, at most one element of a given stream is computed during a time
step. This is reflected by the fact that clocks are boolean streams. We relax this restriction by
allowing arbitrarily large numbers to appear in clocks; we call this extension integer clocks.
This models the simultaneous computation of several elements of a stream. We extend the
clock calculus and code generation of Lucy-n to deal with integer clocks. The code generation
scheme now produces code with arrays from a purely scalar source. The size of arrays is
completely determined by clocks, and serial/parallel conversions are implicit. A benefit is the
smooth interoperability between scalar and array-oriented programs.

Local time scales and rescaling A natural complement to integer clocks is the notion of local
time scale. A subprogram that executes within a local time scale may go faster or slower than
the outside world, and thus possibly hide some of its internal steps. The operation that creates
a local time scale around a block of code is called rescaling. Rescaling is a generalization of
the traditional activation conditions of Lustre and SCADE (see, e.g., Halbwachs [2005, Section
4]). We explain its action on clocks and give a typing rule characterizing correct uses. Each
rescaling gives rise to a loop (in software) or an unfolded circuit (in hardware). A programmer
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may trade space for time in the implementation of a function by combining rescaling and
integer clocks, while being guaranteed that the final code.

Linear higher-order functions Lustre is a first-order functional language. The addition of
higher-order functions has been studied in the Lucid Synchrone language of Caspi and Pouzet
[1996], but in existing work its implementation relies on dynamic memory allocation or is
incompatible with separate compilation. Inspired by recent work in category theory and
hardware-oriented compilation [Joyal et al., 1996; Ghica, 2007], we propose submitting higher-
order functions to a linear typing discipline. This restriction enables modular compilation to
finite-state code.

Simplified metatheory We combine integer clocks, rescaling, and linear higher-order func-
tions in a single type system. Thanks to rescaling we are able to express causality checking
at the level of clocks. Thus, our type system fuses the separate typing, clock calculus, and
causality analysis of existing languages into a single system. We believe that this type system is
actually simpler than the previous ones. To demonstrate this fact we give full rigorous proofs
of metatheoretical results, such as deadlock-freedom and refinement for well-typed programs,
as well as a formal type-directed compilation scheme to circuits. This development relies on
standard concepts of programming language theory.

1.5 Outline of the Thesis

The thesis consists in a description of AcidS, a tentative Lustre-like language featuring a novel
treatment of clocks, activation conditions, and higher-order functions. We consider its core
to be Chapters 2 and 4, which explain in much greater detail the points touched upon in this
introduction. The thesis should be read in a sequential manner, as every chapter depends on
all the previous ones.

Chapter 2 The first technical chapter of this thesis details the mathematical description of
Kahn networks. We give a brief introduction to elementary denotational semantics before
spending time on the domain of streams. The rest of the chapter describes the theory of integer
clocks and how they characterize operational properties in the denotational setting.

Chapter 3 In the next chapter we describe uAS, a core higher-order synchronous language
akin to Lucy-n. The language is endowed with a clock type system featuring ultimately periodic
integer clocks, rescaling, and linear higher-order function. Programs have both untyped and
typed denotational semantics built using the notions introduced in the previous chapter. We
prove that for well-typed programs, the typed semantics is a deadlock-free synchronization of
the untyped one, in a certain technical sense. These properties correspond to the soundness of
the type system.
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Chapter 4 We introduce a small language of machines for modeling synchronous digital
circuits. This language is typed, first-order, and has a simple non-deterministic operational
semantics. We build a higher-order layer on top of the first-order base using a source-to-
source translation. The resulting higher-order machine language serves as a target for the
type-directed code generation process of uAS. We prove that compilation is sound via a logical
relation defined using a model of the target language.

Chapter 5 As a programming language, uAS is very restrictive, lacking traditional features
from Lustre. The chapter presents four language extensions. The first one relaxes the linearity
restriction on higher-order functions by allowing a function to be called a statically-fixed
number of times. The second one shows how nodes, i.e. closed functions, can be reused at
will as in Lustre. We finish with two extensions that increase the expressiveness of the type
system, first with polymorphism and then with data dependency. The latter makes it possible
to write programs whose behavior is not always periodic. These extensions, combined together,
form AcidS.

Chapter 6 This thesis ends with a summary of related and future work. We compare our
proposal to existing synchronous, dataflow, and functional languages, as well as analytic
models for streaming systems such as Synchronous Dataflow graphs of Lee and Messerschmitt
[1987]. Several issues remain to be addressed before a realistic implementation of AcidS is
possible. We discuss type inference and software code generation in detail, benefiting from
our experiments with the implementation of a prototype compiler. The chapter finishes with a
compendium of short- as well as long-term theoretical questions.
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Chapter 2

Streams

As explained in the first part of the thesis, synchronous functional languages are mainly con-
cerned with the construction and manipulation of infinite sequences of data, called streams.
They belong to the family of so-called dataflow synchronous languages because of the promi-
nent role of streams; but in contrast with a language such as Signal [Le Guernic et al., 1991],
programs denote functions rather than relations. A program written in a synchronous func-
tional language describes a deterministic parallel network of operators connected through
queues.

This vision dates back to the seminal article of Kahn [1974]. He studied networks of
imperative processes communicating only through single-producer, single-consumer channels
via blocking reads. Such programs are deterministic because blocking reads force processes to
be latency-insensitive: once a process starts reading an input channel, it has no choice but to
wait until a value arrives. Thus, communication delays or scheduling choices cannot affect the
values computed by processes in any way.

Kahn argued that such programs were best described as set-theoretic functions rather than
state machines, since in general state machines are more difficult to describe and manipulate
mathematically. The inputs and outputs of these functions are streams that represent the his-
tories of values transmitted through each input or output queue of a process. Yet, in order to
make this processes-as-functions idea rigorous, one needs to overcome two roadblocks.

* One needs to model processes that produce only a finite amount of items on their output
queues. In the extreme case, a process may not even produce anything on a given queue,
and other processes trying to read from this same queue will get stuck forever. This may
lead to partial or total deadlocks in the network.

* One should provide mathematical analogues to the ways in which processes may be
composed. On the one hand, it is clear that connecting the outputs of one process to
the inputs of another corresponds to ordinary function composition, or that one can
use the cartesian product of streams and its associated projections to model processes
having multiple inputs or multiple outputs. On the other hand, process networks also
feature arbitrary feedback loops whose set-theoretic meaning is less evident. This seems
to indicate that the functions in consideration should admit a fixpoint operation.
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20 CHAPTER 2. STREAMS

These two difficulties were solved by Kahn through the use of domain theory, introduced
by Scott [1969] a few years earlier and intensively studied since. Domain theory provides a
simple order-theoretic framework for describing computations between large or even infinite
objects, such as streams. Its fundamental insight is that computable functions, when acting
on infinite objects, are fully characterized by their action on finite approximations to these
objects. This suggests the use of partially ordered sets where the order describes this notion
of approximation, and where least upper bounds of sets of compatible approximants exist.
Computable functions then naturally correspond to continuous functions, a class of functions
behaving well with respect to approximation.

The notion of approximation provides a solution to the first problem above: the domain of
streams consists not only in infinite streams but also in their finite approximants, which can be
thought of as finite prefixes. Moreover, a continuous function always has a least fixpoint, which
thus provides a natural way to model feedback loops, solving the second problem. Thus, in
theory, one can define process networks as continuous functions, and use the tools and proof
techniques provided by domain theory for reasoning, avoiding stateful code.

The language proposed in this thesis describes Kahn process networks with additional
properties, such as deadlock-freedom and bounded buffers. Its mathematical semantics relies
on the ideas introduced above. The goal of this chapter is to introduce them formally and
describe some of their properties, paving the way for the mathematical study of the language
in the rest of this thesis. Following Kahn, we will make elementary use of domain theory. The
first section of this chapter provides a very brief introduction with pointers to more complete
treatments.

Synchronous functional languages generally define a notion of clock to model the schedul-
ing of Kahn networks; we will not depart from this rule. The clocks studied in this thesis, the
so-called integer clocks, generalize previous definitions and will enable a finer-grained study of
dependencies between computations. We develop the theory of integer clocks by reusing and
extending notations and results from Plateau [2010].

2.1 Domains

Most of the formal developments in this thesis rely either implicitly or explicitly on elemen-
tary Domain Theory. Domain Theory is the mathematical theory of special kinds of ordered
sets, called domains, and structure-preserving functions between them. It provides a frame-
work for building denotational semantics of programming languages, where one interprets
programs as mathematical objects and studies the objects obtained in the hope that they will
shed light on properties that are difficult to grasp from a syntactic point of view.

This section gives a hurried introduction to the elementary aspects of Domain Theory
used in this thesis. We merely state the theorems we need and direct the curious reader to
the bibliography given in the end of this section for proofs and additional explanations. Our
notations are mostly taken from the monograph of Abramsky and Jung [1994].
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Partial Orders A (partial) ordering relation on a set X is a binary relation t that is reflexive,
transitive and antisymmetric. Then, given x, y, z € X, we say that z is an upper bound of x and y
when x € z and y £ z. We say that a non-empty subset F of X is directed when any pair of
elements of F has an upper bound in F. When it exists, we write | | F for the least upper bound,
or lub, on an arbitrary subset F of X. Similarly, given x, y € X we write xu y for | |{ x, y} when it
exists.

Given two ordered sets (X,Cx) and (Y,Cy), a function f: X — Y is said to be monotonic
when it is order-preserving i.e., for any x, y € X, xCx y implies f(x) Sy f(y).

Domains and continuous functions We call predomain a directed-complete partial order.
Such a partial order D consists in a pair (|D|,Ep), that is a set |D| endowed with a partial
order c, such that given any directed subset F ¢ |D|, the least upper bound | | F of F exists
in |D|. Such a predomain D is a domain when there is an element 1 p € |D| minimal for cp. We
drop the indices from = and 1 p when D can be deduced from the context, and sometimes
implicitly identify D with |D]|.

We say that a subset X of | D| is a sub-domain of D when it contains 1 and the least upper
bounds | | F of all directed sets F ¢ X ¢ |D|, considered with regard to cp.

A function f: A— B between (pre)domains A and B is continuous when it preserves the
least upper bounds of directed sets. Such functions are necessarily monotonic. The identity
function is continuous and function composition preserves continuity. We write A —. B for
the set of continuous functions between A and B. Two such functions f,g€ A -, B can be
compared, with f c g when Vx € A, f(x) c g(x). This ordering relation is sometimes called
the extensional order.

Fixpoints Suppose given a domain D and a continuous function f: D —. D. Let us write f*
for f composed i times with itself, that is f° = id and f*! = fo f.

Theorem 1 (Kleene’s fixpoint theorem). The least fixed point fix f of f exists and is such that

fix f=| |(fL)

i>0

This result makes it possible to take fixpoints of arbitrary continuous functions as long
as one deals with extra | elements. This reflects the fact that in a Turing-complete program-
ming languages one may define arbitrary recursive functions, at the price of allowing non-
termination.

Special functions We now introduce some vocabulary regarding important properties of
continuous functions between (pre)domains.

* Strictness: a function between domains is said to be strict when it preserves least ele-
ments.
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* Deflation: a deflation is a continuous function f: D -, D suchthat fcidpand fo f =f.

Deflations are sometimes called projections in the literature. We choose to use the
term “deflation” to avoid ambiguities with regard to the next definition.

Embeddings and projections: an embedding-projection pair (e, p) between two predo-
mains A and B is a pair of continuous mapse: A -, Band p: B -, A such that we
have poe=idand eo pc id. We then write (e, p) : A< B, and more generally say that A
is a retract of B, written A < B when such an embedding-projection pair exists. The
composite eo p is always a deflation since eo poeop =eocido p = eo p. We sometimes
abbreviate the term “embedding-projection pair” as e-p pair.

Isomorphisms: an isomorphism (i,i~!) between two domains A and B is a pair of contin-
uousmapsi: A -, Bandi~':B -, Asuchthati-loi=idsandioi~! = idg. We then
write i : A2 B, or just A~ B when we want to indicate that such an isomorphism exists.

Domain constructors Domains can be constructed from smaller ones in various ways. We
describe several domain constructors in turn, and give some programming intuition about the
definitions.

e Lifting: given a domain D, we may form its lift D, by adding some 1 ¢ D and extending

the partial order £p to make 1 least.

We can always make a predomain out of a set X by endowing it with the discrete order
which is x © x for all x € X. The discrete predomain X can be turned into the flat
domain X, where xc ywhenx=1orx=y.

One may think of a set such as B, as the set of programs whose evaluation either returns
a boolean or does not terminate.

'Unlifting”: one can make a predomain D| out of a domain D by removing its least
element L. Note that D, is not necessarily a domain since it does not have a least element
in general.

Product: one can form the product A x B of two predomains A and B by ordering the
cartesian product of the underlying sets componentwise. When A and B are domains, so
is Ax B and its least element 1 sxp is (14, 1p).

Intuitively, products correspond to lazy pairs, where the evaluation of one component
may loop without affecting the evaluation of the other. For example, (1,1) € B, x B,
models a program returning a pair whose right component evaluates to true while the
evaluation of its left component loops forever.

Smash product: the smash product D; ® D, of two domains D; and D, is a cartesian
product where the two least elements of D; and D, have been identified:

D1®D2:(D1¢><D2i)l
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This product typically models programs returning strict pairs. Given an element x €
B, ®B,, either the computation of the whole pair corresponding to x loops and x = 1,
or it converges to two booleans b; and b, and thus x = (by, b2 ). Observe that there is an
embedding-projection pair (eg, pg): A® B< Ax B.

e Sum: one can form the sum of two predomains D, D, by taking the disjoint union of
their elements such that xSp, . p, y just when x =;x’, y=1;y" and x’ £p, y’, with 1; the
injection into the i-th component of a disjoint union. Note that the resulting predomain
is never a domain.

* Coalesced sum: similarly to the smash product, one may define the coalesced sum D; ® D
of two domains D; and D, as

DIGBDZZ(DU-’_DZl)J_

The injections into the disjoint union naturally give rise to two embedding-projection
pairs (e;, p;) : D; < D1 ® D, by

1 when x =1
;x| otherwise

ei(x) = {

pi() y whenx=|y]
! 1 otherwise

Coalesced sums correspond to strict sums in the sense that D; @ D, does not contain
elements of the form (;1;): one cannot get the tag (; without the corresponding value.

* Function space: The set of all continuous functions between two domains A and B,
ordered extensionally, forms a domain A =, B, with 1 4-._g(x) = 1p as least element.

In addition to their action on domains themselves, domain constructors also give rise
to new functions between domains: in category-theoretical terms, they are functors. Con-
sider the cartesian product of domains for example: given domains A, A/, B, B’ and two func-
tions f: A=, Band g: A’ =, B’, we write f x g: Ax A’ = B x B’ for the function mapping the
pair (x, x) to (f(x),g(x')).

Recursive domain equations When describing programming languages, one often wishes
to construct domains defined in terms of themselves. For example, programs written in
an untyped language featuring higher-order functions and booleans might be modeled as
elements of a domain U such that

UzB, o (U=.U), @2.1)

In the right hand side U occurs in contravariant position, that is on the left of an odd number
of arrows; this makes the existence of solutions to such equations non-trivial. Another use case
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is languages with user-defined recursive data types, such as ML or Haskell. Such languages
typically do not restrict the use of arrows in type definitions, thus allowing the type being
defined to occur in contravariant positions in its definition.

Because of cardinality issues, the existence of such isomorphisms is not obvious. One of
the key achievements—and indeed original motivation—-of Domain Theory is to prove that such
solutions actually exist for a very large class of equations. In particular, all equations built from
flat domains and domain constructors presented above are of this class. We will not work out
in detail how the construction proceeds but give a rough sketch.

Solving a recursive domain equation such as 2.1 consists in finding a domain U and an
isomorphism U = F(U, U), with F the functor modeling the right hand side of the equation.
Here, a functor is a map sending pairs of domains to domains and pairs of continuous functions
to continuous functions. More precisely, given domains A and B, we have a domain F(A, B)
and given functions f: A, —». Aj and g: B; —, By, the functor defines a continuous func-
tion F(f,g) from F(A;,B) to F(A2,By).

The two arguments of the functor respectively correspond to contravariant and covariant
occurrences of U in the right hand side of the equation. For example, in the case of 2.1 one has

F(U,U")=B,®(U =.U"),

One can then form the sequence of domains U, such that Uy = @, and U,+1 = F(U,, Uy). It
is increasing in the sense that U, < U, for all n, with embedding-projection pairs given
by (eo, po) = (L, 1) and (ep+1, Pn+1) = (F(pn,en), F(en, pn)). Now, we can build U as the do-
main

U] = {]]xn|xn€Uy,and x,=ppxp, forall n}

neN
XEyy = XpCty,ynforaln
ly = n=ly,

whose elements are indexed products ordered componentwise. The domain U is the limit of
the sequence U, since each U, embeds into U and that U itself embeds uniquely into any
other domain U’ such that U’ ~ F(U’, U"). This construction actually requires the functor F to
satisfy technical conditions [Streicher, 2006].

Reasoning on domains Domain Theory provides reasoning principles usable for metathe-
oretical investigations or program proof. Of particular importance is a simple induction
principle, often called Scott induction. This property can be used to show that the least fixpoint
of a function f: D —, D satisfies a certain property P, with P identified with a subset of D
well-behaved with respect to continuity.

Theorem 2 (Validity of Scott Induction). Call admissible predicate a subset of a domain D that
contains 1 p and is closed under directed lubs. We write P(x) for x € P. Then, given such a P and
a continuous function f : D —. D the following rule is valid

Vx.P(x)=P(fx)
P(fix f)
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Bibliography Domain Theory was introduced by Scott [1969] in the late sixties. The classic
book of Reynolds [1996] on programming languages features among other things an introduc-
tion to domains and denotational semantics. Winskel [1993] has another good introduction.
Streicher [2006] is more advanced and gives a technical yet clear explanation of the solution of
recursive domain equations. Abramsky and Jung [1994] give a thorough treatment of the core
mathematical aspects of the theory. The book by Amadio and Curien [1998] contains a host of
references. Pitts [1996] derives general reasoning principles for recursively defined domains.
Finally, all the ideas of this section are naturally expressed in the language of category theory.
Awodey [2006] provides an introduction fit for computer scientists.

2.2 Streams

Informally, in a Kahn process network a stream is an infinite sequence that models the suc-
cessive values transmitted through a queue during the whole execution. The only thing one
can do with a stream is to attempt to destruct it into its first element, or head, and remaining
elements, or fail. This operation may fail, because the stream might be empty. Thus, a stream
is either empty, or can be decomposed into a value and another stream, which might itself be
empty, and so on. This suggests the following definition.

Definition 1 (The Domain of Streams). Given a domain D, the domain Stream(D) of streams
of D elements is the solution of the recursive domain equation

Stream(D) = D ® Stream(D)

The solution of this equation comes equipped with an isomorphism i that defines stream
construction (via i;l) and destruction (via is). To make notation lighter, we write abbreviate
stream construction by x.s = is(pg (X, s)) where pg is the projection part of the embedding-
projection pair A® B < Ax B. As expected since adding an element to a queue is strict, we
have 1.s = 1 for any s € Stream(D). Also, for any continuous function f : A =, B, we de-
fine its unique lift to streams Stream( f) : Stream( A) =, Stream(B) in the standard way; this
corresponding to the map combinator of functional languages.

In this thesis, we will always use the above definition with D a flat domain, that is a domain
of the form X, with X a discretely ordered set. In this case, Stream(D) is isomorphic to X*u X?,
the set of finite or infinite sequences of elements in X, ordered by prefix. For example, Figure 2.1
depicts the smallest elements of the domain of boolean streams and the ordering between
them. Remember however that finite words do not model terminating computations but rather
infinite computations that “get stuck” at a certain point. In particular, consider the following
function from streams of natural numbers to the flat domain .

; 1 if x is infinite
infx= { .
1 otherwise
This function is not continuous: given an infinite stream x, it returns 1 for all the finite prefixes
of x yet returns 1 for their limit. In particular, it could not be programmed as a recursive
function using only stream construction or destruction.
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Figure 2.1: The domain Stream(B, ) of boolean streams

The fact that the function inf is not continuous simply reflects that it cannot be imple-
mented as a program: it is impossible to decide whether a stream is infinite or not, since
this is equivalent to the halting problem. Yet, in our later investigations of AcidS and its type
system (Chapter 3), we will want to show that well-typed programs compute infinite streams.
In other words, well-typed programs do not get stuck. Thus, we need to reason on this notion
mathematically. Let us define a predicate characterizing streams holding at least n elements.
We say that such streams converge up to n. Then, a stream that converges up to n for any n is
clearly infinite.

Definition 2 (Convergence and Totality). The convergence predicate s ||, is inductively defined
by the following rules

sln

S U() X.$§ Un+l
The total convergence predicate s ||« is defined by
s oo def VneN,s |,

We say that a stream s such that one has s | -, totally converges, or simply is total. A non-total
stream is said to be partial

Convergence up to n is of course related to the ordering on the domain of streams. In
particular, it is compatible with it in the following sense.

Property 1. Given streams xs and ys such that xs< ys and xs |} ,, one has ys || ..
Total convergence, on the other hand, is related to maximality.

Property 2. Given a flat domain D and stream xs € Stream(D), xs is maximal just if xs |} oo -
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Remark 1. For any domain D, maximal elements of Stream(D) are total. The latter situation
does not arise in this thesis.

For any i, one may see convergence up to i as an approximation to totality. In particular,
this has the convenient corollary that one can use ordinary induction on n to prove that an
element is total. Another notion where this decomposition makes sense is equality. Let us
define the following relation.

Definition 3 (Prefix Equality). The judgment s =,, s’ expresses that two streams xs and ys are
equal on their first n elements, and is inductively defined by the following rules

XS =p Ys

In particular, when xs =,, ys then both xs and ys converge up to n.
As expected, equality of prefixes is an approximation of equality, in the following sense.
Property 3 (Equality of Prefixes). Two streams are equal if all their prefixes are. Formally,
VneN, xs =, ys=>xs=ys

We will sometimes use the convergence or prefix judgments up to z in an informal way,
where the “integer” n is a member of N, rather than a plain natural number. This supposes
that we have a property ensuring n # 1; we will make such conditions explicit when needed.

2.3 Segments

The domain of streams defined above is one of the simplest examples of an interesting non-
flat domain; in particular, it contains infinite chains. This is to be expected since streams
model processes which may become non-productive after some time. The ordering relation on
streams reflects this: by destructing a stream repeatedly, one obtains its elements one by one;
at any point along the way, this deconstruction process may get stuck, a situation denoted by 1.
Conversely, flat domains correspond to computations which either fail to terminate, providing
no information whatsoever, or return complete, total results. In synchronous functional
languages in general and this thesis in particular, we are interested in intermediate points
between these two extreme cases. More precisely, we would like to describe streams such that
when the destruction process succeeds, it returns a whole pack of values (possibly empty) in
one step. Understanding how we can coarsen a stream function will be the subject of the later
sections of this chapter, but we first have to describe such streams where destruction is coarser.

The simplest idea to introduce streams whose destruction may return several elements
while staying inside domain theory is to consider streams of strict lists. We sometimes call such
lists segments to emphasize their role as containers for contiguous elements of a stream.

[31/03/16, 09:44]



28 CHAPTER 2. STREAMS

(] [0] [1] [0;0] [0;1] [1;0]

Figure 2.2: The domain List(B, ) of boolean lists

Definition 4 (The Domain of Lists). Given a domain D, the domain List(D) of finite lists whose
elements belong to D is the solution of the recursive domain equation

List(D) =1, ® (D® List(D))

The strictness of segments corresponds to the fact that list constructors force the evaluation
of their elements. In particular, if D is a flat domain then so is List(D), with |List(D)| in
bijection with |D|* u{1}. Figure 2.2 shows part of the domain of boolean lists.

We now define syntactic shortcuts for list construction with a syntax a la ML. If i; is the
isomorphism solving the above recursive domain equation, we can write [] for the empty
list defined as [] = il‘1 (pa(11#)), with pg the projection part of the embedding-projection
pair A® B < A+ B. We also write x;/ for the list with head x and tail /, defined as x;/ =
ir'(pe(t2(pe(x,1)))), and [x1;...; x,] for xi;...; x,;[], and index streams by natural numbers
so that xs[i] is the i-th value if it exists and | otherwise. Finally, for any continuous func-
tion f: A=, B we write List( f) : List(A) = List(B) for its unique lift to lists. This function is
traditionally written map in functional languages.

2.4 An Informal Metalanguage

The previous sections use “raw” set-theoretic functions to build convenient functions for
stream and list constructions. We feel that this is a way of explaining how things work in terms of
pure domain theory. However, the direct use of isomorphism and embedding-projection pairs
quickly becomes tedious and hard to read when one has to write bigger functions. Following
established usage—such as in the book of Winskel [1993]—we will use a high-level, informal
functional metalanguage for writing continuous functions between domains. Technically, this
is justified by the fact that the category of domains is cartesian-closed and thus provides all the
necessary combinators for interpreting a A-calculus.

As an example, let us define a function that computes the size of a segment. We use a
Haskell-like syntax, and rely on pattern-matching.

length . List(D) =N,
length [ ] =0
length (x;1) = 1+length!
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Itis possible to translate, or “compile”, this function to the raw combinators provided by domain
theory in a systematic way. Pattern-matching can be implemented through the combined use
of list destruction, itself relying on the isomorphism that solves the domain equation defining
lists and on the projections from strict to lazy products or sums, and on the function [ f | g] that
maps (1 x to fx and 1,y to gy. List constructors were explained away in the previous sections.
Recursive calls as usual correspond to least fixpoints. We overload the notation (x, y) and
use it for both ordinary products and smashed ones. Functions acting on N such as addition
are lifted to act on N, and natural numbers themselves are injected into N, . This process is
systematic but will not be detailed in the thesis.

Finally, as a side remark for readers fluent in Haskell, the domains of streams and segments
can be described by the following Haskell data type definitions.

data Stream a = Cons !a (Stream a)
data List a = Nil
| Cons 'a !(List a)

The bang (!) annotation means that the first argument of Cons must be a value, i.e. that this
constructor is strict in its first argument. These annotations correspond, at least intuitively,
to “unlifting” in domain theory. The usual list data type of the Haskell standard library matches
neither the domain of streams nor the one of segments but rather the solution of the more
complex domain equation

HList(D) 2 1@ (D x HList(D) )

while our segments model exactly to OCaml or SML lists.

2.5 Segmented Streams and Clocks

In the rest of this chapter, we consider given a flat domain D that will play the role of “scalars”,
that is basic elements of streams. Given this domain and the definition of segments given in the
previous section, it is now possible to define formally streams whose elements are computed
in a bursty way, segment per segment, as follows.

SStream(D) €' Stream(List(D))

We call the elements of this domain segmented streams.

Let us study the relations between streams and segmented streams. There is an obvious
way to transform a segmented stream into a stream, which consists in concatenating all the
segments. The continuous function unpack implements this transformation.

unpack : SStream(D) = Stream(D)
unpack ([].xs) = unpack xs
unpack ((x;1).xs) = x.(unpack (l.xs))
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To create a segmented stream out of a raw stream, we need to know the size each segment
should have. This information can be presented as a stream of integers, with the n-th integer
describing the length of the n-th segment. We call clocks such streams of integers. Since clocks
play a prominent role in this thesis, we give their domain an explicit name.

def
Ck = Stream(N,)
Given a segmented stream, we can compute its clock as the stream of lengths of its segments.

clock . SStream(D) =, Ck
clockxs = Stream(length)

Now, given a clock w and stream xs, the continuous function pack,, xs computes a seg-
mented stream whose clock is given by w. It relies on an intermediate function splitAt that
takes an integer n and a stream and splits the stream into a pair of a list of length n and the
remainder of the stream by the iterated application of stream destruction.

pack : Ck = Stream(D) = SStream(D)
pack,, , xs=(l.pack,, xs')
where (I, xs’)
splitAt 0 xs
splitAt (1+n) (x.xs)

splitAt n xs

(], xs)

(x;1,xs") where (1, xs") = splitAt n xs

Finally, one may compose the two functions to change the clock of a segmented stream to
a new clock w using repack,,,.

repack : Ck=SStream(D) = SStream(D)
repack,, = pack, ocunpack

The functions pack,,, unpack and repack,, return partial streams in certain conditions.
This is for example the case of unpack xs applied to a total segmented stream finishing with
an infinite amount of empty segments. The case of pack,, xs is more complex, since the
convergence of the output stream depends on w. In the three cases, we would like to describe
the relation between the convergence of inputs and the convergence of outputs of the functions.
For this we define the cumulative function O, of a clock w,

O : Ck=:N=/N,
0u(0) =0
Onw(1+i) = n+0y,(i)

This function may return | when applied to a partial clock. When we use O,,(i) as a natural
number, we implicitly suppose that w converges up to i.

Now, given a segmented stream xs that converges up to i, the total number of elements
present in all segments up to i is given by Ogeck xs(7)- We can use this fact to characterize the
convergence of the functions pack and unpack, using the cumulative function of the clocks of
their inputs or outputs.
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Property 4 (Convergence of pack). The output ofpack,, convergesup toi ifits input converges
up to Oy (i).

VweCk, Vxse Stream(D),VieN,ifwl; andxslo, ;) thenpack,, xs|;

Property 5 (Convergence of unpack). Let w be a clock. The output of unpack, applied to an
input whose clock is equal to w up to i steps, converges up to O, (i).

Vw e Ck, Vxse Stream(D),VieN, ifclock xs =; w thenunpackxs o, (i)

Let us now discuss what we obtain by composing pack and unpack. In the case of the
composite repack,,, the situation is clear—this function does nothing to an argument whose
clock is already equal to w.

Property 6 (Behavior of repack,). The functionrepack,, acts as the identity function when its
input has the same clock w. In other words, for any i one has

repack,, x =; x provided clockx =; w

For unpack o pack,,, the situation is slightly more involved since w might either diverge
or be total but end with an infinite amount of zeroes. In both cases, the composite of the two
functions is smaller (for the pointwise order) than the identity function. We could stop there,
but it is easy to give finer characterization using the cumulative function of w.

Property 7 (Behavior of unpack o pack). Given clock w and stream xs, for any i > 0 one has
(unpack opack,,) xs =¢,,(;) Xs provided w |};

Finally, algorithmic manipulation on clocks will often make use of the index functionZ,,,
the quasi-inverse of the cumulative sum. We write Z,,(j) for this function, which returns the
smallest i such that O, (i) > j, if it exists.

Definition 5 (Index Function).

Z() :+ Ck=:N; =N,
Z.,(0) 0
In.w(j) 1+Iw(j_n)
Note that Z,,(j) may be equal to 1 when the clock ends with an infinite amount of zeroes

and j is too large. We will sometimes use Z,, as a partial function from natural numbers to
natural numbers, rather than a continuous function on domains.

Remark 2. The cumulative sum and index functions can be traced back to the Thése d’Etat
of Halbwachs [1984] and to his joint work with Caspi [Caspi and Halbwachs, 1986]. In these
works, the cumulative sum O,,(_) is called the event counter and the index function Z,,(_)
the time function. The authors remark that, for a fixed clock w, these functions are Galois
adjoint and thus quasi-inverses of each other. This is the case here as well; in particular, we
have O, (Z,,(j)) < j. Let us remark that when w is binary, as in the thesis of Plateau [2010],
the above inequality tightens to O, (Z,,(j)) = j.
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2.6 Buffering and Clock Adaptability

The previous section did not directly discuss the convergence of repack. One may see this
function as a denotational analogue to a buffering process, as the following example shows.
The notation 0%(1)¢ is a shortcut for the clock beginning with two zeroes followed by an infinite
amount of ones.

xs = [0].[2].[4].[6].[8].[10].[12]...
ys=repackg(jyo xs = [].[].[0].[2].[4].[6].[8].[10]...

Imagine that there exists some global, discrete time scale. The stream ys carries the same values
as xs, but they arrive two time steps later. This is what the following chronogram shows, with
vertical alignment representing simultaneity.

Xs [0] [2] [4] [e] [8] [10] [12]
ys=repackz (1) xs [0 [0 [o] [2] [4] [e] [8]
Number of buffered items | 1 2 2 2 2 2 2

The lowest row of the table shows the amount of items from xs that should be stored inside the
buffer.

This buffering process is well-behaved because at each time step i, the prefix of length i of
xs has provided enough data to create the prefix of length i of ys. Here, the situation gives a bit
more freedom: remark that at time step 7, we have received enough elements from xsto produce
a prefix of ys of length i + 2. This gives rise to an order relation on clocks called precedence, as
in the thesis of Plateau [2010].

Definition 6 (Precedence). Given clocks w and w' and k > 0, we say that w k-precedes w’,
denoted by w <y w', when

VieN, Oy(i)>0,(i+k)
Moreover, we say that w precedes w' and write w < w' when w <y w'.

With this notion, one may characterize the convergence of repack when the clock of its
input k-precedes the clock of its output.

Property 8 (Convergence of repack, precedence case). Let w and w' be clocks and k >0 such
that w <, w'. Then the output of repack ,, , applied to an input whose clock is equal to w up
to i steps, converges up to i + k.

VYw,w' € Ck,Vxse Stream(D),Vk,i €N, ifw < w' and clock xs =; w thenrepack , xs ;.
Proof. One has the following chain of inferences.

xs Ui
unpackxs o, (i) (Property 5, hypothesis clock xs =; w)
unpackxs o ,(isx) (Ow(i) 2Oy (i+k), | prefix-closed)
pack,,, (unpack xs) |;x (Property 4)
repack ;x5 |k (Definition of repack) O
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Data (9(1)w(i) Data 0(101)(i)
O 02)(i)
Opz(1ye (i)
l l
(@) (1)? < 02(1)® (b)(101)?< (002)®

The precedence relation only characterizes causality: it ensures that the current outputs
of the buffer only depend on the inputs received up to now. It does not force the buffer to be
of finite size. For that, we introduce a relation expressing that the amount of data produced
and consumed in a buffer are asymptotically equivalent, and thus that their difference stays
bounded.

Definition 7 (Rate and Synchronizability). We call rate of a clock the limit of its cumulative
function when times grows toward infinity.

rate(w) = lim

Ow(i)

i—o00 i

The limit might not exist, in which case the rate of the clock is not defined. Two clocks are
synchronizable, denoted by ww w', when rate(w) = rate(w').

Definition 8 (Adapatability). Given clocks w and w' and k >0, we say that w is k-adaptable
to w' if they are synchronizable and that w k-precedes w'.

w<p wSwww' and w < w'
Moreover, we say that w is adaptable to w’ when it is 0-adaptable to it.

Figure 2.6 gives a graphical view of adaptability. The left side illustrates the example
introducing this section (1)® <:; 0%(1)“; precedence corresponds to the fact that the dashed
curve stays above the plain one, and synchronizability the fact that the difference between the
two at each i stays bounded (by 2, in this case). It is furthermore 2-adaptable since the dashed
curve shifted twice to the right would still be above the plain curve. The right side shows an
example with integer clocks, (10 1)% <y (00 2)“. This relation can be realized by a buffer of
size one. The clock (1)¢ is at most 0-adaptable but not 1-adaptable since shifting the dashed
curve to the right even once makes it lie below the plain one at i = 2.
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2.7 Rescaling and Clock Composition

The previous sections defined clocks as streams of integers that describe a segmented stream.
Through the use of the repack function, one may pass from one segmented stream to an-
other; Property 8 gives a simple result on the convergence of the output in terms of both the
input clock and desired output clock. This property, however, does not characterize all the
changes of clocks we are interested in, because of the condition O, (i) > O, (i + k).

Example 1 Consider the following streams, where we write (1)® for the constant clock of
infinitely many ones.

xs = [0;1].[1.[2;3].[].[4;5].[].

ys=repack o xs

|
—
o
—
—
p—t
—
—
\S]
—
—
w
—
—
=~
—
—
[9)]
—
—
o —
—_
—
~
—

There are two ways to relate xs and ys.

The first one was explained in the previous section: imagine that there exists some global,
discrete time scale, that one segment of xs is computed per time step, and that they have a
length of two at even time steps and zero at odd time steps. In other words, the stream xs has
clock (2 0)®. Then, the above use of repack corresponds to some buffering process that stores
two items at every even time step and releases one item at each time step. This use case is
captured by Property 8: at any step i we have O(; ¢yo (i) > O(1y0(i) and clock xs =; (20)?,
thus repack ). xs converges up to i. This interpretation could be represented as follows, with
vertical alignment denoting simultaneity.

xs o] [ [23] [J [45] [ [67] [
ys=repack)uxs| [0] [1] [2] [3] [4] [5] f[6] [7]

Taking an operational view of process networks, we may think of the above situation as a
case of simple synchronization between the producer of xs and the consumer of ys, with both
running in lockstep. Yet, we could imagine a different scenario where several activations of the
consumer of ys occur for one of xs, or vice versa. For example, ys could be consumed twice at
even time steps, which means that its consumer would run twice faster than the producer of xs.
At odd time steps, there is no value left, so the consumer of ys does not run at all. This is what
the next chronogram depicts.

xs o1] [I (3] [0 [45] [I [67] [I
ys=repack(;)u xs | [0][1] ~ [2][3]  [4][5]  [6][7]

One may think of this example as a situation where time passes faster for the consumer of ys
than for the producer of xs. We say that these two processes are in different time scales, or that
a change of scale, or rescaling, occurs. This usage is not covered at all by Property 8: what we
would like to say is that, given xs |}»;, one obtains repack (;yo xs 2i+1-
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Example 2 Rather than trying to deduce a more general result now, we first continue our
investigations. The situation above is quite peculiar because one can understand it either as
buffering or as rescaling. This is not always the case. Consider the following two streams.

xs [0;1;1].[2;3;5].[8;13;21].[34;55;89]...
ys=repack o xs = [0].[1;1].[2].[3;5].[8].[13;21].[34].[55;89]...

Clearly, this clock transformation cannot be implemented via a finite-state buffer. Remem-
bering the previous section, we observe that xs and ys are not synchronizable since they have
different rates: rate((3)”) = 3 but rate((12)“) = 3. The following chronogram shows the
unbounded growth of the amount of items stored in the buffer.

XS [0;1;1] [2;3;5] [8;13;21] [34;55;89]
ys=repack ; 5yo Xs [0] [1;1] [2] [3;5]
Number of buffered items 2 3 5 6

On the other hand, this describes a valid rescaling where the consumer of ys runs exactly twice
faster than the producer of xs, and whose second activation consumes a segment of length two.

xs [0;1;1]  [2;3;5] [813;21]  [34;55;89]
ys=repack(; 5y0 xs | [0] [1;1] [2][3;5] [8][13;21] [34][55;89]

Here, we would like a result on the convergence of repack expressing that for any i >0, xs |};
implies repack (; 5o Xs {2;.

Example 3 We have, up to now, considered situations where the consumer of ys runs faster
than the producer of xs, but the reverse situation also makes sense. Let us swap the roles of xs
and ys.

xs [0].[1;1].[2].[3;5].[8].[13;21].[34].[55;89]....
ys=repack sy xs = [0;1;1].[2;3;5].[8;13;21].[34;55;89]...

Now, this clock transformation could not even be implemented with a buffer of unbounded
size, since it would need to know the segment received at the second time step to produce its
first segment. The chronogram below highlights the first items where this non-causal behavior
occurs.

xs [0]  [11] 2] [3;5]
ys=repack 3y xs | [0;1;1] [2;3;5] [8;13;21] [34;55;89]

Yet, this makes sense as a change of scale where the producer of xs runs twice faster than the
consumer of ys, in a completely symmetric manner compared to our previous example.

xs [OT[L1] [2][3;5] [8][13;21] [34][55;89]
ys=repack(3)wxs [0;1;1]  [2;3;5] [8;13;21]  [34;55;89]

What are the rules governing changes of scale? They should be characterized through
three pieces of information: the clock counting in internal time-that of ys in the first two
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examples and that of xs in the last one—, the clock counting in external time-conversely,
twice that of xs and then that of ys—and the local time clock describing the relation between
internal and external time-respectively (2 0)® in example 1 and (2)“ in examples 2 and 3. The
intuition supported by the above examples is that the external clock should be equal to the clock
obtained by fusing the numbers present in the internal clock, with the amount of numbers to
fuse described by the local time clock. This fusion process is called clock composition and is
defined mathematically by the following operator.

Definition 9 (Clock Composition). The composition of two clocks w and w' is denoted w on w'
and defined as follows.

(nw)onw' = (suml).(wonw") where (I,w") = splitAt n w'
sum|] =0
sum(x;1) = x+suml

In each example, let us call we the external clock, w the local time clock and wi the internal
clock. The table below shows that in each example, we have precisely we= w on wi.

Example | External clock we | Internal Clock wi | Local Time Clock w
1 clockxs=(20)® | (20)® clock ys=(1)%

2 clock xs=(3)® (2) clock ys=(12)®

3 clock ys=(3)® (2)e clock xs=(12)®

Clock composition has good distributivity properties with regard to cumulative functions.
In fact, it corresponds exactly to their reverse composition.

Property 9 (Cumulative Function of Compound Clocks). Given clocks w and w’, one has
Owonw =0uw o0y

This result leads to an immediate characterization of the action of repack ,, xs in the case
where either w or clock xsis a compound clock.

Property 10 (Convergence of repack, rescaling case). Let w and wi be clocks and write we
for w on wi. We consider two applications of the function repack.

First, the function repack,; maps a stream whose clock is equal to we up to i steps to a
stream converging up to O, (i).

Vxse Stream(D),Vk,i €N, ifwe =; w onwiand clock xs =; we then repack,,; xs|o, (i)

Second, the function repack,,, maps a stream whose clock is equal to wi up to O, (i) steps
to a stream converging up toi.

Vxse Stream(D),Vk,i €N, ifwe =; w onwiandclock xs =¢,(;) we thenrepack,, xs|;
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Proof. The two properties are very similar. For the first case, we have

xs |
unpackxs o, (i) (Property 5, clock xs =; we)
unpackxs o, ..y (Property9)
unpack xs UOW,-(OW( i) (Hypothesis we=w on wi)
pack,,; (unpack xs) |0, (i) (Property 4)
repack,,; xs o, (i) (Definition of repack)

and for the second case

xs Lo
unpack xs UOwi(Ow(i)) (Property 5, clock xs =¢,, ;) wi)

unpack xs U@w omuwi(i)  (Property9)

unpackxs o,,(i) (Hypothesis we = w on wi)
pack,,, (unpack xs) |; (Property 4)
repack,; xs |; (Definition of repack)
which concludes the proof. O

2.8 Properties of Clocks

In order to improve our understanding of clock composition, and the range of changes of scale
that we may perform, let us study its algebraic properties. In what follows, we say that a clock
is binary if it holds no natural number strictly larger than one, and that it is strictly positive if it
holds no zero.

Property 11 (The Clock Monoid). The domain of clocks Ck equipped with the clock composition
operator “on” and the clock (1)® as neutral element forms a monoid. Additionally, the clock (0)%
is an absorbing element.

However, this monoid is not an inverse monoid, and thus not a group. Given clocks w
and w’', w' is a left-inverse for w when w’ on w = (1) and a right-inverse when w on w' = (1)®.
Some clocks, such as (2)®, have no left-inverse, and several right-inverses; for example, (1 0)®
and (0 1)“. Reciprocally, a clock such as (1 0 1) has several left-inverses, for example (2 1)®
and (1 2), but no right-inverse. This is in fact a general result, stated below.

Property 12 (Inverses of Clocks). A clock w has left-inverses if and only if it is binary and of
non-null rate, and has right-inverses if and only if it is strictly positive. Moreover, the left-inverses
of binary clocks of non-null rate are strictly positive, and the right-inverses of strictly-positive
clocks are binary.

Proof. Consider two clocks w and w’ such that w on w’ = (1)®. By definition of clock compo-
sition, any zero appearing in w must appear in w on w’, and thus here w is strictly positive.
Conversely, since numbers appearing in w on w' < (1)® are sums of numbers appearing
in w’, w’ may not contain integer larger than one. O
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The monoid is not cancellative either: it has elements which are either not left cancellative
or not right cancellative. A clock w is left cancellative if for any w’ and w”, one has w on w' =
w on w'" implies w’ = w'. This is clearly not the case since, as explained above, (2)® has two
right inverses. Binary clocks provide similar counter-examples for right cancellativity.

Property 13 (Factoring of Clocks). Any clock w factors as wy, on wy,, with wy, a binary clock
and w), a strictly positive one. Moreover, if w has non-null rate, this factorization is unique.

Proof. The clock wy, is the minimum of w and (1)“, and w), is w with zeroes removed. In
case wj has null rate, it ends with an infinite sequence of zeroes, and in this case wj;, may end
with a sequence of arbitrary strictly positive integers. O

This situation with regard to inverses leads us to adopt the following relational notation for
changes of scales.

Definition 10 (Clock Scattering and Gathering). We say that w; scatters into w» up to w, which
we write w; |, w», when w; = w on w». Conversely, w; gathers into w» up to w, which we
write w» 1, w;, when w on w» = wj.

At this point, the reader may find strange that we adopt two distinct notations for what
appears to be the same relation, reversed. Our main motivation is that, when one considers
only the first two words of each triple, scatter and gather are very different: there are several w,
such that w; |, w, while there is only one w; such that w» 1,, w;—because clock composition
is a function. Let us make this remark precise by defining the two following functions on sets

of clocks.
bw : P(Ck)—P(Ck)

X < {y|xlwpxeX)

Tw : P(Ck)—P(Ck)
twX € {y|xtwpxeX)

One can then show that these two functions bear a special relationship.

Property 14 (The Galois Surjection between Clock Gathering and Scattering). The function
pair (1, w) forms a Galois connection on P(CKk) ordered by inclusion. In other words, for
any X,Y < Ck, we have

twXcYeXcl,Y

Since it is a Galois connection, we have X ¢ |, 1, X forany X. Moreover, 1,,l,, X = X which means
that it is a Galois surjection.

Proof. Let us first prove that X ¢ |, 1, X and 1,,,, X = X for any X. Showing that for any X one
has X ¢ |, 1, X can be done simply by unfolding the definition: since, |;,,1, X = {x' | w onx =
w on x'}, clearly x € |,,1,,X. Observe that in general X ¢ |,,1, X since for example (1 0)® €
Y2)01(2)»{(0 1) }. Finally, 1}y X ={wony|xe X,x=wony}=X.
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These two results imply, and in fact are equivalent to, the existence of a Galois connec-
tion: 1, X ¢ Y implies |, 1, X € |, Y by monotonicity of |, and thus X ¢ |,, Y by transitivity.
The reverse direction is similar, X ¢ |,, Y implies 1, X S, Y =Y. O

This result motivates the notation by showing an asymmetry between scattering and
gathering. We give examples and intuitions for these relations at the end of Section 2.10.
Another justification for the notation is that in the next chapters we will also consider scattering
and gathering for objects more complex than streams, such as functions. In this case the two
notions will be even more asymmetric.

2.9 Clocked Streams

The domain of segmented streams SStream( A), introduced in Section 2.5, models queues in
which one produces and consumes data by batch rather than one-by-one. Each segmented
stream can be mapped to its clock, which describes how it grows as time passes. However,
we will often be interested in the reverse direction: given a clock w, can we describe a do-
main CStream,,(A) of streams compatible with w in some sense? It turns out that there is a
simple way to define this domain using the following lemma.

Lemma 1 (Strict Idempotents and Sub-Domains). Let f be a strict and idempotent continuous
function from a domain D to itself. Then Im(f) is a sub-domain of D.

Proof. Recall that Im(f)={y|3xeD, f(x)=y}. First, since f(1) = L one has 1 € Im(f). Then,
suppose Y ¢ Im(f) is a directed set; we want to show that | | Y € Im( f). Observe that because f
is continuous, f(|JY)=L1f(Y);but f(Y) =Y since f is idempotent. Hence f(|]Y)=|]Y and
thus LY € Im( f). O

Now, consider the function cut,, : SStream(D) =, SStream(D) defined as follows, with w a
clock.

cut _ : Ck= SStream(D) =, SStream(D)
l.(cuty, xs) whenlengthl=n
cuty, v (1.x3) { 1 otherwise

This function maps its argument to its longest prefix whose clock is a prefix of w. For a
fixed w, cut,, is a deflation, and hence is strict and idempotent. Its image consists of all
streams whose clocks are prefixes of w, and by virtue of Lemma 1, it is a domain. We adopt it
as definition of CStream ,(A).

Definition 11 (Clocked Streams). Given a clock w € Ck, the domain CStream (D) of w-
clocked streams is defined as

CStream (D) = Im(repack,,)

Figure 2.3 shows the full domain CStreams 1., (B, ). It corresponds to the first four levels
of the domain CStream, ¢ 1y» (B, ). This example shows that w = w' implies CStream (D) <
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[0;0].[1.[0].L [0;01.[].[1]-x [0;1].[]-[0].L [0;1].[].[1]-x [1;0]-[1.[0].2 [L;01.[1.[1]-x [1:1].[].[0].x [1;1].[]

;0].[1-1 [L;1].[].1

Figure 2.3: The domain CStreamy 1., (B,)

CStream (D). On the other hand, when studying the semantics of functional synchronous
languages, we will often be interested in comparing/embedding the domain of w-clocked
streams, for a certain w, with/into other stream domains, not necessarily clocked. The two
following properties describe this kind of relation between domains.

Property 15 (Clocked Streams and Segmented Streams). For any fixed clock w, the domain
of w-clocked streams is a retract of the domain of segmented streams. The embedding is given by
the inclusion map CStream ,,(D) = SStream(D) and the projection by cut,,.

(=, cuty,) : CStream,, (D) < SStream(D)

The next property is more interesting, and will be useful later on when relating the typed
and untyped semantics of a language.

Property 16 (Clocked Streams and Streams). For any fixed clock w, the domain of w-clocked
streams is a retract of the domain of streams. The embedding is given by unpack and the
projection by pack,,,.

(unpack, pack,, ) : CStream (D) < Stream(D)
Additionally, if rate(w) > 0, then this retraction is in fact an isomorphism.

(unpack, pack,, ) : CStream,(D) = Stream(D) when rate(w) >0

2.10 Ultimately Periodic Clocks

As elements of a domain, clocks are ideal objects that model in an abstract way the commu-
nications of Kahn networks. As such, most interesting relations on them, including equality
and adaptability, are at best semi-decidable. In our later investigations of clock-related type
systems, we will sometimes need to restrict ourselves to a more syntactic class of clocks where
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relations of interest are decidable. This section describes such a set of clocks, the ultimately
periodic ones.

Ultimately periodic clocks have been studied in detail in the PhD thesis of Plateau [2010,
Chapter 4] in the binary case. She outlined how to extend the binary case to the more general
setting of integers greater than one in Chapter 11. We continue this extension here, following
her notations and general style.

2.10.1 Definitions

Definition 12 (Ultimately Periodic Words). An ultimately periodic word is a pair of sequences
of natural numbers (u,v) e N* xN*. Note that v is non-empty.

We write u(v) for this pair, or (v) when u is empty. We say that u is the prefix part and v
the periodic part of u(v).

Definition 13 (Ultimately Periodic Clocks). Each ultimately periodic word u(v) gives rise to a
clock u(v)?, described by the following function, considering u and v as elements of List(N).

_(L)e . List(N}) x List(N, ) =, Stream(N )
[1(v)® = v(v)®
(mu)(v)? = nu(v)®

We call ultimately periodic clocks the clocks obtained in this way. Additionally, clocks of the
form (v)® are said to be (strictly) periodic.

We write |s| for the length of a sequence of natural numbers s and |s|; = 31 ;|5 $[1] for the
sum of its elements. Because v is non-empty, a clock u(v)® is always total, and we thus often
write u(v)®[i] for its i-th integer. By convention, u(v)®[1] is the first number in u(v)® and
we take u(v)“[0] =0. Finally, given a sequence s, we write s’ for s concatenated i times with
itself.

Lemma 2. A clock w is ultimately periodic if and only if there exists two numbers a and b
with a >0 such that w[i+aj+b]=w[i+b] for all numbers i and j such that i >0. We call a
the period and b the phase.

Proof. For the left to right direction, assuming w = u(v)®, take a = |v| and b = |u|. First,
show that for any k one has u(v)®[k+|v|+|u|] = u(v)®[k+|u|]. Conclude by induction on j
that u(v)@[i+|v]j+|u|] = u(v)?[i+|u]].

For the right to left one, form the words u = w[1]...w[b] and v = w[b+1]...w[b+ a] and
show w = u(v)®. O

2.10.2 Equality of Clocks and Equivalence of Words

We have seen that an ultimately periodic word (u, v) describes a unique clock u(v)®. The
converse is not true however, for the same ultimately periodic clock arises from an infinite
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number of words. For example, one has (20)® =(2020)®=2(02)?=2(0202)® and so on.
Words denoting the same clock will be said to be equivalent.

Definition 14 (Equivalence of Words). Two ultimately periodic words u,(v,) and uy(v,) are
said to be equivalent whenever u; (v1)® = up(v2)®. We then write u; (v1) = uz(v2).

The examples above exposed two transformations on words that preserve equivalence.
They will turn out to be relevant to the algorithmic manipulation of ultimately periodic words.

Definition 15 (Rotation and Expansion). We define as follows the rotation function rot and,
given i > 1, the expansion function exp; .

rot(u(nv)) = un(vn)
exp; (u(v)) = u(v')

As an example, the earlier equivalences come from exp, (20)=(2020), rot(20) =2(0 2)
and exp, (rot(2 0)) =2(02 0 2). This also shows that these functions preserve equivalence.

Property 17. For any ultimately periodic word p and integeri >0,

p= rot(p) and p = exp; (p)

In addition, rotation and expansion are in fact essential when one studies the equivalence
of words. Indeed, observe that for any two words p; and p, such that p; = p,, one can always
obtain one from the other through a sequence of applications of rof and exp; . This suggests that
an equivalence class of words always has a smallest element from which all the other ones can
be obtained through rotations and expansions. Given a word p, we will call nf(p) the smallest
word to which it is equivalent, found by applying the inverses of rotations and expansions as
much as possible. Then, to decide whether p; = p,, simply check whether nf(p;) = nf(p2).

Remark 3. Another solution is to check whether the clocks u; (v;)?® and uy (v, )® are equal up
to the point where both reach their periodic behavior. This can be done by computing their
prefixes of length max(|u;|, |uz|) + lem(|v1],|v2|)

2.10.3 Composition

In order to prove that ultimately periodic clocks are closed by composition, we now build up
a series of results on cumulative sums and compound clocks. Because we will apply these
results to ultimately periodic clocks, we now assume that all the clocks involved are total.
The following properties and lemmas could be extended to partial clocks by working with
domains instead of plain sets, but we do not feel that the increased generality would be worth
the additional formal noise.

Lemma 3. For any total clocks w, and w,, one has.

(w1 onw,)[i] = ws[k] for Ow, (i-1) <k <Oy, (i)
k
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Property 18. Let us call drop the following function.

drop : N, = Stream(D) = Stream(D)
dropnxs = xs' where(_,xs') =splitAt n xs

Now, one can decompose the cumulative sum of a clock through the following equation.

Lemma 4. Let u;(v1)? and uy(v2)® be two ultimately periodic clocks such that |u;|; = |uy|
and |v1|; = |v2|. Then their composition is ultimately periodic.

Proof. Call w the clock u;(v;)® onuy(v2)® to be shown ultimately periodic. Let us show that
foranyi>0and j, w[i+]|vi|x j+|ui|] = w[i+|u1|]. On the one hand, we have

wi+|ul]
= L0, oy (it -1)+1k<0,, (,yo (i+]m]) U2 (V2) [K] (Lemma 3)
= L0,y (i-1) 40, (uyo (1) +1k<O yo (1) + Oy (fr ) U2 (V2) [ K] (Property 18)
= L0,y (i-1) w1 +12k<0 yo (1) ]y U2(V2)“[K] (Definition of [s[;)
= L0,y (i-1)+1ck<0(,, o (i) U2 (V2) [k +|ua1]
= L0,y (i-1)+15k<0,, o (i) U2 (V2) [k + U2 (Hyp. [u1]1 = |uz))

- ZO(Ul)w(i—l)+lSk£O(vl)w(i)(vz)w[k]
and on the other

wli+[vi|j+[wl]

= X0, oy (i 1]+ 1) H1<k<O,, (4o (i+]on ]+ ]) U2 (V2)C[K] (Lemma 3)

= X0,y (i+nlj-1)+1k<0, yo (i+]01]j) (V2)[K] (As above)

= 20,0 (i=1)+0(y, yo (1] 1) +1k<O yo (1) + O,y (un ) (V2) [ K] (Property 18 and i > 0)
= 20y (i-1)+{ui]1 j+1k<0 yo (i) +or |1 j (V2) [ K] (Definition of |s[;)

= 20,y (i-1)+15k<0,, o (i) (V2) [k +[v1]1]]

= X0,y (i-1)+15k<0,, yo (i) (V2) Tk +[v2l]] (Hyp. [v1]1 =v2))

= ZC’)(vl)w(i—1)+1£k§(’)(ul)w(l-) (VZ)w[k]
thus the equality holds. We conclude by Lemma 2. )

To show that arbitrary ultimately periodic clocks are closed by composition, we build upon
this lemma. We will show that its hypotheses are not restrictive since they can always be
achieved in all non-trivial cases.

Theorem 3. The composition of two ultimately periodic clocks py = uy(v1)® and ps = up(v2)?
is ultimately periodic.
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Proof. Call w the clock p; on p,. In the case where |v;]; is 0, this clock is ultimately periodic
since then rate(w) =0 and hence w = u(0)“ for some u by definition. Now, assuming |v;|; >0,
the goal is to find p] = uj(v]) and p; = u}(v}) satisfying the hypotheses of Lemma 4 and such
that p; = p] and p, = p5.

First, consider the prefixes u; and u,. If |u;|; < |uy|, increase |u; | until it is larger than |uy|,
obtaining a new prefix u}; because |v;| > 0, this is always possible. Then, if |u][; > |uy], in-
crease |u,| by rotating |u,| - |u}|, times the word p;, obtaining a sequence u). Second, the
periodic parts v; and v, should be expanded into v] and v} so that |v{|; = |vj|. This is always
possible because of the assumption that |v,|; >0 and because |v2| > 0 by definition.

We thus look for words ] (v]) and u}(v,)’ with the following lengths for their prefixes and
periodic parts.

lv1[xlem({v1 1| v2])
[vi)1
lem([v1]y,[v2])

wm| = max(fu] Ly, ()0 (Ju2])) il

max(|ual, Oy vyyo (1)) |v3]

|uy|
This words can be obtained using the following operations, for i € [1,2].
p} = exp,_ (rotbip;) with a; = }Z—i} and b; = |u}| - |u;]

These two words have been constructed such that |u}|; = |uj| and |v]|; = |v}], and are respec-
tively equivalent to p; and p, by virtue of Property 17. Lemma 4 thus proves that w is ultimately
periodic. O

Remark 4. The proof of Theorem 3 actually gives an algorithm to compute the word u3(vs)
such that u3(v3)® = ui(v1)® onuz(v2)®. Since |us| = |uj| and |vs| = [v]], the formulas present
in the proof give the size of the prefix and periodic part of the composition. One can then
compute the composition, for example by applying Lemma 3 for i € [1,|us| + |vs|].

2.10.4 Adaptability

We finally turn to the question of k-adaptability of ultimately periodic clocks. Remember that
according to Definition 8 two clocks are k-adaptable if they are both synchronizable and if the
first k-precedes the second. These two notions are decidable for ultimately periodic clocks,
and thus so is k-adaptability.

Synchronizability Let us begin with synchronizability. Two clocks are synchronizable if they
have the same rate. In the case of an ultimately periodic clock presented by a word u(v), the
rate is a computable rational number, and synchronizability is thus decidable.

Property 19. The rate of an ultimately periodic clock u(v)® is characterized by
rate(u(v)?) = —

[31/03/16, 09:44]



2.10. ULTIMATELY PERIODIC CLOCKS 45

Precedence For the precedence relation, the reasoning is similar to that of Remark 3: to
check whether a clock wy = u; (v1)® k-precedes a clock w- = uz(v2)®, one checks that

O, (i) > O, (i + k)

for all i up to max(|w|, |uz|) + lem(|v1|,|v2|).

Examples We finish with some examples, in addition to the ones already given in Section 2.7.

Example 1. The inequation (1)® <:; 02(1)® models a two-place buffer. No instantaneous
communication happens; in fact, this buffer is even able to satisfy the demands of the consumer
for the current and next time step without consuming its current input: the input is 2-adaptable
to the output.

Example2. While (11001)?<: (0011 1)® also models a two-place buffer, there is no con-
stant decoupling between the producer and the consumer. The two clocks are 0-adaptable but
not 1-adaptable. This comes from the fact that at the fifth time step there is an instanataneous
dependency between production and consumption.

Example 3. The inequation (1)® <:o (0 0 3)® models a buffer which stores its input for the first
two time steps out of three. At the third time step, the accumulated values are transmitted to
the consumer. This buffer implements a form of trade-off between latency and throughput.

2.10.5 Scattering and Gathering

We have seen in Section 2.8 how the gathering and scattering relations model how clocks
evolve when leaving and entering a local time scale. When the clocks involved are all ultimately
periodic, these relations are decidable: one may decide py 1, p2 or p2 |, p1, with p, p; and p»
ultimately periodic words, by checking whether p on p; = p». Let us give some examples that
should help the reader build intuitions.

Example 4. The examples of gathering that do not fuse data are arguably the simplest ones.
This corresponds to local time scales that hide time steps at which nothing was computed.
From the point of view of clocks, this can also be seen as the case where gathering removes
zeroes. Such examples include (10) ;)0 (1)® and (0 1) ;)0 (1)© which model data going
out of a local time scale driven by (2)®. The internal clock is not necessarily binary, as we have
(020)® 13y (2)” and (3 0)* 1(,y» (3)® for instance. The external clock may still retain some
zeroes, asin (10)® 1 5y0 (1101)® or (0100)® 1,y (10)“ . Note that in all these cases, the
driving clock is striclty positive, since it must not insert any zero.

Example 5. We know that w; 1,, w» holds iff w, |,, w;. Applying this principle to the previous
examples gives us scattering relations that do not split data. This is uninteresting when
the external clock is binary, since there is striclty speaking no data to be split. Consider for
instance (2)® | (3)» (02 0)®. The chunk of size two is consumed as a whole at the second local
time step out of three, rather than split into several ones. From the point of view of clocks,
these scattering relations are the ones that only add zeroes.

[31/03/16, 09:44]



46 CHAPTER 2. STREAMS

Example 6. Some gathering relations fuse several chunks together, and some scattering rela-
tions divide them apart. This is the case in 0*(101)® 13y 1(2)® and 1(2)® | (5y» 0*(10 1),
for instance. Note that this cannot happen when scattering a binary clock, since in this case
there are no chunks to divide.

Example 7. Local time scales driven by binary clocks are interesting, as they correspond to
the activation conditions of Lustre and SCADE. They are however expressed at the level of
clocks, while activation conditions are untyped operators. Gathering by a binary clock inserts
some zeroes, as in (3 2)? 1y, gy» 3(2030)“ or (10)“ 1o 1y« (0100)® . This models the fact
that during some time steps the local time scale is idle, and thus produces no data.

Example 8. It is important to understand the effect of scattering by a binary clock, which is
slightly counterintuitive. Consider how a stream of clock (2 0)“ may enter a local time scale
driven by (1 0)®. At the first external step, the two values are used in the local time scale. At
the second external step, no data is availabe, which is fine since there is no corresponding local
step. This shows that the internal clock is (2)© and explains why (2 0) | (; gy (2)* holds. In
contrast, there is no clock wi such that (1)% (1 0)» wi holds, since the value arriving at the
second external step cannot be processed by the time scale, which is idle at this point. Thus,
from the point of view of clocks, this kind of scattering can be understood as an operation
which filters zeroes from the input clock when they occur at the same position in the driving
clock. In operational terms, this corresponds to removing empty chunks that arrive when the
time scale is idle. Moreover, the relation guarantees that when no local step is performed no
input data may be present.

2.11 Bibliographic notes

We have described basic properties of streams and segmented streams in a denotational
fashion, and shown how to use clocks to characterize the relation between these two domains.
By studying the convergence of the rescaling function, we had a taste of how clocks can be
used to describe temporal phenomena. The next chapter builds upon these ideas to describe a
concrete language. Before that, we discuss some bibliographical references.

Synchronous languages As explained in the introduction, the ideas of the present work can
be traced back to the seminal paper of Kahn [1974] on deterministic parallel programs. The
contribution of this chapter is to allow the presence of integers greater than one in clocks,
or, equivalently, of allowing clocks that assign the same time step to several consecutive
elements of a stream. The notion of rescaling goes hand-in-hand with integer clocks, and was
a motivation for their introduction.

The use of clocks to compile synchronous languages comes from Lustre [Caspi et al., 1987].
They became vital to the compilation process with Lucid Synchrone [Pouzet, 2006] which
pioneered the compilation techniques used in SCADESG [Biernacki et al., 2008]. This chapter
adopts the point of view of n-synchronous Kahn networks [Cohen et al., 2006] as implemented
in the language Lucy-n [Mandel et al., 2010] by Plateau and Mandel, including their description

[31/03/16, 09:44]



2.11. BIBLIOGRAPHIC NOTES 47

of the monoid of clocks and of the adaptability relation. In particular, we pay heavy debt to the
exposition of binary clocks found in chapter 3 of the PhD thesis of Plateau [2010]. This latter
thesis itself builds upon the work of Caspi and Halbwachs [1986].

From a more semantic point of view, we feel that the work of Caspi [1992] on the nature and
role of clocks is of paramount importance. In this paper, Caspi shows how clocks characterize
subsets of the inputs of a process network where the network can be implemented as a finite-
state machine. Interestingly, he explicitly ponders the case of integer clocks but chooses not to
investigate it further. Quoting Caspi:

We may now understand why the oversampling case is more complex [...] the
corresponding [soundness] theorem would be more difficult to state, as the mgsm
[multiple generalized sequential machine] property depends now on the posi-
tion of the fbys, along the cycles of the network, with respect to the position of
corresponding lasts and muxs.

The foundational aspects of the relation between binary clocks and Kahn networks are studied
and developed in the second half of the PhD thesis of Gérard [2013]. A similar treatment of
integer clocks has not yet been achieved.

Regarding the rescaling operation, this is to our knowledge the first time it has been de-
scribed in a synchronous functional language. In synchronous languages in general, let us
mention the work of Mandel et al. [2013] on adding clock domains to ReactiveML, the work
of Gemiinde et al. [2013] on clock refinement in Quartz, and the work of Benveniste et al.
[1992] on the foundations of the relational language Signal. More generally, one may find
analogues to special cases of rescaling in the literature. On the one hand, rescaling by binary
clocks broadly corresponds to the activation conditions of Lustre and SCADE (as described
by Halbwachs [2005, Section 4], for example), and to the guards inserted by modern compilers
for synchronous functional languages during compilation [Biernacki et al., 2008]. On the other
hand, rescaling by strictly positive constant clocks corresponds to loop unrolling or circuit
unfolding (e.g., [Parhi and Messerschmitt, 1991]).

Static scheduling Another related line of work lies in models for static, cyclic scheduling,
such as the well-known Synchronous Dataflow Graphs from Lee and Messerschmitt [1987]
or the older Computation Graphs of Karp and Miller [1966]. These models typically consider
a sub-class of Kahn process networks where communication rates between processes are
statically known. Hence, one can apply powerful scheduling techniques at compile-time to
check properties—for example the absence of deadlocks—or look for schedules optimizing
various criteria—for example throughput, or buffer sizes. We will see a modest analogue to
these techniques in our setting in Chapter 5.

In contrast to most of these works, (n-)synchronous languages offer the ability to compose
programs into bigger ones. The essential tool is clock composition, which makes it possible to
use clocks for describing both communication patterns and schedules. In particular, if we see
a clock w; as a schedule and a clock w, as the communication pattern of some component,
then w; on w, can be seen as the updated communication pattern of the same component
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after it has been scheduled according to w;. Also, while these models describe processes
communicating in a bursty manner, their schedules remain binary clocks, and they do not
consider time scale changes.

Another difference is that the scheduling community only considers schedules that are
finitely presentable (typically periodic or ultimately periodic), in contrast to the theory of
this chapter where clocks are arbitrary integer streams. We believe that one of the main
contributions of the programming language point of view on scheduling, as introduced in
the original n-synchronous paper [Cohen et al., 2006], is the separation it enables between
algorithms and semantics. It is possible to describe the nature and properties of clocks in
a general setting and state results once and for all. The algorithmic side can then reuse the
general properties and focus on clever scheduling techniques.
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Chapter 3
Language

We now turn to the description of a concrete language for writing stream functions. This
language is equipped with clock types, in order to ensure that programs execute within bounded
time and space. Its description relies on the basic semantic tools introduced in Chapter 2. More
precisely, this chapter introduces and studies a minimal language, named pAS, where semantic
questions can be studied with as little formal baggage as possible. As such, it is quite restricted
compared to a more usable language, yet exhibits all the interesting issues arising from integer
clocks and the scaling operation. We study more expressive languages in Chapter 5.

This chapter goes as follows. First, we introduce the basic features of the language. It is a
variant of the linear A-calculus with fixpoints and ad hoc operators for stream manipulation.
We describe a simple untyped semantics for the language in terms of a universal domain;
it serves as an ideal, clock-free, semantics where programs manipulate streams of scalars.
Then, we give a clock type system for the language, and a typed semantics interpreting typing
derivations as functions on segmented streams. The type system includes rules for buffering
and scaling. We discuss and prove its soundness using a time-indexed realizability predicate.
We conclude by discussing how the typed semantics can be seen as witnesses for properties of
the untyped one, and more generally the relationship between the two.

3.1 Syntax and Untyped Semantics

Clocks, as presented in the previous chapter, are a denotational tool for describing operational
properties of streams and stream functions. It should always be possible, however, to under-
stand the meaning of a program in a way that is independent of clocks. In technical terms, we
wish to have a naive semantics where functions act upon streams of scalars.

What are the main ingredients of a functional language for stream manipulation? We claim
that they are twofold. First, one should have the ability to manipulate streams and apply various
operations to them. We can restrict ourselves to three elementary operations: scalar-wise
transformations, with constant streams as a special case; stream sampling, where one removes
some elements from a stream; and stream merging, where one interleaves elements from two
streams. Both sampling and merging take a boolean stream describing whether to keep an
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e = X Variable
| funx.e Function
| ee Application
| (ee) Pair constructor
| let(x,x)=eine Pair destructor
| fixe Recursive definition
| s Constant stream
| op Lifted stream operator
| mergep Stream merging
| whenp Stream sampling
s == nelnt Integer literal
| beB Boolean literal
op = +|*]|... Scalar function
p = u(v) Ultimately periodic word
u = ¥ List of scalar literals
v = st Non-empty list of scalar literals

Figure 3.1: Syntax of uAS

element or not (for sampling) or from which stream to take (for merging). Second, one should
be able to use the usual features of the A-calculus to define and combine functions as usual in
functional programming. We see anonymous functions, applications and the manipulation of
pairs as wiring combinators enabling the modular construction of programs. In addition, the
language should have a fixpoint operator for introducing feedback loops in the Kahn network.

In addition to these general principles, one should design the language so that we can
equip it with a clock type system. As usual, capturing a large class of correct programs requires
an expressive type system with a complex metatheory. Because in this chapter we want the
latter to be as simple as possible, we restrict ourselves to a simplistic programming language.
In particular, we would like to have a simple one-to-one correspondence between clocks and
clock types, a principle which does not hold in languages such as Lucid Synchrone which
feature clock polymorphism.

For all these reasons, we study a language where programs have a ultimately periodic
behavior. This is a quite restrictive choice since, for example, it makes it impossible to write
functions for which the convergence of outputs depends on the value of inputs. It is not
completely inexpressive however, as one can write non-trivial programs such as the examples
found in the thesis in Plateau [2010].

Syntax The syntax of the language is given in Figure 3.1. We suppose given an infinite
countable set of variables V = {x, y,z...}. The first six constructs of the language describe
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a A-calculus with pairs and recursive definitions. We also have constant streams s, with s a
scalar literal, pointwise liftings of scalar operators op such as addition or multiplication, stream
merging and sampling. Integer literals belong to a finite set Int of bounded natural numbers.
This bound is arbitrary; we take 264 — 1 in order to model unsigned 64 bit integers. Merging
and sampling are parametrized by a condition, which is an ultimately periodic word p = u(v),
with u the (possibly empty) prefix and v a periodic pattern.

The syntax of this language and its untyped semantics make it a straightforward variation on
Lustre and its descendants, such as the functional core of Lucid Synchrone or Lucy-n. It shares
with Lucid Synchrone its higher-order nature, and with Lucy-n the restriction to ultimately
periodic conditions. There is one small syntactic difference however: we choose to write when
and merge with their condition on the side. Readers familiar with synchronous functional
languages might find this formulation unappealing in the case of when, which is generally
written in an infix manner—in our syntax one writes when p e rather than e when p. This
difference is purely stylistic however, and it will pay off by lowering the amount of bureaucracy
in later definitions, statements and proofs.

Semantic combinators We now turn to the description of the untyped semantics of the
language. It is a function from the syntax of programs to some mathematical model, here
domains, which makes it a denotational semantics. Since our semantics is completely untyped,
it attributes meanings to all syntactically valid programs, even nonsensical ones such as 1 +
(fun x.x). We again rely on domain theory and its built-in handling of partiality to build a
space where this kind of operation can be described. Let us describe the traditional solution to
this problem that we adopt here.

Our language includes streams of scalar values, pairs and functions. We suppose given a
domain V of scalar values such that the e-p pairs

(bool,unbool) ¢ B, <V
(int, unint) e Int qV

exist. Note that the streams of the language cannot transport complex values such as functions
but only simple scalars. Now, what would be a good domain K for interpreting the language?
Since it includes streams of scalars, singletons, pairs, and functions, we want the e-p pairs

(stream, unstream) € \Y q
(unit, ununit) € 1, q
(pair, unpair) e KxK <
(fun, unfun) e K=K «

to exist. Since we need nothing more, we define K as the solution of the following recursive
domain equation.

~ X X~ A~

K 2z Stream(V) ® (KxK) & (K=,K)

ML programmers may think of this domain as a (denotational analogue to a) recursive variant
type, with one variant for each kind of value in our semantics.
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The untyped semantics of the language is unremarkable since it is a A-calculus with ad hoc
constructs for stream processing. The only definitions that are not standard in the theory of
functional languages are those concerning stream-related constructs. We define the denota-
tional counterpart to each of these four constructs. They appeared first in Caspi and Pouzet
[1996].

const €S = Stream(S)
const s = s.const s

The const is used to interpret literal constant streams. It repeats a scalar constant s an un-
bounded number of times.

2::2: ((bool 1).cs) ((x.xs),ys)
merge ((bool 0).cs) (xs,(1.ys))

m

Stream(S) = Stream(S) x Stream(S) =, Stream(S)
x.(merge cs (xs,ys))
y.(merge cs (xs,ys))

The function merge cs (xs, ys) intersperses the elements of xs and ys according to a condition,
the stream cs corresponding to p in the syntax of Figure 3.1. When the first element of cs is one,
the next output is the first element of xs, and symmetrically for zero and ys. The condition is a
stream of scalars, all of which should be booleans; hence the use of the embedding bool in the
left-hand side of the above definition to express an implicit use of the unbool projection in the
definition of the function.

m

when
when ((bool0).cs) (x.xs)
when ((bool 1).cs) (x.xs)

Stream(S) = Stream(S) = Stream(S)
when cs xs
x.(when cs xs)

The sampling function when filters its input according to a condition cs. More precisely, the
function removes elements of the stream xs when the boolean of same rank in csis false.

map, € (Sx---xS=.5)=,(Stream(S) x---x Stream(S)) = Stream(S)
map, = AfA(x1.x81,...,%X5.%8,).(f (x1,...,%,)).(map,, f (xs1,...,x5,))

The family of function map,,., applies an n-ary function f pointwise to n streams. Following
categorical spirit, we sometimes write Stream( f) for map, f.

unroll € List(S) = List(S) = Stream(S)
unroll (n;u) v = n.(unroll u v)
unroll [] v = unroll v v

Finally, the function unroll builds the ultimately periodic stream unroll z v from its syntactic
representation as a pair of lists u(v).

Environments An expression e may contain free variables, the set of which is written FV(e)
and defined as in Figure 3.2. The interpretation must be parametrized by an environment
assigning a value to each free variable. We adopt a simple solution: an environment simply is a
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Fv(x) = {x}
FV(funx.e)=FV(e)~{x}
FV(ee')=FV((ee'))=FV(e)uFV(e')
FV(let (x,y)=e1iney)=FV(e ) U(FV(ex)N{x,y})
FV(fixe)=FV(e)
FV(s)=FV(op)=FV(merge p) = FV(whenp) =g

Figure 3.2: Syntax of pAS - free variables

continuous function from V, seen as a discretely ordered predomain, to K. We abbreviate the
domain of K-valued environment as

Env(K) € v=.K
An environment o € Env(K) is extended with a new binding (x, k) € V xK via

o[x—k] €' Ayify=xthen kelse o (y)

and the value of a variable x can be obtained by applying o to x.

Interpretation functions Interpretation functions map syntactic objects to their denotations.
We define four functions, one for each distinct syntactic category. The first two categories, s
and op, are left abstract since the precise language of scalars and operators is mostly inde-
pendent from the rest of the language. We assume that their interpretations have been given
Overloading notations, we write both of these functions [_|, relying on context to disambiguate
them. These functions should have type

[s] € S
[op] € SxS=,S

since scalar literals correspond to elements of S and operators to binary functions on S.

We later reuse the functions [_] directly in the typed semantics. In contrast, the interpre-
tation functions for conditions and expressions are specific to the untyped semantics and,
overloading notation again, we write them K[_]. We use the letter K to recall the terms Kahn
semantics, sometimes used informally to describe the untyped semantics of synchronous func-
tional languages [Pouzet, 2002]. The semantics K[ p] for ultimately periodic words p = u(v),
with u and v lists of scalars, consists in using the unroll function defined above. It is given
in Figure 3.3 (a).

The interpretation K[[e] of an expression e is a map from environments Env(K) to KK. Its
definition is given in Figure 3.3 (b). It is mainly routine that injects and extracts values from
or to the universal domain K, as needed. The first six clauses are standard in interpretations
of the untyped (or pure) A-calculus. The remaining ones dedicated to stream processing
constructs rely on the previously defined functions, wrapped with the appropriate embedding
and projections to make them inhabitants of K.

[31/03/16, 09:44]



CHAPTER 3. LANGUAGE

K[pl

€ Stream(V)
= unroll (List(K[_]) u) (List(K[_]) v)

(a) Semantics of Ultimately Periodic Words

54
K[p]
Ku(v)]
K[e] €
K[x] o =
K[funx.e] o =
K[ee'] o =

K[(e1, e2)] o

K[let (x,y)=e1ine] o
K[fixe] o

K[s] o

K[op] o

K[merge p] o

K[when p] o

K[e]

Env(K) =K

o(x)

fun(AvK[e] o[x~ v])

(unfun (K[e] 0))(K[e'] o)

pair (K[e1] 0,K[ez] o)

(A(dyx,dy) K[eo] o[x+dy,y— dy]) (unpair (K[e] 0))

= fix(unfun (K[e] o))

stream (const [s])
fun(streamo mapy [op] o (unstream x unstream) o unpair)

= fun(streamomerge [p] o (unstream x unstream) o unpair)

fun (streamowhen [p] ounstream)

(b) Semantics of Expressions

Figure 3.3: Untyped semantics

Discussion The language as defined above can be seen as an untyped fragment of Haskell
with a unique base type, that of streams. In particular, it allows programs of dubious behavior
in the context of real-time stream processing. Let us describe three classes of behaviors that

we wish to rule out.

1. Programs having the usual “type errors” where one tries to combine data having in-
compatible shapes, such as for example 1 (fun x.x) and 1+ (4,2). In general their
interpretation in the untyped semantics defined above is L.

2. Programs with recursive definitions that produce partial rather than total streams, such
as fix (fun x. x). We may think of these programs as process networks that deadlock.

3. Programs whose memory usage grows without bound as time passes. They correspond
to process networks with buffers that cannot be bounded without introducing artificial
deadlocks, or that have an unbounded number of processes.

The first issue is addressed by traditional type systems. Let us discuss the ways in which
memory usage may increase over time.
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First, there are programs that combine streams in ways that inherently use an unbounded
amount of memory for buffering intermediate results. Consider for example the function

fun x.(x+when (10) x)

which requires buffering an unbounded amount of elements of the stream x as time passes.
Such programs are well-known in functional synchronous programming and it is the role of
ordinary clock types to reject them.

Second, recursive functions may also use an unbounded amount of memory for storing
intermediate results. A practical consequence of this behavior in general-purpose functional
languages is the possibility of stack overflow. Real-time synchronous languages such as Lustre
generally forbid such functions.

Third, higher-order functions bring their own set of problems. The standard modular
scheme for compiling higher-order functions assumes both dynamic memory management
and the presence of code pointers in the target language. While the removal of certain features,
such as streams of functions, may help avoid dynamic memory allocation, the need for code
pointers remains.

We tackle all these problems in the next section through the use of a dedicated type system
ensuring that programs are free of type errors, produce infinite streams, and work within
bounded memory. Our final objective is to compile well-typed programs to static hardware.

3.2 Type System

3.2.1 Motivation

The problems outlined above stem from the unrestricted use of three features: sampling and
merging stream combinators, recursive definitions, and higher-order functions. We would
like to reject programs that use these features in a way that is either unsafe, or that cannot be
compiled to circuits. Since these questions are undecidable in general, we settle for a sufficient
syntactic condition; since we wish to allow for separate compilation, we look for modular
criteria. These goals suggest the use of some sort of type system, which we outline in the next
paragraphs before giving its formal description.

Why clock types? Memory usage problems described above are linked with the growth of
streams along program execution. Say that a stream function is length-preserving if, given
inputs converging up to n steps, its outputs converge up to n steps. Such functions are
well-behaved in that they map total streams to total streams; it is also easier to characterize
whether they can be implemented as finite state machines. In particular, if one sees the action
of running a state machine on an input sequence as a stream function, then this function
is length-preserving. This intuition suggests taking length-preservation as a criterion for
functions that can be turned into state machines.

Unfortunately, many interesting programs sample or merge streams in ways that make
their denotations fall outside of this class of functions. Yet, the notions of clock and clocked
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streams introduced in Chapter 2 offer a way out. We have shown in Chapter 2 that, given two
clocks w and w’, there exists an embedding-retraction pair

(desync, sync) : CStream ,,(N, ) =, CStream (N, ) < Stream(N, ) = Stream(N,)

between functions on clocked streams and functions on streams. Thus, one can project a
function f on streams to a function sync( f) on clocked streams. The interesting thing is that,
under certain conditions, sync( f) is better behaved than f itself; in particular, sync( f) might
preserve lengths even when f does not. One of the main roles of the clock type system is
precisely to give a syntactic characterization of these conditions and to enforce additional
properties of sync(f), such as deadlock-freedom.

From a more technical point of view, the fact that a closed program e has type ¢ in our
system ensures that K[ e] has certain good properties. Because such properties are independent
from ¢, the existence of any type ¢ and typing derivation d whose conclusion is o+ e: ¢ implies
that they are satisfied by K[e]. One can then run the program using any implementation of
the untyped semantics, such as a shallow embedding into Haskell. In this case, types can
be considered as irrelevant to execution. On the other hand, we will see in the later parts of
this chapter that a typing derivation d gives rise to a function S[d] that precisely corresponds
to the function sync( f) from above. This function and the typing derivation that underlies
it give precious information that we will use to give a more efficient implementation of the
program e. Moreover, and in contrast with the reasoning above where one is interested in d
and ¢ themselves but in their mere existence, distinct derivations d get compiled to distinct
state machines. We then say that types are relevant to the compilation process!.

Thus, clock types are not only used to reject unsafe programs, but also provide powerful
hints to describe how the same program may be compiled to different implementations. In
particular, we will see how the two clock transformations studied in the previous chapter,
buffers and scatter/gather, make it possible to describe and implement various space/time
trade-offs in an abstract manner.

Because uAS features only ultimately periodic conditions, in this chapter clock types denote
ultimately periodic clocks. This makes the metatheory much simpler while still exhibiting
most of the interesting features and issues related to integer clocks. In particular, a clock
type denotes exactly one clock, which will no longer be the case in some of the type systems
of Chapter 5.

Why linearity? We have explained that higher-order functions are problematic when one
wants to statically bound memory usage. This problem hinges upon the conceptual difference
between functions as first- and second-class objects.

In the case of first-order languages, functions are second-class citizens: they cannot be
passed around or returned, and thus a function name always refers to some fixed piece of code.
Calls to such functions can be compiled by instantiating the callee inside its caller, either in
hardware or software.

!This philosophy is similar to that of Proof Theory, where one is interested not only in provability but in proofs
themselves. It also corresponds to what type theorists call proof-relevance, the idea that the proofs of certain
propositions carry non-trivial computational content.
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* Hardware Description Languages such as VHDL or Verilog offer built-in facilities for
instantiating closed circuits, typically called components. Synthesis tools replace each
instance declaration with a copy of the corresponding component early in the compi-
lation process. The resulting flat description is then turned into a physical object or a
configuration file for an FPGA.

* In software, this inlining process is unnecessary: a stream function is compiled to a
description of its internal state and to a transition function that can be reused freely.
Each call to a function f in g gives rise to a new copy of the state of f in that of g, passed
to its transition function.

In the case of higher-order functions, this approach is no longer sufficient: even if f is
a function from, for example, streams of integers to streams of integers, its body may refer
to variables whose values are provided by its environment at definition time. Consider for
example the two stream functions below, written in the metalanguage of Chapter 2.

g € (Stream(N,)=Stream(N,)) = Stream(B,)
g§f =

h e Stream(N,) = Stream(B,)

hx = g fwherefy=(owhereo=x+y+0.0)

The function g is a second-order function; & receives an integer stream x and calls g with a
function f that computes the cumulative sum o of the stream x + y, where y is the stream
passed to f by g. From the perspective of g, f is a function that, given a stream of natural
numbers, returns a stream of natural numbers; but the value computed by f depends on x,
which g knows nothing about. The variable x is free in f and bound in k. Thus, one cannot
simply instantiate the body of f inside g, since it would need to be passed with the value of x
which is not available there. There are two standard solutions to this difficulty.

1. There are several whole-program techniques that statically transform a program with
higher-order functions into one that is completely first-order. For example, one can
replace g with its definition everywhere, and similarly for every higher-order function.
Another possibility that is less expensive in terms of code size is to use the defunctional-
ization technique of Reynolds [1972].

2. Asalluded to in the previous section, one can perform closure conversion [Landin, 1964;
Appel, 2006] to implement higher-order functions in a language such as C or assembly.
In our example, the function f would be represented in the compiled code of g as a pair
formed of a (pointer to) the compiled body of f next to a structure holding the value of
its free variables. This pair, or closure, would have to be created by £, storing the value
of x in its second component.

Unfortunately, both approaches appear unsatisfactory to us. Whole-program transfor-
mations are incompatible with separate compilation. Closure-conversion assumes that the
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_____________________________

Figure 3.4: Circuit composition in h’

target language is able to represent code pointers. This is not the case in hardware: functions
are compiled to circuits, which are—at least conceptually—physical objects that cannot be
abstracted over.

Now, imagine that the behavior of g is to test whether the natural number 42 is mapped
to 27 by f. The body of g would actually be the following.

g ¢ (Stream(N,) = Stream(N,)) = Stream(B,)

gf = (f42)=27

This function g calls f exactly once. Following the terminology introduced by Girard [1987],
we say that g is linear. In this case, the only dialogue possible between g and f is that g sends
to f one input, and f sends to g one output. In the general, non-linear case, this dialogue
may involve an unbounded number of exchanges between the two functions. The important
point is that a linear g does not need to know the body of f, only its input and output. This
suggests that g can actually be rewritten into a first-order function g’ that takes as an argument
the output of f and returns as an additional result the input passed to f by g.

g’ € Stream(N,) =, Stream(N,) x Stream(B, )
g'o = (42,0=27)

Now, knowing that g is linear, & can be rewritten into a function h’ adapted to g’. The func-
tion h' relies on the additional output of g’ as a substitute for the variable y that was previously
bound by f, making the code completely first-order.

h' € Stream(N,) =, Stream(B,)
h'x = rwhere (y,r) g'o
fy

owhereo=x+y+0.0

0
fy

Because the resulting functions are first-order, they can be compiled as usual to digital
circuits. Figure 3.4 gives an intuitive depiction of the result in the case of g’ and h'. Note that
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the variable x free in f has here been represented as an additional input to the function. The
underlying principle can be extended to functions of arbitrary order, and will serve as a basis
for the compilation of our full language.

We have seen that a higher-order function g using its functional argument f in a linear
fashion can be understood as a first-order function receiving the output of f and returning the
input to f. Application can then be translated to a kind of parallel feedback between f and g,
as shown in Figure 3.4. This translation process will be made systematic when we compile our
programs to state machine; but first, we need to make sure that each higher-order argument
used by a function is used linearly. This is why our type system uses linear arrow types to check
that a function is used exactly once.

As a side note, let us add that it is possible to design more flexible systems that count
the number of times a function is called, and make it possible to reuse closed functions an
arbitrary number of times. We will propose such a type system in Chapter 5. The simple system
proposed offers a more pedagogical introduction and will serve as a basis to more expressive
extensions.

3.2.2 Formal Definition

We now describe the type system based on the principles outlined above, mixing (integer)
clock types and linear higher-order functions. It is based on three type constructors, a main
well-typedness judgment for expressions, and a number of additional judgments that either
reflect relations on clocks at the level of clock types or manage the linear aspects of the system.

Types The following grammar defines the syntax of types.

t = dt:ct Clocked stream of scalars
| tot Product
| t—t Function

dt == bool | int | ... Scalar type

ct = p Ultimately periodic clock type
| ctonct Compound clock type

Types t classify expressions e. We allow expressions to denote either streams of scalars with a
specified clock, products ¢ ® ¢’ or functions ¢t — t’. We use ® and — as type constructors rather
than the more common x and — to insist on the linear aspect of the type system, following
notations dating back from Girard [1987]. The type of streams dt :: ct describes both the data
type dt of the scalars held in the stream, and the clock type ct. Intuitively, data types dt should
classify elements of the domain S, and so must contain at least integer and boolean types.
As explained above, clock types denote ultimately periodic clocks and can be either a literal
constant p or a compound clock cton ct’.
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Contexts The typing judgment relies on a notion of context I' to describe the types of free
variables of an expression. Our definition is standard.

I' == o Empty context
| T,x:t Augmented context

Contexts are lists of bindings. A binding is a pair of a variable x and a type t. A variable x
appearing in a binding of T' is said to be bound in T’; the set dom(T') of all such variables is
defined as follows.

dom(o) = g

dom(T,x:t) dom(T)u{x}

Typings Finally, we sometimes need to manipulate pairs (T, ¢) of context and type. Such
a pair is called a typing and written I' - £ for clarity. Typings with empty contexts are often
written + ¢ instead of o  ¢.

Typing expressions Figure 3.5 defines the judgment I' - e: ¢ stating that the expression e has
type t under context I', or that I - ¢ is a typing for e. We detail each rule.

. assigns to a variable the type given by its rightmost binding in the context.
Since the type system is linear, the rest of the context should be erasable.

VAR
I value

Ix:tr-x:t

The premise + I" value ensures that I is a value context, which can be duplicated or
erased. There is a corresponding judgment + ¢ value for types. Both judgments are
defined in Figure 3.6. A value type can only be a clocked stream or a product of value
types. A value context is a context which holds only value types.

. ] Rule WEAKEN \ removes useless bindings from the context, when they bind value types.

WEAKEN
F-e:t +t'value x¢FV(e)

Ix:t'+e:t

e | Rule LAMBDA |introduces function parameters in the context.

LAMBDA
Ix:tre:t

—funx.e:t—t

This is the usual rule of typed A-calculi.
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VAR

WEAKEN LAMBDA
+ T value F+e:t +t'value x¢FV(e) ,x:t+e:t
Ix:t-x:t Ix:t'+—e:t I'funx.e:t—t
App PAIR
w9l Thire:t—t Thre':t -l Tire:t; Tore:b
I'ee':t T+-(e,e): 100
LETPAIR
I'-I'®I'y IrFe:H1®H Fg,x:tl,y:tgl—e’:t
['+1let (x,y)=eine :¢
Fix
TFe:t—t' +t'<yt +t value
I'fixe:t
CONST (0]
ok s:dtof (s) = ct o+ op: (int: ct) ® (int:: ¢t) — (int: ct)
MERGE
p<(1)
orFmerge p:(dt:ctonp)® (dt:ctonp) — (dt:ct)
WHEN SuUB
p<(1) Te:t  rFi<gt
o+ when p: (dt: ct) — (dt: ctonp) T+e:t
RESCALE
Fl I T'ee:t! w1t
I'e:t
Figure 3.5: Typing - main judgment
\r— t value ‘and\ + I value \
VALS VALPROD VALCTXE VALCTXCONS
ALSTREAM + t; value + t, value ALLTXEMPTY +I" value + t value
+ dt :: ct value  t; ® tp value +ovalue +T,x: tvalue
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SEPEMPTY SEPCONTRACT
'yl + t value

OoFO®O Dx:t-T,x: 60Ty, x: ¢t
SEPLEFT SEPRIGHT
r-r;erl, x ¢ dom(T5) r-r;erl, x ¢ dom(T'y)
Dx:t-T'1,x: 1017 x:t-1T1 @1, x: ¢

Figure 3.7: Typing - splitting judgment

. expresses that a function of type ¢ — t’ can be applied to an argument of
type t to obtain a result of type #'.

APP
I'-T;oI') Fll—ett—ot’ Fgr—e’:t

I'+eée:t

The function and its argument are typed in contexts I'; and I', obtained by splitting I in
two. This is necessary since one cannot use I" in both premises. This would duplicate T,
which may contain non-value types.

The judgment I' - I'; ® I', describes how I is split in two contexts I'; and I'» that may
only share value types. Figure 3.7 gives its definition. There is nothing to split in an
empty context (SEPEMPTY). A value type can be duplicated, and hence may go in both
contexts (SEPCONTRACT). In general, a binding can only go into either I'; or I'y, not
both (SEPLEFT and SEPRIGHT). Note that when a binding goes to I'; via SEPLEFT, it
cannot be bound in I'y, and conversely for SEPRIGHT. Without this restriction, it would
be possible to make a variable that has been shadowed by a binder visible again, breaking
the lexical scope of the language.

* |Rules PAIR and LETPAIR \ are standard except for the splitting of contexts.

PAIR LETPAIR
I'e-Th1®I) I'iFe:h IorFexy:t I'-Ih®Iy IrFre:H®nn Fg,x:tl,y:tzr—e':t

T (e, e): h®0h I'let (x,y)=eine : ¢

. allows recursive definitions as long as they are productive. The expression e
should have type t — t’. The type t’ should be a value, which forbids recursive func-
tions. More importantly, the premise + ¢’ <:; t enforces that the output of e does not
depend instantaneously on its input.

FIX
T'e:t—t' +t'<yt +t value

~fixe:t

[31/03/16, 09:44]



3.2. TYPE SYSTEM 63

We describe the judgment + ¢ <:j ¢’ later, for now, think of it as reflecting at the level of
clock types the notion of adaptability between clocks defined in Definition 8.

. expresses that constant literals denote streams of arbitrary clocks.

CONST

ot s:dtof(s) = ct

The function dtof maps a scalar s to its data type dtof(s). Constants may inhabit any
clock type ct because, intuitively, const s has no input stream and thus no dependencies
that could constrain the clock of its output.

. checks that the input of an operator is a pair of integer streams. The output is
also a stream of integers. Inputs and output should have the same clock type.

(0]

o+ op: (int: ct) ® (int:: ct) — (int: cf)

Intuitively, this is sound because the untyped semantics of op gives rise to a length-
preserving function.

. forces the parameter p of merge p to be binary. Assuming this holds, the
rule expresses that merge is a function receiving a pair of inputs. The two inputs have

type cton p and ct on p, with p denoting the elementwise negation of p.

MERGE
p<(1)
or-merge p:(dt:ctonp)® (dt:ctonp) — (dt: ct)

Note that, in general, the clock denoted by cf holds larger integers than both cton p
and cton p. This reflects the fact that the output of merge p generally converges more
than its inputs.

. is similar to rule MERGE.

WHEN
p<(1)
o+when p: (dt: ct) — (dt:ctonp)

Here, in general, the output clock ct on p features integers that are smaller than the ones
in ct. This reflects the fact that the output of when p converges less than its input.

. adds a bounded buffer to an expression.

SuB
IF'e:t i<yt

'—e:t
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ADAPTSTREAM ADAPTPROD ADAPTARROW
Vlf(Cl') <k }’lf(ClJ) H < l'{ I < té l—l’{ <ol F I <ig l'é
Fdtct < dtct’ FO®h <l ®L b1 —ofy <ip t] — )

Figure 3.8: Typing - adaptability judgment

The buffer is modeled by the judgment + ¢ <:; ¢’ that we have already encountered in the
rule for recursive definitions. The type t characterizes the input of the buffer and ¢’ its
output.

] Rule RESCALE \wraps an expression e in a local time scale driven by the clock type ct.

RESCALE
Fl eI T'eeit! w1t

I'e:t

One first scatters the variables present in I" according to cf in order to obtain a context I"/
in the local time scale. This is expressed by the premise I |, I’. Then, the computation
of e happens in I/, leading to a result of type ¢’ in the local time scale. In order to move
this result into the external time scale, one gathers it according to ct, obtaining ¢. This is
expressed by the premise - ¢/ 1 £.

Remark 5. As mentioned in the introduction, previous synchronous functional languages
did not check productivity at the level of clock types but as an independent static analysis
called causality analysis (e.g., Cuoq and Pouzet [2001]). This analysis runs after clock typing.
We compare our approach to the usual causality analysis in Section 3.5.

Adaptability The judgment + t <:; ¢’ expresses that a computation behaving according to
type t up to a given time step n can be transformed into a computation that behaves according
to type t’ up to a time step n + k through the introduction of bounded buffers. Its rules are
given in Figure 3.8 and explained below.

’ Rule ADAPTSTREAM ‘ checks the k—adaptability of clocks by computing the ultimately pe-
riodic clocks nf(ct) and nf(ct") corresponding to the clock types ct and ct’. As explained
in Chapter 2, on such clocks the k-adaptability relation is decidable. The function nf(ct)
reduces a clock type to an ultimately periodic clock.

nf(p) =

nf(ctonct’)

p
nf(ct) onnf(ct’)

Rule ADAPTPROD | is traditional. It introduces buffers on both components.
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‘n—tTct t"and‘l—tict t"

UPSTREAM
}’lf(Ct’) Tnf(ct) nf(Ct")
Fdt:ct' 1o dtct”

UPPROD
Fhteat;  Fhlal

FOh®LTa®L

UPARROW
Fhidah  Fhtety

Hi—o e ] —o )

UPON

Fttp t” P

/
=1 Tcton o' T

UprINV

il t'  ctonct' =(1)

ittt

DOWNCTXEMPTY

Folego

DOWNSTREAM
nf(Ct’) lnf(ct) nf(ct”)
Fdtzct Lo dtct”

DowNPROD
Fhlatl,  Fhlat

FO®L g ®L

DOWNARROW
Fhtathh  Fhlety

it e ] —o )

ct<(1)

DOWNON
-t »LC[ t"

/
=1 icton o' T
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DoOwNINV

it t!  ctonct’ =(1)

Ftle t!

DOwWNCTXCONS
I—F\Lctr, Fti«ct t,

FOx:it e I x: t!

Figure 3.9: Typing - gathering/scattering judgments

. \ Rule ADAPTARROW \ is also traditional, except that we have to handle the delay k. Be-
cause we seek the most general rule, we want the delay in the conclusion as large as
possible and the ones in the premises as small as possible. Thus, the only delay that

matters is the one on the output of the function.

Scattering and gathering types Finally, let us describe the judgments related to local time
scales. The gathering judgment ¢ 1, t’ states that all the inhabitants of a type t computed
in a local time scale driven by cf can be seen as inhabitants of the type ¢’ in the external time
scale. Conversely, the scattering judgment + ¢ |, t’ states that all the inhabitants of a type ¢
computed in the external time scale can be seen as inhabitants of the type ¢’ in the local time
scale driven by ct. Their rules are defined in Figure 3.9 and explained below.

* The first group of rules handle type constructors.

- \ Rules UPSTREAM and DOWNSTREAM \ use the gathering and scattering relations
on clocks defined in Section 2.8. These relations are decidable when the clocks
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involved are ultimately periodic, as is the case here.

UPSTREAM DOWNSTREAM
nf(Ct’) Tnf(ct) nf(Ct”) nf(Ct,) lnf(ct) I’lf(ClJl)
Fdtct' 1o dect” Fdtzct e dect”

Rules UPPROD and DOWNPROD \ are standard, lifting the components pairwise

UPPROD DoOwNPROD
Fhtalp  Fhlal Fhlaly,  Fhlalb
Fh®bty®L FH®L ol ®L

Rule UPARROW and DOWNARROW | make functions leave and enter a local time
scale, respectively. The former scatters the input of the function, making it enter
the time scale, and gather its output, making it leave the time scale. The latter is
symmetric, except that it only applies in time scales driven by binary clocks.

UPARROW DOWNARROW
Fi e ot by it ol by ct<(1)
b —o by Mo 1] — 1) b —o by Lot 1] — )

We discuss why this rule is unsound without the ¢t < (1) premise in the example
section below.

* The second group of rules express that gathering and scattering are compatible with

certa

[31/03/16, 09:44]

in algebraic properties of clocks.

] Rules DOWNON and UPON \ relate gathering and scattering to clock composition.
A time scale driven by a compound clock ct on ct’ can be decomposed into two time
scales. The first one, which is driven by c?’, is nested into the second one, which is
driven by ct. Thus, for gathering, one leaves the innermost time scale before leaving
the outermost one. Conversely, for scattering, one enters the outermost time scale
before entering the innermost one.

UPON DowNON
AT E A = A P it mt o
A !
= tTctonct’ 4 = tictonct’ t

’ Rules DOWNINV and UPINV ‘ relate clock inverses and the duality between gather-
ing and scattering. They express that gathering by ct is equivalent to scattering by a
right inverse ct’ of ct, and symmetrically.

UrINnv DoOwNINV
Ftlegt' ctonct’ =(1) Ftter t' ctonct =(1)

et ot et




3.2. TYPE SYSTEM 67

VALCTXEMPTY ————— — (1) <:10(1)
VALCTXEMPTY Covalue VAR D vale ADAPTSTREAM
VAR x: (1) Fx:(1) - (1) <1 0(1)
x:(1)Fx:(1) SuUB
FUN x: (1) Fx:0(1)
Ffunx.x:(1) — (1) FUN
Ffunx.x:(1) —0(1)
A)

(B)

Figure 3.10: Example 9 - typing the identity function

Examples We omit data types, for clarity, considering that they are all equal.

Example 9 (Identity function). Consider the identity function on streams, id, defined below.
id © funx.x
This function may receive several distinct clock types.

* Perhaps the most intuitive clock type is (1) — (1). The corresponding derivation is given
in Figure 3.10 (A). More generally, id might receive any clock type of the form p — p,
with p a fixed ultimately periodic word.

* One may add a buffer between input and output, conceptually “shifting” the outputs to
the right in the ambient time scale. A simple example would be the clock type (1) — 0(1),
with the corresponding derivation given in Figure 3.10 (B). Compared to the clock type
in Figure 3.10 (A), here the output has been delayed for one step.

Example 10 (Linearity). Consider the typing derivations given in Figure 3.11.

* Derivation (a) types fun x.fun f.f x. The context splitting judgment sends x to the
left premise, which is the function, and £ to the right one, which is the argument. No
contraction is needed in this example, as x occurs only once in the body of the function.

* Derivation (b) types the same expression but differs from (a). It features a useless con-
traction, making x appear in the context where the body of the function applied is typed.
But since x denotes a stream, which is a value, it can be erased in the VAR rule.

e Derivation (c) types funx.fun f.(f x,x). In this case, x appears twice and thus contrac-
tion is actually needed. The sub-derivation of £: (1) — (2),x: (1) + f x: (2) has been
elided since it is similar to the one in derivation (a).

Example 11 (Sampling). Consider the function half which filters out the elements at even
indices from its input stream.

half " funx.when (10)x
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5 st T () o () VALCIXEMPTY 5 e VALEMPTY e
o oy SO =@ £:() =@ ex:(1) £:(1) = (2)£:(1) —(2) (1) rx:(1)
M FUn x:(1),f:(1) - (2)F£x:(2)
H Fun x: (1) Ffunf.£x: ((1) — (2)) — (2)
M Ffunx. funf.fx: (1) — ((1) — (2)) — (2)
Qo
(a) - Typing derivation for funx.funf.f x
mmvnozgwmwmy@i S <MWMMMMM\MMM - O value B = (1) value
SEPLEFT x:()Fx:(1)®x:(1) v Fx: (1) value <>EM\ZE<%
AR AR ————————
App x:(1),£:(1) = (2)F=x:(1),£: (1) = (2)®x:(1) x:(1),f:(1) = (2)F£:(1) —(2) x: (1) Fx:(1)
FUN x:(1),f:(1) - (2)F£x:(2)
FUN x: (1) -funf.fx:((1) —(2)) —(2)
Ffunx.funf.fx:(1) — ((1) - (2)) - (2)
(b) - Typing derivation for fun x. fun £f. f x, featuring useless contraction
meﬁmmHg
R T =@ =@en YT () value VALCTXEMPTY o
SEPCONTRACT App VAR ————
PAIR £:(1)—(2),x:(1)F£:(1)—(2),x:(1)®x:(1) £:(1) —(2),x: (1) -£x:(2) x:(1)+Fx:(1)
FUN £:(1)—(2),x:(1)F(£x,x):(2)®(1)
FUN £:(1) = (2)funx.(£x,x): (1) - (2)® (1)

Ffunf.funx. (£ x,x): ((1) = (2)) = (1) = (2)® (1)

(c) - Typing derivation for fun f.funx. (f x,x)

Figure 3.11: Example 10 - typing derivations
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(10)—(01)

l;'

(10)—(10)

(=

.;\ L

(01) —=(10)

Figure 3.12: Example 13 - gathering, adaptability, and equivalence classes

1. Avalid clock typeis (1) — (1 0). According to this binary clock type, the function con-
sumes one element per time step but only produces at even time steps. A corresponding
derivation is shown in Figure 3.13 (A). In the instance of the WHEN rule, we have reasoned
up to the equivalence of the clock types (1) on (1 0) and (1 0).

2. Another possibility is (2) — (1 0). Here the function produces one element of the output
stream per time step, at the price of needing two input elements. A possible derivation
for this type is shown in Figure 3.13 (B). It is essentially the same as Figure 3.13 (A), the
only difference being that the output clock type is (2) on (1 0) which is equivalent to (1).

3. Figure 3.13 (C) gives a conceptually different derivation of + half: (2) — (1). In contrast
with the derivation (B), in (C) we rescale the derivation (A) by (2) to obtain the desired
clock type from + half: (1) — (10).

Remark 6. Rescaling, like buffering, is generic in the sense that it does not need to peer inside
the body of the rescaled (or buffered) expression. Example 11 (3) shows that (1) — (10)
is at least as general as (2) — (1) since one can go from the former to the latter in such a
generic manner. It is in fact strictly more general because one cannot transform (2) — (1)
into (1) — (1 0) via rescaling or buffering alone. This comes from the fact that (2) — (1)
describes computations in which the first element of the output stream might depend on the
first element of the input stream, while in (1) — (1 0) this can never be the case.

Remark 7. Chapter 4 will make clear that the typing derivations (B) and (C) from Figure 3.13

compile to different circuits. Intuitively, the derivation (C) leads to a “large” circuit, since it

contains two copies of the circuit obtained by compiling the derivation (A).

Example 12 (Buffering and Integer Clocks). Consider the function sumhalf defined below.
sumhalf " funx.+(when (10)x, when (01) x)

Informally, the element y,, in the output stream is the sum of x,, and x,,.; in the input stream.
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RESCALE

Fol@e)o

e WHEN VAR ~ovalue
x:(1)Fo®x:(1) +when (10):(1) —(10) x:(1)Fx:(1)
ApP
x:(1)~when (10)x:(10)
FUN +funx.when (10)x:(1) —(10)
)
~ O value
@ roexi(2) N T (10— M @) (2)
APP
x:(2)+when (10) x:(1)
FuN Ffunx.when (10) x:(2) — (1)
®)
(2)° = (2)° on (1)” (2)° on(10)° = (1)°
" UOEZmMMMMMoé TAm:ANVCV DOWNSTREAM TCo:ANVCV
- funx.when (10) x: (1) — (10) - (1) = (10) Tz (2) = (1)

+funx.when (10) x:(2) — (1)

©

Figure 3.13: Example 11 - typing derivations
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1. A possible clock type is (1) — (0 1). Figure 3.14 (A) gives a possible derivation, in which
rule names and easily guessable subderivations have been elided. This derivation buffers
the output of when (1 0) for one step, using the adaptability judgment + (1 0) <:; (0 1).
A value cannot be produced at the first time step since the second input has not been
received yet. Thus, all the derivations for this clock type necessarily involve such a
buffering process.

2. Another possibility is (2) — (1). Figure 3.14 (B) gives a derivation, which works in the
same way as Figure 3.13 (B). No buffering is involved here since, at each time step, the
function has exactly the data needed to produce its next output.

This example shows how different choices of clock types may influence the amount of memory
needed in a typed program.

Example 13 (Gathering). We now show the results of gathering for four first-order functions,
with respect to a local time scale where time passes twice faster than in the global context.

(10)=(01) 1 (1)—=(1)  (a)
(10) = (10) 1) (1)—(@1)  (b)
(01)=(01) 1 (1)—=(1) (¢
(01) = (10) 1 ()—=@1)  (d)

These examples show that, in general, gathering by an integer clock hides implementation
details, transforming complex types into simpler ones. In contrast, gathering by a binary clock
only adds zeroes for the time steps at which the time scale is idle. This is what the example

below shows.
()= (1) tae (10)—(10)  (e)
(D) —1) 1o (01)—=(01)  (f)
The gathering relations (e) and (f) above invert the (b) and (c) ones.

Remark 8. The types and gathering relations of Example 13 are represented in Figure 3.12. This
figure also depicts the adaptability relations that exist between these types. The combination
of gathering adaptability and gathering defines a preorder whose equivalence classes are
represented in light grey. Remark that (0 1) — (1 0) is, here, the most general type: the five
other types can be obtained from it, but not reciprocally. Indeed, its inhabitants have the
lowest amount of dependencies between inputs and outputs.

Example 14 (Unsound DOWNARROW). The DOWNARROW rule in Figure 3.9 is restricted to
local time scales driven by binary clocks. We may now explain why this hypothesis is needed.
Consider the scattering relations shown in Example 13. If scattering arrow types by non-binary
clocks is allowed, we can reverse them all.

(1) =) Iz (10)—(01)  (4)
()= (1) l@ (10)—(10)  (B)
(1)—(1) Iz (01)—(01)  (C)
(D —=(1) Iz (01)—(0) (D)
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UPSTREAM DOWNSTREAM
() taoen(101) F(201)11o1)(21)

F(101) = (201) 91y (1) = (21)

DOwNARROW

(A)
DOWNSTREAM UPSTREAM
UpA F(01) 4oy (1) F(21) 11y (0201)
PARROW — ()= (21)1(01) (01)— (0201) (31)on(1001)=(1)
DOwWNINV

(1) = (21) 1) (01) = (0201)
(B)

A) (B)
F(101)—(201) o1y (1)—(21) (1) = (21)131)(01) = (0201)
F(101) = (201)l(101)en(31)(01) —=(0201)

DOwWNON
(@)

Figure 3.15: Example 15 - gathering by (30 1)

Unfortunately, the relation (D) is incorrect. Take for example the identity function. One may
assign it the type (1) — (1), but never (0 1) — (1 0), since the latter classifies functions whose
first output never depends on the first input.

Remark 9. The fact that one cannot transform the type (1) — (1) into (0 1) — (1 0) is consis-
tent with Figure 3.12 and Remark 8: the latter is strictly more general than the former.

Example 15. The previous example suggests that one cannot scatter a function by a local time
scale containing integers larger than one. While there is no primitive rule to do so, this can
actually be achieved by combining several rules and using algebraic properties of clocks.

1. We know by Property 13 that any clock factors (uniquely) as wj, on w,, with wy, binary
and w), strictly positive. Thus, factoring the clock type and applying rule DOWNON cuts
the function scattering problem in two.

2. We already have a rule for scattering functions by binary clocks. For strictly positive
ones, Property 12 states that they have right-inverses. This means that we can apply
rule DOWNINV to replace scattering with gathering. Gathering functions is simple.

Figure 3.15 gives an example using the decomposition given above. The function type is
scattered by (3 0 1), which factors as (10 1) on (3 1). Derivation (A) first gathers the function
by (101). The resulting type is then gathered by (3 1) in derivation (B) using its inverse ((0 1))®.
Derivation (C) combines (A) and (B) to finally gather by (30 1).
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VALCTXEMPTY

CoNST VAR O value
] mmvﬂ&va<§ x:(1)-0®x:(1) F1:(1) x:(1)Fx:(1)
SR Y oex:() O rr(e) =) (e (D)
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x: (1) F+(1,x): (1)
Ffunx.+(1,x): (1) — (1)
(a) - Derivation for incr=funx.+(1,x)
mmwmv\_w‘H%%
SEPRIGHT CONST ——————
£:0(1) —0(1) ~O®£:0(1) — 0(1) F0:1(0)
SR 1) o 0(1),x:0(1) - D8 £:0(1) = 0(1)x:0(1) R T erge 001 1(0)00(1) — (1) ™ T£:0(1) = 0(1),x:0(1) - (0, %) : 1(0) @0(1),
APP
£:0(1) —0(1),x:0(1) ~merge 1(0) (0,f x): (1)
LAMBDA £:0(1) —0(1) + fun x.merge 1(0) (0,£ x):0(1) — (1)
LAMBDA st fun xmerge 1(0) (0,£%): (0(1) — 0(1)) — 0(1) — (1)
(b) - Derivation for cons=fun f.fun x.merge 1(0) (0, f x)
DOWNCTXEMPTY @ —
(b) FOlo1) 8 +incr: (1) — (1) F (1) = (1) (1) 0(1) — 0(1)
SEPEMPTY —5—5om— +cons: (0(1) — 0(1)) — 0(1) — (1) RESCALE +incr:0(1) — 0(1)
APP -
+ cons incr:0(1) — (1)
(c) - Derivation for consincr = cons incr
© ADAPTSTREAM ———————— VALSTREAM ———————
+ consiner:0(1) — (1) (1)< 0(1) + (1) value

+ fix consiner: (1)

(d) - Derivation for nat = fix consincr

Figure 3.16: Example 16 - typing derivations
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Example 16 (Natural numbers). In this example we implement the classic synchronous pro-
gram nat, which denotes the stream of natural numbers. We do it in an incremental way in
order to illustrate some features of the type system. The relevant typing derivations are given
in Figure 3.16—this time, the elided data types are all equal to int. Additionally, we do not
repeat identical or equivalent sub-derivations.

1. Consider the expression incr below.
. def
incr = funx.+(1,x)

This expression denotes a stream function which increments all the elements of its input
stream by one. A possible type for this function is (1) — (1), as shown by the derivation
given in Figure 3.16 (a). This derivations shows a simple program with constants and the
application of an operator, here +.

2. The expression cons defined below denotes a higher-order function.

cons < funf.funx.merge 1(0) (0,f x)

This function receives a function f and a stream x. It applies f to x and adds a zero in front
of the resulting stream. One may give this function the type (0(1) - 0(1)) —0(1) — (1)
with the corresponding derivation given in Figure 3.16 (b).

3. The expression consincr is the application of cons to incr.

. def .
consincr = cons incr

The function incr is of type (1) — (1), but should be of type 0(1) — 0(1) to match the
type of cons. This mismatch is solved through the use of a binary local time scale which
skips the first time step. This gives cons the proper type, as shown in Figure 3.16 (c).

4. Finally, the stream nat can be obtained as the fixpoint of consincr.

. def . .
consincr = fix consincr

Since the output of this function does not depend instantaneously on its input, this is
safe. The derivation Figure 3.16 (d) shows the corresponding adaptability premise.

Example 17 (Composition). Suppose we are given derivations for two closed expressions that
denote functions. Furthermore, suppose that the first function, f, has type (2) — (2), while
the second function, g, has type (3) — (3). We discuss two ways in which f and g can be
composed using local time scales and, if needed, buffering. In this example, we elide rule
names and separation judgments in order to keep the size of derivations managable.

1. Figure 3.17 describes an approach where we use local time steps to assign to both f and g
the type (6) — (6). To reach this type, f and g have to perform respectively three and
two local steps per global step. No buffering is needed, but in a circuit implementation
we have to replicate the bodies of f and g respectively three and two times.

[31/03/16, 09:44]



76 CHAPTER 3. LANGUAGE

- F(6) 1) (3)  +(3)1) (6)
Fol(2) 0 -g:(3)—(3) =(3) = (3) 12) (6) — (6)
-g:(6)—(6)

(A) - gathering g by (2)®

- ~(6) (2 +(2)1 (6)
Foleo R fi(2)—=(2) - (2) = (2) 1(3) (6) — (6)
~f:(6)—(6)

(B) - gathering f by (3)®

(B) + o value
(A) +f:(6)—(6) x:(6)Fx:(6)
Hg:(6)—(6) x:(6)+ f x:(6)

x:(6) g (f x):(6)
Ffunx.g (fx):(6) —(6)

(C) - composing f and g

Figure 3.17: Example 17 - first derivation

2. Now, if our functions contain expensive operators, such as multipliers, this may be too
costly. The derivation in Figure 3.18 shows a way to work around this problem. We
use local time scales again, but this time to slow down the functions. The function f
becomes twice as slow, now inhabiting (2 0) — (2 0), and g becomes three times as slow,
now inhabiting (0 03) — (00 3). The gain is that the output of f is now adaptable to
the input of g via a buffer of size two, since + (2 0) <:¢ (0 0 3). This buffer is periodically
empty: at every sixth step out of six all the stored data has been consumed.

Remark 10. We may take the derivation Figure 3.18 (C) and wrap it into a local time scale driven

by (6)®. The gathering judgment below shows the type that is obtained through the RESCALE
rule.

=(20)—(003) () (6) —<(6)
This is the same type as in Figure 3.17 (C). The underlying derivation still contains the adapt-

ability judgment introduced in Figure 3.18 (C), and the compiled code would thus contain a
buffer. But this buffer is now virtually useless, as it is always empty after each step.
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- F(003) o) (3) H(3)T001)(003)
FBlon D Fg:(3)—(3) H(3)—=(3) 1001y (003) — (003)
Fg:(003)—(003)

(A) - gathering g by (00 1)®

F(20) o) (2) =(2) 110y (20)
rolgo R fi(2)—(2) ~(2) = (2) 110y (20) = (20)
+f:(20)—(20)

(B) - gathering f by (10)%

(B) _~ovalue
-f:(20)—(20) x:(20)x:(20)
(A) x:(20)fx:(20) F(20)<(003)
+g:(003)—-(003) x:(20)-fx:(003)

x:(20)-g(fx)):(003)
Ffunx.g (fx):(20)—(003)

(C) - composing f and g

Figure 3.18: Example 17 - second derivation

3.3 Typed Semantics

The semantics defined in Section 3.1 applies to all programs, typed or not. This semantics
gives meaning to programs of dubious behavior. We now define a typed semantics based on
the domain of clocked streams introduced in Chapter 2. This typed semantics can be seen as a
variant of the untyped semantics annotated with additional information; it models the fact
that every Kahn network corresponding to a well-typed term can be synchronized by putting
buffers on its inputs and outputs. We will then show that in such well-typed programs, all
clocked streams are total.

From a technical point of view, we achieve this by defining a type directed interpretation
function mapping typing derivations to their meanings. The untyped semantics relied on
a universal domain K in which all expressions are interpreted, regardless of their types. In
contrast, in the typed expression, a closed expression of type ¢ is interpreted as an element of
the domain S[¢]. This domain is defined by induction for ¢.

The typed semantics relies on four families of interpretation functions, all written S[_].
First, we map clock types to clocks. Then, we define the interpretation of types and contexts;
this mainly consists in mapping stream types to the domain of clocked streams. Once this
is done, we can express the semantics of typing derivation I' - e : ¢ as a dependently-typed
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map from the interpretation of I' to the one of ¢. This function relies on an interpretation of
the adaptability, scattering and gathering judgments as coercions between their source and
destination types.

3.3.1 Types and Synchronization

Let us begin with the interpretation of types, and its relation with the universal domain K.
For any ¢, the domain S[¢] is a retract of K. In other words, S[¢] is “smaller” than K in the
sense that there exists an injection This makes it possible to compare the typed and untyped
semantics, and move between the two.

Interpreting types and contexts Any clock type ct denotes exactly one clock S[ct].

S[ct] e Ck
S[u(v)] = u(v)®
S[ctonct'] = S[ct] onS[ct']

We can now define the interpretation of types. A stream type dt : ct is interpreted as the
domain CStreamg([dt]) of clocked stream, following Definition 11. Other type constructors
are interpreted in a standard way.

S[dt=ct] = CStreamg.([dt])
S[u®t] = S[t]xS[%]
S[[lfl —o tz]] = S[[tl]] =, S[[l'g]]

The interpretation of contexts is straightforward: they are conceptually (nested) pairs of
types, and thus correspond to products.

S[o]

S[T,x:¢]

g,
S[T] = S[¢]

The interpretation of a typing I + £ is a function from I to ¢.
S[T+t] = S[I]=¢S[t]

Remark 11. The domain @, which serves as the interpretation for empty context, is the “small-
est” domain (up to isomorphism), in the sense that there is a unique continuous function
from this domain to any other one. Because of this, for any domain D we have the isomor-
phism (@, = D) 2 D, and thus the definition above gives S[o - t] 2 S[¢]. Thus, we sometimes
identify the two domains and treat an element of o - ¢ as one of .

Synchronizing types Before defining the semantics of typed programs, we need to establish
that the domain interpretation of any type ¢ can be injected into the universal domain K. We
already have our main ingredient, given in Section 2.9 and in particular by Property 16: the
domain of clocked streams is a retract of the domain of streams, which itself is a retract of K.
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Thus we only have to show that e-p pairs compose and can be lifted to products and functions.
The definitions below give these constructions.

(B<C)o(A<B) e A<C
(€2, p2) o (e1, p1) = (exoe;, prop2)
(A<dA)Yx(B<B') € (AxB)<(A'xB’)

(el,Pl)X(ez,Pz) (€1><€2,I91><I92)

(A< A")=.(B<B')
(e1, p1) =¢ (e2,p2)

m

(A=:B)<(A'=.B’)
(Af.p2ofoe, Af'.exo flopr)

These combinators make it possible to see the interpretations of all the types of uAS as retracts
of the universal domain. We call the corresponding family of e-p pairs (desync,, sync,), and
define it as follows.

(desync,, sync,) e S[t]<K
(desyncgy.. oy Syncg;. o) = (unpack,packg) o (unstream, stream)
(desync net SYNC e ) = ((desynct1 ,Sync ) x (desync 10 SYNCy, )) o (unprod, prod)

(desync,, ,,sync, .,,) ((desync,,,sync, ) = (desync,,,sync,,)) o (unfun, fun)

Synchronizing contexts Now, we would like to have a family (desyncr, sync) to move back-
and-forth between the domains S[I'] and Env(K). The natural definition is given below, by
induction over I'.

(desyncy, syncr) (S[T] =¢ Env(K)) x (Env(KK) = S[T])
(desyncg, syncy) (A_.1,A0.1)
(desyncy ;o syncy ;) = (A(y,v).(desyncyy)[x — desync,v],Ao.(syncro,sync,(ox)))

m

Technically, (desyncr,syncy) is not an e-p pair since desyncy is not injective. To see
why, take T' = x :int :: (1), x : int :: (1), in which case S[I'] is isomorphic to the product do-
main CStream ;y»(N,) x CStream ;y»(N, ), and consider the following y and 0.

y € S[I] o € Env(K)
Yy = ([0]®[1]®) o = L1[yw~ stream(2?)][x~ stream(1¢)]

We have sync(desyncry) = ([1]¢,[1]¢) which is not even comparable to y, and thus the func-
tions do not form an e-p pair. On the other hand, the expected inequality desyncy(syncpo) =
L[stream(x — (1)®)] c o still holds. More generally, the following result shows that the func-
tions satisfy only the second property of an e-p pair desyncy o syncy is only a deflation.

Property 20. For anyT, desyncy o syncy is a deflation.
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Proof. Let us first prove that the function desyncy o syncy  id by induction on I'. The case for
empty contexts is immediate because 1 is minimal; for I', x : £, we have, for any o,

desyncy ..,(syncy .,0) = desyncy(syncpo)[x = desync (sync,o(x))] (def)

C desyncy(syncpo)[x— o (x)] (desync ,osync, c id)
co[x—o(x)] (ind. hyp.)
=0

which concludes the proof that the function is smaller than id.
Now, we prove the stronger result that sync o desyncy o syncy = syncr by induction on I'.
The case for empty contexts is once again immediate. The induction case is, for any o,

syncr, . (desyncy . (syncr .,0))
= (syncp(desyncy(syncro)), sync,(desync,(sync,0(x))) (def.)

= (syncpo,sync,(desync,(sync,0(x))) (ind. hyp.)
= (syncpo,sync,o(x)) (desync, o sync, = id)
= SYNCr 1., O (def.)

and thus desync o syncy o desyncy o syncy = desyncy o syncr which concludes the proof that the
function is idempotent. O

We will come back to this discrepancy between Env(KK) and S[I'] once we have defined the
typed semantics. Let us mention that it is related to the fact that the untyped semantics follows
lexical scope by construction, as the definition of K[fun x. e] (o) = Ak.K[e]o[x — k] overrides
any previous value for x present in o, while for the typed semantics this is a result that needs
to be established.

Synchronizing typings The synchonization of typings establishes an e-p pair between the
domain of interpretation of typed programs, S[I' +- ¢], and the domain of interpretation of
untyped programs, Env(K) = K. This is built using the function space e-p pair.

(desyncy, p,syncp, ;) € (ST +t]=¢ (Env(K)=>:K))x ((Env(K) =.K)=,:S[T +1t])
(desyncy,_,,syncy_,) = (desyncy,syncy) = (desync,, sync,)

As in the case of contexts, this family of functions gives rise to a deflation.
Property 21. For anyT, desyncy, ;o syncy_, is a deflation.

Proof. The proofis similar to the above case and general considerations on idempotents and
deflations. For instance, one has

desyncy,_ ;o syncy, ;= Af.desyncyosync, o f odesyncposyncy (def.)

E Af.desyncyosync,o f (Property 20)
cEAf.f (desync osync, E id)
which shows that desyncy, , o syncy,_, E id. O
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S[T+e:t]

S[T+e:t]eS[I+1]

S[[,x:t+x:1]
Ty

S[T,x:t'+e: 1]
S[T+e:t]om

S[T+funx.e:t—t']
Ay Av.(S[T, x: t+-e: '] (y,v))

S[T+ee: ']
Ay.(S[T1+e:t— t']y1(S[T2+ e: ] y2) where (y1,y2) =S[[ -1 ®T2]y)

S[[Fl— (el,ez) h® tg]]
(S[[l“l ~ep: l']]] XS[[FZ =es: tz]]) o S[[F|—F1 ®F2ﬂ

S[T+1let(x,y)=eine : ]
Ay.(S[T2,x:t,y: o€ : t]((y2, v1), v2) where (y1,y2) =S[T T ® 2]y
(v1,12) =S[l1 +e: 1 ® L]y1)

S[T+fixe: ]
Ay fix (S[THe:t— t']yoS[+ ' < ])

S[o+ s: drof (s) = ct]
SYNCodrof (s) : ct K[[S]]

S[o+ op: (int:: ct) @ (int:: cr) — (int:: ct)]

SYRCo,(int: cr)®(int :: ct)—o(int :: cf) K[op]

S[o+merge p:(dt:ctonp)®(dt:ctonp) — (dt:ct)]
SYRCo(dr:: cton p)@(dt: ctonB)—(dt :: ct) K[[merge p]]

S[o+when p: (dt::ct) — (dt:cton p)]
SYRCoy(dr:: ct)—o(dt = cton p) K[[When p]]

S[C+e:t']
S[Ft<: t'|oS[T+e: ]

S[T+e:t]
S[- 't t] oS[T" - e: t'] oS[-T | T']

Figure 3.19: Typed semantics - main function
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3.3.2 Interpreting Typing Judgments

Interpreting typed expressions The typed semantics of expressions can be found in Fig-
ure 3.19. As expected, a derivation of conclusion I' - e : f is interpreted as an inhabitant
of S[T + t]], defined by induction on the structure of typing derivations. Each case of the
definition corresponds to a typing rule present in Figure 3.5.

1.

We interpret the VAR rule as the second projection. This picks the rightmost component
of the input context, in accordance with the definition of S[I', x : t].

. In contrast, the WEAKEN rule uses the left projection to remove the rightmost binding

in (the interpretation of) I'.

. The interpretation of FUN is currying.

The rule App should be interpreted as application in the metalanguage of domains. There
is, however, a slight difficulty: the premises of the rule involve contexts different from the
one in its conclusion. We thus need to interpret the context splitting judgmentI' - I'; ®I'»
as a function from S[I'] to S[I';] and S[I'2]. We give its definition in the next paragraph.

The rules PAIR and LETPAIR are similar to the previous one, except that we use pair
construction and destruction rather than application.

The Fix rule handles recursive definition using the fixpoint functional from Kleene’s
theorem. However, we need a way to transform an inhabitant of ¢’ into an inhabitant of t.
We do this by interpreting the adaptability judgment - ¢’ <:y t as a continuous function
from S[[#'] into S[¢]. Its definition is given later in this section.

Consider the interpretation of the four rules CONST, OP, MERGE and WHEN. These rules
are syntax-directed, and were interpreted in Section 3.1 using dedicated combinators. We
would like to reuse this untyped interpretation in the typed semantics, or in other words
to turn an inhabitant of K inside an element of S[T" + ¢]. This can be done through the
functions (desyncy, ,, syncy, ,) defined in the previous section. Since all four rules have
a conclusion of the form o+ e: ¢t and no premises, we interpret them as sync, , K[e].

For the interpretation of the SUB rule we compose the interpretation of I' - e : £ with that
of the adaptability judgment +  <:i ¢’.

. The final rule, RESCALE, also involves interpreting auxiliary judgments, here of gath-

ering/scattering. As in the case of adaptability, a judgment ¢ 1. t/ or - ¢t | t' will
be interpreted as an element of S[t] =, S[t']. The same is true for context scattering.
We give these interpretations later. Thus, we can interpret the RESCALE rule in three
steps. First, scatter the input y inhabiting I' into y’ which inhabits I/, using S[+ T |+ I''].
Then, apply the interpretation of I'' - e: ¢’ to y’. Finally, gather the resulting inhabitant
of t’ into one of #/, using S[+ ¢’ 1 t]. Hence we obtain a function in S[I" + ¢] from one
int S[I” + ¢].
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S[[F 1 ®F2]]
S[[F =1 ®F2]] € SIIF]] = S[[Fl]] X S[[Fg]]
S[o+o®d] = A..(L,1)

S[[,x:t+T1,x:t®0,x:¢]
S[[,x:t+T1,x:tQT1]
S[[F,x: =TT, x: t]]

Ay, v).((y1,v),(y2,v)) where (y1,72) =S[[ +T1®T2] v
A(y,v)-((y1,v),v2) where (y1,y2) =S[[C+T1® 2] y
A(y,v).(y1,(v2,v)) where (y1,y2) =S[T - T1 ®T2] v

Figure 3.20: Typed semantics - context splitting judgment

S+t < t']
S[+t < '] e S[t]=cS[?]
S[Fdt:cr<pdrzct’] = repackgpey
SlFta =<t =t = St <k t]] xS[ 2 <t 5]

S[Ft1 —te<ot]; = 8] = Af.(S[Fta<ikti]ofoS[r 1] <k t1])

Figure 3.21: Typed semantics - adaptability judgment

Remark 12. The case of rules VAR, WEAKEN and LAMBDA correspond to the standard interpre-
tation of the A-calculus in a cartesian-closed category. They can be found for instance in the
book of Amadio and Curien [1998, Chapter 4].

Remark 13. At this point, the reader may feel that this use of projections looks a bit mysterious.
Indeed, what happens if we use the wrong projection, or equivalently if we chose the wrong
type t? We will show later in this chapter that the elements obtained in this way are total,
showing that the types chosen are in fact far from arbitrary.

Interpreting context splitting The intepretation of the context splitting judgment is given
in Figure 3.20. For rule SEPEMPTY, we return a pair of unit values. For SEPLEFT, we take the
rightmost component of the input context and send it to the left output. This is reversed in the
case of rule SEPRIGHT. For rule SEPCONTRACT, we duplicate the rightmost component of the
input context and sends it to both outputs.

Interpreting adaptability The interpretation is given in Figure 3.21. For rule ADAPTSTREAM,
we rely on the ideas outlined in Section 2.6. The function repack,, acts a coercion from arbitrary
clocked streams to clocked streams of clock w. The interpretation of rule ADAPTPROD handles
product by putting buffers in parallel. For rule ADAPTFUN we put buffers on the input and
output of the function inhabiting S[#; — #,]] to turn it into an inhabitant of S[[#] — #}].

Interpreting gathering/scattering The interpretations of the gathering and scattering judg-
ments for types are given in Figure 3.22. They follow the intuitions given in Section 3.2.
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S[+t1e t']

and

S[tlet']

and

S[FT e T7]

S[-t1e ']

S[dt:ct' teedt::ct']

S[Ft®t 1 t] @]

S[Ft1 =2t t] — t)]

S[['_ tTctonct’ t’]]
S[t1c ']

S[-tlct]

S[dt:ct' | dt:ct"]

S[Ft®t e t] @ L]

S[Ft1 =t le t] — t)]

S[['_ tictonct’ t’]]
S[-1tlct']

S[FT e T']
S[-oleo]

S[FT,x:t eV, x: 1]

e S[t]=,S[]
repackg |

S[Ft1 ter 1] xS[- 2 ter 5]

Af.(S[Ft2ter th]o foS[-t] ber t1])
= S[-t" e t']oS[F t 1oy 1]

S[tle t']

e S[t]=,S[*]
repackg,

S[+ 11 lee 1] xS t2 ber 3]
Af(S[Ftalet 3]0 foS[Ft] ter t1])

= S[-t" e t'] oS-t e t"]

S[t1e 1]

¢ S[I]=¢S[I]

AL

S[[l— T cht F’]] X S[[l— t cht t,]]

Figure 3.22: Typed semantics - gathering/scattering judgment

. Rules UPSTREAM and DOWNSTREAM handling stream types rely on the repack,, func-

tion, as explained in Section 2.7: this function models both ordinary buffers and the
communication between a local time scale and the external world.

. The rules for products (UPPROD and DOWNPROD) correspond to pairings, as always.

. The interpretations of UPON and DOWNON shows that the composition of clocks give

rise to the composition of time scales and hence gather/scattering, as discussed in the

previous section.

For interpreting rule UPARROW, one makes the input enter the local time scale through
scattering, traverse the function, and finally go back to external time through gathering.

The interpretation of DOWNARROW is symmetric to the one of UPARROW.

Remark 14. We feel that this section justifies the (arguably high) level of formalism involved
in the definition of our type system. Once the interpretation of types has been defined, there
is very little freedom in the interpretation of each rule: for most cases in Figure 3.19 and Fig-
ure 3.22, there is only one well-typed possibility. This structured approach to program se-
mantics will also be convenient for stating and proving properties of the system in the next
section.
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S[T+e:1]
ST + 1]

S[VAR(_) == (T, x:t+x:1)]

S[WEAKEN(d, )= (T, x: ' -e: 1)]
S[d::(Tre:t)]om

S[FuN(d):: (T+funx.e: t—t')]
Ay Av.(S[d == (T, x:t+e:t")](y,v))

S[APP(dy,dy,d3) = (Tee :t')]
Ay.(S[do = (T1+e:t— t")]y1(S[ds :: (T2 - e: t) y2)] where (y1,72) =S[dy == (T -T1®T2)]y)

S[PAIR(d},d2,d3) = (T (e1,e2): 1 ® )]
(S[d2 = (T1+er:t1)] xS[ds=: (Taex:t2)])oS[dr = (=T @T%)]

S[LETPAIR(dy,do,d3) :: (T+1et (x,y)=eine’ : 1)]
Ay.(S[ds = (Ta,x:t1,y: o€ : t)]((y2,v1), v2) where (y1,y2) =S[dy = (T+T1®T%)]y
(yl, l/z) = S[[dg B (F1 Fe:ne® tz)]]Yl)

S[Fix(dy,dp, ) :: (T+fixe:t')]
Ay fix (S[dy = (Tre:t — t")]yoS[dy :: (F t' <1 1)])

S[CoNsT() ::: (o s: drof (s) == ct)]
SYNCodiof (s) = ctK[[s]]

S[Or() :: (o op: (int:: ct) ® (int :: ct) — (int: ct))]

SYNCOH - (int:: cr)®(int :: cf)— (int:: cr) K[[Op]]

S[MERGE() :: (o+merge p: (dt:ctonp)® (dt: ctonp) — (dt: ct))]
SYRCO(dr:: cton p)®(dt:: cton ) —(dt ct)K[[merge p]]

S[WHEN() :: (0+when p: (dt:: ct) — (dt:: cton p))]
SYNCO, (dts: cf)—(dt = cron p) K[when p]

S[SuB(di,dz) :: (THe:t')]
S[dy = (k< t')]oS[da:: (THe:1)]

S[RESCALE(d),dp,ds3) = (T+e:t)]
S[ds (' 1o t)] oS[dz: (T +e:t")]oS[dy =: (FT L T')]

Figure 3.23: Interpretation of the typing judgment with explicit Church-style derivations
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Remark 15. The notation used in Figures 3.19, 3.21, and 3.22 is abusive since there we identify
derivation trees with their conclusions. A more rigorous, but harder to read, formulation of
these interpretations would manipulate derivations as trees whose nodes are labeled with rule
names and judgments and whose sub-trees are other derivations. For example, the deriva-
tion d = VAR(d") corresponds to a derivation whose conclusion is an application to the VAR rule.
We write d ::: (T, x: t + x: t) to indicate that the conclusion of the derivation d is T, x: t+ x: t.
Because the VAR rule has a premise + I" value, the derivation d has a sub-derivation d’, and
furthermore we have d’ ::: (+ I value ). A typing rule reflecting this information could be given
as follows.

VAREXPLICIT
d':: (+T value)

VAR(d) = (T, x:t+x:t)

The interpretation of typing derivations adapted to this syntax is given in Figure 3.23. We will
generally adopt the more lightweight style used in this section when no confusion arises.

3.4 Metatheoretical Properties

In this section we study two important properties of the typed semantics, and derive a number
of useful corollaries. The first property is totality: typed programs only denote total streams.
In other words, programs do not deadlock. The second one relates the typed and untyped
semantics. We have seen that the interpretation of the stream-processing operators were
the synchronized versions of their untyped interpretation. This is in fact the case for the
interpretation of all typing rules, as we will show.

3.4.1 Totality

The rule FiX for fixpoints forces the outputs of the function to be 1-adaptable to its inputs; in
other words, one may only compute fixpoints of functions whose outputs never instantaneously
depend on their inputs. If the type system is sound, this should ensure that all streams
computed in a well-typed program are total. In particular, we should have the following.

Theorem (Stream Totality). Any closed well-typed expression of stream type denotes a total
clocked stream. More formally, for any e, data type dt and clock type ct, one has

S[ore:dt:ct] oo

We will prove this theorem by induction over typing derivations. The induction hypothesis
has to be generalized to non-stream types and non-empty contexts.

First try Let us try to define the proper induction hypothesis. We have to decide what it
means to be a total pair or a total function, in addition to total streams. A total pair is simply a
pair of total elements. On the other hand, a function is total if it maps total elements to total
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x5 oo x1 x2 |2 VxeS[a], x &= f(x) 2
xsuggrzct (xl,xz) Ug)@tz f Uga_otz
vl  xlk
s (7, %) 5
vy eS[T],y boo= f(7) U5
Ut

Figure 3.24: Tentative totality predicate

xs n x 2 xo |2 Vm<n,VxeS[u], x|h= f(x) |2
xs | et (x1,%2) n®" fU"
YU,  xl
L7 (y,x) U=
VyeS[T]y Ih=f(y) U}
furl—t
n

Figure 3.25: Step-indexed totality predicate

elements. Formally, we will write x || to express that x € S[¢] is total, and define this predicate
by induction on ¢. This notion extends to contexts I and typings I + £, treating contexts as
nested pairs and typings as functions. The corresponding predicate is presented as inference
rules in Figure 3.24.

Now, to obtain the totality for streams we should prove the more general result, stated using
the definitions above to package induction hypotheses in a type- and context-directed fashion.

Lemma (Totality). The interpretation of a typing derivation proving that an expression e has
type t in the context I satisfies the totality predicate. In other words, one has

S[T - e: ¢ L

This lemma is equivalent to Theorem 3.4.1 when e is a closed expression of stream type. To
see why, unfold the definition of the totality predicate |} 54 <.

Step-indexing Unfortunately, the previous totality predicate is not strong enough for the
proof to go through. The problem arises when trying to prove the totality lemma of the Fix
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rule. To understand why, let us go back to Example 16. Consider the expressions consincr, of
type 0(1) — (1), and nat, which is the fixpoint of consincr. Since this program is accepted, the
fixpoint in nat defines a total stream. But why?
The untyped semantics of consincr could be written as follows, following the conventions
used in Chapter 2.
consincr xs = 0.(incr xs)
incr (x.xs) (x+1).(incr xs)

This function is non-strict: it maps 1 to the partial stream 0.1, and more generally a stream xs
converging up to n to 0.(incr xs) which converges up to n+ 1. Its clock type reflects this
fact, expressing that consincr maps an integer stream converging up to n whose clock is
a prefix of 0(1)“ to an integer stream converging up to n whose clock is a prefix of (1)®.
Since (1)® <:; 0(1)?, the amount of data in the output stream increases strictly with each
approximation of the fixpoint, which is therefore total.

This information is not reflected in the totality predicate in Figure 3.24, which only expresses
properties of functions whose arguments are fotal streams. To solve this problem, we have
to reason explicitly about partial objects in the predicate. For streams, we already have the
partial, “up to n” predicate _ |},, which approximates the total convergence predicate _ |},
given in Chapter 2. We lift it to functions and arrows in Figure 3.25. A pair converges up to n
if both of its components do. The case of functions is more subtle than before, forcing the
function to preserve convergence for all m smaller than the current n. This makes sure that a
function which converges up to n+ 1 converges up to n. Contexts and typings also have their
predicates, which are similar to that of products and functions. Finally, imitating the case of
streams, we define the total convergence predicate in terms of the partial one.

Definition 16 (Total Convergence). An inhabitant f of S[I + t] converges totally for the typ-
ing ' + t when it converges partially up to all n forT + t.

def
FUST = VneN, fU

The proof We first establish useful properties on the convergence predicate. They are all
used for the proof of the totality lemma, and in particular for the fixpoint case.

Property 22. All inhabitants of a type t converge up to zero.
Ve, VxeS[t], x
Proof. We proceed by induction on ¢.
e Case t = dt :: ct: immediate from Definition 2.
e Case t = 11 ® tp: by induction hypotheses on #; and .

e Case f=1; — fp: take f € S[f; — ] and x € S[11]. We have fx || by induction hypothesis,
and thus f | ~"%. O
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Property 23. Convergence up to n+ 1 implies convergence up to n, and that for both types and

contexts.
VneN, VxeS[t], x ¢, = x|}

n+1

VneN, VyeS[I], y UL, = v}

Thus, for any x, n and m such that n < m and x ||%,, we have x ||,.

Proof. Let us prove this lemma for types, the case of contexts being similar to that of products.
We proceed by induction on ¢.

e Case t = dt:: ct: immediate from Definition 2.
e Case t = 11 ® Ip: by induction hypotheses on #; and .

e Case t = 1j — f: take f € S[t; — ] such that f 7. Let x be such that x |}}}. Be-
cause n < n+ 1, the fact that f converges up to n+1 implies fx ||2. Thus f ||} .

Once this has been established the last part of the property is readily proved by induction on
the natural m. O

Property 24. The convergence predicate for a type t is compatible with the order of the do-
main S[t] in the following sense.

Vi, Vn, Vx,yeS[t], xey A x|l = y |}
Proof. By induction on ¢.
* Case t = dt:: ct: immediate.
e Case t = 1] ® tp: by induction hypotheses on #; and .

e Case t = 1] — I: take f,g € S[f; — to] such that f ||~ and f c g. Let x be such
that x ||). We have fx |2 and, since f c g, fx € gx. The induction hypothesis on £,
gives gx || 2. O

We also need a characterization of the convergence of map,, when and merge. It will be
used in the corresponding cases of the proof.

Property 25. Given ascalar s+ 1 €S, we have
const s ||«
Given a total function op and two streams xs and ys such that xs |}, and ys | ,, we have
map op xs ys || n
Given streams w < (1)®, xs and ys such that w |, xs o, (ny and ys | ,_0,,(n)» we have
merge w (xs,ys) |
Given streams w < (1)® and xs such that w |}, and xs |} ,, we have

when w x o, (n)
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Proof. Each proof is done by induction on n. The base case is always immediate since any
stream converges up to zero. The induction case for map, is immediate. For when and merge,
reason by case on the head of w which is either 0 or 1 since w < (1)%. O

We have seen in the previous section that the separation, adaptability, gathering/scattering
judgments denote continuous functions. Such functions obey convergence principles that are
used for the totality lemma. We detail the adaptability and gathering/scattering cases.

Lemma 5 (Totality, Separation Judgment). Let T, 'y and T'» be contexts and lety be in S[I].
Take (y1,72) = S[T -1 ® T2]y. For any n €N such thaty |5, one hasy1 |I' andy; ||2.

Proof. Immediate by induction over typing derivations. O

An adaptability derivation proving + ¢ <:; t’ acts as a coercion between ¢ and ¢’ in the sense
that it describes a way to transform an inhabitant of 7 into one of ¢’. The delay k describes the
amount of slack available between the producer and the consumer. Thus, the interpretation
of a k-adaptability constraint sends an inhabitant of ¢ converging up to some 7 into one of ¢’
converging up to n + k.

Lemma 6 (Totality, Adaptability Judgment). Let t and t’ be types and x an inhabitant of t. For
any n €N such that x ||}, one has

S[- < ']x )"

n+k
Proof. By induction on typing derivations proving + ¢ <:j t'.

» Case ADAPTSTREAM: the premise nf(ct) <:x nf(ct’) implies S[ct] <:x S[ct]. This means
in particular that Ogp (i) 2 Og[epp (i + k) for any i. Now, let x be such that x ||}, for

some n. Property 8 and Ogjq (1) > Ogepp(n+ k) give S| di == ct <y di = ct] x Iy

n+k*

* Case ADAPTPROD: immediate use of the induction hypotheses on f; and f, given the
definition of ||;®%.

A A
* Case ADAPTARROW: given f |};1 %, we want to show S[- t; —o tp <:y ] — 3] f 1 2. As-

/
t .
sume x |, with m < n+ k. We have

Xe€ U,ﬁ%
S[- 1] <o ] x¢€ | (ind. hyp. on ~ #] <: t;)
S[-1t <o ] xe |2 (Property 23)

min(m,n)
(foSIFf<wnl)xe U2, 0 (FIiT™
(S[-ta <k ty] o foS[F 1] < t1] ) x € |}2 (ind. hyp. on + 1, < t5)

¥ ! rtnin(m,n)t+k
(S[Ft2a<k 3] o foS[-t] < ta])xe |2, N2 .

(S[-ta <k B3] o foS[Ft] < 1] )x € |13 (m<m+kand m<n+k)
fH—t;
Hence f |, . O
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We now have to state an invariant for the gathering and scattering judgments. Chapter 2
gives the intuition in the case of streams with Property 10: the relation between the convergence
of inputs and outputs can be described using the cumulative function of the clock driving the
local time scale. Consider a time scale driven by a clock w.

* An element converging inside the time scale for O, (n) local steps may leave the time
scale via gathering, and the result converges for n global steps outside.

* Conversely, an element converging outside the time scale for n global steps may enter
the time scale via scattering, and the result converges for O, (n) time steps inside.

This is what the lemma below expresses formally.

Lemma 7 (Totality, Gathering and Scattering Judgments). Let t and t’ be types, ct a clock type,
and x an inhabitant of t. For any n €N, one has

x| = S[-tla tTx g

f ct]](n)
and xw?s[[ctﬂ(”) = S[-ttat']x |}

Proof. By mutual induction over derivations proving + ¢ 1. t' and + ¢ |, t'. We prove rules in
the order they have been explained in the previous sections.

» Case UPSTREAM: taking xs Ud’ e’ by definition we have clock xs =g (1) S[ct’]. The

e ()’
premise gives S[ct] on S[[ct’ 1= Sﬂct’ ']. We conclude by the second half of Property 10
that repackgy . xs |4 et

» Case DOWNSTREAM: the reasoning is similar to the previous case, this time using the first
half of Property 10.

e Case UPPrROD and DOwNPROD: immediate use of the induction hypotheses on #; and t,

given the definition of |} %%,

» Case UPARROW: take f Utﬁ’tz (n) and x ||} with m < n. Then

f
xe |t

S[-t{ bt 11] xe |} o (my (I0- yp- on - 1 Lo 1)
(f S[['_ tl Vet tl]])x € U@ sei) (M) (f Ug;;ci;(n) and OS[[ct]}(m) < OS[[ctﬂ(n))
(S[-tate o foS[F il ti])x € Um (ind. hyp. on+ t, ¢ t})

f—t)
Hence f |},, .
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* Case DOWNARROW: first, the premise cz < (1) 1mphes S[ct] < (1)?, and thus that we

have Og[.(i) < i for any i. Take f 4% and x Um with m < Og[eq(n). Since S[cr] is
binary, there exists n’ < n such that m = Og[(n’). Then

X € Ut{
X € UOS[[ 7(n") (m= OS[[CL‘]](n,))
S[- 1t 1] xe Uf; (ind. hyp. on + £ 1¢ 1)
(foS[- 1t te ti])x e | (f a2 and n’ <n)
(SlF 2l th] o foS[Ft] ter 1] )x € Ugs[[ct]](n’) (ind. hyp. onF # | ¢ t})
(S[- 2 der 3] o foS[- 1] ter il )x € U7 (m = Og[eq (1))

Hence f UOS[[ 2 (n)"

* Case UPON: take x |, : L) Then
S[cton ct/

€ t
U(,)S[[ct(m ct'] (n)

t
* € 0y Osten (1)
S[=tter "] xe Uiy oy
(S[-t"1ee t] oS[F t 1o t"])x € | (ind. hyp. on+ t"" 1 t')

(Property 9)
(ind. hyp. on+ ¢t 1. t")

Case DOWNON: take x |}/,. Then

xe |},
S[-tlet"] xe Ués[[a]](n) (ind. hyp. on+ ¢ | o t")
(S[-t" Lo t']oS[Ftlce t'"])x € U(IQSHC[I]](OS[[“]](”)) (ind. hyp. on+ t" | . t')
(S[- " Loy t'] oS[F £ et '] ) x € Ués[[mwﬂ(n) (Property 9)

Case UPINV: take x Ué)sﬂ [(n)° Then
(%3

e !
(?Sﬂct]](n)
S[- 1o t']xe Ué?s[[ 11 (Osgan(m)) (ind. hyp. on+ ¢ | t')
St t']xe UOS[[cton () (Property 9)
St o t']x e L (ctonct' = (1))

Case DOWNINV: take x ||. Then

xe |
e Ués[[l?tongt/]](n) (Ct on Ct, = (1))
t
e U Sﬂct’]] (Os[[ct]](n)) (Pfoperty 9)
S[+1ttew t']xe Uos[[ q(n) (ind. hyp. on - ¢ 1,y t/)
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which concludes the proof. O
We can finally prove the main result, which we had already stated.

Lemma 8 (Totality, Typing Judgment). LetI" be a context, t a type and e an expression. Then,
one has

S[T-e: ¢ L

Proof. By induction over typing derivations. The VAR, WEAKEN, LAMBDA, APP, PAIR and LET-
PAIR rules are straightforward, applying induction hypotheses and Lemma 5. Let us detail the
remaining cases, beginning with rules involving auxiliary judgments.

e Case Fix: assume y |}},. Letus abbreviate S[I'+ e: t — /]y as f. The induction hypothesis
gives f ||;°t. The following intermediate lemma is the key argument for convergence
up to n.

Lemma.
Vm<n, (foS[-t < t])™L L,

We proceed by induction on m. The base case is trivial by Property 22. For the induction
case m=m'+1, we have

(foS[-¢' < t])™ 1ellf,  (ind. hyp.)
(S[- ¢/ <1 t]o(foS[- ' <q ¢[)")Le |, (Lemma®)
(foS[-t' < t]o(foS[Ft' < e)™) e, | (FU5~" andm/+1<n)
(foS[-t' <1 t]o(foS[-t' <1 )™ )1 e I,
(foS[-t/ <y )™ lue |t |
(foS[Ft' < t])™Le |F, (m=m'+1)

We deduce from this lemma that (f o S[- ¢/ <:; £])"L ||Z’. Now, remember that we have

S[T+fixe:t']=fix(foS[-t' <1 ¢])= | | (foS[-t' <1 1t])"1L
meN

which is by definition greater than (f o S[ ¢ <:; ¢])"1 for the order of the domain S[[#].
We obtain S[T'+ fix e: t'] ||}, by Property 24.

e Case SUB: take y |[},. Then

ye ln
S[Te:t] yels  (ind.hyp.onT+e:1)
(S[Ft < t']oS[T+e:t])ye Uf;k (Lemma 6)

(S[-t < t']oS[Te:t])ye |L  (Property 24)
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 Case RESCALE: take y ||I. Then
veln
/ Y
SI=Ta '] e dog
ST +~e:t']oS[-T 4Ty e U? (ind. hyp. onT"+e: t))
V€ VOg1 () yP
(S[-t"tcrt]oS[T'He:t'|oS[FT | T'])y € |4 (Lemma 7)

(Lemma 7)

The remaining four cases correspond to the stream processing operators whose interpreta-
tions were defined using the terms of the untyped semantics through the family syncy, , of
projections. Yet, remember that their untyped semantics was defined in terms of embeddings
into K. We will first show that projections from syncy, , annihilate these embeddings—they
compose to the identity. The resulting functions converge as described by Property 25, and
use Property 4 and Property 5 to move between streams and clocked streams. We now detail
each case.

» Case CONST: by unfolding the definitions in the typed interpretation of this rule, we find

S[or s diof (s) :ct] = synci g5 Klop]
= A_.SYNC giof (ay) o (Stream(const s) )
= A_packg[ (consts)

Now, for any i we know that const s |}; by Property 25. In particular, const s UOSM (n) for
any n. Hence, packgp (const s) UOsM (n) by Property 4, and thus

O+dtof (s) = ct
n

(A_.packgj,, (consts)) |
which is equivalent to the totality of rule CONST.
* Case Op: unfolding the e-p pairs again, we obtain

S[o+ op: (int:: ct) ® (int:: ct) — (int:: ct)]
SYRCq(int:: ctr)®(int = cf)—(int : ct)K[[Op]]
A—'(sync(int::ct)®(int::ct)—o(int::ct) f
where [ = fun(streamomap; [op] o (unstream x unstream) o unpair)
A_.packg[) o mapz [op] o (unpack x unpack )

Now, suppose that we are given (xs, ys) ||t cO®nt=e) ppey

(XS,yS) Uglint:: ct)®(int :: ct)

(unpack x unpack) (xs,ys)
(map; [op] o (unpack x unpack) ) (xs, ys)
(packg,) © map> [op] o (unpack x unpack))(xs, ys)

UOsm(n) X UOsm(")

UOS[[CI]] (n)
Uir?t et

m m m m

Thus packgp.,) o map; [op] o (unpack x unpack) uS“‘“ ct)®(int: ct)~(int::cf) g any nat-
ural number n, and the totality lemma is verified for this rule.
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e Case MERGE: as before, we unfold the definitions and find

S[orFmerge p:(dt:ctonp)® (dt:ctonp) — (dt:ct)]

= SYNCqy (dr: cron p)®(dt:: cron p)—o(dr ct)K[[merge P]]
= A_packg[ o merge [p] o (unpack x unpack)

Now, suppose that we are given (xs, ys) ufﬂ‘““"“ peldizctonp) e premise p < (1)
implies [p] < (1), which we will use below. Then

(xs,ys) € J{Hctonpieldrzctonp)
(unpack x unpack) (x5,5) € Jog,.. - (n) * Oggronsy(n)
(unpack x unpack) (x5,5) € bog, o 1 (n) * bn-Oggron g (n)
(merge [p] o (unpack x unpack))(xs, ys) € log,(n)
(packg[ o merge [p] o (unpack x unpack)) (xs, ys) € [}t

which concludes the proof of the totality lemma for rule MERGE.
* Case WHEN: we have

S[o+when p: (dt:ct) — (dt:ctonp)]

SYRCo(dt:: ct)—(dt:: cton p) K[[When ]9]]
A_.packg(; on p] © When [ p] o unpack

Now, suppose that we are given xs |4 ¢, As above, we have [p] < (1)%. Then

xs € Ugt:: ct
unpack xs e Uosm (n)
(when [p] o unpack)xs € U(gsm on[p] (7)

(packs[ on ,] © When [p] o unpack).xs € | frctonp

which concludes the proof of the totality lemma for rule WHEN. O

This lemma is a key result on the type system and has a host of immediate consequences.
In particular, it implies that all the streams in a program are total, since they converge up to n
for any n. Coupled with the definition of the typed semantics, this proves that prefixes of clocks
play no role in the semantics of closed programs.

Theorem 4 (Weak Causality). For any closed expression e, data type dt and clock type ct,
S[ore:dt:ct] oo

Proof. Immediate by Lemma 8 and the definition of totality. O

Theorem 5 (Soundness). For any closed expression e, data type dt and clock type ct,

clockS[ot+ e: dt: ct] =S[ct]
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o value
X:((l)_Z)I—X:(OZ) (1)< (02) F(02)<:p0(1)
- funx.x: (02) — (02) - (02) — (02) <ig (1) —0(1)
Ffunx.x:(1) —0(1)
(a)
o value F1(0)<0(0)  F (1)< (1)
x:(0) = (1)Fx:(0)— (1) F(0) — (1) <:p1(0) — (1)

x:(0) — (1) Fx:1(0) — (1)

(b)

Figure 3.26: Typing derivations where S[I' - e: t] o syncy c sync, o K[e]

Proof. The definition of the typed semantics ensures that clock S[o+ e: dt :: ct] = S[ct] while
weak causality implies clock S[o+ e: dt :: ct] || . Because the left hand side is maximal in the
domain Ck, we obtain the equation above. O

These results prove that clock types, which are syntactic objects, provide a precise descrip-
tion of the runtime behavior of clocked streams. In the next section we go one step further
however, and relate the typed semantics to the untyped one.

3.4.2 Correspondence Between Typed and Untyped Semantics

We have seen that the typed semantics for the dedicated stream-processing operators was
defined in a systematic manner through the use of e-p pairs (desync,, sync,). We will now
show that this is no accident, and is in fact the case for all expressions. More precisely, we prove
the following result, which we call the Lax Coherence Lemma.

Lemma (Lax Coherence). For any expression e, context1” and type t, one has

S[C'+e:t]osyncy € sync,oK[e] (3.1

Imprecise types Let us discuss briefly cases where inequality 3.1 is strict. First, in the case of
a closed expression whose type is a value, Lemma 8 ensures that the left-hand side is maximal
in the domain S[dt :: ct], and thus that the two sides are equal. The inequality can only be strict
when the expression contains free variables or has a non-value type. We give two examples
where this actually happens.

Example 18. The typing derivation for the first example is given in Figure 3.4.2 (a). It assigns
to the identity function the type (02) — (02), and then adapts it to the type (1) — 0(1).
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Here, the left-hand side of the inequality gives rise to a function which, applied to the partial
stream [42].1, computes the stream []. 1.

S[Ffunx.x:(1) —0(1)](syncy1)([42].1)
= (syncy) o desync g 5y © sync q oy © desync yy)[42].1
(syncg(py o desync g ») 0 Sync g 2))42.1
(synco(yy o desync g 5))[]-1
[J-L

In contrast, the right-hand side maps the same stream to the strictly larger result [ ].[42].1.

(syney—o(1y o K[funx.x]) 1 ([42].1) (syncg(yy o desync (1y)[42].1
syncy(1)42.1

[].[42].1

Thus the typed semantics, applied to synchronized inputs, produces less outputs than the
synchronization of the typed semantics.

Example 19. The typing derivation for the second example is given in Figure 3.4.2 (b). It uses
the fact that (0) — (0) is adaptable to 1(0) — 1(0). Now, consider the following function hd:

hd € Stream(V) = Stream(V)
hd (x.xs) = x.1

which maps a stream to a non- 1 value if and only if this stream converges for at least one step.
Consider the environment o = L[ x — fun(streamo hd o unstream)]. Then, the left hand side
denotes the function Axs.1, as we show below.

S[x:(0) < 1(0)+x:1(0) — 1(0)] (desyncxz(o)_ol(o) 0)
= (syncy(0)—1(0) © desync oy 1(0)) hd
= Axs.(syncy gy o desync gy © hdo sync gy o desyncy o)) xs
= Axs.(hdo sync gy o desyncy g)) Xs
= Axs.hd[]®
= Axs.L

In contrast, the right-hand side denotes the function given below.

syncyoy—10)(K[xJo) = syncy(g)—i(o) hd
= Axs.syncy gy (hd (desync, gy xs))

A[x]0)-([x]-1)

This function differs from Axs.1 since, for instance, it maps [42].1 to [42].1.

Observe that, in both examples, inequality 3.1 is strict in derivations that assign imprecise
types to the expressions involved. For instance, assigning the type (1) — 0(1) to the identity
function in the first example is clearly sub-optimal—this type makes the first element of the
output stream falsely depend on the second element of the input stream. The same is true in
the second derivation.
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Y=r;sY
CIXEOE CTXEQSAME CTXEQDIFF
TXEQEMPTY Y=r:sy’ Y=r:sy’
L=g;sl (% V) =r,x:t;S0{x} (Y/’ V) (Y! V) =rxet; 8N {x) (7/’ V/)

Figure 3.27: Context equivalence

Remark 16. The fact that the equality does not always hold comes from a defect in our typed
semantics. For any types t and ¢’ such that + ¢ <:y ¢/ holds, we would like the following to hold.

(sync, odesync,, sync,odesync,) : S[t]<S[t']

This would confirm the intuition that “small” types characterize untyped computations in a
more precise way than “large” ones. Unfortunately, this does not hold, as Example 18 gives the
counter-example - (02) — (0 2) <ig (1) — 0(1). This comes from the fact that our semantics
is not strict enough. We discuss this defect more precisely in Section 6.2.

Scopingissues We shall now prove the Lax Coherence Lemma. Part of the result expresses
that the notion of scoping between the two languages coincide. The untyped semantics uses
environments, which enforce lexical scoping by construction since o[x — v][x+~ V'] is equal
to g[x — v']. On the other hand, the typed semantics manage the values of free variables
as tuples, with a derivation of x: ¢,x: ¢+ x : t interpreted as a binary function. If the typed
semantics is to respect lexical scope, the result of its interpretation should not depend on its
left argument since it corresponds to a binding of x that has been shadowed. More generally,
we shall prove that the result of S[I'+ e: t] depends only on the rightmost binding of each
variablein .

This scoping issue comes from the fact that (desyncy, syncy) is not an e-p pair. While synco
desyncy holds, we do not have syncy o desyncy in general. However, we prove that S[T'+e: ] =
S[T + e: t] o sync o desyncy holds. This equation expresses formally that the typed semantics
respects lexical scope.

To establish this result, we define an equivalence relation expressing that two inhabitants
of a given context are lexically identical, and prove that the typed semantics respect this result.

Definition 17 (Lexical equivalence). Given a contextI” and a finite set of variables S, the rela-
tiony =r.sy' betweeny,y' € S[I'] expresses that, for each variable x € S, the values corresponding
to the rightmost binding iny and iny’ are the same. It is defined as an inductive system of rules
in Figure 3.27.

We now prove a series of technical properties on the relation that will serve as building
blocks for subsequent proofs.

Property 26. Given contextI” and finite set S C Var, the relation =r; s is an equivalence relation.
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Property 27. Given contextT, finite set S ¢ Var and inhabitantsy,y' € S[T'], one has
L (y,v)=rxe;s (v, V') and x ¢ S impliesy =r,sy' for any v, v' €S[t];
2. (y,v) =rxr;s (v, V') and x € S implies v="v" for any v, v’ € §[t];
3. (v,v) =rxe;s (v, V') and x € S impliesy =r, g (} Y';
4. y=r;sy' impliesy =r,s v’ forany S’ c S.

Proof. Each statement can be proved by induction over I'. The first three are immediate, but
we detail the fourth one.

¢ Case o: immediate.

 CaseT, x: t: this case consists in proving (y, V) =r x.s;s (Y, V'), assuming (y, V) =r x:z;s
(y',v"). We reason by case on whether x belongs to S and S'.

- Case x ¢ S: then x ¢ S’ since S’ € S. In this case the first statement gives y =r.s y’, and
thus by induction hypothesis we have y =r. ¢ y'. Since S’ \ {x} = §’, we conclude by
rule CTXEQDIFE.

- Case x € S: the second statement gives v = v’ and y =r, g~ y’ for some finite set §”
such that S = S” u{x}. Now, if x € §’, then there is §"’ such that §' = §"" u {x}
and S"”" ¢ §’. Thus the induction hypothesis gives y =r.g» Y’ and by rule CTx-
EQSAME and the fact that v = v" we get (y,v) =r;gnu(x (', V') and thus finish
with (y,v) =r.¢ (y',v'). If x ¢ ', we have S’ € S and thus y =r. ¢ y'. Since S~ {x} =
S’, we conclude by rule CTXEQDIFF. O

Property 28. ForanyT,y,y’ €S[I], S and x ¢ dom(T), ify =r;s ¥’ theny =r,s (.} v'-
Proof. By induction over I'.
* Case o: immediate.
 Casel,y:t: wehave (y,v) =r ;s (Y, V') and x # y. Reason by case on whether y € S.

— Case y ¢ S: by Property 27 (1) we have y =r; s y' and thus by induction y =, suf{x} Y’
since dom(T') ¢ dom(T', y: t). Rule CTXEQDIFF gives (¥, V) =r .1, sufxi fy) (¥ V)
which concludes the proof since y ¢ S and x # y implies Su{x}~ {y}=Su{x}.

— Case y € S: by Property 27 (2) and (3) we have v = v" and y =r; 5. (,} 7. By induction
we have y =r; 5. (1u(x} ¥’ and thus we can conclude by rule CTXEQSAME. O

One important point is that while (desyncr, syncy) is not an e-p pair because syncrodesyncr
is not the identity in general, it is up to lexical equivalence. We establish this result proving an
intermediate lemma first.

Property 29. ForanyT,y eS[I'], 0 € Env(K), vel, S and x ¢ S such thaty =r,s syncro, we
havey =r.s syncra[x~ v].
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Proof. By induction over I
* Case o: immediate since sync,o[x~ v]=1=g;5 1 for any S.

* CaseT,y: t: we shall prove (y,v’) =r,,.1;s (Syncro[x = v],sync,o[x = v](y)) assum-
ing (y,v") =r,y.1;s (syncro,sync,0(y)). We will reason by case on whether y belongs
to S; notice that when it does not we have x # y since x € S.

— Case y ¢ S: then y ¢ S and by Property 27 (1) we have y =r; s syncpo and thus by in-
duction y =r;s syncro[x + v]. Applying rule CTXEQDIFF, we get (Y, V') =r y.4; 5. {3}
(syncpo[x~ v],sync,o[x+~ v](y)) which concludes this case since S\ {x} = S.

- Case y € S: by Property 27 (2) and x # y we have v/ = sync,0(y) = sync,o[x —
v](y). Define S’ as S\ {y}; we have y =r. ¢ sync,o by Property 27 (3), and thus by
induction y =r. ¢ sync,o[y ~ v]. We conclude this case using rule CTXEQSAME. [J

Property 30. ForanyT,yeS[I'] and S, we havey =g syncy(desyncyy).
Proof. By induction over I'.
* Case o: immediate since sync,o[x~ v]=1=g;5 1 for any S.

e CaseT,x: t: we have syncy ,.,(desyncy ..,(y,v)) = (syncp(desyncyy)[x + desync,v], v)
and hence we shall prove (y, v) =r,x.1;s (syncp(desyncry)|[x = desync,v], v). Now, de-
fine S’ as S\ {x}; by induction, we have y =r. ¢ sync(desyncro). Thus, and since by
definition x ¢ S, from Property 3.4.2 we deduce y =r. s syncy(desyncy)[x = v]. Applying
rule CTXEQSAME we obtain (y, V) =r; gy} (Syncr(desyncy)[x — v], v) which concludes
the proofsince S'u{x}=S. O

The next lemma shows that the typed semantics respects lexical equivalence and will be
instrumental in proving the Lax Coherence Lemma. As usual, we need to prove a series of
properties on auxiliary judgments.

Property 31. The interpretation of a separation judgment preserves lexical-relatedness. In
other words, given contexts T', T'y, ', and inhabitants y,y’ € S[I'], for any d ::: (T+T1®T5),
taking (y1,y2) =S[d = (T+T1®T2)]y and (y},v,) =S[d = (T =T1®T2)]y’, then for any finite
setS,y=r;sY' implies

Y1=r;8Y; and Y2=r;sY;

Proof. By induction over typing derivations.
» Case SEPEMPTY: immediate, inhabitants of empty contexts are always lexically related.

* Case SEPCONTRACT: we prove (Y;, V) =r, x:1;s (v}, V') assuming (y, v) =r x.s;5 (Y, V'). We
reason by case on whether x € S.

— Case x ¢ S: we apply the induction hypothesis to obtain y; =r,;s y;. Through
rule CTXEQDIFF we have (y;, V) =r,;s.(x} (¥}, v’) which concludes since S\ {x} = S.
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— Case x € §: we apply the induction hypothesis to obtain y; =r, ;s (x} y;. By Prop-
erty 27 (2) we have v = v/, hence by CTXEQSAME we have (y;, V) =r,; s« {x1ufx} (Y V)
concluding the proof.

Case SEPLEFT: we shall prove (y1,v) =r, xs;s (Y], V') and y2 =r,;s ¥} assuming as be-
fore (y,v) =r,x:;s (v, v") and knowing x ¢ dom(T'z). We reason by case on whether x € S.

— Case x ¢ S: we apply the induction hypothesis to obtain y; =r,;s y}. As in the proof
of case SEPCONTRACT, we conclude (y1,v) =r, x.s;s (Y], V') using rule CTXEQD-
IFF (since S= S~ {x}).

— Case x € S: we apply the induction hypothesis to obtain y; = ;5. (x} ;- As be-
fore, by Property 27 (2) and rule CTXEQSAME we prove (Y1, V) =r, x1;s (7], V). We
obtain y, =r,;s y5 using x ¢ dom(T'’z) and Property 28.

Case SEPRIGHT: symmetric to SEPLEFT. O

Property 32. ForanyT, T, ct,d::(+T | T"), v,y €S[I'] and S such thaty =r,sy’, one has

S[d:: (-T e )]y =g S[d == (T L T)]y

Proof. The proof is immediate by induction over I" and follows the usual pattern of reasoning
by case on whether x € S for the case I, x : t. O

Lemma9. ForanyT,e, t,d:: (T+e:t) andy,y' €S[T] such thaty =r,py(.) Y', one has

S[d:=:(Tre:t)]y=S[d:=(T+e:t)]y

Proof. We proceed by induction on the typing derivation p.

Case VAR: we have (Y, V) =r y.;; pv(x) (¥, V') and thus, since x € FV(x), v = v by Prop-
erty 27 (2). This proves S[[',x: t - x: t](y,v) =S[[, x: t+ x: t](y', V').

Case WEAKEN: we have (Y, V) =r .., pv(e) (v, V') and thus, since x ¢ FV(e), ¥ =r; py(e) V'
by Property 27 (1). We conclude applying the induction hypothesis.

Case LAMBDA: we shall prove that for any v, one has

S[T+funx.e:t—t']y' v
S[T,x:t+e:t'] (y',v)

S[T+funx.e:t—t']yv
= S[[,x:t+e:t'] (y,v)

We have ¥ =r; py(e) {x} ¥'» hence by EQCTXSAME we obtain (y,v) =r v pv(e) (V) 7)
which is enough to conclude using the induction hypothesis.

Case App, PAIR and LETPAIR: all three cases are similar, we first apply Property 31 and
then induction hypotheses.

Case Fix and SuB: we directly apply the induction hypothesis since y and y’ are passed
to the rest of the derivation without change.
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* Case CONST, Op, MERGE and WHEN: immediate since the context is empty.
* Case RESCALE: we first apply Property 32 and then the induction hypothesis. O

We can now combine Property 30 and Lemma 9 to prove that (desyncy, syncy) acts as an
e-p pair from the point of view of the typed semantics.

Lemma 10. ForanyT,eandtandd:: (T+e:t), one has
S[d::(T+e:t)]=S[d:: (T+e:t)]osyncyodesyncy

This shows that the typed semantics follows lexical scoping rules, a result we will now use
to prove the Lax Coherence Lemma.
Lax Coherence We proceed as usual in order to establish the inequation explained before,
showing intermediate results on auxiliary judgments.
Property 33. Foranyl',T'y andT,, one has

S[I'+T' ® 2] o syncy = (syncr, syncr., )

Proof. Routine induction over derivations. Unfolding definitions and applying induction
hypotheses is enough to prove all four cases. For instance, case of SEPCONTRACT goes as

S[T,x:t+Ty,x:t®Ty,x: t]osyncy .,

Ao .((y1,sync,0(x)),(y2,sync,0(x))) where (y1,y2) =S[I'+T1®TI2] (syncro)
Ao.((syncyr,0,sync,o(x)), (syncr,o,sync,a(x)))

= <SynCF1,x:t’5ynCF2,x:t>

Property 34. Foranyt, t' and k, one has

S[+ t <k t'] o sync,
desync oSt < t']

Sync

=
c desync,

Proof. First, remark that the first inequation actually implies the second since

S[- t <k '] osync, € sync
= desync, oS[r t < t'] o sync, € desync, o sync, (desync, o_ continuous)
= desync, oS[- t<: t']| osync, c id (desync,s o sync, € id)
= desync, oS[r t < t'] € desync, (sync, o desync, = id)

Thus we only prove the first by induction over derivations of the adaptability judgment.

e Case ADAPTSTREAM: one has

desync j;.. ,; © SYync 4. ,; € id ((desync,, sync,) e-p pair)
= SYNC gy o © AESYNC gy s 0y © SYNC gy ¢ © SYNC gy oyt (SYIC gy o © _ CONtiNuOUS)
<  S[dt:ct<pdtct']|osyncy.. . CSyncy . o (def. S[-dt:: ct < dt::ct'])
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e Case ADAPTPAIR: one has

S[-t® <y f{® ] osync, o,

= (S[F tr <k (] xS+ to < B5]) o sYNC4 g1, (def. S[F 11 ® o <t 1] ® 15]))
= (S[F <k ] osync, ) x (S[+ t2 <ty ty] o sync,,) (def. SYRC g 1)

S syncy xsyncy (ind. hyp.)

= SYNCygy (def. sync t® té)

» Case ADAPTFUN: for any f € S[#; — £,]], one has

(S[-t — o<t tf = ty] osync, ) f

= S[r 1 — ta < t] — ] (sync,, o f odesync,,) (def. sync, _..)
= S[~ 2 <tg ] osync,, o fodesync, oS[r t] < t] (def. S[ 1 — 1 <tp 1] — B])
C syncyo fo desynct{ (ind. hyp.)
= syncy oy f (def. sync,; )
which uses the statement desync, oS[~ t] < ] € desynct{ proved above. O

Property 35. For any t, t' and ct, one has

S[-tte t'|osync, © sync,
S[-tlc t'|osync, c© sync,
S[FT e T']osyncy = syncp

Proof. By mutual induction on derivations of + ¢ 1., t/ and + ¢ | t'. The proof is routine.
Cases handling type formers, including UPSTREAM and DOWNSTREAM, can be proved as in the
previous property. We only detail some of the other cases.

e Case UPON: one has

S[-ttcroncer t']osync, = S[-t" 1 t'] oS[- t 1oy t""] o sync, (def. St 1 roner t'])

C S[t" ¢ t'] o sync (ind. hyp.)
E sync, (ind. hyp.)
All remaining cases are similar to the ones discussed above. O

Property 36. For any type t, function f:K =.K and n >0, one has

(sync,_..f)"L £ sync,(f"1)

Finally, as a last step before proving the Lax Coherence Lemma itself, we need a dedicated
property used in the case of fixpoints.

Property 37. For any type t and function f :K =K, one has
fix (sync,..f) € sync,(fixf)
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Proof. Consider the predicate P(x) defined by x ¢ sync,(fix f). It is admissible, and thus we
can use Scott induction. Now, for any x € [, assuming P(x) one has

(sync,_..f)x = (sync,ofodesync,)x (def. sync,_,,)
C (sync,o fodesync,osync,)(fix f) (P(x)< xcsync,(fix f))
c (sync,of)(fix f) (desync o sync, € id)
- sync,(fix f) (f (fix f) = fix f)
and thus P((sync,_,,f)x). O

We now reach the final lemma stated in the beginning of this subsection. The proof will use
all the properties stated up to now.

Lemma 11 (Lax Coherence). ForanyT, e, t, one has
S[T+e:t]osyncy © sync,oK[e]
Proof. By induction on typing derivations of I'-e: £.

e Case VAR: one has

S[T,x: t+x:t]osyncr ..,
Ao S[T,x: t+x: t](syncyo,sync,o(x)) (def. syncy ,.,)

= Ao.sync,o(x) (def. S[T,x: t+x:t])
= sync,oAo.o(x)
= sync, oK[x] (def. K[x])

e Case WEAKEN: one has

S[T,x:t+e:t'|osyncy ., = S[T+e:t'Jomosyncy ., (def. S[T,x:t+ x:¢])
S[T+e: t'] osyncy (def. syncr ,.,)
sync,oK[e] (ind. hyp.)

In

e Case LAMBDA: one has

S[T+funx.e:t—o t'] osyncy
= A0.AvS[T,x: t+e: t']|(syncpo, v) (def.)
= Ao Av.(S[I,x: t+e: t'| osyncy .., o desyncy ,.,)(syncro,v) (Lemma 10)
c Ao.Av.(sync, oK[e])(desyncy(syncro))[x~ desync,v]  (ind. hyp., def)
(Ao Av.(sync, oK[e])o[x ~ desync,v])) o desync o syncy

c Ao.Av.(sync, oK[e])o[x— desync,v] (Property 20)
= sync,_,poAog.AvK[e]o[x v] (def.)
= sync,_,p oK[fun x.e] (def.)
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e Case APP: one has

S[Tree:t']osyncy
= Ao.S[I1+e:t— ']y (S[T2+e€': t]y2) (def. S[T+ee': t'])
where (y1,y2) =S[[+T1 @3] (syncro)
= Ao S[T1+e:t—t'](syncy,0)(S[T2+ e : t](syncr,0)) (Property 35)

c Ao.(sync,_,oK[e])o((sync,oK[e'])o) (ind. hyp.)

= Ao.sync,(K[e]o((desync,osync,)(K[e']o))) (def. sync,_,,/)

c Ao.sync.(K[e]o(K[e']o)) (desync o sync, € id)
= syncoK[e €'] (def. K[e €'])

e Case PAIR: one has

S[T+ (e1,e2): 11 ® tp] o syncy
(S[T1+er:t1] xS[Tarex: t2])oS[THT 1 @T2] osyncy (def. S[T'+ (e1,e2): 1 @ t2])

= (S[T1+e1: 1] xS[T2+ez: t2]) o (syncy,, syncr, ) (Property 33)

= (S[T1+e1:t1] osyncy,,S[T2+ez: tr] o syncr,)

c (sync, oK[ei], sync,, oK[ez]) (ind. hyp.)

= Sync; g, (K[e1], K[ez]) (def. sync,,g,,)

= SYNnc; o, °K[(e1,e2)] (def. K[(e1,e2)])

* Case LETPAIR: the proof is a straightforward if tedious variation on the case of LAMBDA
and PAIR, combining Property 33 and Lemma 10 with the induction hypothesis. We leave
it to the brave reader.

¢ Case FIxX: one has

S[T+fixe:t]osyncy
= Ao fix ((S[T+e:t— t'](syncyo))oS[t' <1 t]) (def. S[T'+=fixe:t])

c Ao.fix ((sync,_,,(K[e]o))oS[+t' <1 t]) (ind. hyp.)

c Ao fix (sync, o (K[e]o)odesync,oS[+t' <:1 t]) (def. sync,_,,)
c Ao fix (sync, o (K[e]o) o desync,) (Property 34)
= Ao fix (sync,_ . (K[e]o)) (def. sync,/t")
c Ao fix (sync,_(K[e]o)) (def. sync,/t")
c Ao.sync,(fix (K[e]o)) (Property 37)
= sync,oK[fix e] (def. K[fix e])

* Case CONST, Or, MERGE and WHEN: theses cases are immediate because their interpre-

tation is of the form S[o+ e: t] = sync, K[e] by definition.

e Case SUB: one has

S[T+e:t'|osyncy = S[-t<: t']oS[T+e: t]osyncy (def. S[I'+e:t'])
S[+ t < t'] osync,oK[e] (ind. hyp.)

sync oK[e] (Property 34)

Imm
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e Case RESCALE: one has

S[Tre:t]osyncy = S[Ftte t']oS[I"+e:t']oS[-T | I'] osyncy (def. S[T'+e: t'])

C S[-tte t']oS[I+e:t']osyncy (Property 35)

C S[+ t 1 t'] osync, oK[e] (ind. hyp.)

c sync,oK[e] (Property 35)
which concludes the proof. O

We conclude this section with some remarkable high-level corollaries of the Lax Coherence
and Totality lemmas.

Theorem 6 (Synchronization). For any closed expression e of stream type, one has
Slore:dt:ct]L = syncy. . (K[e]l)

Proof. From Lemma 11 we know that the left-hand side is smaller than the right-hand one,
and from Theorem 4 that it is total. Since in the domain S[dt :: ct] total elements are maximal,
the left-hand side is maximal and hence equal to the right-hand side. O

Theorem 7 (Strong Causality). Take a closed expression e such that there exists a clock type ct
with rate(S[ct]) > 0 and a derivation of o+ e: dt :: ct. Then, stream (K[e] 1) is total.

Proof. Let us write k for K[e] L and s for S[o+ e: dt:: ct]| L. From Theorem 6 and the fact that ct
has a strictly positive rate, we have k = desync ;.. ;s and thus

streamk = stream (desync .. ,S)
= (streamo unstreamo unpack)s
= unpack s
which is total since s is and rate(S[ct]) > 0. O

3.5 Discussion

We finish the chapter with a discussion of alternative presentations of the semantics, and a
comparison with existing synchronous languages.

3.5.1 Improving the Typed Semantics

Domain theory provides a fixpoint operator for any function of a given domain into itself
and thus was a natural way to define the semantics of untyped programs, where we need to
make sense of arbitrary recursive definitions. In contrast, using domain theory for the typed
semantics is debatable. On the one hand, it makes it easy to state results such as Lemma 11
since the untyped and typed theorems refer to objects living inside the same category. On the
other hand, typed programs are better behaved than untyped one, yet the typed semantics
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does not reflect this fact natively. For instance, we have had to prove explicitly that well-typed
programs correspond to total elements of a domain (Lemma 8). We would like this fact to be
true by construction in a better semantic setting.

An alternative would be to have a typed semantics where partial streams do not exist. It
should be possible to provide such a semantics in complete ultrametric spaces (see, for exam-
ple, Krishnaswami and Benton [2011]), or in the topos of trees @, using recent work of Birkedal
et al. [2012]. All streams would be infinite/total by definition and recursive definitions would
be explained using Banach’s fixed point theorem or the existence of fixpoints in @ rather than
Kleene’s fixpoint theorem.

3.5.2 Causality

The synchronous setting involves two distinct time scales. The first one is the ambient global
time scale, which is the successive time steps between which buffering is needed. Then
there is the less apparent but nevertheless important internal time scale, in which the actual
computations occur, during a time step.

In traditional synchronous programming languages, each time scale is controlled by a
separate static analysis. The global time scale is governed by clock types, which check the
consistency of buffering between time steps. The internal time scale is governed by the causality
analysis, which checks that the computations performed during a time step terminate, and
thus that time actually passes. We argue that this separation, while simple to implement,
actually limits our understanding and hampers the design of better languages and compilers.

Consider the Lucy-n program given in Figure 3.28 (a). It defines two recursive binary stream
variables x and y. The first variable denotes the periodic stream (0 1) while the second one
denotes its negation (1 0)®. What matters here is that the computation of the elements of odd
rank of x depends on the elements of odd rank of y, but that this dependence is reversed for
elements of even rank. The buffer operator marks an explicit application of the SUB rule.

The pair (x,y) admit several valid clock types in Lucy-n. A first possibility is (1) ® (1), which
corresponds to the chronogram given in Figure 3.28 (b). Vertical bars correspond to separate
time steps and arrows to data dependencies. The chronogram shows that dependencies during
a time step alternate: at even time steps x depends on y and conversely at odd time steps.
Following the tradition set by Lucid Synchrone, Lucy-n uses a causality analysis based on
the absence of cycles in the syntactic instantaneous dependence graph, which does not take
clocks into account. Thus, here the graph is cyclic, and this program is rejected. Another valid
typeis (1001)® (01 10), which corresponds to the chronogram given in Figure 3.28 (c). In
contrast with the first one, it is accepted by the causality analysis of Lucy-n since dependencies
alternate but always cross a time step, making the syntactic instantaneous dependence graph
acyclic. Nevertheless, this type has a lower throughput than (1) ® (1).

This example readily translates to pAS. It takes the form of a function twohalvesbody. Its
fixpoint corresponds to the output of twohalves. The corresponding code is given in Fig-
ure 3.28 (e). While the type

MHe)—-1)e()
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let node twohalves () = (x, y) where

rec x = merge (10) false (not buffer (y when (01)))
and y = merge (10) (not buffer (x when (10))) false
(a) - Example code
X 0 1 0 1 0 1 0 1
y 1 0 1 0 1 0 1 0
(b) - Chronogram and dependencies for x:: (1) and y =
X 0 1
y 1 0
(c) - Chronogram and dependencies forx:: (1001)andy:(0110)
x 0 o 10| o o 1!
y ! 1 10 L 1 10 L

____________________________________________

(d) - Chronogram and dependencies for x :: (1) and y :: (1) rescaled by (2)%
twohalvesbody = funz.let (x,y)=z1in (merge (10)0 (not (when(01)y),

merge (10) (not (when (10) x) 0))
twohalves = fix twohalvesbody

(e) - Translation to uAS

Figure 3.28: Lucy-n program - clock-dependent causality
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is valid for twohalvesbody, it makes twohalves ill-typed because the adaptability constraint of
rule F1x cannot be satisfied. As for Lucy-n, assigning the type

0(1001)®(0011)—(1001)®(0110)

to twohalvesbody makes it possible to accept twohalves with the type (1001)® (01 1 0) since
the 1-adaptability relation

(1001)®(0110)<:;0(1001)®(0011)

then holds. As explained before, this type has sub-optimal throughput; yet, in uAS, we can add
a local time scale driven by the clock type (2) to recover the first type. This corresponds to the
chronogram of Figure 3.28 (d). Dashed boxes show how local time steps are now aggregated to
give the same observable behavior as in Figure 3.28 (b). We will see in the next chapter that
such a program does not necessitate any particular treatment during code generation.

This example shows that in Lucy-n clock types influence the causality analysis, which is
problematic when the two analyses are completely separate. Here the type inference engine
makes a choice that leads to rejection later in the compilation process. To accept the first type
requires enriching both the clock type inference engine and causality analysis of Lucy-n, as
well as intra-step scheduling and code generation. In contrast, using local time scales and
integer clocks one may;, at least in theory, avoid complex intra-step causality conditions and
rely on clock typing instead.

3.6 Bibliographic notes

We now briefly discuss related work and models that were not touched upon in Section 2.11.

n-Synchrony The language presented in this chapter is an extension of Lucy-n, proposed
by Mandel, Plateau, and Pouzet [2010], which takes place in the n-synchronous framework
of Cohen et al. [2006].2 The most complete description of Lucy-n to date can be found in the
PhD dissertation of Plateau [2010]. Up to now this line of work has focused on solving difficult
type inference questions and comparatively little attention has been paid to the semantics
and properties of the type system. This thesis intends to remedy this gap. In particular, to
our knowledge this is the first time a result relating the typed and untyped semantics for an
n-synchronous language has been stated or proven.

Another salient feature of the language is the integration of several static analyses that have
traditionally been disjoint in synchronous functional languages: clock typing, initialization
analysis and causality analysis. We will discuss this point in detail in Chapter 6; let us briefly
mention that we consider the integration of causality analysis and clocking is feasible only
because local time scales make the distinction between global time steps and the unfolding of
dependencies inside a time step.

2Strictly speaking, the language is not a superset of Lucy-n since clock polymorphism and node reuse are
missing. These points will be discussed in Chapter 5.
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Local time scales In the binary case, a restricted form oflocal time scales is already present in
other synchronous functional languages. Local time scales driven by binary clocks correspond
to wrapping a block of code inside a conditional statement. Such a construction has been used
as an optimization during the compilation process, as discussed in the PhD thesis of Raymond
[1991] and, later, in the paper of Biernacki et al. [2008]. They can also be seen as activation
conditions [Halbwachs, 2005] checked by the clock type system. The multiclock extension of
Esterel v7 [Esterel Technologies, 2005, Chapters 13 and 14] offers constructions roughly similar
to activation conditions, but integrated at the module level.

It is, to our knowledge, the first time a general local time scale construction has been
proposed for a functional synchronous language. There is, however, an existing concept which
is very close and in fact partly inspired our work: the notion of reactive domain proposed by
Pasteur [Pasteur, 2013; Mandel et al., 2010] in the setting of ReactiveML.

ReactiveML [Mandel and Pouzet, 2005] is a general-purpose functional language which
offers primitives originating from the synchronous model. It is more expressive than languages
a la Lustre, at the expense of relying on unbounded data-structures and dynamic memory
management. Reactive domains provided the inspiration for our local time scales: they fuse
several reactions of a block of code into one macro-reaction, making this macro-reaction
appear atomic to the outside world. Pasteur also introduces an abstract notion of clock, quite
different from ours: in his setting, a clock is an abstract name identifying a domain. Such clocks
serve dual roles: first, the programmer explicitly manipulates them to control the speed at
which a domain executes relatively to the external world; second, they provide the basis for a
custom clock type system preventing domain-local signals to escape their domain.

The differences between local time scales and reactive domains reflect the philosophical
differences between functional synchronous languages such as Lucid Synchrone or Lucy-n on
the one hand and ReactiveML on the other. Functional synchronous languages offer strong
guarantees, including static memory bounds; local time scales preserve this fact thanks to the
static information contained in clock types. The price to pay is the restricted expressiveness
of the language; for instance, none of these are Turing-complete. ReactiveML in general and
reactive domains in particular do not provide such guarantees, but are much less restrictive;
for instance, the amount of internal steps a domain performs is not fixed outright but depends
on a dynamic condition which is determined on the fly.

Semantics of programming languages Our approach to the semantics of the language can
be traced back to several sources. We used elementary domain theory as explained in Chap-
ter 2. The other main ingredient is the definition of the typed semantics as a dependently
typed map from typing derivations to some semantic setting. This idea comes from several
sources, including the already mentioned paper of Reynolds [2000] on subtyping, or the older
realizability literature; let us also mention more practically-minded work on the representation
of typed terms in dependent type theory [Benton et al., 2012].

The total and partial convergence predicates we used to prove the absence of deadlocks are
example of a unary logical relation, also called a realizability predicate. Logical relations and
realizability are classic tools in the metatheoretical study of programming language semantics
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and computational logic [Van Oosten, 2008; Girard, 1987]. In the unary case, a realizability
predicate defines the set of realizers for a type, which are in a sense good inhabitants of the type,
for whatever notion of goodness one is interested in—in our case, realizers are fotal elements
of the domain S[¢]. One says that a program realizes a type ¢ if it is a realizer of ¢. Then, one
typically proves a so-called adequacy lemma stating that well-typed programs realize their types.
Lemma 8 is the adequacy lemma for our logical relation.
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Chapter 4

Compilation

In this chapter, we explain how the typed programs of Chapter 3 can be implemented as digital
synchronous circuits. This takes the form of a new interpretation of typing derivations. An
important difference between this interpretation and the synchronous semantics is the finite
nature of the underlying objects: programs are no longer explained in terms of mathematical
functions acting upon infinite streams of data, but as finite state machines processing finite
chunks of input and outputs in an incremental fashion. Therefore, this interpretation can be
seen as a compilation scheme.

The type system provides two main ingredients in order to reduce finite-state description.
First, clock types makes it possible to statically bound the amount of data processed in each
reaction of a machine in a way that still guarantees that the global behavior of the program
is preserved. Second, linear higher-order functions can be implemented as first-order ones
in a modular way by reducing them to additional inputs and outputs. This latter part relies
crucially on the careful handling of scoping and linearity present in the type system.

We propose a first-order language to describe finite state machines. The language is more
structured and syntactic than the graph-based formalism of automata theory. This makes it
a convenient target for the compilation process. It is equipped with a simple type system for
ensuring that machines have finite state. The translation is thus structured as a type-preserving
interpretation.

The rest of this chapter is organized as follows. Section 4.1 presents an extended overview
of the translation. Section 4.2 defines and explains the target language for describing state
machines, including its type system, operational semantics, and graphical representation.
We also prove useful properties, such as a subject reduction result, and show how well-typed
machines describe finite-state transducers. Section 4.3 builds a higher-order layer on top of
the first-order language. This layer is used as the target of the type-preserving translation,
which is described in Section 4.4. Each typing judgment gives rise to a state machine for use in
the compilation of programs. In particular, linear aspects of the type system are translated to
machines handling data movement. We prove its correctness using a logical relation between
machines and the synchronous semantics. Finally, Section 4.5 discusses the implementation
of the machine language to actual digital circuits, including practical details about hardware
description languages.
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Typing Higher-order First-order
derivations ﬁ} machines ﬁ) machines ﬁ} VHDL/Verilog
(Chapter 3) ection 4. (Section 4.3) “eCUOM 432 (ge tion 4.2) ection 4.

Figure 4.1: Compilation - overview

4.1 Overview

The typing derivations of Chapter 3 are nothing more than terms belonging to a linear A-
calculus enriched with special constants for stream processing. These special constants
include operators directly present in the source language—that is, stream sampling, merging,
pointwise operators, and ultimately periodic words—but also the operations needed by the
adaptability, gathering, and scattering judgments. In this chapter, we traduce this linear A-
calculus, including its constants, to finite state digital circuits.

Figure 4.1 describes the flow of the translation from typing derivation to hardware de-
scription languages. However, this chapter is not organized in this top-down order but rather
proceed from the bottom up. Let us describe each intermediate step.

1. First, we define a combinator language for describing first-order state machines. The
combinators include sequential and parallel composition, as well as feedback loops.
Section 4.2 details the following points.

* The semantics of the language is operational. It is expressed by the predicate
m/x—m'[y

which states that the machine m evolves into m’ while consuming input x and
producing output y. This semantics is non-deterministic, as there may be sev-
eral (m’, y) pairs for a given (m, x) pair.

* We equip the language of machines with a simple type system. We show that
well-typed machines have finite state, and thus can be implemented as finite state
transducers.

 The language of machines includes the replication combinator mrepl,, (m). One
reaction of this machine performs at most n reactions of the wrapped machine m;
the precise amount of reactions performed is specified by an additional input.

* Nearly all constants present in typing derivations have matching primitive com-
binators in the language of machines. For those which do not, we build “macro”
machines by combining several machines of the base language.

2. In Section 4.3, we build a language of linear higher-order machines on top of the base
one described in the previous step. The goal is to obtain new machine and combinators
implementing currying, evaluation. This is done by reducing inputs of higher types
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mrepl,((T'+e: )

(I'+e:t')
— T ) (') 't ) —

(r')(2] L (#)(2]

(I'+e: ')

Figure 4.2: Compilation - informal compilation scheme for a local time scale driven by (2)

to additional, first-order inputs and outputs, as alluded to in Chapter 3. We lift all the
constants from the language of first-order machines to this higher-order setting, as well
as the replication combinator.

3. In Section 4.4 we finally interpret the typing derivations of Chapter 3 into the higher-
order machine language defined previously. The compiled machine ([ + e: 7)) is defined
by induction on a derivation of I' - e: ¢. The compilation is mostly transparent: rule App
in typing derivations is interpreted as the application in linear higher-order machines,
pairing by pairing, and so on. The only interesting case is the one of local time scales.

According to rule RESCALE, a local time scale is made of four parts: the driving clock
type ct, a scattering judgment I' - ¢t : I, the code running inside the time scale [" +e: ¢/,
and the gathering judgment + t’ 1., . Imagine the case of a time scale driven by (2).
Then, the compilation of I' - e : ¢ proceeds as in the following informal and slightly
simplified explanation.

a) The inputs of e present in I are scattered by (2). Concretely, this is done by the
scattering machine (T |(,) I'), whose inputs are in (I') and whose outputs are
in (I")[2]. Informally, the notation (I"”)[2] describes lists of size at most two of
values in ([”).

b) The machine ([’)et’ has inputs in (I'')) and outputs in (t)). By replicating it twice,
one obtains a machine whose input is in ([ [2] and output is in (#/)) 2. This machine
is compatible with the scattering one obtained in step a).

c) Finally, the outputs obtained after step b) are gathered by (2). This is done by the
gathering machine (- ¢’ 1(,) ), which takes an input of type (#)[2] and producess
a final output in ().

This code generation scheme is represented in a slightly stylized manner in Figure 4.2.
The machine (I'+ e: £ inside the local time scale is replicated twice. We have added the
thin vertical arrow between the copies to highlight the fact that they are ordered: the
state of the first copy is passed to the second one during a global reaction.

4. In Section 4.5 we explain informally how first-order machines can be implemented in
hardware description languages such as VHDL or Verilog. This explanation is informal
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v = 0 Unit value
| neN Natural number
| (vyv) Pair
| v* List
mt = unit Unit type
| {n} Natural number bounded by n
| mtxmt Product type
|  mt[n] List type
mtm = mt— mt

Figure 4.3: Machine language - syntax of values and types

as we did not want to give a formal semantics for such languages. Finally, by composing
this implementation with all the previous steps, one may translate typing derivations to
finite-state digital synchronous circuits.

4.2 A Machine Construction Kit

This section presents a language dedicated to the description of state machines. It is a language
of name-free, first-order combinators endowed with an operational semantics explaining
how a machine, given input data, transitions from its current state to the next, producing
output data along the way. It is equipped with a simple type system that helps structure the
translation from the source language, and ensures that our machines are finite state. We first
explain the syntax, type system and operational semantics of the language in one go. Then,
we show that the type system captures the finiteness of machines. Finally, we define some
composite “macro-machines” which will prove convenient later on.

4.2.1 Syntax, Typing, and Reactions

Figure 4.3 gives the syntax of types for the target language. It comprises four syntactic cate-
gories: values v, value types mt, and machine types mim.

Values and their types A value v is a finite piece of data computed by a machine during a
reaction. It can be either a simple scalar value, such as a natural n, boolean b or unit value (), or
a compound value. A compound value is either a pair of values (vy, v2), or alist of values v;. We
refer to the i-th element of v, if it exists, as v;[ ], write x; xI for list cons, and write [ x1, ..., X, ]
for list literals.

A value type mt describes which values are allowed as inputs or outputs of a machine
during a reaction. Unit and product types are as expected. A sized type mt[ n] describes lists
of values of type mt; the natural number 7 is the maximum size of the list. Finally, the value
type dt denotes a scalar with the same grammar as in Chapter 3.
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Fv:mt|and |- v:mt

n<m - v imh Uy mib =" xl:mt

F*:unit Fn:{m} F (v, v2) s mty x mt, - x1: mt[n]

- x:mt " xl: mt
1

Fle:mt 1 x xl: mt

Figure 4.4: Machines - value typing judgment

Value typing The value typing judgment is given in Figure 4.4. The judgment ~ v : mf ex-
presses that the value v has type mt. Its rules are given in Figure 4.4. It relies on the mutually-
defined auxiliary judgment " xl: mt expressing that the list x/ is of size n and that each of
its element is of type mf; its rules are defined in the lower row of Figure 4.4. The first three
rules describe purely scalar values. Products are once again typed componentwise, at the same
index. A value vl of type mt[n] is a list whose size is at most n and whose elements inhabit mt,
as expressed by judgment -" vl: mt.

Machine types While value types describe data, machine types mtm describe the inter-
face of a machine mt; — mt, with inputs in m#; and outputs in m#,. The grammar of ma-
chine types is not recursive since the language is first-order. Given a machine type mitm =
mt; — mty, we write mtm-~ for its input type mt;, and mtm™ for its output type mt,. We also
write (mt; — mt,)[n] for the machine type mt,[n] — mt,[n].

Machines We now turn to the description of machines m, which describe possibly stateful
circuits with inputs and outputs. Their grammar is given in Figure 4.5. Each machine comes
together with a typing rule and a description of its operational semantics.

* The typing judgment expresses that a machine m has (machine) type mtm, which is
written +— m : mtm. Since machines do not contain variables, the judgment involves no
context handling. Typing rules are given in Figure 4.6

* The operational semantics is built on a reaction judgment expressing that a machine m
reacts to some input value x by producing an output value y and becoming a new
machine m’, which is written m/x — m’/y. In this case we also say that m evolves
into m’. If m holds explicit type annotations, so will m/; annotations are preserved by
reactions. The reaction judgment will thus frequently involve the judgments governing
the evolution of types described in the previous paragraphs. Reaction rules are given
in Figure 4.7.
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m = mid,; Identity
| mswap,,,, Exchange
| mdup,,, Duplication
| mforg,,, Erasure (forget)
|  mneutr, Neutralize (absorb)
|  mneutrinv,, Inverted neutralize (generate)
| mconst, Constant
| mmux,,; Multiplexer
| mpw,(n) Ultimately periodic integer word
| msum? Summation
| mbuff)’ (v) Bounded buffer
| mgath)", Scattering
| mscatt], Gathering
| mstutt?, Stuttering
| munwrap,,, Unwrapping
| mZippy Zipping
| munzip),, ., Unzipping
| mncoery, Bounded integer coercion
| mlcoer), List size coercion
| mem Horizontal composition
| mum Vertical composition
| mfbjt (M) Feedback loop
| mrepl,(m) Replication

Figure 4.5: Machine language - syntax of machines

Since the language is relatively simple, we describe simultaneously machines, their typing
rules, and their operational semantics.

Machines fall into two broad groups: they are either atomic machines implementing fixed
functions, or machine combinators that build complex machines from simpler ones. Let us
describe each group in turn.

1. The first group of atomic machines provide low-level facilities for data movement. They
implement operations that would be implicit in a language with names, such as weaken-
ing and contraction. They are:

¢ the identity machine , which transmit its input as is;

MIbD

Fmid,,: mt— mt mid /X = mid e/
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=m:mitm

MID MSwap MDup

Fmid e mt—> mt FIMSWaP,,,y, : MM’ x mtm~ — mtm~ x mtm’" +mdup,,,, : mt — mt x mt

MFORGET MNEUTRALIZE MNEUTRALIZEINV

+mforg,,, : mt—unit Fmneutr,; :unit x mt— mt Fmneutrinvy,;: mt—unit x mr

MCONST

Fuv:mt MMux MPWOR»Pn:{|u|+|v|—1}
Fmconst, :unit — mt F mmux {1} x mt x mt — mt Fmpw, () (1) sunit — {[u(v)}
MSuMm . Fc: mt[n3]
Fmsum)? : {ny }[ng] — {ny * np} Fmbuff)’, o (c):{n2} x mi{m] — mit[ny]
MGATHER MSCATTER
Fmgath)’ :mit[n1][na] — mt[ny * ny] Fmscatt), i {m}[n2] x mi[ny * np] — mt[m][n,]
MSTUTTER MUNWRAP
Fmstutt!,: {n} x mt — mi[n] +munwrap,,, : mt[1] — mt
MZip
FmZipy,, oy, t M (0] x mita[n] — (mty x mty)[n]
MUNZIP

MNCOER

l—munzip”,mly,m2 :(mny x mtp)[n] — mn [n] x mty[ n] Fmncoer,, n,: {m}—{nz}

MCowmP
MLCOER - my - mty —> mis =my:mity — mio

- mlcoer,’flfn2 :mt[ny] — mt[ny] - my e my: mt; — mts

MPAR MFEEDBACK
= my - mt; —> mio = mo: mitz — miy = m:mity X mt3 —> mity X mitz
- my | My mity X mts — mty X Mty - mfb%ﬁ,m@(m) 1 mty — mt

MREPL
= m: mt; — mio

Fmrepl,(m):{n}xmt[n] — mt[n]

Figure 4.6: Machines - main typing judgment
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’m/x»m’/y‘and‘ m/xl—, m’/yl‘

M5 Bidf% 35D (57) > B D] (%) BOuDg] % 8Pl (5 7)
mforg,,,/x »mforg,,,/() mneutr,/((),x) > mneutr,,/x
mneutrinv,,;/x - mneutrinv,,:/((),x) mconsts/() > mconstg/s
mmux /[ (1, X, y) = mmux ¢/ X mmux /(0 X, y) > mmux ,,;/ y

i <|u lu| <i<|ul+|v|-1
mpw () (1)/ O = mpw,, ) (i +1)/[u][i] mpw () (1)/ O = mpwy, ) (i +1)/v[i—|ul]
mpw ) (] +[v[=1)/ O = mpw,,y (|u])/v[|v]- 1] msum,? /x] —msumy? /3" xI
cxl=ylc  |yll=a |c'|<ns gather(xl, yl)
mbuff?lfnz,n3 (¢)/(a,xI)— mbuffzilt’nbm(c')/yl mgath:?lt,nz/xs - mgathnmlt’n2 ys

scatter(xl, yl, zl)

mscatt), . /(xlyl) >mscatt)’, [zl mstutt,/(a,x) > mstutt),,/x*

zip(xl, yl, zl)

munwrap,,,/[ xX] > munwrap,,,/x mZippy e,/ (XLYL) = mZipp, /21
zip(yl, zl, xI) as<ny
munzip"mthmtz/xl - munzip;’m,mtz/(yl, zl) mMNCoery,, n,/a—mncoery, »,/a
xl=ylzl |yl = min(|xl|, ny) my/x—>myly  ma]y—>my/z
mlcoer)’, /xI—mlcoer)’ [y myemy/x—myem;/z

my/x1—>my[y1 ma/xs > myys Fz:mts  mf(x,z)—>m'[(yz)

mi 1 ma/(x1,22) = my 1 my/(y1,y2) mEbye p, (m)/x > mtbyis . (m')]y
m/xl—4, m/yl m/x—>mly  m/xl—, m[yl

mrepl,(m)/(a,xl) > mrepl,(m)/yl mfe —o mfe m/x.xl—1., m/y.yl

Figure 4.7: Machines - reaction judgment

[31/03/16, 09:44]



4.2. AMACHINE CONSTRUCTION KIT 121

¢ the exchange machine , which exchanges its inputs;

MSwAP
FMSWap,,,, : Mim" x mtm~ — mtm~ x mtm"* mswap,,,,,,/ (%, y) = mswap,,;,./ (¥, x)
e the duplication machine , which duplicates its input;
MDup
+mdup,,, : mt— mt x mt mdup,,,,/x - mdup,,,,/(x, x)
¢ the erasure machine , which reads its input but outputs nothing;
MFORGET
Fmforg,,: mt—>unit nforg,,,/x - nforg,,,/()
* the neutralization machine|mneutr, |, which forgets its useless left input;
MNEUTRALIZE
~mneutr,,; :unit x mt— mt mneutr,/((),x) - mneutr ;;/x

and the generation machine | mneutrinv,,; , which generates a useless left output.

MNEUTRALIZEINV

Fmneutrinv,, : mt—unit x mt mneutrinv,/x - mneutrinv,,/((),x)

Their typing rules reflect their behavior. Their reaction rules show that they are stateless
machines: these machines always evolve into themselves.

2. The second group of atomic machines are lower-level versions of operators present in the
source language: constants, the mux variant of the split and merge operator, ultimately
periodic words, clock composition implemented as sums, and buffers.

a) The constant machine is parametrized by a value v of some type dr. It

has no input and one output of type dt on which at every reaction it produces the
value v.

MCONST
~v:mt

~mconst,:unit — mt mconst/() - mconstg/s

b) The multiplexing machine is the machine equivalent of an “if” statement.

It receives a boolean x and two inputs y and z of type mt. The output is either y
when x is equal to 1, or z when x is equal to 0.

MMux

F mmux {1} x mtx mt — mt

mmux ./ (1,X,y) > mmux [/ x mmux e/ (0, X, y) — mmux ./ y
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c)

d)

e)

CHAPTER 4. COMPILATION

Next is the first stateful machine, |mpw,(n) | This machine implements an ulti-

mately periodic integer word p. The natural number n <|u|+|v| -1 acts as an index
inside the list |u|.|v| pointing to the next element to produce. Its typing rule ex-
presses that the outputs are bounded by [ p|, the maximum value of p. It is updated
in the expected way.

MPWORD
Fac{|ul+|v]-1} i<|u
'_mpwu(u)(n) ‘unit —» {[p]} mpwu(v)(i)/() _)mpwu(v)(i+ 1)/|u|[l]

lu| <i<|u|+]v|-1

mpwy, () (£)/ O = mpwy () (i +1)/v[i - |ul] mpw,, () ([l + 0] = 1)/ O > mpw,, .,y (Jul)/v[[v]-1]

The following reactions show the evolution of the internal counter when computing
the successive values of 0(4 1)?.

MPWq (4 1)(0)/() = MPWp(4 1)(1)/0
mpwy(4 1y(1)/() = mpwy(y1)(2)/4
PW (4 1)(2)/() = MPWp(4 1)(1)/1

The machine receives a list of at most 7 integers, each of which is smaller
than n. It returns the sum of all these integers, whose value is at most n * m.

MSuM

Fmsump? : {ny }[nz] — {n1 * na} msumy;? /x] > msumy? /> xI

The stateful machine mbuff}?, , (c) implements a bounded buffer holding at

most n3 elements. The list c is the current content of the buffer. The naturals n;
and ny bound respectively the amount of data written and read per reaction.

MBUFF

- c:mt[n3] cxl=ylc"  |yll=a |c'|<ns
Fmbuffy o (¢): {na} x mt[m] — mit[ng] mbuff)’ . (c)/(axl)>mbuff)’ ~ (c")/yl

We give some examples of reactions below. The last reaction cannot proceed since
the buffer overflows.

mbuft] 5 ([1)/(0,[0

)10,
mbuf |, ([0])/(0,1
mbut ],y ([0,1])/(2,[2
mbuf ],y ([2])/(0,[4,5

{128}

)~ moute{ 2y ([0])/[]
1) — mbutt! s ([0,1])/[]
1) — mbutflys ([2)/[0.1]
) +

3. The remaining group of atomic machines implement operations related to lists—we call
them the list processing machines. While all these machines are stateless, the scattering,
gathering, stuttering and zipping machines perform relatively complex tasks which
we describe by predicates. We define each predicate along with the description of the
machine.
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a)

b)

c)
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The gathering machine | mgath”" |concatenates a list of lists. Formally, it trans-

ni,no

forms values of types mt[n;][n,] into values of type mt,[n; * n,], making it the
operational counterpart to the unpack stream function. Its behavior is character-
ized by the following predicate, with )’ denoting list concatenation here.

gather(xl,yl) = Y=Y ocicu ¥I[1]

MGATHER gather(xl,yl)
Fmgath)’: mi[ny][na] — mt[ny * ny) mgath))’ /xs—mgath)" [ys

Here are some examples of reactions. Remember that in the type m[n], the num-
ber n describes not the size but the maximal size of the list.

mgath /[[0 1][ 0],[0,0]] - mgath /[0 1,1,0,0,0]
agathll) [ 101.1] — ngatnlL/[1,0]
ngath(} /[[],[1,0] - mgath{ }/[ 1,0]
1
ngath{} /[[0],(]] - mgathly/[0]
Symmetrically, the scattering machine | mscatt]’, |cuts alist into a list of smaller

lists, and is the operational version of pack. Similarly to pack, in addition to the
input list yl to be cut it also expects a list of naturals x! giving the size of each sub-list.
This is what the predicate scatter(xl, yl, zl) defined below expresses formally.

scatter(xl,yl,zl) <" gather(zl,yl) and VO < i <|xI|, |2l[i]| = xI[i]

MSCATTER scatter(xl, yl, zl)

Fmscatt) i {m}[n2] x mt[ny * ny] —> mt[n1][n2] mscatt), /(xlyl) > mscatt, . [zl

nl n2

Some examples of reactions are given below.

mscattzg}/([OI1000],[2,2,2]) - mscatty/[[0,1],[1,0],[0,0]]
mscatt23/<[1 0],[1,1,0]) ~ mscatt)y/[[1],[0],[]]
mscatt}y /([1,0],[0,2]) - mscattly /[[],[1,0]]
mscatt23}/([[0],[]],[1]) - mscatt}y /[0]

The stuttering machine | mstutt’* | consumes a pair (x, a) with x a value having

type mt and a < n an integer and produces the list v4, an abbreviation for the list x/
that has length a and such that xI[ i] = x for any 0 < i < a. The output has type m¢[n],
since a < n.

MSTUTTER

Fmstutt),: {n} x mt— mt[n] mstutt),/(a,x) > mstutt),,/x*
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d) The unwrapping machine receives a value of type mt[1]. Here, this

input should always be a list of size one, and thus of the form [ x]. The unwrapping
machine removes the indirection by returning x. This machine can invert the effect
of the stuttering one in the degenerate case of “stuttering” every value once.

MUNWRAP

+munwrap,,, : mt[1] — mt munwrap,,,/[x] - munwrap,,,/x

e) The zipping machine |mzip},, ., | transforms a pair of lists (x/, yl) into a list of

pairs zl. The two components of the pair should have the same size at each reaction.
The predicate zip(xl, yl, zl) below expresses the behavior of the function formally.

def

zip(xLyl,zl) = |xl| =yl =|zl|and YO <i<|xl|,zl[i] = (xI[i],¥I[i])

MZip zip(xl,yl, zl)

=MZ1D5, g, - L [R] X miz[n] = (mity x miz)[n] MZ3P ity ey [ (XL YD) = mZ3P50, s, /21

f) The unzipping machine |munzipy,, .., |inverts the effect of the previous one. Its

reaction rule uses the same predicate but applied symmetrically, the zipped list
now being the input rather than the output.

MUNZIP

FIUNZiPy, y, | (ML X Mtz)[1] = mity[n] x mtz[n]

zip(yl, zl, xI)

MUNZipPy, oy, /Xl = munzipy, . /(yl, 2l)

g) The bounded integer coercion machine takes an integer in {n; } and

transforms it into an element of {n,}. It reacts only when the input is smaller
than n,.

MNCOER a<n

Fmncoery, n,:{ni} —{na} MNCOoery, n,/a — mncoery, »,/a

h) The list size coercion machine |mlcoer}, |takes alistin mt[n,] and transforms

it into an element of mt[n,]. Its operational behavior depends on whether 7,
is (strictly) smaller than n;. If n; < ny no work is performed, as by definition any
value in mt[ n, ] is also in mt[n,]. If n, < ny, the n; — ny last elements of the input

list are dropped.
MLCOER xl=ylzl |yl = min(|xl|, ny)
Fmlcoer)’, :mit[n]— mt[n;] mlcoer)’, /xl-mlcoer)’ [yl

4. The machines of the last group are not atomic but combinators that correspond to various
forms of composition, including feedback and replication. They make it possible to build
complex machines from simple ones.
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a) The (horizontal) composition machine consists in plugging the outputs

of my into the inputs of m;. We follow the usual mathematical notation, where
conceptually m, is computed first.

MCompP
- my : mty — mits - my : mt; — mty my/x—mj]y myly -~ my/z
- my e my: mt; — mis myemy/x—myemi/z

b) The (vertical) composition machine consists in putting m; and m, in

parallel, with no communication between the two components. We picture this
as m; above my, their inputs and outputs put side-by-side.

MPAR
Fmyimt — mty - My Mty — Mty my/x1 = my/»n ma/xy = my/ye
Fmy I My Mty X miz —> My X Miy my 1 my/(x1,%2) —>mi I mé/(yhyz)

c) The feedback machine mfb%g", mt, (M) |adds a feedback loop around m. This ma-

chine should have type mt, x mts — mt, x mts. The feedback loop plugs the second
output back into the second input. One is left with the type mt, — mt,. The reac-
tion rule of this machine relies on non-determinism: one may perform a reaction
for any value z of type mts that is accepted by m.

MFEEDBACK
- m: mty x mt3 — mty x mt3 Fzimts  mf(x,z)—>m'[(y,z)
mebzll:?,mt‘z(m) : mtl - mtz mfb%;?,ml‘z(m)/x _)mfbﬁ;?,mtz (m,)/y

d) The replication machine \mrepl,(m) |executes a variable amount of steps of the

machine m. Suppose that m is a machine of type mt#; — mt,. The replication
machine receives a natural a < n a list xI which should be of size a. It then per-
forms n reactions of m, each fed with the next element of x/. The resulting list y! of
type mt,[n] is produced.

MREPL

- m:mt — miy m/xl—, m/yl

Fmrepl,(m):{n}xmt[n] — men] mrepl,(m)/(a,xl) > mrepl,(m)/yl

Remark 17. The operations provided by this machine language might appear very close to the
ones present in the synchronous semantics. There are, however, some small but important
differences due to the lower-level nature of the machine language.

e Some source-level operators do not have an immediate machine-level counterpart. For
instance, the split and merge operators have to be implemented using the multiplexing
machine.

* Consider the replication machine mrepl, (m). In contrast with the local time scales of
the source language, neither scattering nor gathering is involved. Instead, it produces
lists of outputs and inputs of the wrapped machine m. When the inputs or outputs of m
itself are lists, mrepl, (m) reads or writes lists of lists.

These differences and others of the same kind will be dealt with during the translation process.
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Graphical representation Figure 4.8 gives the graphical representation of base machines.
The framed top left cell shows how a generic machine m is represented as a box whose inputs
come from the left and outputs exit to the right. Product value types are represented as
independent, parallel wires; wires of unit type are not represented. The rest of the figure
displays seven base machines that have a particular graphical representations. We expect those
graphical versions to be self-explanatory at this point, as they closely match the explanations
of Section 4.2. Note that we do not represent the output of the erasure machine, since it is of
unit type. The representation of the exchange machine as a pair of crossing wires is generalized
to permutations in the obvious manner. Finally, we do not give dedicated representations to
the remaining machines. Instead, they are depicted as opaque boxes with the name of the
machine explicitly written.

4.2.2 Metatheoretical Properties

This subsection states and proves properties of the machine language and its type system. The
main results are subject reduction and finiteness. The finiteness result shows that our machine
language actually corresponds to finite state automata.

Decidability First, as a sanity check, it should be clear that typing is actually decidable. This
is not surprising since machines are heavily annotated with their types.

Property 38 (Decidability of Typing). There is an algorithm that decides for any value v and
value type mt whether — v: mt. The same is true for machines and machine types.

Proof. The algorithm can be deduced directly from the form of typing rules of Figure 4.4
and Figure 4.6, since they are syntax directed. O

Remark 18. We could have stated a stronger result: annotations make it possible to find a
machine type mtm for a machine m such that - m : mtm, if it exists. Note that it is not unique
because of the mconst, machine. The type of a value is not unique since any natural n belongs
to an infinite number of value types {n}, {n+1}, and so on. Thus, the MCONST rule does not
give a unique type to the mconst, machine. In practice, one will probably be interested in the
most precise type for a given v, which boils down to {n} when v is some natural 7.

Reactions, Totality, Determinism With the operational semantics given in Figure 4.7, some
machines are neither reactive-they have no possible reaction for a given input-nor determinis-
tic-they have several possible reactions for the same input. A machine which is not reactive is
said to be partial. Let us give two examples.

Example 20. Consider the following four machines.

my = mdup;y ® MMUX{1} ® MSWaP(1} . (1}x{1} m; = mfbl{nll}i’t,{l}(ml)
* ((mconsto Il mconst;)  mdup,y,;,) I midy)
My = mSWap{)_.y) ® M my = mfbirll}it,{l}(mg)
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Figure 4.8: Machines - graphical representation

[31/03/16, 09:44]



128 CHAPTER 4. COMPILATION

Their types are respectively unit x {1} — {1} x {1} for m; and m, and unit — {1} for m
and mé The machines m; and m, are deterministic and reactive. By definition of the reaction
judgment, m] may output a boolean x only if it satisfies the equation x = if x then 1 else 0 while
the output of m) is any y such that y =if y then 0 else 1 holds. The first equation is satisfied
by any boolean and the second by none of them. Thus m] is not deterministic and m) is not
reactive. This shows that the feedback operator preserves neither property.

Example 21. Consider the reaction rule for buffers in Figure 4.7. It is perfectly possible that
an input x/ is large enough to overflow the buffer, even if both inputs a and x/ are well-typed.
In this case, the premise relating the buffer capacity ns and its occupancy |¢’| will forbid the
reaction, making it partial. For example, in the reaction below, we try to add two values to a
half-full buffer whose maximum capacity is 2.

mbut s}y ([01)/(0,[1,2]) +

Conversely, the first input, which indicates the desired amount of data to be consumed, can be
too large with respect to the current content of the buffer. In this case, no reaction happen. For
example, in the reaction below, we try to consume two values from a buffer holding only one.

mbutt}y) ([0)/(2[]) +

This shows that the type system of machines is not precise enough to capture the absence of
buffer overflow or underflow. Similarly, several other machines are able to react only when
their inputs have consistent sizes or values, such as scattering and gathering.

While the type system does not rule out partiality or non-determinism, it still serves the
important role of enforcing the finiteness of machines. To express this fact we need to show
that types are preserved along reactions.

Property 39 (Subject Reduction). Let m be a machine, mtm a machine type and i > 0 such
that+~ m: mtm. Then, for any machine m’, we have both

e forany x,y such that+ x: mtm~ and m/x - m'[y, then+ y: mtm* and+ m' : mtm;

e for any xl,yl and n > 0 such that +" xl: mtm~ and m/xl -, m'[yl, then +" yl: mtm*
and+ m' : mtm. Moreover, |xl| =|yl| = n.

Proof. The proofis a routine induction on derivation trees of the reaction and bulk reaction
judgments. The two properties really have to be proved together since the judgments are
mutually recursive. Let us discuss some cases.

* The buffer case is immediate because of the explicit premises in its reaction rule. From
typing we know that a < n, and hence |yl| < n,, and since |c’| < n3 we have +"= ¢’ : mt
which proves that m/ =mbuf£”  (c') is well-typed.

ny,nz,n3

 The feedback case relies on the premise + z : mt3 to deduce + (x, z) : mt; x mts and apply
the induction hypothesis.
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 Assume the replication machine processes inputs (a, xl) and produces y! for the current
reaction, evolving into machine m’. We have a < n and furthermore |xI| = |yl| = a by
definition of m/xl—, m’/yl, and thus |yl| < n which means that yl is well-typed. O

Finiteness The operational semantics models state change by rewriting machines. A con-
sequence is that when m/x — m’/y, the machine m and m’ are closely related: we would like
to express formally that they differ only by their state. Such machines are said to have the
same skeleton, written m = m’. We define this relation to be the smallest congruence relating
buffers and ultimately periodic words that differ only by their state, as these are the only
primitive stateful machines. Formally, let = be the smallest relation such that

mbuf £~ (c¢)=mbuff” ~ (c’) mpw , (i) =mpw, (i)

ni,n2,n3 ni,nz,n3

and, abusing notation, write = again for the smallest congruence containing it. We say that
the =-equivalence class of a machine m is its skeleton.

Property 40. Let m, m' be machines and x, y be values such that m/x — m'[y. Then m and m’
have the same skeleton.

Proof. Immediate by induction on the reaction judgment. O
Property 41. For any type mtm, the skeleton of machines of type mtm is a finite set.

Proof. By induction on machines. The proof is immediate in all cases but the buffer and
periodic word ones. Equivalent buffer machines mbuff};”, . (c) differ in their content ¢ but
share the same annotations, in particular mt and n3. Because c is of type mt[ns] in well-
typed machines, and there is only a finite number of values inhabiting any value type, the
number of buffer machines is bounded. The reasoning is similar for equivalent periodic word

machines mpw,,(, (i), which differ only in their counter i which is of type {|u|+|v[-1}. O

We say that a machine m’ is reachable from a machine - m : mtm if there exists a natural
number n, a list +" xI: mtm~ and a list yl such that m/xl -, m'[yl.

Corollary 1. The set of machines reachable from any well-typed machine is finite.
Proof. Combine Property 40 and Property 41. O

This result suggests a very crude manner to translate a machine - m : mtm into a transducer.
Its skeleton becomes the set of states of the transducer. To build the transition relation, check
for any m’ in the skeleton of m and values + x : mtm™ and + y : mtm* whether m/x - m'/y,
and add the transition if necessary. We know that checking for well-typed outputs is enough,
thanks to Property 39. The resulting transducer is finite-state by construction, and can in
theory be implemented as a digital synchronous circuit.

This construction is of dubious practical interest since it explicitly builds an automaton
whose size is exponential in the size of the corresponding machine. We discuss a more realistic
and enlightening way of implementing machines in traditional hardware description languages
in Section 4.5. But let us first explain the last ingredient required by the translation.
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4.2.3 Macro-Machines

Let us present some macro-machines that bridge the gap between source-level operators and
our basic machines.

The simplest macro-machines bridge the gap between low-level machines and source-level
constructions. Figure 4.9 gives the definition of each macro-machine as well as its typing rule,
even if the latter can always be reconstructed from the definition of the machine and the rules
of Figure 4.6.

e The first macro-machine implements a permutation of an arbitrary number of inputs.

We write | ( mty,..., mty = ii,..., i, )| for the machine with n inputs and outputs, and
whose j-th output is equal to its i j-th input. To model an actual permutation, all the i,
should be distinct and between 0 and 7 — 1. Its typing rule follows.

F{mty,...,mty > Q1,...,0p) i M X ... XM, — M, X ... X ML,

Any such permutation can be implemented by combining mswap,,;,,, machines in the
appropriate way by decomposing the permutation into a product of transpositions. In
practice we only use small permutations and thus neglect the performance issues that
may arise from the precise choice of decomposition.

* The left-plugging macro-machine | mapply”: (my, my) provides a composition pattern

that frequently occurs when defining other macro-machines. The machine m; has
no input and one output, which is plugged by this macro-machine into the the first
input m,.

Fmyunit —mt - mo:mtx mtmm — mtm”*

+mapply i (my, my) : mtm

Its definition involves a certain amount of plumbing.

ml’ _ . .
mapply . (my, my) = my e (my Il mid,,m,-) ® mneutrinv,,,,

 Several base machines receive a first input which controls their behavior. This is the case
for the replication, gathering, and scattering machines for instance. It is convenient to
define macro counterparts in which this input is provided by a fixed machine.

- The first input of the basic replication machine determines how many steps of

the replicated machine must be performed. In|mdrivect’,,, (m1, my)|, this in-
formation is directly provided by the output of the machine m,, which has no
inputs.

Fmpiunit —{n} +my:mtm

Fmdrivect),,,,(mi, my) : mtm[n]
Its definition uses the left-plugging machine.

mdrivenict] (my, my) = mapply%;(ml,mrepln(mg))
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F(mty,...,mty = i1,...,0p) Ml X ... X Mty — Mty X ... x mt;,

+mpiunit — mt - mo: mtx mtm~ — mtm’

+mapply e, (m1, ma) : mtm

Fmyunit —{n} +my:mitm Fmy:unit —{n}  +my:unit — mt

+mdrivect) .. (my, my): mtm[n] +mdrivenict), (my, my):unit — mt[n]

Fmypiunit —{n;} +my:unit—{ny} +my :unit —{n}
Fmscattct), (mi, mp): mt[n * np] — mt[n][ns] +mstutterct), (m): mt — mit[n]

Fm:unit — {ny}

Fmbuffct)’ . (m):mit[n] — mt[ny] Fmwrap,,,: mt— mt[1]
Fm:unit — {1} Fm:unit — {1}
+msrcmerge,, (m): mt[1] x mt[1] — mt[1] +msrcwhen,,(m): mt[1] — mi[1]

(a) Typing rules - can be deduced from the expansions

mapply™t (my, my) =mye (n{n} Il mid - ) ® MDEUtTiny,,,,
n

mdrivect),,,(mi, mz) = mapply,,.,(mi, mrepl, (my))
mdrivenict? (m;,my) = mdrlvect’{l - (ml,mz)

{n}
. mapplyumt_Dunlt (ml, mstutt) L,

mstutterct] (m) = mapply;{m}_bmtgn](m, mstutt],)
mscattct, (my,my) = mapplyizl[i[lzznz]wmt[m] (m mscatti¥, )
where m = mdrivenlct }(ml,mg)
mbuffct)’, . (m) = mapply;im]wmt (m, mbuffn1 N ()
mwrap,,, = mstutterct,, (mconstl)
msrcmerge,,.(m) = mapplyiﬂ}[l]wmt[l]xmt[l](m, m')
where m’ = MMUX 3741 ] e[ 1]
o (mt[1],mt[1],{1}, mt[1], mt[1] ~ 2,3,0,4,1)
. ((mdupmt[l] e mconst[]) Il midyy I mdupmt[l])
emneutrinvy;
msrcwhen ,,;(m) = mapply{l} (m, m")

mt[1]—mt[1]
where m’ = mmux,,,;(;] ® (midyy It midy 11 mconsty))
e (unit,{1},mt~ 1,2,0) e mneutrinv,,,

(b) Expansions

Figure 4.9: First-order macro-machines - typing and expansions
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- The no-input replication macro-machine|mdrivenict! .(m;, m,) |is a variant of

the previous machine useful when m, has no inputs. In this case, the previous
macro-machine gives has type unit[n] — mt,[n], which is not very convenient;
we generally prefer unit — mt;[n]. The stuttering machine bridges the gap.

mdrivenict] (my,my) = mdrivect?n}_bmt[n](ml,mg)
{n}
®MAPPLY i unsefn) (71 BSTULE s )

The first input of the basic scattering machine determines the shape of the output
list. This input is a list of integers of type {n1}[ny]. Its size determines the size
of the output list of lists, bounded by 7y, and its elements determine the size of

each sub-list, bounded by 7;. In the macro-machine | mscattct le’f - (my,my) |, the

machine m; provides the size of the list of lists, bounded by 7, and the machine m,
provides the size of each sub-list.

Fmyiunit —{m} +mp:unit — {ny}

Fmscattct)!, (my, my): mt[ny * ny] — mt[ny][n,]

This relies again on the left-plugging machine. We use the no-input replication
macro-machine to combine 7m; and m, in order to obtain the list of sizes, which
has type {n; }[n2].

{m}[n2]

mt[ny*ng |—>mit[n
N . 1o
where m = mdrlvenlct{nl}(mg, my)

mscattct!, (my, my) = mapply

U ][nz](m, mscatti¥, )

The first input of the basic stuttering machine determines how many copies of its

second input have to be produced. In the macro-machine | mstutterct’,(m) |this
input is provided by the machine m.

+myiunit — {n}

Fmstutterct),,(m): mt— mt[n]

As before, we use the left-plugging macro machine.

{n}

mstutterct? (m) = mapply, .~ .

m

[n] (m, mstutt? )

The first input of the basic buffer machine determines the amount of data that

has to be produced for the current reaction. In|mbuffct)?, . (im) |thisinput is

provided by the machine m.

Fm:unit — {ny}

Fmbuffet)l, . (m):mt[n]— mt[n,]

Again, we use the left-plugging macro machine.

mbuffct?* (m) = mapply{n} (m, mbuffl, (1))

ni,n2,n3 mt[n |—mt[ny]
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* Our language includes the list unwrapping machine that transforms a list of size one [ x|
into an element x. We sometimes need the symmetric macro-machine that

wraps a value x into a list of size one, returning [ x].

+mwrap,,,: mt— mt[1]
This machine is a special case of stuttering.

mwrap,, = mstutterctl (mconst;)

* The last two macro-machines, |msrcmerge,,,(m) | and |msrcwhen,,,(m) |, implement
low-level variants of the stream merging and sampling operators present in the source
language. In both cases the machine m provides the condition controling which elements
should be merged or sampled.

-m:unit — {1} +m:unit — {1}

+msrcmerge,, (m): mt[1] x mt[1] — mt[1] +msrcwhen,(m): mt[1] — mt[1]
The merging machine, given an input [x], selects ([x],[]) when the current output of m
is 1 and ([],[x]) when the current output of m is 0.

msrcmerge,,.(m) = mapply;lt}[l] ](m, m')

—mit[1]xmi[1
where m' = mmux /1 ]xm1]

o (mt[1],mt[1],{1}, mt[1], mt[1] ~ 2,3,0,4,1)

o ((mdup,,,;;] ® mconst()) I mid ) I mdup,,,()
emneutrinvy;

The sampling machine, given an input [ x|, selects [x] when the current output of m is 1
and [ | when the current output of m is 0.
1
msrcwhen,;(m) = mapply;{m}[l]_bmt[l](m, m')
where m' = mmux,,,;(;] ® (mid{yy 1 mid, I mconsty))
e (unit,{1},mt+~ 1,2,0) e mneutrinv,,

4.3 Linear Higher-Order Machines

Circuits, and thus machines, are intrinsically first-order. We have already explained informally
in Section 3.2 how linearity provides a partial solution to the problem of implementing higher-
order functions on top of first-order machines. In the rest of this section we implement this
intuition by building higher-order “macro” types on top of machine types. We then build a
series of macro-machines inhabiting the higher-order macro types. They provide the usual
tools of functional programming, such as application, currying, and so on. We also wrap the
ad-hoc operators of the base language—bulffers, scattering, and wrapping for instance—into
simple conversion code to make them compatible with the higher-order combinators.
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mtm += munit Unit machine type
| mint{n} Bounded machine type
| mtmx mtm Product machine type
|  mtm[n] List machine type
| mtm* Reversed machine type
|  mtme mtm Arrow machine type

Figure 4.10: Higher-order macro-machines - syntax of types

4.3.1 Types

Programming with linear higher-order machines involves a relatively high number of new
types of machines. Even if all of these are macros that ultimately are to be defined in terms
of the base language, we find it easier to present them as a language extension. In addition, a
large number of new machines actually lift the base ones to work in the higher-order setting,
and it is convenient to express them as syntax. Figure 4.12 extends the grammars of Figure 4.3
with the new types. Let us explain the two syntactic categories in turn.

The base machine type presented in Figure 4.5 is very simple: a machine is simply a pair
of value types, one for inputs and one for outputs. Figure 4.10 enriches it with the missing
type formers found in traditional functional languages such as the simply-typed lambda-
calculus. First, we have the product of machine types mtm; & mtm,. It is to be thought as
the “vertical juxtaposition” of the inputs of mtm; and mtm,. This new product justifies the
addition of its neutral element, the unit machine type munit which is the type of machine
with no input nor input. It is also be useful to lift the list constructors from values to machines
as mtm[n]. This corresponds to a machine consuming lists of type mtm[n] and produc-
ing lists of type mtm*[n]. The type mtm* may feel unfamiliar; intuitively, if a machine of
type mtm can be seen as producing an inhabitant of mtm, a machine of type m¢m* can be seen
as consuming an inhabitant of mtm. We say that mtm and mtm* are complementary types. In
more concrete terms, mtm* is the type mtm with its inputs and outputs reversed. Finally, the
type mtm; B mtm, is the type of machines that conceptually “receive” a machine of type mtm;,
use it only once, and “return” a machine of type mtm,. We assume that products bind tighter
than arrows and thus mtm, 8 mtm; ® mtmy is short for mtm; 8 (mtm; ®8 mtm,). Finally, the
type mint{n} is the type for machines without inputs and returning an integer bounded by .

Type expansion Figure 4.11 defines the expansion of the new type formers from the previous
paragraph in terms of the base machine and value type. The first four cases closely match
the preceding informal explanations, including for the reversed machine type mtm*. To
explain the expansion of the machine arrow type mtm; 8 mtmy, remember the intuitions given
in Section 3.2. In the simplest case, the machine is actually a first-order one: then mitm, is
empty, or more precisely is equal to unit — unit. Then, mtm; 8 mtm, should be morally
the same as mtmy, and thus include as inputs the inputs of mtm, and as outputs the outputs
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munit = unit —unit
. f .

mint{n} ' unit — {n}
def _ _

mtm; ® mtm, ‘= mtmy x mtm, — mitmy x mtm;
def

mtm[n] = mtm [n] — mtm*[n]

* def + -
mtm = mtm" — mtm

d
miny B mtmy = mim; ® mtmy

Figure 4.11: Higher-order macro-machines - expansions of types

of mtmy. Now, suppose that m¢m, has no input: the only thing m can do is access its output,
which should thus be added as inputs to mtm; & mtm,. Now, if mtm; actually has inputs,
these should be provided by m, and thus appear as additional outputs of m. This leads us
to the idea that mtm, 8 mtm, is the juxtaposition of mtm,, with inputs and outputs reversed,
and mtmy. This is exactly the definition given in Figure 4.11. Completely expanding the
definition gives mtm; 8 mtmy = mtm] x mtm, — mtm; x mims .

4.3.2 Machines and their expansions

Figure 4.12 gives the syntax of the new macro machines, and Figure 4.13 their derived typing
rules. As before, rules can always be deduced from definitions, but are recalled for the sake of
clarity. They are of three kinds.

1. There are macro-machines which provide new operations related to higher-order func-
tions, such as currying or application. They are implemented using permutations and
the feedback operator.

2. There are macro-machines which wrap machines from the base language to give them
higher-order types. For instance, a machine m of type {n;} x {n,} — {n3} would be
lifted tomint{n; } ® mint{n,} 8mint{ns} using permutations.

3. There are machines that correspond to frequently occurring patterns in the translation,
like the low-level machines described at the beginning of this section.

We describe each one of them, its type, and its expansion in terms of base machines. Since the
expansions are not very readable, we draw some of them as formal circuits in Figure 4.14.

e The machine is the higher-order identity machine. It should simply pass its
argument along. Unfolding the macro-type mtm 8 mtm, we obtain mtm* x mtm~ —

mtm~ x mtm*, which is exactly that of the first-order exchange machine. This leads to
the expansion

. def
mhoidyy, = mswap,,,,
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mhoid ;m
mhoneutr;;m
mhoneutrinvm,
mhoconst/!
mhosum;;’
mhomerge,, .(m)
mhowhen,,(m)
mhoevVm, mtm
mplug(m, m)
mhogath)"""(m, m)
mhoscatt )" (m, m)
mhowrap,,,;»,
mhounwrap,,;,
mhOZ1iD7: i, mim
mhounzj-pgﬂm,mtm
mhoncoery, ,
mholcoer) "
mem

mx m
mhofbY . (m)

mhoreply i mim (M)

mtm
mcurertm,mtm

munCUer%% mtm
minterpose(m,m)
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Higher-order identity
Higher-order neutralization
Higher-order generation

Lifted constant

Lifted sum

Lifted merging

Lifted sampling

Evaluation machine
Application combinator

Lifted scattering

Lifted gathering

Lifted wrapping

Lifted unwrapping

Lifted zip

Lifted unzip

Lifted bounded integer coercion
Lifted list size coercion
Higher-order horizontal composition
Higher-order vertical composition
Higher-order feedback loop
Higher-order replication
Currying

Decurrying

Interposition

Figure 4.12: Higher-order macro-machines - syntax

whose graphical representation was already depicted in Figure 4.8. This figure shows
that the exchange machine performs no work of its own, simply acting as some kind of
relay between the inputs/outputs on the upper row, which correspond to mtm*, and
the inputs/outputs of the lower row, which correspond to mtm. Requests of type mtm~
transmitted to mhoid s, are passed to its argument, while the outputs received from its

argument are passed back as answers.

* The higher-order neutralization machine ’ mhoneutr ‘ is the higher-order counter-
part to the neutralization machine. It has the same type has the neutralization ma-
chine, except that unit has been replaced with munit, x with ® and — with =. This
gives (munit ® mtm) 8 mtm, which is in fact equal to munit ® (mtmg mtm). This
justifies the expansion below.

[31/03/16, 09:44]
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Fmhoid ;- mtm B mim Fmhoneutr,;;; :munit ® mtma mitm

Fn:{m}

+mhoconst/), :unit x unit —unit x {m}[1]

+mhoneutrinv,,,, : mimBmnunit K} mim

+mhosum,? :mint{n; }[nz] & {n xny}

Fm:unit — {1}

+mhomerge,,,(m) :unit x mt[1] x mt{1] x unit —unit x unit x unit x me[1]

Fm:unit — {1}

+mhowhen,,(m):unit x m[1] x unit —unit x unit x mif1]

= my: mtm; 8 miny = my : miny

+mplug(my, my) : mtmy

Fmhoev yim, mim, : ((Mtmy B mtmy) 8 mim; ) B mtmy

+my:mint{n; } F my :mint{n,}

+mhogath"" (my1, my) : mtm[n1][nz] 8 mem[ny  nz]

Fmymint{n;} +Fmy:mint{n,}

+mhoscatt ) (m1, mz): mm[ny * np] 8 mim[ny][n;]

+mhowrap,,,, : mtm 8 mtm[1]

+mhounwrap,,,, : mtm[1] 8 mtm FmhoZipy, . * (M [n] ® mimy[n]) 8 (mtm; ® mtmy)[n]

Fmhounzipy, . v, * (Mtmy ® mtmy)[n] 8 (mtmy[n] © memy[n]) +mhoncoer,, »,: {m} B {n2}

= my : mtmy & mtms = my - mtmy; & miny

l—mholcoerqut,'g2 smtm[ny ] 8 mtm[n,] - my B my : mtm; B mtms

Fmyimim) B mim) - mp: mimy B min,

Fm:(mtm & mtmg) B8 (mtmy ® mims)
Fmy ® my: (mtm ® mtmy) 8 (mtm) ® mtm))

+mhofb) "8 (m):mtmy 8 mtmy

=m: mtmy 8 mtny

n

+mhoreply, . mim, (M) :mint{n} 8 mtm[n] & mtmy[n]

Fmcurry, e s ((mimy & mimy) 8 mims) 8 (mtmy 8 (mtmy 8 mims))

|—muncurrymimi’mtm2 s (mtmy B8 (mtmy 8 mimg)) 8 ((mtmy; ® mtmy) 8 mtms)

Fmy: mtmi 8 mtm Fmy s mtmy 8 mtmé

+minterpose(my, my): (mtm 8 mtmy) 8 (mtm| 8 mtm,)

Figure 4.13: Higher-order macro-machines - typing
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| N
mtmy mtmy  mtm, m mtn;
| N
+ p—
mtm; mtm; -
] N
mitm; mitm;
+
mimy
| N
- +
mtm mtmj mtmy
(a) mhoevVymy, mtmy (b) mplug( my, mz)
: ((mtmy 8 mtmy) ® mtmy) 8 mtmy D omtmy
mitm; m mitmy;
_— . + —
mum; mum; mtm; my mtmy
\/ - -
+ -
My mtm; mtm
- -
/— I+
mtm; mtmj my mtm),
mtm; mtmy, mtmy*
© meam d  m R m
mtm; 8 mtms © (mtmy ® mtmy) 8 (mtm) & mtm,,)
mtm; mtm; ~———— —
— ——  mtm] my mtm;
mtm, m mimy; | N
+ —_
mtm; mtm
- N
mtm’* my mtm’~
+
mint mtn,” mini,"
mtmg
(e) mhofb;nq%imtmz(m) (f)  minterpose(my, my)
mtm; 8 mtmy : (mtmy B mtmy) B (mtm), 8 mtm,)

Figure 4.14: Higher-order macro-machines - selected graphical representations
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Its dual, the |mhoneutrinv,,;, ‘ machine, is built in a similar manner.

. def , . . .
mhoneutrinv,yy, = (midunit ! mhoid ) @ (mtm* unit, mtm~ +~ 1,0,2)

* The lifted constant machine is a variant of the constant machine restricted
to bounded natural numbers. Its type may seem strange at first, but we will later see that
its shape makes it easy to combine with other higher-order machines.

def .
mhoconst% = mneutran{m} ® MWIrapy,,, ® mconst, e mneutry,;t

o The lifted sum machine| mhosum,? |is a variant of the summation machine adapted to
higher-order types. It can be obtained by adding wires of unit types as dictated by its
type.

ny def . ) ny
mhosum,’ = (midypit !l msum,’) e MSWaPynit—o {1} [ 2]

* The lifted stream merging machine‘ mhomerge,,.(m) ‘ lifts the merging macro-machine
defined in the previous section to the higher-order setting. As before, we add wires of
unit types where needed.

mhomerge,, . (m) ' midynie 1 ((msrcmerge,,,,(m) I midynit)

° mneu1',r,m[1]xuni»c L mswapunit—»mt[l]xunit)

* The lifted stream sampling machine |mhowhen,,,(m) | is similar to the previous one,
except that it lifts sampling rather than merging.

mhowheng,(m) % midyniy | ((midunit I msrcwhen gy (m)) ® mswaPynie o (ar[1])

e The ’ mhoev ymy, mimy ‘ machine is the evaluation machine. It is internal in the sense that
it makes it possible to express the application of higher-order machines as a machine
itself, and thus is the machine equivalent of A f.Ax.f(x). Combined with a machine of
type mtm; & mtmy and a machine of type mtm;, it produces a machine of type mtms,.
This leads to the permutation

mhoev mim,, mimy def (mtmy, mtm3, mtm;, mtm, ~ 2,3,0,1)
represented in Figure 4.14 (a). Like the higher-order identity machine, the internal
application machine just passes values along, orchestrating the communication between
production and consumption of data.

* The application combinator |mplug(m,, my) |, sometimes called the plugging machine,
is related to the previous one. Its typing rule shows that the machine m, should be of
type mtm, B mtm, and my of type mtm,. In contrast with the application machine, the

[31/03/16, 09:44]



140 CHAPTER 4. COMPILATION

Figure 4.15: The machine mplug(mhoid s, m) is equivalent to m

plugging machine completely hides the type mtm; and only exposes mtm,. However,
actually applying m; to m, necessitates to connect a wire of type mtm; from the output
of m, to the second input of m,, and symmetrically for a wire of type mtm; . These two
wires should be invisible from the outside, which suggests using the only machine able
to hide a value: the feedback machine. This leads to the following definition

mimy xmtm;

mtm;_,mtmgl (m)

where m = ( mtmy, mtmJ, mtmj — 1,0,2) o (my 11 my)
o ( mtm;, mtmy, mtm; - 1,2,0)

mplug(my, my) < mfb

depicted in Figure 4.14 (b). This definition shows how the feedback is applied to the
wires used for communication between m; and my. The only wires still pending are
those of type mim; and rm‘mér of my, which are exported for further use.

Example 22. This definition is consistent with the higher-order identity machine ex-
posed before. Consider the right side of Figure 4.15, where one has applied the higher-
order identity machine to an arbitrary machine ~ m : mtm. By straightening the tan-
gled wires, one obtains the left side, which is nothing else than m itself. Thus, infor-
mally, mhoeVpnoid,m,m and m are equivalent.

* The |mhogath}' (m,m;) |and |mhoscatt}'’} (m1, my) | machines lift the base scat-

tering and gathering machines to the higher-order macro-type system. We explain
gathering, since scattering is perfectly symmetric.

The definition of higher-order gathering obviously involves the first-order gathering
machine. The fact that it also needs the (first-order) scattering machine may appear
surprising at first. Completely expanding the type mtm|[n; |[n2] & mtm[n; * ny | gives

mtm*[ny][ny] x mtm™[ny * ny] — mtm™[ny][ny] x mtm™[ny * ny|

[31/03/16, 09:44]
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which shows why scattering must be involved: we need to pass from type mtm[n; * n, |
to type mtm™ [ n; ][ n2]. This leads to the definition
mhogath)'"" (my, my) e (mscattct™ (my, my) mgathgilf’,?;

® MSWAP 1y 1y ][ 1]~ mtm[ ny 1z

which also shows that m; and m; are the machines producing the scattering factors.
The reasoning is similar for scattering, for which the situation is simply reversed, with
gathering in contravariant position.

mtm def mtm~ mtm*
mhoscatt)y, (m1,my) = (mgathy' 1 mscattcti™l (my,my))

® MSWAP 1y ny *ny | —mtm[ ny [ na]

* In the beginning of this section we introduced the wrapping macro-machine mwrap,,;, a
simply variant of stuttering where the input is repeated exactly once. This machine has
an inverse in the form of munwrap,,, which removes the layer of indirection. The lifted

wrapping machine is the higher-order analogue. Its definition is

def
MhOWTap,,y,, = (MUDWIAD,,;;, | MWLAD,,; 0+ ) ® MSWAP 1yt ot [1]

and, as in the case of gathering/scattering, we must perform both wrapping of mtm*
and unwrapping of mtm~.

As an aside, observe that this definition shows that in contrast with wrapping, stuttering
cannot be lifted to higher-order machines in a natural way. Indeed, this would require
a machine able to undo the action of the stuttering machine in the general case, trans-
forming values of type mt[n] into values of type mt, which is only possible when the
lists are always of size one. This limitation highlights the linear nature of the machine
language: one cannot create a replication machine that is both generic and internal, in
the sense that it does not access the body of the machine to be replicated. The best we
can have is the liffed unwrapping machine|mhounwrap,,,, ‘

def
mhounwrapmtm = (mwrapmtm_ Il munwrapmtm+) L J mswapml’m_—bmtm*'[l]

e The machines|mhozipy, ... nm, |and|mhounzipy, ... ... |are respectively the lifted zip-

ping and lifted unzipping machines. Their definition is similar to the case of gathering/s-
cattering, with higher-order zipping involving higher-order unzipping and conversely.
Both machines are perfectly symmetric.

. def . .
n = n n
MhoZipy . mim, = (munzip _imzip )

mtmy ,mtm; mtmy,mtm;
° mswap(mtmf xmitmj ) [ n]—mtm{ [n]xmtmi [n]
n

L /)
itz ;| TUNZEP )

MAOUNZAP mimy, mtm, = \MZ1P mimy,mim;

¢ mswap mimy [n]xmitm; [n]—(mtmi xmim} )[n]
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mtm’*: mtm

mtm mtm*

Figure 4.16: The machine (mhoid s, @ mhoid ,gy,) is equivalent to mhoid .y, : mtm 8 mtm

* The lifted bounded integer coercion machine ’ mhoncoery, ,, ‘ mimics the first-order one.

def .
mhoncoery, n, = (midynit !IMNCOCTy, n,) ® MSWADP 1,y )+

» Similarly for the lifted list coercion machine |\mholcoer)!”]! |

mtm”*

mtm-
ny,ny ) ® MSWAP 1 ny | —> mim* [ 1]

nz,ny

mtm

mholcoery ", llmlcoer

def
= (mlcoer

Remark that contravariance forces us to coerce not only from n, to n, but also from n,
to np as well. Thus, this machines always drops suffixes of exactly one of its inputs, except
in the trivial case when n; and n;, are equal.

* The higher-order composition machine has a straightforward typing rule, and
makes it possible to compose higher-order machine types in a convenient fashion. It
is actually the more general case of the plugging machine mplug(m,, my), in the case
where some wires of m1, have to be exposed to the external world.

def mtmy xmtmy
my @ m = mfbmtmfxmtmg‘,mtm[xmtmg(m)

where m = ( mtmy, mtm;, mtm,, mtm3 ~ 0,3,2,1) e (my I my)
o (mtm;, mtmg, mtm,, mtm; — 0,2,1,3)

Figure 4.14 (c) gives a graphical representation of this machine, showing how it is ac-
tually a symmetrized version of Figure 4.14 (b). The feedback loop on mtm;, x mtm; is
represented as two feedback loops, one on each component of the pair.

Example 23. The right side of Figure 4.16 shows the diagram obtained by composing two
higher-order identity machines. By straightening the wires one gets the diagram on the
left, which is nothing else than the identity machine itself: id o id = id.

[31/03/16, 09:44]
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 The higher-order pairing (or parallel composition) operator composes hor-
izontally m; and m,. The resulting machine transforms pairs of machines into pairs
of machines, as shown by its typing rule. It should not be confused to the first-order
product m; 1 my, which as a distinct type shown on the right below.

(mtm & mtmy) B (mtm] & mtm}) + (mtm; 8 mtm}) & (mtm; 8 mtm,)

Actually, the definition of m; ® m, combines the first-order product with the proper
permutations in order to transform the (incorrect) type into the expected one.

mymm, & (mtmy, mtm", mtm,, mtm}" — 0,2,1,3) o (my 11 my)
o ( mtm{, mtm3, mtm|”, mtm, ~ 0,2,1,3)

The graphical representation is given in Figure 4.14 (d).

* The higher-order feedback combinator mhofb%%f_ mim, (711) |is built from its first-order

counterpart and permutations. The definition below is depicted in Figure 4.14 (e).

mtms def mtmz xmtng /
thfbmtml,mtmz(m) - mfbmtmfxmtmg,mtm;xmtmg(m )

where m' = ( mtmy, mtmg, mtmj, mtm3 — 0,2,1,3) @ m
B ( mtmy, mtm;, mtmg, mtmy + 0,3,1,2)

* The higher-order replication combinator |mhorepl}, . .., (M) |replicates m, a ma-

chine of type mtm; 8 mtm,, according to the replication factors received on its first input.
This factor is bounded by n. The resulting machine inhabits type mtm, [ n] 8 mtmy|[n],
which is different from mtm; 8 mtm,|[n].

n
mitmy,mtny

n
mtmy ,mtmy;

— 4 n
where m =mdrivect)), ;.. o mm, (M1, M2)

mhorepl (m) % munzip e mrepl,(m) e (midy,, I mzip! )

+ —
mtml ,mtmz

The definition uses the unzipping machine to obtain the expected type.

e The next two machines implement currying and uncurrying. Note that the macro-
types (mtm; ® mtmy) 8 mtms and mtmy 8 (mtmy 8 mtms) appearing in the rules of

the machines |mcurry,i™% .. land|muncurry e ..., [both unfold to

mtmy x mtm; x mtmz — mtm, x mtm, x mtms

and thus are actually equal. This suggests that we already known how to implement
these two machines: both must transform the type (mtm; ® mtm,) 8 mtms = mtm; 8
(mtmy B mtmg) into itself, and are thus simply the (higher-order) identity machine.

mtmg def mtms def .
MCUTTYY i) mimy = WUDCUTTY i v, = RO1A (g w0 memy ) @ mims

The triviality of their definitions implies that we could forgo the above machines and
directly use the identity machine in their place. We still prefer dedicated (un)currying
machines since they make things more readable.
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* The interposition machine |[minterpose(my, my) | will prove to be convenient during
the translation. It receives a machine of type mtm; @ mtmy and transforms it into a
machine of type mtm} 8 mtm), assuming m, is of type mtm)| 8 mtm; and m is of
type mtmy B8 mtm;,. Acute readers may already guess that it can help with the imple-
mentation of subtyping-like rules for arrows, m; and m, respectively implementing the
transformations in contravariant and covariant position. Its definition follows.

minterpose(my,my) = (mtm| ,mtm{, mtm,, mtmy" — 1,2,0,3) e (my 11 my)
o (mtmy, mtmy, mtm}*, mtm, ~ 2,0,1,3)

This definition is represented in Figure 4.14 (f).

* The higher-order permutation macro-machine| ( mtmy, ..., mtm, ~ iy,..., i, )po |has n
inputs and outputs. Its j-th output is equal to its i j-th input.

(mtmy,...,mtmy — i1,...,0in ) po: MM B ... R MM, B mtm;, 8 ... R mtm;,,
Higher-order permutations reduce to first-order ones.

(mtmy,...,mtmy = i1,...,0in ) ho
= (mtm,...,mtm}, mtmy,...,mtmy, — i1 +n,...,ip+ N, i1,...,0n)

4.4 The Translation

The translation from the source to the target language combines all the elements from Chapter 3
and Chapter 4. It transforms the typing derivations of Chapter 3 into well-typed machines. Its
goal is two-fold. First, it reduces all source-level concepts which involve conceptually infinite
objects, such as streams, to finite objects such as lists and bounded integers. In particular, clock
types are translated to actual machines generating the successive values of the corresponding
clock. Second, it translates away linear higher-order functions to first-order ones composed
using well-behaved feedback loops.

The translation is organized as a family of type-directed functions. Each source-level
type is translated to a target-level machine type, and the translation of programs respects
the translation of types. In other words, writing M ,,,;,, for the set of machines m such that -
m : mim and (_) for the translation function, we have (ot e: 1) € M,). We begin with the
translation of types. The translation of adaptability, gathering and scattering derivations is then
described; they involve the less obvious combinations of machines. Finally, the compilation of
typing derivations mostly consists in plugging together all the pieces described in this chapter
in a straightforward manner.

4.4.1 Translating Types

The goal of the translation process is to produce state machines using a statically-bounded
amount of memory. We have seen that these bounds appear in the types of the target language,
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either as upper bounds on the possible value of numbers, or as maximum list lengths. Thus,
of the main role of the translation of types is to exhibit these bounds. Where do they come
from? First, we have seen that by definition the integer scalars of the source language are
actually 64 bit unsigned integers. Second, each clock type actually denotes a clock with a
statically-computable bound. Let us discuss this point first.

Clock bounds In order to describe the translation from clocked streams to machines com-
puting finite amount of data per reaction, we need to define a function [ct] computing an
upper bound of the value of integers in the clock denoted by cz. One possibility would be
to compute its normal form nf(ct), which is an ultimately periodic word, and then traverse
the word to find its largest number, [ nf(ct)]. This approach gives an exact upper bound, but
does not extend to languages with more expressive clock types. We adopt the more flexible
definition given below.
[p] [p]

[ct;onct; ] [ct]*[ct']

This function is defined by structural recursion, and as such one does not need to reduce ct to
its normal form. This will turn out to be important since it extends gracefully to more complex
clock type languages given in Chapter 5, where nf(ct) does not exist.

Remark 19. The price to pay for this additional flexibility is imprecision: we have [nf(ct)] <[ ct]
in general, and the bound is not tight. The example below shows one of the simplest example
where the loss of precision occurs.

[f((2)on (10)]=[(1)]=1 < [(2)on(10)]=[(2)]*[(10)]-2

This imprecision actually impacts the translation process by forcing us to insert additional
coercions in some places. We discuss this issue after having explained the translation of types.

Data types and types The type system proposed in Chapter 3 assumes very little of the
precise grammar of data types dt. In this chapter, we require that data types are only inhabited
by finite set of scalars. Recall that this is actually the case for both bool and int, the latter being
the type of unsigned 64 bits integers. We can thus write a translation function from a data
type dt to a value type mt, given by the following clauses.

(bool) {1}
(int) = {264-1}

The next step is to map each source type ¢ to a machine type mtm. We have all the
ingredients in hands: products correspond to higher machine products, arrows to higher
machine arrows, and streams dt :: ct correspond to machine with no inputs and one output
which is a list of values in (df). The maximum size of this list is given by the maximum integer
present in the clocked denoted by ct, which we abbreviate as [ ct|, with [ct; on ¢tz | = [ cty | *[ ct2 ]

(dt:ct) = unit— (df)[[ct]]

(]t1®lf2[) = (]tlD(]tgl)
(n—r) = (a)e(n)
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In order to deal with open terms, the translation has to be extended to contexts. As usual,
they are interpreted as potentially large products.

(o)

(T, x:¢)

munit
(r) @ (1)

Clock types Clock types are not only annotations: they cannot be erased as they drive the
execution of some language constructs, as we have seen in the synchronous semantics. Thus,
we need to translate each clock type ct to a machine producing the successive values of the
clock it denotes. This machine has no input and produces a number bounded by [ ct] at each
reaction.

(ct) € Muint{[er])
(p) = mpw,(0)
(ctronct) = msuml[gﬂ .mdrivenict{ig} ((ct1), (ct2))

Ultimately periodic words are translated using the dedicated machines, and clock composition
uses the summation operator. Note that, once again, this process is syntax-directed: one does
not need to reduce the whole clock type to an ultimately periodic word nf(ct) in order to
implement it.

On coercions We can now explain concretely why the imprecision of the [_] function some-
times forces us to insert coercions. This comes from the fact that while the source type system
handles clock types up to equivalence, equivalent clock types may get translated to distinct
target types. For instance, we know that (2) on (1 0) = (1), yet we have

(bool : (2) on (1 0)) =unit — {1}[[(2)]x[(1 0)]] = unit — {1}[2]
¢ (bool: (1)) =unit —» {1}[1]

from the previous definitions. The point is that even if the machines obtained from well-
typed programs of clock type (2) on (1 0) compute lists of length one at each reaction, this is
not apparent in the translated type. The actual problem arises when one needs to move be-
tween mtm|[(2) on (10)]] and mtm[[(1)]]. The solution is to use a higher-order list coercion
machine mholcoer/""

[(2)en (1 0)],[(1)]"

4.4.2 Translating Auxiliary Judgments

Value The role of the value judgments is to classify whether the inhabitants of a type or a
context is duplicable and erasable. In the synchronous semantics this was not important, as
elements of a domain are mathematical objects that can always be erased or duplicated at
will. In the physical world of machines, this is no longer the case: one cannot duplicate or
erase higher-order machines. We thus need to interpret a typing derivation of - ¢ value either
as a machine (- ¢ value|) p able to duplicate (), or as a machine (- ¢ value) g able to erase it.
Figure 4.17 gives the corresponding compilation functions.
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(mtvalue)p ¢ Myg,aqmpmidn

(-dt:ctvalue)p = (mdupgg.cy ! midunit) ® (midggr: ey | MDEULTYnit)

(]I— t1®tgvalue|)D = <(][1D,(]t1[),(]t2l),(]t2[) '—>0,2,1,3)h0@ ((]I— tlvalue[)D (]I— tgvalueDD)
(- t value) g € My

(-dr:ctvalue)p = mforgy..q

(-h®tyvalue)p = (-t value)g (-t value|) g

(- T value) g € M-

(- ovalue)) g = mid()

(~T,x:tvalue)g = (T)gn (t)g

Figure 4.17: Compilation - value judgment

[T ®T0,) € M) =(r)

( )

(oroed) = mid(m)e (o) = (0)-

(C,x:trT,x:t®@To,x:1) = ((T1),(T2), (2), (2) = 0,2,1,3)po @ (([+T; ®T,) ® (- ¢ value|)p)
(

(

Mx:t+Tq,x: t®F2D = ((]1“1[),(]1“2|),(]t[), > 0»2’1>h0 Bl ((]FI—F1®F2D thidth)
F,x:tl—F1®F2,x:t[) = (]FI—F1®1"2[)mhoid(]tD

Figure 4.18: Compilation - context splitting judgment

The duplication machine (+ ¢ value|)p has type () 2 ((¢) = (). Since stream types are
implemented by scalar values, the first case simply consists in using the primitive value dupli-
cation machine. The second case uses the duplicating machines obtained recursively from
premises + ] value and + t, value, rearranging their outputs to have the expected type. Note
that the definition is relatively concise thanks to higher composition machines and the higher
permutation.

The type of the erasure machine (+ 7 value|) g is - 7 value*. Its type is (#))*, expressing that
it is able to completely consume a machine of type (). It is also found in Figure 4.17. The base
case of streams is handled using the primitive value erasure machine. The case of products is
handled by juxtaposing the sub-machines (- #; value) g and (+ #, value) g. This is well-typed
since mtm; ® mtm; = (mtm; K mtmy)*.

The context erasure machine (I') g is built using vertical composition.

Separation The separation judgmentI' +I'; ®T'; translates into a higher-order machine trans-
forming inputs in (I') into outputs in (I';) ® (I'2). The interpretation is given in Figure 4.18.
It is close to the one given in the synchronous semantics, with the pairing and composition
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(- t< t) € Mipa(r)

(-dt=cty < dt:cty) = (mbuffctﬁftt?],[ctz],size(m,CtZ)((]thD) I midynit) ® MSWAP (4 [[cr, || Bunit
(Faeth<yti®t) = (-t<xt]) R (<)

(-1 — fa <k 1] — t3) = minterpose((r t] <o t1)), (- 2 <k 1))

Figure 4.19: Compilation - adaptability judgment

operators from domain theory replaced with those of machines. The compilation of rule SEP-
CONTRACT relies on the duplication machine (+ ¢ value|) p. Most cases simply shuffle machine
types around using permutations in order to obtain the expected output type.

Remark 20. Note that in several cases, especially the last one, the generated machines are
well-typed only up to associativity of K. We feel that this small sacrifice in rigor gives a large
pay-off in terms of readability.

Adaptability The adaptability judgment + ¢ <:j ¢’ is translated to a machine transforming ()
into (|¢'). The interpretation is given in Figure 4.19. As expected, it relies on first-order buffers
to implement stream buffering. The function size(ct,, ct,) computes the capacity needed for a
buffer whose input clock is denoted by ct; and output clock by ct,. This is the maximum of the
cumulative functions of nf(ct;) and nf(ct,), as described by the formulas below.

maxizo(owl(i) _sz(i))
size(nf(w1), nf(w))

Notice how the minterpose( (- t] <i t1)), (- f2 <:¢ £;) ) machine is used to compile the function
adaptability rule, as we announced in the previous section.

size(wy, wo)
size(cty, ct2)

Gathering Remember that the judgment + ¢ 1, t’ expresses that one can transform a inhabi-
tants of t, computed at the rate described by ct, into inhabitants of #'. Thus, the corresponding
machine should consume several inhabitants of (|¢) and produce one inhabitant of (¢'). The
exact amount of inhabitants of () needed at a given reaction is determined by the correspond-
ing integer in the clock denoted by ct; thus it is at most [ct]. Hence, a gathering judgment
should be translated to a machine of type (#)[[ct|] & (#'). The definition is given in the middle
part of Figure 4.20.

e For rule UPSTREAM, we use the higher-order gathering machine. A coercion is needed
on the output to pass from lists of size [ ct on ct; | to lists of size [ ct, |. We know that this
coercion is benign since typing ensures that ct, = ct on ct; holds.

* For rule UPPROD, we pair the compilation of the two premises. The unziping machine
is needed to convert the input from (mtm; ® mtmy)[[ct|] to mtm [[ct]] ® mtmy[[ct]],
which is the type expected by the pair of machines.
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Figure 4.20: Compilation - gathering and scattering judgments
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e Similarly, for rule UPARROW, we pass the unzipped input to the interposition of the
machines obtained by composed the premises.

e For rule UPON, we need to compose the machine + ¢ 1. " and + t"" 1. t’ in order
to transform inhabitants of the input type (¢))[[ct] * [ ct']] into inhabitants of (¢'). The
solution is to replicate the machine (+ ¢ 1. t"’) by (ct), which makes it composable
with (- " 1. t'). We must also scatter the input to obtain data compatible with the input
type of the replicated machine, which is (#)[[ct'|][[ ct]] -

¢ For rule UPINV, we must build an output of type (¢') from an input of type (t)[[ct]], and
we have a machine of type (t)) 8 (¢/)[[ ct']] at our disposal. The solution is to replicate this
machine by (ct)). We are left with an output of type (#')[[ct'|][[ ct]] , which we convert
into one of type (#')[[cton ct']] via the gathering machine. Since cton ct’ = (1), we
coerce this type to (#')[1], which can finaly be unwrapped to obtain a value in (/).

Scattering The scattering judgment - ¢ |, ¢’ is completely symmetric to the gathering one.
Its definition is also given in Figure 4.20. Unzipping, gathering, and wrapping machines are
replaced with zipping, scattering, and wrapping machines. They are composed in the reverse
order. Contexts are scattered component-wise.

4.4.3 Translating Typed Programs

We are almost ready to describe the compilation of typed programs to machines. Let us address
the last remaining technical issue.

Clock-polymorphic operators The source language includes a family of pointwise opera-
tors op left abstract. We assume given a machine (op) : (o +int:: (1) ®int:: (1) —int:: (1)) for
each operator op corresponding to its finite-state implementation.

This leads to the last important difference between the synchronous semantics of the
source language and our kit of (macro-)machines. Notice that the typing rules Or, MERGE,
and WHEN from Figure 3.5 accept any base clock ct: these rules are clock-polymorphic. In
contrast, the machines mhoconst},, (op)), mhomerge,, (m) and mhowhen,,,(m) handle only
lists whose size is at most one. They would thus correspond to the monomorphic and binary
typing rules below.

MONOCONST MoNoOP
ok s:dtof(s) = (1) orop:(int: (1)) ® (int: (1)) — (int: (1))
MONOMERGE MONOWHEN
p<(1) p<(1)
orFmerge p:dt:p®dt:p—odt:(1) oFwhenp:dt: (1) —dt:p

Fortunately, our language already includes a solution to the problem of adapting a machine
to work on wider data types through the use of the driving machine: use replication. One should
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perform conversions at the interface between the replicated machine and the external world.
Those conversions can actually be described as derivations of the gathering and scattering
judgments, which are then to be compiled to obtain the required machine. The conclusions of
the relevant derivations are given below; p denotes periodic binary words.

empty et 00
constTgltt mbedta (1) e dtct
mergeTft’dt s (dtzp)e(de:=p)— (dt: (1))t (dtctonp)®(dt:ctonp) — (dt:: ct)
whent?™ v (dt:: (1)) — (di s p) 1o (dit: ct) — (dt: cron p)
opte ik (int: (1))@ (int:: (1)) — (int:: (1)) 1 (int = cf) ® (int :: ct) — (int:: ct)

Each name above has to be understood as an abbreviation for the derivation having the
expected conclusion. They are readily constructed using the rules of Figure 3.9.

The translation The translation of the typing derivation for the typed program I' -e: ¢
produces a machine of type (') @ (¢)). Let us define and explain each rule, case-by-case.

e Rule VAR: the machine erases the context but for its last component, which is returned
via the higher-order identity machine.

(T,x:t+-x:¢) = (T value)g 1 mhoidy

* Rule WEAKEN: the machine erases a single component from the context, which should

be a value.
(T,x:t'+e:t) = mhoneutr(y @ ((#),unit ~ 1,0)p,

@((T+e:t) ® (-t value)g)

Note that we need to apply conversions on the output to obtain the expected type.

e Rule FUN: the translation is similar to the interpretation of the rule in the synchronous
semantics, with domain operators replaced with machine constructors. It curryfies the
premise in order to obtain the expected type.

!

(THfunx.e:t—t) = mplug(mcurryg;DDth, (T,x:t+-e:t'))

* Rule APp: the machine simply uses the internal application machine. Context splitting
is compiled to a machine that provides the inputs required by the other premises.

(Cree':t') = mhoevy B ((F1+e:t—t)r (T2re:1))
@QF»—F1®F2D

e Rule PrOD: the translation is again similar to the synchronous semantics, with the
parallel product of machine replacing the pairing of continuous functions.

(]rl—(el,eg):ﬁ@tgl) = ((]rll—elifll)(]le—ezitzl))@(]rl—r1®r2[)
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(T, x:t+-x:1)
= (- I value) g 1 mhoid )

(T,x: ' +e:t)
=mhoneutr(,) @ ((f),unit ~ 1,0}, @ ((T+e:2) ® (- ¢’ value|g)

(T+funx.e:t—t)

= mplug(mcurryg;’[)[)‘w, (T,x:t-e:t'))

(Cree':t)
:mhoethMt,D E] ((]Fl —e:t—o I,JD (]l“zn—e’: tD) Gl (]FI—F1®F2D

qu—(el,eg)it1®l’2[)
= ((]Fl l—elitll) (]le—eglth) E] (]FI—F1®FZD

(C+1let(x,y)=eine’: )
=mhoev(; gy) (1) B (mplug(mcurryg;DMhD ()’ (To,x:0,y:to-e ) ®(T1re:n®B)) B (THT;®T,)

(T+fixe:t')

!
:mhoqu )

t ()
(. (")

(|- ¢’ value)p @ (mplug(muncurryqlt,D th,QF Fe:t—1t'))) @ (mhoid ) ® (-1 <1 7))

(o s:dtof(s) = ct)

= qconstTiltl‘Of(S)D B mplug(mhorepl[]gg'qint: (I)D(mhowrapqdmf(s)l) @ mhoconst;mf(s)), (c2)) ® (empty lci)

(o op: (int: cf) ® (int:: ct) — (int:: ct)))
_ [cf]
= (opter) @ mplug(mhorepl ry (ne. (1))e(int: (1))—(ine: (1)) (D) (ct)) @ (empty Ler)

(oFmerge p:(dt:ctonp)® (de:ctonp) — (dt: ct))
ct

= QmergeTft’d[[) @ mplug(mhorepl[]ugy(](dt:: Y (dt ) —(dt (1))D(mhomergeqd[D (mpwp(O))), (ct) @ (empty | )

(o+ when p: (dt:: ct) — (dt: cton p))
ct

= (whent?%) @ mplug(mhoreplgmg, (des (1) —=(at py) EBOTRER g (1P, (0))), (1)) @ (empty Ler)

(Te: 1)
=(Ft<pt)@ (Tre:t)
(Te:t)
=(~t' 1ty )@ mplug(mhorepl[];t,]D Qt’D((]r, Fe:t')),(ct)) @ (FT 4 TY)

Figure 4.21: Compilation - main typing judgment

[31/03/16, 09:44]



4.4. THE TRANSLATION 153

* Rule LET: this case is similar to that of application, except that some currying has
to be performed in order to obtain a machine expecting inputs in (#; ® t,)) from the
compilation of the judgment ', x: 1}, y: Hr-e: t.

(TH1let(x,y)=eine’:¢)
= mhoevV(,gp)() @ (MB (M1-e:n®n)) @ ([FT@0)

where m = mplug(mcurryglt,l)l),(]t1D ()’ (To,x:t1,y:ta-¢€ 1))

e Rule Fix: we use the higher-order feedback loop to compile fix e. The premises are
used to build a machine of the type expected by the feedback operator. The compiled
adaptability judgment (- ¢’ <:; #)) is placed in front of the compiled machine of e while
the duplication machine (- ¢’ value|) is placed behind it.

(T+fixe:t) = thfbg;,[)D,Qﬂl)(q'_ t' value)p @ m @ (mhoid ) ® (- ' <1 £)))
(')

where m = mplug(muncurry(];D oW (Tre:t—t'))

e Rule CONST: constants are handled using the strategy at the beginning of this section.
They are replicated and enclosed in conversion code obtained from the compilation of
the relevant gathering and scattering judgments.

(o+ s:dtof (s) = ct)

?ttOf(S)D @ mplug(mhorepl[];tb],qim:(I)D(M),thD) 8 (empty |

where m = mhowrap gr(s)) B mhoconStiimf(s)

= (const?

e Rule OP: similar to constants.

(oF op: (int:: ct) ® (int :: ct) — (int :: ct))
[ct]

= (opte) @ mplug(mhorepqu[),(](int::(1))®(int::(1))—o(int::(1))D(m)’(]CtD) & (empty \ef)
where m = (op))

* Rule MERGE: again, similar to constants.

(o+merge p:(dt:ctonp)® (dt:ctonp)— dt: ct)

= (merge ") mplug(mhorepl[];?,(](dt::p)®(dt::ﬁ)—o(dt::(1))D(m)’(]CtD) @ (empty L)
where m = mhomerge 4 (mpw,(0))

* Rule WHEN: again, similar to constants.

(o+when p: (dt:ct) — (dt: cton p))

= QLuheant’dt[) B ma& (empty )
ct

where m = mplug(mhorepl[]DD]’q(dt:: (1)) (dt+ p)D(mhowhenthD (mpw,(0))), (cz))
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* Rule ADAPT: as usual with subtyping-like rules, we compose the machine obtained from
the adaptability judgment.

(Cre:t') = (Ft<pt)m(THe:t

* Rule RESCALE: the strategy is the same as in the case of constants, operators, sampling
and merging, except that in this case we scatter an arbitrary program rather than a fixed
operator.

T
Tre:t) = (-t'tat)® mplug(mhorepl[];,]pyqt,D(QF’ Fe:t),(ct) ® (T be ')
Figure 4.21 recapitulates all the cases of the translation in one place. The next section
discusses what it means for a machine to correctly implement a source-level program and then
builds on top of this to prove that the translation is actually correct.

4.4.4 Soundness

This section studies the correctness of the translation using a binary logical relation. The
relation defines what it means for a machine to implement a domain element, for example
a stream or a function. The soundness theorem expresses that the compilation of a typing
derivation implements its typed semantics.

Operational equivalence We construct the logical relation using a biorthogonality tech-
nique [Girard, 1987; Pitts, 2000]. Biorthogonality techniques rely on a notion of well-behaved
interaction between a program and its surrounding context. In our case, orthogonality is a
kind of bisimulation defined as follows.

Definition 18 (Orthogonality). Orthogonality is a coinductive relation between machines of
complementary types. Two machines m, and my are orthogonal, written my 1 my, when the
following conditions hold for all values x and y:

* ifmy/x — m]/y then there exists m) such that my|y - m),[x and m| L m};
* ifmy/y — m}/x then there exists m} such that m;/x - m}/y and m| L m},.

Remark 21. Readers familiar with synchronous programming may notice an analogy with the
notion of synchronous observer [Halbwachs et al., 1994]. However here the machine m, does
not simply observe the output of m;, but also affects its input—orthogonality is symmetric.

Definition 19 (Orthogonal set). The orthogonal of a typed set of machines X € M 1, is the
typed set of machines written X* € M4 defined by m,. e X* < VmeX, mim, .

Property 42 (Classic properties of orthogonal sets). For any set of machines X we have X ¢ X*+
and X1+ = XL, Given another set of machines Y such that X €Y, we have Y+ ¢ X*. For any sets
of machines X,Y we have X' nY!1=(XuY)!
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Proof. Each property is immediately proved by unfolding the definition of X*. They do not
depend on the definition of the orthogonality relation. O

The machines in X* are precisely those that combine well with all machines in X: their
interaction with elements of X never blocks. The machines of X* can be thought of as tests
for X, and vice-versa. The interest of this construction is that we can now define sets of
machines negaitvely, by taking the orthogonal of the set of tests they must pass. Moreover, the
orthogonal builds closed sets, which intuitively describe sets of machine that behave in the
same way. The importance of closed sets motivate the following definition.

Definition 20 (Behaviors). A set of machines X is abehavior if X! = X holds, or, equivalently,
if X is of the form Y* for someY .

Property 43 (Intersection of behaviors). The intersection of two behaviors is a behavior.
Proof. Let H, and H, be behaviors. By Definition 20 and Property 43, we have
HinHy=H{"*"nHy'=(H{UHy)* =(HinHy)**

which proves that H; n H, is a behavior. O

Notations We lift all the machine combinators to sets of machines. For instance, given sets
of machines X, Y, we write X o Y for the set of machines {m; e my | m; € X, my € Y }. This also
applies to macro-machines or higher-order machine combinators, for instance X @ Y stands
for the set of machines {m; @ my | m; € X,m, € Y}. As an exception to the above rule, we
write X ® Y for {my 11 my | m; € X, mp € Y}. Finally, using these notations, we write X 8 Y
for X+ Y:{ml I mo | nmy EXL,mZE Y}

Compatibility Next, we need properties that express that all our machine constructors be-
have well with respect to orthogonality. For example, given two machines m,; and m, respec-
tively orthogonal to m3 and my, the horizontal composition m,; e m, must be orthogononal
to ms e my. As before, we write X e X, for {m; e my | m; € X1, my € X, }, and similarly for other
machine combinators.

Lemma 12 (Compatibility). Orthogonality is compatible with the machine combinators of the
basic language. More precisely, for any sets of machines X, Y, we have

e XleYic(XeY)L;
* X1 RYIc(X®Y):,
o mEbp o, (X1) € (mEbpe oy, (X))

* mrepl,(X*')c (mrepl,(X))*.
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" xl: mt

+mtest(xl): mt—unit

mtest  (x;x1)/x > mtest  (x1)/() mtest([])/_—>mtest:([])/()

Figure 4.22: Typing and reaction rules for the testing machine

Proof. The proofs are done by coinduction. Let us detail the vertical composition case. We
are given two machines m; € Xll and my € Xzi. We must prove that for any me X; ® X5, we
have (m; 1t my) L m. Since m € X; ® X,, m is by definition of the form ms 1 my, with ms €
X, and my € X,. Moreover, our hypotheses give m; 1 mg and my, 1 m4. By coinduction, we
show (my 1t my) L (ms 11 my).

e Assume (my I myp)/(x1,X2) = (mj 1 m})/(y1,y2) holds. By definition of the reaction
judgment, this means that m,;/x; - m//y; and my/x, - m}/y,. Since m; 1L ms, there ex-
ists mj such that ms/y; - mj/x; and m{ L mj. Similarly, since my L my, there exists m)
such that my/y, - mj/x, and m}, L mj. Thus (mz 1 ma)/(y1,y2) = (m§ 1 my)/(x1, x2)
holds by definition of the reaction judgment. We apply the coinduction hypothesis to
obtain (m} n mj) L (m} 1 m}) and conclude (m; 1t my) L(ms 1 my) .

e The other direction, when mj3 11 m4 makes a step, is completely symmetric. O

The Compatiblity Lemma must be lifted to the higher-order machine types defined in Sec-
tion 4.3 in a similar way. This makes it possible to prove that, for instance, the higher-order
application and composition combinators built using feedback loops are sound. Let us state
some important cases.

Property 44. For any set X © M pm, the machinemhoid ., belongs to (X ® X*)*.

Property 45. Let H, and H, be two behaviors. Let m; be a machine in ( H HzL)L and my bea
machine in Hy. Thenmplug(my, my) belongs to H,.

Proof sketch. We must show that mplug(m;, m,) is orthogonal to any machine m, € H;. The
definition of the application combinator applies the feedback machine to a machine m built
by applying permutations to m; I m,. Using the compatibility lemma we can show that m
belongs to (H; ® H; ® H, )*. From this we deduce that m L (mhoid ym, I my), with mtm, the
type of the behavior H;. This hypothesis is sufficient to show that mplug(m;, my) L m,, holds
by a direct coinductive argument. O

Testing To capture the correctness of compilation using orthogonal sets, we need a suffi-
ciently expressive set of tests. It turns out that the machine language presented in the previous
section is not expressive enough. We thus enrich it with a testing machine, mtest ,,(xl). This
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Implt(_ES[[t]])SM(]tD
Imply,.. (xs)=( U {mtestgyren((xD)})*

XISy, xs
Impl, o, (x1,%2) = (Impl, (x1) ® Impl,,(x2)

Impl,, _.,,(f) = Q ﬂ(1""”ti9lt1(x) Impl,, (f(x))")*
XE€S|h

)LJ_

Implp(_eS[T]) € My
Implg(_) = {mforg, ;. }**
Imply ., (v, v) = (Impl:(y) ® Impl,(v))**

Imply_(f €S[T +t]) € Mrpa ()

Imply_((f)= () (Impl(y) ® Impl,(f(y))")*
YeS[T]

Figure 4.23: Soundness proof - implementations of types, contexts, and typings

machine has one input of type m¢ and no outputs. Its state is a finite list x/ of type m¢. When xl
is empty, the machine reacts without looking at its input. When it is non-empty, the machine
reacts only if its argument is the current head of x/, which is then removed from its state. Thus,
if xlis a list of length n, this machine checks whether its first n inputs are the elements of xI.

The typing and reaction rules of the testing machine are given in Figure 4.22. They respect
all the properties given in Section 4.2.2. In particular, the size of its state strictly decreases at
each reaction, and thus the machine is finite state.

The logical relation  Given a source-type f and element x belonging to the domain S[¢], the
behavior Impl, (x) is the set of machines of type () which are valid implementations of x. We
call Impl,(x) the set of implementations of x. It is defined by induction over t.

* A machine implements a stream xs if it combines safely with all the machines testing its
finite prefixes. More precisely, to implement a stream xs living in S[dt :: ct], one should
pass the test mtest ;.. ¢4 (1), for any list xI that corresponds to a finite prefix of xs.

Implyy (%) < (U {mtestig.cy((+))})*

XISy xs

The notation xs' €5, means that xs' € xs and xs’ converges only up to some 7, and (xs') is
the translation of such a finitely-converging xs’ into a list of values of size n.
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* A machine implements a pair (x, x,) when it cannot be distinguished from a parallel
pair of an implementation of x; and one of x,.

def
Impl o, (x1,x2) = (Impl, (x1) ® Impl,, (x2))**
The notation X ® Y denotes the set {m; 11 my | my e X,myeY}.

* A machine implements a function f when, for any argument x, it passes all the tests that
provide an implementation of x and a test of an implementation of f(x).

Imply, ., (f) N H(ImPltl(x) Impl,, (f(x))*)*

xeS[n

def

The complete definition is recalled in Figure 4.23, together with the administrative definition of
implementations of a context I' and of a typing I + ¢. Observe that any set of implementations
is a behavior, since they are all defined using orthogonals and intersections.

Theorem 8 (Soundness). The machine resulting from the compilation of a well-typed program
implements its typed semantics. In other words, given a derivation of T + e: t, we have

(Cre:t)elmply (S[T+e:t])

Proof. The proofis done by induction on typing derivations. The theorem must be generalized
to auxiliary judgments in the expected way to obtain proper induction hypotheses. Each step
of the proof falls into one of the two following cases.

e Stream-specific language constructs—such as gathering, scattering, and buffering—are
handled by induction on the length of stream prefixes. Such cases make direct use of the
definition of the reaction judgment and are routine.

* Language constructs that are not specific to streams but the traditional features of a
linear lambda-calculus with pairs—such as function application, pairing, and so on—are
proved using compatiblity properties such as Property 45.

This shows that the compiled machines implement the typed semantics. O

Note that Theorem 8 does not implies that the machines are deadlock-free in isolation. This
comes from the definition of our orthogonality reaction, which does not ensure that making a
step is possible. However, using the results obtained in Chapter 3, we may prove the following
result.

Corollary 2 (Reactivity). For any e, dt, ct, the machine (o+ e: dt :: ct)) is able to react forever.

Proof. By Theorem 4, the stream S[o+ e: drt :: ct] is total. Hence, it has prefixes of all lengthes.
By Theorem 8 and definition of the testing machine, this implies that (o+ e: dt :: ct)) is able to
react for n steps, with n arbitrary. O

Remark 22. The characterization of a stream via the set of tests of all its finite prefixes is directly
inspired from Mellies and Vouillon [2005]. We are grateful to Paul-André Melliés for having
drawn our attention to this technique and explained the underlying intuitions.
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4.5 From Machines to Circuits

The discussion at the end of Section 4.2 outlined a naive way of compiling our state machines
to circuits, seen as explicit finite automata. This technique is unrealistic since it manipulates
an explicit automaton which may have a size exponential in that of the source program. Also,
industrial circuit synthesis toolchains process hierarchical descriptions, written in Hardware
Description Languages (HDLs) such as VHDL or Verilog, rather than flat ones. This section
briefly discusses the few steps that remain to be performed to implement machines on top of
an HDL. We begin with an informal discussion of some potential optimizations that could be
performed during the translation.

4.5.1 Optimizations

The translation process described in this chapter has the typical strengths and drawbacks of
type-directed interpretations. Once both the translation of types and the type of the translation
have been defined, the rest follows in a mechanical fashion. The other side of the coin is that
the generated code includes a lot of conversion machines that often perform no useful work.
Let us discuss some optimizations that can be performed at the target-level to simplify the
generated machines.

Removing boilerplate Because the translation is type-preserving, all source programs of
the same type are compiled to the same target type. In particular, all clocked streams are
translated to machines computing lists. It might be more efficient to replace those types to
more specialized ones in some cases, such as translating a program of type dr :: (1) to a machine
with outputs in (dt) rather than (dz#)[1]. Similarly, the clock type (2) could be translated to
pairs rather than bounded lists, and so on.

A related point is the removal or fusion of “administrative” machines a compiled pro-
gram has been sprinkled with. For instance, the translation introduces a lot of permutations,
sometimes applied consecutively. It might be a good idea to fuse them by composing the
permutations. Also, the generated code may exhibit composition of conversion machines that
compose to the identity function when applied to programs coming from well-typed programs,
such as unzipping followed by zipping. It should be possible to prove that those are equivalent
using the logical relation from the previous section.

Clock types and periodic words Another performance question is the efficient compilation
of ultimately periodic words that arise from clock types. This issue has less to do with language-
level concerns than with optimization questions, potentially of a combinatorial nature. A given
closed typing derivation might feature a variety of ultimately periodic words. In particular,
some of them might not have been present in source code but rather inserted by some type in-
ference process. Translating these words to machines involve a variety of interacting questions
and trade-offs.
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* Specialized representations: the direct and most general implementation mpw,, ) (i) uses
an ultimately periodic counter for i and an array of length |u| +|v| storing the integers
in u(v). Clearly, some words have more space-efficient representations, such as constant
ones. Others words might have special characteristics that lead to circuits with better
critical paths, and so on.

e Sharing: in general one is interested in the efficient implementation of several words
rather than a single one. Equivalent words can be implemented by a unique machine
and shared between all their consumers.

» Factorization: sharing makes it beneficial to express redundancy between distinct clock
types. For instance one can share (ct) when computing (ct on ct;) and (ct on ct,) in the
same expression. Note that the converse is not true for (ct; on ct) and (ct, on ct) as ct is
driven by a distinct clock in each case. Thus, one might want to try to factor equivalent
prefixes out of the set of clock types.

The answer to these questions probably depend on the underlying platform. In particular,
software implementations might have performance needs very different from hardware ones.
We hope however that the relationship between 2-adic numbers and digital circuits uncovered
by Vuillemin [1994] might help organize the design space.

Remark 23. The optimizations discussed above have to be performed during the translation.
This is unsatisfying, since it increases its complexity; we would rather like to explain them as
source-to-source passes on one intermediate language. Unfortunately, this is possible neither
at the source nor target level. On the one hand, the source language misses the operators and
types for expressing the above operations. On the other, useful clocking information is lost
during the translation, and moreover equivalent programs may not be compiled to equivalent
machines. There are at least two solutions.

e We could design a new intermediate language that enriches the source with additional
operators, so that the translation to machines would factor through this new language.
Optimizations would then be performed at the relevant level.

* A potentially less ambitious approach would be to make the machine type system more
precise. In particular, a low-hanging fruit is to have lower bounds in addition to upper
ones in type constructors. This would make more optimizations feasible at the machine
level, at the cost of a slightly more complex translation and correctness proof.

We have not investigated either one since only concrete experiments on non-toy programs
would reveal significant differences.

4.5.2 Desconstruction Replication

Readers versed in digital hardware circuits might have found the replicating machine suspi-
cious. We know that in theory this machine can be implemented as a circuit since it is finite
state. However, and in contrast with all other machines, a direct translation to an HDL does not
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Figure 4.24: Machines - special cases of replication
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Figure 4.25: Replication - implementing mrepl,, () using machines from Figure 4.24

seem trivial as it performs a varying number of reactions of the replicated machine for each of
its own reactions.

Figure 4.24 introduces new primitive machines that can be used to implement replication.
The first two machines are specialized cases of replication. The machine mgate(m) corre-
sponds to binary replication: the machine m performs at most one reaction. We call this ma-
chine the gating machine, in analogy to the clock gating of circuits. The machine mturbo, (m)
corresponds to constant replication: the machine m always performs exactly n reactions. We
call this machine the furbo machine, in a loose analogy with the clock scaling features of recent
processors. The stateless selection machine mselect, computes a unary representation x/ of
its input a < n on n bits. This is expressed formally by the predicate select(n, a, xI) given below.

select(n,a,xl) = |xll=nandV0<i<n,xl[i]=ifa<ithenlelse0
We will soon explain a straightforward implementation of these machines, assuming that

any circuit implementing a machine has a uniform interface. What we would like to do for now
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is to reduce any replication machine to a composition of the new machines. Remember that at
each reaction the machine mrepl , (m) receives an input a < n expressing how many reactions
of n should be performed at once. The idea is to use a turbo machine to perform exactly n
reaction of a gating machine which itself may or may not react according to the current value
of a This gating machine processes a list of 7 booleans that controls whether the machine m
should react at each of the local n steps induced by the turbo machine. This list of booleans is
computed by the mselect, machine from the input a. The construction requires the use of
conversion machines in some places in order to be well-typed. The precise definition can be
found below, assuming the machine m has type mt; — mt,.

mto
1,n

° ((mdup{l}[n] emselect,) I midmtl[n])

mity
1,n

mrepl,(m) = mgath{"? e mturbo,(mgate(m)) e mzip?l}m1 o (midfyy[,) I mscatt

Figure 4.25 gives a graphical version of the above definition which is easier to read. The label
below each wire gives its type and the label above, if any, gives the name of the corresponding
values in the reaction rule of the replication machine (Figure 4.7). The zipping conversion in
front of the central machine has been omitted.

Remark 24. Note that the reaction rule of the selection machine is somewhat arbitrary, as the
above scheme works for any boolean list of length 7 as long as it contains exactly a ones. This
can be understood by considering the analogous phenomenon at the source level. Semantically,
the construction above corresponds to the decomposition of a local time scale driven by
some clock w < (n)® into two new time scales applied successively, the outer one driven
by (n)® and the inner one by any binary clock type wj, such that w = (n)® on wy,. There are in
general multiple choices for wj, with distinct choices reflected as a distinct control lists being
transmitted to mgate(m) at runtime. The reaction rule for mselect given in Figure 4.24
actually corresponds to the earliest such wy, that is the clock in which ones are inserted as
soon as possible

4.5.3 Towards Circuits

We finish this section by discussing how machines can be implemented in real hardware
description languages.

HDLs Hardware Description Languages such as VHDL [IEEE, 2009] and Verilog [IEEE, 2006]
were born as high-level languages designed for programming and driving discrete event circuit
simulations, they slowly became standard input formats for synthesis tools. The current
practice is to single out a synthesizable subset of the language that corresponds to actual
circuits. The rest of the language contains useful facilities for driving simulation and testing
that do not generally make sense as circuits, such as unbounded loops.

In theory, the synthesizable subsets should be clearly defined and common to all tools.
Indeed, the synthesizable part of VHDL has even been standardized [IEEE, 2000]. In practice,
the precise subset allowed depends on the synthesis tools. Fortunately, this problem occurs
mostly for circuits at a lower abstraction level than ours, such as circuits using tri-state logic.
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The circuits generated from machines follow what we ought to call the computer scientist
abstraction: wires hold zeroes and ones and the final value computed does not depend on
physical issues, including timing. This is realistic since our machines are well-behaved, and in
particular have no combinatorial feedback loops.

Let us now explain the semantics of VHDL and Verilog in very broad strokes. We use the
VHDL terminology since it is the HDL we are the most familiar with. The core of synthesizable
VHDL and Verilog consists in sets of processes executing concurrently. A process specifies a list
of inputs called its sensitivity list. Its body is re-executed whenever a variable in its sensitivity
list changes. Execution proceeds until a fixpoint is reached. For synthesis purpose, one should
distinguish combinatorial and sequential processes. Combinatorial processes are stateless,
only assigning combinations of their inputs to their outputs, while sequential processes contain
sequential logic, such as latches and flip-flops. Best practices guides typically recommend that
combinatorial processes be sensitive to all their inputs, while sequential processes are only
sensitive to a distinguished input, the clock. The statements inside a typical sequential process
are guarded and execute only on a rising edge of the clock. Processes can be regrouped into
modules which can be instantiated any number of times.

From machines to HDLs We can now sketch an implementation of machines in terms of
processes. The description below is informal since no commonly-agreed formal syntax nor
semantics of VHDL or Verilog exists as far as we know. We should also stress that it has not
been implemented yet.

The type systems of VHDL and Verilog are well-adapted to the description of finite-state
values. They include integers of arbitrary (finite) precision, including booleans. Bounded lists
can be represented as bounded arrays, which are natively supported, together with an integer
describing the number of valid elements in the array. Products are not supported since HDLs
are n-ary rather than unary, but the translation from a unary language with product to an n-ary
one is routine, if tedious.

The general implementation scheme is to translate any machine of type to a combinatorial
process and a type definition describing its state. In addition to the original inputs of the
machine, this process receives its current state, and in addition to the original outputs, the
process also produces the next state. Each machine should also define an initial state of the
proper type. Let us stress that the state type may be abstract, as it is never manipulated by any
other machine.

Looking back at Figure 4.5, it is clear that most primitive combinatorial machines have
nothing special: they are readily programmed in any HDL, respecting the above mentioned
type scheme. Since they feature variables rather than raw, “point-free” combinators, VHDL
and Verilog are actually higher-level than our machine language. They have the exchange and
weakening rules built-in. This makes the translation of data movement machines trivial. In
particular, permutations do not have to be reduced to swap machines. Feedback machines
are also programmed naturally using recursive equations. The only case remaining is that of
replication machines.

We assume that the replication machines have been simplified. The question is thus to
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implement the gating and turbo machines. The implementation of mturbo,(m) is imme-
diate: generate n copies of the process implementing m and plug the “next state” output of
the i-th copy into the “current state” input of the i + 1-th copy, if any. The implementation
of mgate(m) is hardly more complex. When no reaction of m has to be performed, sim-
ply copy the current state to the next state, ignoring the outputs of m. This concludes the
implementation of machines.

Finally, the generated combinatorial process has to be turned into a sequential process at
some point. This does not formally take part of the compilation process but happens when the
programmer wants to actually process inputs, like the generation of a simulation function in
existing Lustre-like languages. The only thing to do is simply to relate the current and next state
signal. Concretely, one simply needs a sequential process connecting the next state output
to the current state input through a register initialized with the initial state defined by the
machine.

4.6 Bibliographic Notes

We conclude this chapter by a brief discussion of inspirations and related work.

Compiling synchronous functional languages The compilation of synchronous languages
has received a lot of attention. We restrict ourselves to synchronous functional languages in
the vein of Lustre for now. Let us remark that the circuit translation of other synchronous
languages, such as Esterel, often factors through a Lustre-like intermediate representation.

The general strategy looks much like the one exposed in the previous section: one generates
a transition function that computes the outputs and next state from the inputs and current
state. When this function is implemented in a sequential language such as C, the code has to
be scheduled. This is explained in the first part of the PhD thesis of Raymond [1991].

Historically, Lustre programs involve numerous if statements and boolean expressions, and
it was perceived that the optimization of the control structure was of crucial importance. In
practice, various heuristics were used, including powerful techniques based on binary decision
diagrams. The second part of the PhD thesis of Raymond and the paper from Halbwachs et al.
[1991] are good entry points.

Even if most compilation work in the Lustre community has dealt with software, some
researchers have studied the generation of digital circuits. Rocheteau and Halbwachs [1992]
describe a simple translation process from a dialect of Lustre with booleans and arrays to an
FPGA. The thesis of Rocheteau [1992] gives additional details and a complete description of the
circuit synthesis system Pollux, built on top of the fourth version of Lustre. The translation was
a simple, syntactic translation mapping logical operators to boolean gates and pre operators
to registers. The focus of the work is rather on language and toolchain design aspects, which
are blatantly absent from this thesis you are reading.

The work of Caspi and Pouzet [1996] enriched Lustre with a (binary) clock type system
which is the ancestor of the one found in this thesis. The code generation aspects for a small
first-order fragment were later revisited [Biernacki et al., 2008]. The paper explains in a lucid
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manner how clock types can be used to generate if statements, a technique that was already
present in the thesis of Raymond. This optimization can be understood as the special case of
the compilation of local time scales where the driving clock is binary. In particular, it should be
possible to describe this optimization as a source-to-source transformation in a system such
as our, easing its correctness proof.

All the works evoked above handle only first-order languages, with the exception of Lucid
Synchrone. However, as far as we know all published work on the compilation of Lucid
Synchrone assumes the presence of higher-order features in the target language, including
the co-iterative characterization of Caspi and Pouzet [1998]. The third version of the Lucid
Synchrone offers the command-line switch -realtime which rejects programs that do not
work within bounded memory, while still accepting some higher-order programs. However,
this works by exporting the type of the internal state in the generated OCaml code, which is
not modular. Also, we do not know whether the information could be exploited to produce
finite-state code, be it hardware or software.

Monoidal categories We have explained how the compilation of linear higher-order func-
tions works by building a linear higher-order strata on top of our first-order machine language,
using the feedback machine in a crucial way for higher-order machine composition.

This construction is in fact a very specific instance of a general category-theoretical re-
sult discovered by Joyal, Street, and Verity [1996]. This result, the Int() construction, builds
a compact-closed category' out of a traced monoidal one. Let us explains what this means very
briefly. A monoidal category is a category in which there is a notion of monoidal product of
objects. Like the tensor product of linear algebra, monoidal products do not necessarily admit
projections. A symmetric monoidal category is a monoidal category in which, roughly speaking,
one can swap the components of a monoidal product. A traced monoidal category is a sym-
metric monoidal category endowed with a feedback-like operator, the trace. A compact-closed
category is a monoidal category with additional properties, the most relevant to our purposes
being that it is closed. This means that it admits internal hom objects, that is, the space of
morphisms from an object A to an object B is reflected as an object A — B of the category.

In our case, the traced monoidal category would correspond to the machine language, with
the feedback machine providing the trace and the exchange machine providing the symmetry.
The compact-closed category would be the linear higher-order macro-machines. Note that
this is only an informal intuition and guide, since machines are syntactic objects that do not
directly form a category. We will discuss the links with category theory further in Chapter 6.

Remark 25. The idea of considering a traced category of synchronous machines and applying
the Int() construction comes from joint work with M. Bagnol. The curious reader will find a
precise description of this category in the report [Bagnol and Guatto, 2012], which has in many
ways inspired the first sections of the present chapter.

Geometry of Synthesis The use of monoidal closed categories in hardware compilation is
not new. In fact, the higher-order aspects of our work were partly inspired by the seminal

101, more generally, a fortile category.
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Geometry of Synthesis (GoS) of Ghica and collaborators [Ghica, 2007; Ghica and Smith, 2010,
2011; Ghica et al., 2011].

This line of works starts from the realization that game models for a certain fragment
of Algol are finite-state. Thus, it is actually possible to compute and manipulate the denotations,
for instance to implement them in hardware, or to model-check them. Later works explore
language and type system extensions aimed at improving the expressiveness of the language
as well as the performance of the generated circuits.

Like ours, one of the defining features of the Geometry of Synthesis work is its insistence on
compositionality and separate compilation. This is usually one of the main characteristics of
techniques based on denotational or categorical models compared to other approaches. Apart
from this general fact and that both interpreted in a specific closed monoidal categories, the
languages are quite different. The input language is a variant of concurrent Algol, a general-
purpose imperative language with concurrency. Concurrency is deterministic since the type
system enforces the absence of data races. Our language is functional and entirely dedicated
to stream processing, with its dedicated clock type system. The compilation technology is
also quite different: as the game model the GoS compiler is based on is asynchronous, the
computed denotations have either to be implemented as asynchronous circuits, or trans-
formed into synchronous ones. Since asynchronous circuits are incompatible with current
synthesis toolchains, the GoS compiler has to apply a synchronizing transformation, the round
abstraction of Alur and Henzinger [1999]. The compositionality of this transformation is a
difficult question [Ghica and Menaa, 2010], and it is probably expensive in practice.
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Chapter 5

Extensions

The language considered up to now, uAS, is deliberately simplistic. This makes concepts,
constructions and proofs easier to explain and describe in full formal details. Yet, from a pro-
gramming point of view this is unsatisfactory. Indeed, some programs that were simple to write
in previous synchronous functional languages become very convoluted or even impossible
to express. This is mostly due to the low expressiveness of the clock type language on the one
hand, and to the linearity restrictions of the type system on the other.

This chapter discusses language extensions that remedy these issues, starting from simple
features and moving progressively to more invasive ones. We do not repeat the whole develop-
ment from the previous chapter in each case, but describe how each feature can be typed, its
typed semantics, and its compilation to machines in a semi-formal manner. The interpretation
of new types or judgments is in general sufficient to understand how the extension integrates
with the rest of the language. The general theme is to show how integer clocks and linear types
do not clash with features from existing synchronous languages, but rather integrate with them
smoothly

This chapter consists in four section, each describing a distinct extension. Section 5.1
introduces a modality qualifying types that can be used more than once, inspired from Bounded
Linear Logic [Girard et al., 1992]. This makes it possible to apply functions of any order more
than once, as long as this number is statically known. Section 5.2 discusses the addition of
functions which can be applied an arbitrary number of times. This correspond to the notion
of node in Lustre and its offspring. The price to pay is that nodes have to be closed and cannot
be abstracted over. Section 5.3 extends the clock type language with clock polymorphism a
la Lucid Synchrone [Caspi and Pouzet, 1996]. This has a drastic impact on the type system
since clock types may now contain free variables. Section 5.4 considers a more prospective
change: the addition of data-dependent clocks, which contain program variables as in Lucid
Synchrone. This extension has an even more disruptive effect on the type system than clock
polymorphism since it introduces a form of type dependency. We describe its impact and
discuss possible points in the design space.
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5.1 Bounded Linear Types

We have seen in Chapter 4 how enforcing that every function received or passed is used exactly
once leads to a simple, type-directed compilation scheme to first-order code. Remember that
the idea is to turn higher-order functions into first-order ones with additional arguments used
for orchestrating the exchanges of arguments and results with their functional parameters. For
example a second-order function with exactly one argument is compiled to code with one
input, corresponding to the result of its functional argument, and two outputs, corresponding
to the value passed to its functional argument and to its own result. This explains in retrospect
why functional values have to be used exactly once: using a function twice would require
having not one but two additional inputs and outputs, and so on for higher usage counts.

In this section, we introduce a new type constructor, the bounded exponential modality !, t,
which characterizes a type t that can be duplicated n times. For example, !> (#; — f,) describes
a function from #; to t, that has to be called twice. The general idea is that a program inhabiting
type !, t is like a product of n inhabitants of ¢, with the caveat that all the components of this
product behave in the same way. One can also think of it as n identical copies of the same
program of type t. We first revisit the development of Chapters 3 and 4, explaining how to
adapt them to the new type constructor. A later part discusses its expressiveness, limitations,
and relationship to Bounded Linear Logic.

In all the sections of this chapter, we follow the convention that rules or premises added
to an existing judgment are typeset in grey. So are new or modified judgments. We do not
pretend that these changes are modular: in general, properties of the original system do
not transfer to the modified one.

5.1.1 Type System and Semantics

This extension affects the type grammar and system of the source language, and has to be ac-
commodated for in the compilation to machines. The untyped semantics remains unchanged.
We study its impact on the type system and typed semantics first.

Type system The grammar of types from Chapter 3 is extended with our new type constructor,
and the type system with three new judgments. The updated grammar of types is given below
and the modification to the typing rules in Figure 5.1.

t += Iyt Bounded exponential type, to be used n times

The type system changes are built on top of a new subtyping judgment + ¢ <, ¢’ which
expresses whether one can transform an inhabitant of ¢ into an inhabitant of ¢’ by folding or
unfolding exponential modalities. We call this judgment linear subtyping since it concerns
linear aspects of the type system. Its first rules express that it is both a preorder and a con-
gruence. The LINARROW rule displays the contravariance characteristic of arrow subtyping.
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Figure 5.1: Bounded exponential modality - additions and modifications to the type system
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The LINUNITA and LINUNITB rules express that ¢ and !; ¢ are isomorphic, since the set of
inhabitants of ¢ and the set of a one component products of inhabitants of ¢ are morally equal.
The LINEXPA and LINEXPB rules express that !, !,, f and !5, ¢ are isomorphic, recalling the
identity x"" = x"™ of high-school algebra. Finally, rule LINVAL is the most interesting one. It
expresses that since any type ¢ which is a value can be duplicated at will, it can be used an
arbitrary number of times. The judgment I <, I'’ lifts the linear subtyping rule to contexts in
the expected way.

Our intuitions suggest that should be able to split any inhabitant of !, ,, ¢ into one inhabi-
tant of !, £ and one of !, £, as in the identity x*™ = x" x x"". This idea enters the type system
through the new type splitting judgment ¢ + t; ® t,. The splitting judgment expresses that an
inhabitant of ¢ can be split into an inhabitant of #; and one of #,. We say that such a type ¢
is splittable. This inhabitants behave in the same way but impose different usage constraints
and hence have different types. Rule SEPCOPY splits inhabitants of !5 ¢ into two inhabitants of ¢.
Together with LINVAL this rule also ensures that all value types are splittable. Rule SEPPROD
is the congruence-closure of this judgment for products. We do not have a similar rule for
arrows since the shape of this judgment makes it impossible to express contravariance. Finally,
rule SEPEXP implements the expected identity. This concludes the description of the new
judgments.

The original type system presented in Chapter 3 relies on the value judgment ¢ value to
distinguish which types can be erased or duplicated. The classification of types was brutal
then: a value type can be duplicated at will while other types simply could not be duplicated
at all. With bounded exponentials, things get slightly better. Indeed, one can view the judg-
ment ¢ - £; ® I as expressing that ¢ can be duplicated once, obtaining copies with types f;
and £, which may or may not be splittable themselves. To take advantage of this fact we
should alter the context splitting judgment to allow contraction not only on values but also
on splittable types. This modification affects rule SEPCONTRACT, with the value judgment
replaced with the type splitting one. The new version of the rule is able to express how the uses
of a variable x of type !, f are to be shared between the two contexts. In extreme cases, 'y may
obtain all the n uses and I'; none of them. Still, the form of the rule guarantees that I', contains
a binding for x of type !y £, which describes a unusable inhabitant of ¢. This type can be freely
erased, and should thus be a value. We modify the value judgment to include rule VALZERO.

The main typing judgment is where our efforts pay off. We add two new typing rules. The
first one, SUBLIN, is the usual subsumption rule applied to the linear subtyping judgment +-
t <, t’. The second one, STORAGE, is the only rule capable of introducing new non-trivial
exponentials. It relies on the !,, I notation, which abbreviates a context where all the types in I’
have been annotated with !,, _.

1, o = O
LWhx:t = L, x:l,t

The STORAGE rule expresses how a computation e can be made reusable. If one sees types
and contexts as resources, the rule can read as follows: if the program e can produce the
resource ¢ consuming the resources in I'/, and that the resource I" can be consumed to obtain n
resources I/, then from I'” one can obtain n resources ¢ by running e on each of the n resources.
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Remark that this rule implies that a closed expression, where I" is empty, can be replicated an
arbitrary number of times.

Typed semantics The linear aspects of the type system played in minimal r6le in the typed
semantics of Chapter 3. This comes from the fact that the linear arrow and tensor product
type constructors are interpreted as ordinary cartesian products and continuous functions.
Bounded exponentials are similarly transparent at this level: f and !,  denote the same domain.
Thus, we formally add S[!;, ¢] = S[#] to the interpretation of types.

The typed semantics needs to interpret all the rules in the typing judgment I' - e: ¢, as well
as the context splitting judgment I' - I'; : T',. Since the rule CONTRACT in the latter judgment
has been modified, we need to change its old interpretation, recalled below.

S[T,x:t+T1,x:t®Tp,x: t] € S[T] xS[¢] = S[T1] x S[¢]] x S[T2] x S[¢]
S[[,x:t+T1,x:t®0,x:t] = Ay, v).((y1,v),(y2, v)) where (y1,72) =S[C+T1®T,] y

In the new CONTRACT the conclusion is different: the type ¢ on the right of the turnstile has
become two distinct types f; and t,. For the new interpretation to be well-defined, it should
belong to the following domain.

S[T,x:t+T1,x: 1 @02, x: 1] € S[T]xS[t]=¢S[T1] xS[t1] xS[T2] x S]]

Now, given the trivial interpretation of exponentials and the rules of the type splitting judgment,
we see that here the domains S[[#; ] and S[#,] are actually the same. It would thus be tempting
to keep the interpretation of the contraction judgment unchanged. We prefer making it
well-formed by defining trivial interpretations for the linear subtyping and type splitting
judgment. In addition, to insist on the fact that these interpretation only perform trivial
work, we interpret them not as continuous functions but as continuous isomorphisms. The
judgment ¢ + f; ® t, actually has two interpretations, each corresponding to the isomorphism
between S[t] and S[#] or S]], respectively.

S[+t <. t'] € S[t] =S[t'] S[t-t ® 6] eS[t]=S[4] S[t+ 1t ® o] g € S[t] = S[t2]

We omit the uninteresting definitions of these interpretations. They mostly consist in straight-
forward compositions of isomorphisms, with the axioms interpreted as identities. The case of
rule CONTRACT can now be handled cleanly.

S[T,x:t+T1,x: 60T, x: 6] = Ay, v).((y1,v1), (Y2, v2)) where (y1,y2) =S[T+T1®T2] y
4] ZS[[tl—tl(X)tg]]Ll}
1) ZS[[tl—tl(X)tg]]RU

Finally, the new typing rules also have simple interpretations using the semantics of the
linear subtyping judgment. We lift the interpretation of linear subtyping to contexts as usual.

S[T+e: (] e S[I]=,9[¢]
S[Te:t'] - S[-t<, '] oS +e: 1]
S[Te:!1,t'] = S[["+e:t]oS[FT < I']
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5.1.2 The Translation

More interesting things happen during the compilation process, since in contrast with the syn-
chronous semantics this process relies essentially on linearity. The list type constructor mt[n]
of the machine language is a good match for interpreting bounded exponentials !,, . Programs
of type !, t will be translated to machines computing elements of type (#)[7]. Note that the
latter type describes lists containing at most n elements, but that the lists arising from the
compilation of programs in !;,  will always contain exactly n elements. We recap the translation
of types below.

(dt:ct) = unit— (df)[[ct]]
(]t1®l'2[) = (]le (]l'gD
(h—tn) = (a)e()

tnt) = (e)[n]

New machines In order to compile bounded exponentials, we need to translate the linear
subtyping and type splitting judgments of Figure 5.1. In particular, we need machines to
implement the two isomorphisms !;,;, ¢ = !t and ot 2 1, £ ® !, t derivable from the
system. We already have such machines for the first isomorphism, in the guise of gathering
and scattering. For the second isomorphism, we enrich the target language with the new
primitive machines concatenation and decatenation machines mconcat’”, and mdecat””

ni,n ni,ny’
and define the corresponding higher-order macros. We also need mhoturllaof’jnmly mimy (1), 1thiz
higher-order analogue to the turbo machine mturbo,(m), as well as mhodupl?,, (m;, my)
which duplicates its higher-order input n-times. All these machines have straightforward HDL
implementations.

The new machines are handled in Figure 5.2. Figure 5.2 (a) gives their typing rules; the
named rules are for primitive machines and the anonymous rules can be derived from the
definition of the macro-machines. The latter are given in Figure 5.2 (c). Figure 5.2 (b) gives
the reaction rules for the concatenation and decatenation. The reaction rules rely on the

predicate concat(xl, yl, zl) which is true whenever z! is the concatenation of x/ and yl.

concat(xl, yl, zl)
= VO<i<|xl,zl[i]=xI[i]and V|xl|<i<|yl,zl[|x]|+i] =yl[i] and |x]| +|yl| = |z]]

Note that in contrast with scattering, the decatenation machine does not receive and additional
argument expressing how the input is split. This is sufficient for our purpose since the size of
all its input and output lists will reach their bounds.

Translation Figure 5.3 describes the additions and modifications to the translation of Chap-
ter 4 required to accommodate for bounded exponentials.

Figure 5.3 (a) gives the translation of linear subtyping. The first four cases are straight-
forward analogue to similar rules in Chapter 4. The next four rules, LINUNITA/LINUNITB
and LINEXPA/LINEXPB, express the type isomorphisms ¢ = !yt and !,!;, ¢t = !, t. These
isomorphisms are implemented at the machine level by the higher-order versions of the wrap-
ping/unwrapping and scattering/gathering couples. The LINVAL rule expresses that one can
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MCONCAT MDECAT

mt[ny ] x mt{ny] — mt{ny + ny| +mdecat’, :mt[ny +ny] — mt[ny] x mt[n,]

+mconcat!’ oy -

m,ny *

+mhoconcat, . : mtm[n1] ® mtm[ny] 8 mim[n, + n,]

+mhodecat ) : mtm{ny + ny] 8 mim[ny] ® mtm[ny]
Fm: mtmy B mtmy Fmymtm® - my:mitm B mim 8 mim
Fmhoturboy, ... pmm, (M) : mtmy[n] 8 mtmy[n] +mhodupl) . (mi, my): mtm& mtm|n]

(a) - Typing rules, primitive and derived

concat(xl, yl, zl) concat(yl, zl, xI)
mconcat)’ /(xl,yl) »mconcat), /zl mdecat)’, /xI—>mdecat))’, [(yl zl)
(b) - Reaction rules for new primitive macro-machines

mtm def mtm* mtm~
mhoconcat,, . = mdecat, 5, Ilmconcat, "
mhodecat )/ o mconcatnmlf','ll; Il mdecat
mhoturboy,m mem, (M) & munzip:‘ntml,'mtm; e mturbo,(m) e mzip"mtmf,mtmg
mhodupl? . (my, my) oo (mconst[jemforg,, o))
mhodupl 2 (my, my) & mhoconcat){" @ (mhodupl}, . (my, my) ® mhowrap,,,..) B my

(c) - Expansions of the new macro-machines

Figure 5.2: Bounded exponential modality - machines and macro-machines

[31/03/16, 09:44]



174

CHAPTER 5. EXTENSIONS

(]I— t <o IID € MthBGtID
Ft<ot = mhoid
(2

Ft<ot = (Ft <ot )B(FESot

" / 1
(Fh®bh.fet) = (Fa<ct])®(-r<ot)
(Fth = <ot —1y) = minterpose((~ t] <o t1)), (- 2 <o 13))
(—t<ot 1) = mhowrap,
(Fhr<ot) = mhounwrap,
(Flamt<olnlmt) = mhoscattgf,[)m(mconstn,mconstm)
(!u!mt<olumt) = mhogathglt,gn(mconstn,mconstm)
(Ft<o!nt) = mhodupl(']ltD((]t[)E, (t)p)

(a) - Interpretation of the subtyping judgment

(t-tet) € Mipa(n)=(z)

(t-tot) = (mhounwrap, ® mhounwrap,) @ mhodecat;

(')

(1<)

(henrnepeqen) = ((u)n) 5) (&) ~0,2,1,3)

B((hrfet])® (Lr-te1)))
(E2)

(aemt-1nt®!y 1) = mhodecat,

[31/03/16, 09:44]

(b) - Interpretation of the type splitting judgment
(T-T1eT) € Mgz ()

(]F,x:tl—Fl,x:t1®F2,x:t2|) = ((]Fll),(lrzD,(]tlD,qtzl)l—>0,2,1,3>h0
El ((]1“»—1“1®1“2|) qtl— ne tzD)

(c) - Modified interpretation of the context splitting judgment

(Tre:t) € Mg

(Te:t')
(Tre:lyt)

(Ft<ot)@ (Tre:t)
mhoturbo(']lr,MtD((]F’ Fe:t)) B zipp @ (T <o 1, T)
where zipr € M, )5 r)[n]

zipg  =midypig | (mconst[] omforquD_[O])

Zpr, . = mhozip(p ) B (zipr ® mhoid (;,])

(d) - Enriched interpretation of the main typing judgment

Figure 5.3: Bounded exponential modality - compilation
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turn an inhabitant of (#)) into n inhabitants, as long as t is a value. This is done by instantiating
the duplication machine (- ¢ value) p n times.

Figure 5.3 (b) gives the translation of the type splitting judgment. For rule SEPCOPY, the
translation of the premise (- 7 <, !, #/) is a list of size two whose elements are in (t). We
decatenate this list and then unwrap each component to obtain a machine in (#') = ('), the
expected type. The SEPPROD case is straightforward. Rule SEPEXP expresses the forward part of
the type isomorphism !4, t = !, t®!,, t, which is implemented by the concatenation machine.

Figure 5.3 (c) gives the modifications to the translation of the context splitting judgment.
As expected, disruption is minimal: one simply replaces the duplication machine (+ ¢ value) p
with the one obtained from (¢ + #; ® ). Only this machine and the corresponding type struc-
ture change; the surrounding code stays untouched.

Figure 5.3 (d) gives the two new cases for the translation of the main typing judgment.
The translation of the SUBLIN rule follows the usual pattern of subtyping rules: we compose
the compiled premise with the compiled subtyping judgment. Implementing the remaining
rule STORAGE is slightly more complex: the judgment + I' <, !,,I" gives us n copies of (I”)
which can be transmitted to the machine ([’ + e: t)), replicated n times. This replication is
performed using the higher-order turbo machine defined before. However, strictly speaking,
this is ill-typed: (!, T) is not equal to (['))[ 2] but isomorphic to it. The former is a product of lists
while the latter is a list of products. The machine zipy, defined by induction over I', implements
the forward part of this isomorphism by lifting the higher-order zip machine to contexts !, I

5.1.3 Discussion

The addition of such as simple form of bounded exponential types is easy in theory. Indeed,
most of the development above reuses ingredients that are needed in the base language. In
a sense this is unsurprising since from an operational point of view a linear exponential !, ¢
is not very different from the n-component product t ® ---® t definable in the base language.
Still, following Felleisen [1990], we argue that it makes the language more expressive, since the
untyped source-to-source translation expressing exponentials is a whole-program one.

The practical impact of bounded exponentials remains to be investigated. First, there is
the issue of type inference, as it may be unreasonable to expect programmers to annotate
programs with usage counts everywhere. In a language without recursion, it should not be
difficult. Second, it is unclear whether exponentials should be presented in their raw form,
rather than packaged around other type constructors. We could for instance imagine providing
a reusable function type t; —, t, as syntactic sugar for !, (t; — t,). The higher-level surface
language would then be translated to the uniform low-level syntax presented in this section.

5.2 Nodes

Even with the introduction of bounded exponential types as presented in the previous section,
our language is still less modular than the very first version of Lustre. Indeed, a Lustre program
is a list of top-level declarations of closed (first-order) functions called nodes. Once it has
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been defined a node can be applied any number of times—including zero—in the rest of the
program. Itis important to note that since Lustre does not have dynamic recursion, the number
of applications of a given node in a complete program is always finite. However, in a modular
compilation setting, this number is not known statically at definition time. Thus, nodes are
strictly more expressive than bounded exponentials from a reusability point of view. The price
to pay for this is the restriction to closed first-order functions, a limitation we managed to
avoid up to now while still modularly enforcing the bounded memory discipline.

In this section we show how pAS can be extended with nodes a la Lustre. This extensions
closely follows the original Lustre design. Nodes are global and declared at the top of the
program. They suffer from the same expressiveness and suffer from the same limitations. In
particular, nodes cannot be abstracted over and thus are not first-class entities. A node can still
be of any type, including higher-order ones.

The section is organized as follows. First, we revisit the development of the source-level
language with the node constructs. In particular, the language acquires a new syntactic cate-
gory, the one of complete programs. Typing judgments have to be modified to accommodate
for the new notion, and a new type modality !, ¢ is added to the type system. In a second
part we explain the compilation of nodes. The machine language must now be able to refer
to previously defined named machines. We describe this extension and the corresponding
target-level typing changes. The translation from source to this extended language is modular
and compile programs to sets of machines. Finally, we discuss the implementation of the
extended machine language in an HDL, and its proximity with circuits.

5.2.1 Syntax, Type System, and Semantics

Syntax and type system Nodes are global entities, and in particular cannot be nested into
one another. This implies the appearance of a new syntactic category p of complete programs.
Figure 5.4 (a) gives its grammar and Figure 5.4 (b) its untyped semantics. The function K[p]
computes the denotation of a complete program, which is an environment mapping (node)
names to elements of the domain K. The denotation of a new node is computed in the
environment holding the denotation of its predecessor in program order.

Let us turn to the type system. We need a way to express the fact that nodes can be
freely reused (contracted) or erased (weakened). For this, we introduce a new exponential
modality !, ¢, denoting a program of linear type ¢ which can be reused as often as one wishes.
However, remember that nodes are second-class entities that a function cannot receive or
return. This means that this new modality must only qualify a variable. Thus, we add a new
binding form x : !, ¢ to contexts I'. We also need to express that a program p defines a list
of well-typed nodes. Formally such a list is new kind of context © that only contains node
bindings. From now we say that a context I is an expression context and that a context © is
a node context. The changes to the grammar are summed up in Figure 5.4 (c).

Figure 5.5 presents the modifications applied to the type system. We rely on two new
judgment © - I' and - p: ©. The former judgment injects the node context © into the more
general syntactic category of expression contexts I'. The latter judgment expresses that the
nodes of the program p have the type described in ©. All the nodes in a program should have
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p == nil Empty program
| pinx=e Node definition

(a) Enriched syntax of expressions (Figure 3.1) and programs

K[p] e Env(K)
K[nil] = 1
K[pinx=e] = o[x~K[e] o] where o =K][p]

(b) Enriched untyped semantics (Figure 3.3)

I' += TI,x:lt Node binding
O = o Empty node context
| O,x:lot Node declaration

(c) Enriched syntax of typing contexts

Figure 5.4: Nodes - syntax and untyped semantics

distinct names, as enforced by the x ¢ dom(©) premise of the NODE rule. The new binding
form T, x: ! f needs to be handled in the separation and typing judgments. Conceptually a
variable x : ! f is value-like in that it admits weakening and contraction, as reflected by the
rules SEPCONTRACTNODE and WEAKENNODE. Rule INST expresses that a program can instan-
tiate anode x of type !« ¢, obtaining a value of type ¢ in the context I'. As in the VAR rule this
context should be erasable. The judgment - I value is extended to express that any node is
implicitly erasable or duplicable.

Typed semantics The modifications to the typed semantics are minimal in we only describe
them briefly. The exponential modality !, ¢ is transparent in the sense that S[[!», ¢] = S[¢], as
was already the case for the bounded exponential modality. Formally, we have

S[o] = g
ST, x:1] = S[I]xS[¢]
S[T,x:!st] = S[I]xS[?]

and a similar interpretation for node contexts ©.

The interpretations for the rules added to existing judgments are exactly the same as
the ones for their pre-existing counterparts; for instance, node weakening works exactly like
ordinary weakening. The INST rule is interpreted like the VAR one.

The judgment © - T is interpreted as a function from S[©] to S[I']. Furthermore, and while
this is not strictly necessary for the development to work, we interpret it not as any function
but as an embedding-projection pair S[®] < S[I'] to insist in the fact that it models an injection
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O-T

INFCONS
O<T

o—o O, x:lto>l,x: ot

INFEEMPTY

VALCTXE VALCTXCONS VALCTXNODE
ALLTXEMPTY +I" value + t value +I" value

+I" value T, x: t value T, x: o t value

SEPCONTRACTNODE
I'-T'1 oI

Ixi ot x ot g, X oo 8

D CTXE DowNCTXCONS DOWNCTXNODE
Folgo FOx:it o I x:t! FO X oot DX oo t

WEAKENNODE INST
I-e:t'  x¢FV(e) + T value
[ x:lotre:t [x:lootFx:t
Hp:O
B NODE
MPTY Fp:®  x¢dom(®) O=T Tre:t
Fnil:o Fpinx=e:0,x:!t

Figure 5.5: Nodes - additions and modifications to the type system
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of ® inside I'.

m

s[e-TI]
S[o= o]
S[O,x: !t >T,x: 10 1]

S[O] <« S[I]
(id, id)
S[0 = I x (id, id)
The cartesian product used in the second case above denotes the pairing of embedding-
projection pairs defined in Section 3.3.
Finally, the program typing judgment - p : © is interpreted as an element of S[O].

S[+ p: 0] S[O]
S[-nil:q] = 1
S[Fpinx=e:0,x:!x ] (0,S[T+e:t] (S[®=T] 0)) where 6 =S[p]

m

Metatheory We have to say a word about the proof of totality given in Chapter 3, and in
particular Lemma 7. Indeed, rule DOWNCTXNODE might look a bit surprising at first: how can
we not change the type of x when entering a local time scale? Remember that the context I
in '+ e: t describes the view that e has of the surrounding context. But since a binding x: ! ¢
describes a node to be instantiated inside e, x is not really defined outside of e and thus does
not belong to the external world. A more formal version of this fact is that, while ¢ and ! ¢
are interpreted by the same domains, their realizers are totally different. The idea is that
since elements of (! t) are closed and have, in a sense, already been completely defined, they
realize ¢ for all n instead of just for the current one. This leads to the following definition which
can be used to reprove Lemma 7.

B e STl
Ll
(o) B eyl vl
(o) =t oy UL Ava N,

The same idea leads to the following set of realizers for whole-programs. Notice that, in contrast
with the ones used in contexts and (non-node) types, they are not step-indexed.

1o c s[O]
L%

5.2.2 The Translation

The synchronous semantics gives the same interpretation to the VAR and INST rules. Their
compilation, however, is very different. Let us discuss the design of our translation and the
rationale for our extensions to the language of machines.

In Lustre nodes are instantiated at each call point, meaning that in hardware each distinct
call generates a distinct copy of callee node in the caller node. In software the code for the
transition function of the callee node does not have to be copied, but each call still reserves the
space for a copy for the internal state of the callee node inside the caller node’s own state.
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To rephrase this mechanism in our parlance, each call to the node x should ultimately give
rise to a new copy of the machine (e) generated from the body e of x. Thus, the most direct
solution for compiling nodes seems to be a form of inlining: the compilation of expressions
takes as input the body of all previously defined nodes and each INST rule for a node x looks for
the compiled body of x in this environment. In this scheme the compilation function would
have the type

(Crext) = My, = Mysq

with ([')) y a description of the nodes appearing in T and (I')) extended to ignore node bindings.

The trouble with the above scheme is that it breaks separate compilation. To obtain the
final object we are interested in, a machine in ([')) & (), the interpretation (I'+ e: #)) must
be applied to an environment containing the body of the nodes in I'. In other words, the
compiled code does not simply depend on the types of the nodes present in I', but also on their
definitions. In particular, an expression must be recompiled when the definitions of the node
it calls change, even if their types do not.

On the one hand, one may argue that this phenomenon is, in a sense, unavoidable. Circuits
are physical objects and a stateful node that is instantiated n-times must exist as n distinct
sub-circuits in the final physical piece of matter, barring the use of external memory. Thus,
some sort of inlining process has to happen at some point. This phenomenon is avoided in
software only through the use of dynamic memory allocation and pointer indirections, which
are mandatory to compile Lustre in a modular way.

On the other hand, from a practical point of view the obstacles to separate compilation are
less formidable than what we just described. Remember that the compilation process described
in Chapter 4 translates a well-typed program to machines, which are then implemented by a
direct translation to an HDL, which is finally processed by a specific synthesis tool. This last
step is not modular in the slightest since the synthesis frontend unfolds the hierarchical HDL
description into a flat representation adequate for the technology mapping, place-and-route
and other low-level optimization processes.

This suggests an alternative plan. Instead of inlining node bodies during the translation,
we enrich the machine language with a simple form of modularity similar to the one in the
source language. This is readily translated to any HDL such as Verilog or VHDL. The synthesis
tool is responsible for the inlining process, and the extended translation is exactly as modular
as the base one. To sum up, the compilation from pAS to the HDL is modular in the sense that
it enjoys separate compilation, while the compilation of HDL code to a circuit has never been.

New machines The addition of named machines impacts all the technical development of
machines, since they were previously devoid of any form of binding. Machine names belong to
the same set V of variables as source names. However, we denote machine names as /,/’,... to
avoid confusion in the reaction rules of Figure 4.7 where we have used x, y, ... to denote values.

The machines and syntactic categories added to the grammar of machine are given in Fig-
ure 5.6. A machine environment M is a list of machine declarations of the form / = m. The in-
stance machine minst ;,;, (mi) holds an instance mi. Such an instance is either an indirection
to a previously defined machine named [, or a concrete machine m. We say that the latter
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m 4= minstm,(mi) Named machine

mi = leV Indirection
| m Embedded machine

M = @ Empty machine environment
| M,l=m Machine definition

I = O Empty machine typing context
| Ll:mtm Named machine binding

Figure 5.6: Nodes - additions and modifications to the machine syntax

machine is embedded in the instance. This mechanism is used so that each instance actually
gives rise to a copy of the machine named [/ during execution. A machine context I is a list of
bindings of machine names to machine types.

Figure 5.7 gives the extended machine type system. Typing judgments now depend on a
machine context [ for typing the free variables appearing in machine instances. This context is
handled in an intuitionistic rather than linear fashion: machine names can be freely weakened
and contracted. Moreover, since we are interested in the mere fact that a machine is well-typed
rather than in its typing derivations, we manipulate contexts less formally than in the source
language. For instance, we write I(1) = mtm to express that the rightmost binding for / in I
exists and binds / to mtm. In practice, the fact that this bindings is the rightmost does not
matter since machine names will be unique.

Figure 5.7 (a) gives the modified typing rules for machines. The new machine context I is
added to all previous typing rules in a transparent fashion: it is unused by atomic machines
and simply passed along in machine combinators. The weakening rule is unsurprising; free
variables are defined as usual. The last two rules type the new instance machines. The named
machine [ referred to by a machine minst ,;,(1) should be present in the context and have
type mtm. The machine m embedded into the machine minst s, (m) should have type mtm.

Figure 5.7 (b) gives the typing judgment ~ M : I expressing that a machine environment M
has the type I. This closely follows the rules for source programs given in Figure 5.5. A machine
binding M, x = m types m in the context I obtained by typing M. The resulting type mtm is
then added to I. As in the source language, this rule enforces that machine names are actually
unique in a program.

The reaction rules are now parametrized by a machine environment M, as shown in Fig-
ure 5.7 (c). As for contexts, we write M([) for the rightmost machine m bound to [ in the
environment M. This environment is added transparently in preexisting rules, as was the case
for typing. Reaction rules for machine instances are the only interesting one. The reaction of a
named machine minst ,;,(1) looks for / in M and executes it with the current input value x.
The resulting machine m' replaces [ in the state of the instance machine. This makes sure that
each instance correctly remembers the state of the machine it refers to. When the instance
machine minst,;;,(m) already wraps a machine m, this machine is executed.

Remark 26. The addition of machine contexts and environment alters the statements of the
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MI MCowMmP
b I-my:mty — mis

I-my:mt) — miy
I+mid . mt— mt

I+—myemy: mtymis
MWEAKEN MINSTVAR

MINSTEMBED
I-m:mtm  1¢FV(m) I(1) =mtm I+—m:mtm

Ll:mtmv-m:mtm

I —minsty,m(l): mtm [ —minstym,(m): mtm

(a) - Extension and modification of the machine typing judgment (Figure 4.6)

FM:1

NE NCONS
MPTY FM:1  lédom(I) I+m:mtm
FM,l=m:I1: mtm

g0

(b) - Machine environment typing judgment

M+m/x—>m']y |and| M+m/x—>, m'[y

Mrm/x—mi]y

Mrmyly—mj/z

M Fmid /X = mid e /x M+myemy/x—myem)/z

M(l)=m  Mrm/x—>m']y

M Fminstmmm(l)/x = minst pm(m’)/y

M+m/x—m']y

M Fminstppm(m)/x - minst m(m’)/y

(c) - Extension and modification of the reaction judgment (Figure 4.7)

Figure 5.7: Nodes - additions and modifications to the machine type system
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metatheoretical results of Section 4.4. The subject reduction result now depends on the fact
that the machine m of type I - m : mtm executes within an environment M that is itself of
type I. Similarly, the skeletal equivalence is now parametrized by an environment M, forming
arelation M+ m = m'. Thus, the finiteness result now states that the set of machines reachable
from any given well-typed machine in a fixed well-typed environment is finite.

The translation We can now give the translation of the extended source language to the
extended machine language. Unsurprisingly, source programs are translated to machine envi-
ronments, node instances to machine instances, and program contexts to machine contexts.

Arguably, the only difficulty is in the expression of the type of the translation: what should
be the type of (I'+ e: #)? The result must now express that the resulting machine is well-typed
in some machine context I which describes the types of the translated nodes which e refers
to. These nodes appear in I' as bindings x : |, . This suggests having two translations for
the same typing context I'. The first one is the usual one, which gives the higher-order type
of the generated machine; it simply ignores the node bindings in I'. On the contrary, the
second translation only remembers the node bindings in T', translating them to a machine
context () y. Program contexts © are also translated to machine contexts (©). The three
translations are given in Figure 5.8 (a), (b) and (c).

This definition explains why the SEPCONTRACTNODE and VALCTXNODE rules work. The
role of this judgment is to characterize how the elements in ([') can be duplicated or erased.
However, since the node bindings x : !, ¢ in I’ do not appear in (), these rules have virtually no
work to do: no duplication nor erasure machine needs to be generated for !, £. This is shown
in Figure 5.8 (d) and (e).

We can now give the type of the translation of expressions. Writing M ;. s, for the set
machines inhabiting type m¢m in the machine context I, the machine generated from a well-
typed expressionI' - e: t has type

(Cre:d) € Mypyemagy

as expressed in Figure 5.8 (f). The compilation of preexisting rules does not change. Node
weakening is a no-op since (I, x: o ) = ([)). A node instantiation for x: !, ¢ is translated to the
machine instance minst ) (x). Complete programs are translated to machine environments in
the expected structural manner, given in Figure 5.8 (g). We write M, ; for the set of well-typed
program environments of type I.

Is the interpretation well-defined? The translation of nodes to machines is much simpler
than the translation of bounded exponentials given in Section 5.1. There is, however, a technical
point to consider. When we define the result of the interpretation function as belonging
t0 M)y -(r)e () (for example), we implicitly assume that the right-hand sides of the equations
in Figure 5.8 (f) actually belongs to this set, that is that the corresponding machines are well-
typed. This fact is not always completely immediate, as the following example shows.
Consider the compilation of node declarations in Figure 5.8 (g). Here the compilation
of I' - e: t has type M r) - (r)= (4 While rule NCONs from the target language expects it to have
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(e =0
(©,x:1t) = (O),x:(¢)
(a) - Translation of program contexts to machine contexts
(=) = o
(T, x:t)n = (D)
T,x:loo )y = (T)n,x:(2)

(b) - Translation of typing contexts to machine contexts

(Cxilet) = (T)
(c) - Extended translation of typing contexts to higher-order machine types
(T+T1®T2) € Mo )s(n)= ()
(T, x:loot -, x: oo t @9, x: 1o 1)) - (T ®T)
(d) - Extended translation of the separation judgment

(- T value)g € My )

(T,x:!c tvalue)p = (+T valuel)g
(e) - Extended erasure translation of the context value judgment
(Cre:d) € Mpp-mes

(T,x:lwtre:t)
(]F,x:!ootl—x:tl)

(Tre:t)
(~T value|) g 1 minst ) (x)

(f) - Modified and enriched translation of well-typed expressions
(-p:0) € M(]@D

(-nil:no) = g
(Fpinx=e:0,x:!1) (Fp:0),x=(C+e:t)

(g) - Translation of programs to machine sets

Figure 5.8: Nodes - compilation
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Close(_»_) € M xMicmm = Marmm
close( M, my e my) = close(M, my) e close( M, my)
close(M, my 11 my) = close(M, my) i close(M,my)
close(M,mfb) 2 . (m)) = mfbp? . (close(M,m))
close(M,mrepl,(m)) = mrepl, (close(M,m))
close(M,mgate(m)) = mgate(close(M, m))
close(M,mturbo,(m)) = mturbo,(close(M,m))
close(M,minst,m(l)) = close(M,M(1))

close( M, m) = m (remaining cases)

Figure 5.9: Nodes - closure

the type of (p), that is (©). Is the resulting machine ill-typed and thus the whole interpretation
function ill-defined? No, because of the following property, whose proof is immediate.

Property 46. For any two contexts ® andT, if® - T then (©) = ([) y.

The same is true for several other cases. The compilation of the NODEWEAKEN source-level
rule is well-typed because of the MWEAKEN target rule. Similarly, even if the existing cases
where not modified, the reasons for which some of them are now well-typed may have changed.
We let the reader checks that all cases actually type-check.

5.2.3 Discussion

HDLs We have already discussed whether it is realistic to add name binding to a language
supposed to model finite-state circuits. We argue that in a pragmatic way it is, since the
translation to HDLs is not difficult. VHDL and Verilog both offer facilities for reuse in the
guise of named entities (for VHDL) or modules (for Verilog). These modularity units closely
correspond to our named machines, as they are closed pieces of code with globally unique
names. HDL tools recursively inline all such abstractions before synthesis, leaving a flat netlist.
For the sake of completeness we can describe the inlining process as a source-to-source
transformation at the target level. This takes the form of a function close( M, m) that replaces
the free variables of the machine I - m : mtm with their bodies taken from - M : I, resulting
in the machine o + close(M, m) : mtm. The function is defined in Figure 5.9. It traverses
the body of m, calling itself recursively when replacing an indirection minst ,,, (1) with the
machine M(1). The function terminates on well-typed programs because machine names are
unique and definitions non-recursive. As expected, this process requires the bodies of all the
nodes instantiated directly or indirectly in m, and is thus a whole-program transformation.

Expressiveness From the expressiveness point of view, the presence of nodes enables new
forms of code reuse compared to plain linear types or bounded exponentials. In particular,
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il () = ()2 (@) - fx:(2)
e @ =Dy [ e @ = @) =@ =@t (0@ =) @) =@ 1@ @) =)
filoo (2) — (2) - funx.(fx):(4) — (4)

Figure 5.10: Example - Gathering and nodes

nodes ease the use of local time scales. The two examples below illustrate this point. We elide
data types, assuming that they are all equal to, say, bool.

Example 24. Imagine that we want to write a program that applies a function of type (2) — (2)
to some stream of clock type (4 0). In other words, we want to build a derivation of conclusion

(@) ok fun f.funx. (fx):((2) = (2)) = ((40) —?)

where ? is some unknown clock type. This can be done either through adaptability, since one
has + (4 0) <:o (2), or through a local time scale driven by (2)%. In both cases the best output
clock, in the sense of latency, is (2). The resulting code is reusable in the sense that, once it
has been put inside a node, one may call it from anywhere with a distinct argument f.

Example 25. Now, consider the following conclusion.
(b) filoo(2) = (2)Ffunx.(fx):(40)—(2)

It is derivable for the same reason the previous one was. However, it is quite distinct: here f
refers to a fixed node that was previously defined in the program. Since nodes are not first
class entities, we cannot abstract over f to make this program generic. This version is thus less
desirable than the previous one.

Example 26. For our final example, we tweak the desired clock types a little bit. Our goal is to
write a typing derivation for the following conclusion.

©  orfunf.funx. (fx):((2)—(2)) - ((4) —?)

where ? is once again some unknown clock type. Unfortunately, there is no such derivation. To
see why, notice that a natural type of fun f.fun x.(fx), which is an n-expanded version of the
identity function, is ((1) — (1)) — ((1) — (1)). Observe how all clock types appearing in this
type have the same rate. Unfortunately, the only operations that we have at our disposal to
transform this type into the expected one are buffering and local time scales. Both preserve the
relative rates of all the clock types appearing in the type being adapted or gathered. Thus it is
not possible to find a derivation having the proper conclusion.

Example 27. In contrast with the previous one, the following conclusion is derivable.
(d) filoo(2) = (2)Ffunx.(fx):(4) —(4)

A derivation is given in Figure 5.10. It relies crucially on rule DOwNCTXNODE, which makes
it possible not to link the type of the node, which appears in the context, with the clock type

[31/03/16, 09:44]



5.3. CLOCK POLYMORPHISM 187

driving the local time scale. We see that in fact this works for an arbitrary local time scale,
obtaining arbitrary high throughput! In this case the version using a node, while still not
generic over f, is well-typed while its higher-order analogue plainly does not exist.

Those examples show one way in which nodes and linear higher-order functions are very
different. The problem with (c), stated in a down-to-earth fashion, is that to obtain the desired
type we need to replicate f twice, but that the function has been defined elsewhere and thus
its body is unavailable. This is not the case when f is a node, as by definition node bodies are
always available to play with. The large difference between the code generated for (a) and (b)
or (d) reflects this fact. In (b) and (d) the call to f is actually a node instantiation, resulting in a
copy of the node body at the instantiation point. Since this body is inside a machine which
it itself replicated twice because of the local time scale, at the end of the day three distinct
copies of the node body are present in the generated circuit. In contrast, the code generated
for (a) does not include any copy of the body of f and is thus completely modular. The price
to pay for this modularity is the simplicity of the corresponding time transform, which only
corresponds to buffering.

In a sense, none of the constructions above feel satisfactory. Local time scales are expres-
sive when used in conjunction with nodes and more generally closed expressions, but using
nodes impede reuse and genericity. Linear higher-order functions on the other hand are very
modular but can only implement relatively trivial time transforms. The next section introduces
polymorphic clocks types, which can be used to describe generic code in a modular fashion.

5.3 Clock Polymorphism

It is clear that for some programs the types assigned by the system described in Chapter 3
are too specific. Consider the identity function fun x. x. It may be assigned any type of the
form dt:: ct — dt:: ct, with dt and ct fixed data and clock types, respectively. A traditional
solution for expressing this genericity over dt is the introduction of data type polymorphism,
as featured in the polymorphic lambda-calculus of Girard and Reynolds. In this section, we
are rather interested in genericity over ct and thus in what we call clock type polymorphism.
The immediate idea for providing this form of polymorphism is to introduce universal clock
quantification, written Y a.t. The identity function then receives the type Va.dt::a — dt:: a
for any fixed dt. With this extension, a clock type no longer denotes a single clock but rather a
set of clocks, or more precisely a function from (the interpretation of) its free variables to the
domain of clocks.

Unfortunately, clock quantification as presented above, while appealing, does not work
directly in our setting. The problem is that since we have no information on the bound
variable a, we are no longer able to bound the integers appearing in the clocks denoted by
a universally quantified type. Having a bound on the integers appearing in each clock is
needed for two reasons. First, as seen in Chapter 4, bounds describe the maximum size of
lists in the generated code. Second, it is also important in the type system. Remember that to
check the productivity of fixpoints, we need to check whether two clock types are 1-adaptable.
In the existing clock type language, this is simple, since one can compute the exact unique

[31/03/16, 09:44]



188 CHAPTER 5. EXTENSIONS

clock denoted by a clock. In the richer polymorphic language one has to settle for syntactic
approximations, as shown in the example below.

Example 28. Imagine that we want to find a general rule for checking whether + a on p; <:i
a on p,, with p; and p, arbitrary ultimately binary clock. This rule should ensure that for any
clock w giving the value of a at runtime, one has w on p; <:x w on p». In Chapter 2, we have
seen that if p; <;x p», then w on p; <:p w on p,. However, we have (1) <:; 0(1) yet

(2)?on (1) < (2)?0on0(1)®
< (2) <1 1(2)”

does not hold. Similar examples can be devised for arbitrary values of w, p;, p and k > 1. This
implies that, without a bound on the maximum value appearing in the clocks w being denoted
by a, it is impossible to find a sound rule for - a on p; <:x @ on p, with k> 1.

To avoid these problems, we adopt a restricted form of clock type polymorphism that we
call bounded clock polymorphism, in analogy with the bounded polymorphism found in type
systems that exhibit both parametric polymorphism and subtyping [Pierce, 2002]. Here the
bounds are simply natural numbers. The type V(a < n).t, with a possibly free in #, has as
inhabitants programs that work for any clock type ct instantiating «a, such that the clocks w
denoted by ct feature integers no larger than n.

Remark 27. Polymorphic clock types were introduced by Caspi and Pouzet [1996] in Lucid
Synchrone. They were later adopted in the SCADES6 [Esterel Technologies, 2015] and Hep-
tagon [Delaval et al., 2012] dialects of Lustre, as well as in Lucy-n [Mandel et al., 2010; Plateau,
2010]. Clock polymorphism works essentially in the same way in all these languages, a small
difference being that Heptagon and SCADES types can only be polymorphic in a single variable.
It is important to note that since these languages feature binary clocks only, quantification is
implicitly bounded by 1.

This section is structured as follows. First, we describe the new grammar of clock types
and the related typing judgments. Even if the general design stays the same, the addition of
polymorphic clock types adds formal complexity to the type system given in Chapter 3. The
typed semantics has to be modified accordingly, and the construction of the interpretation of
polymorphic clock types requires the use of more complex domain constructions. We then
explain the compilation to machines, which is relatively simple. The last part of this section
discusses the limitations of this approach to clock polymorphism, and details the interaction
with local time scales and nodes.

5.3.1 Type System

Syntax The addition of bounded polymorphism only affects the syntax of types, but alters it
in a drastic way. Figure 5.11 gives the modified syntax of types and clock types, as well as the
new notion of clock type context, often abbreviated clock context. We add the aforementioned
type constructor V(a < n).t to types. In order to accommodate for clock type variables, we
change the grammar of clock types completely. A clock type ct can now be either atomic or
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t += V(a<n).t Bounded quantification
ct == base Base clock (1)¥
| «a Polymorphic clock type
| ctonp Compound clock type
A == 0O Empty clock type context
| Aa<n Clock type binding

Figure 5.11: Clock polymorphism - extended type syntax

FTV(base) = @ FTV(dt: ct) = FTV(ct)

FTV(a) = {a} FTV(I1®Z'2) = FTV(Ctl)UFTV(Ctg)
FTV(ctonp) = FIV(ct) FTV(t; — 1) = FTV(ct;)UFTV(cty)
FTV(o) = g FTV(Y(a<n).t) = FIV(t)~{a}
FTV(T,x:t) = FIV(I)UFTV(¢)

Figure 5.12: Clock polymorphism - extended type system - free type variables

ct1 = ¢ty Clr = Ct3 Cty = cty ct1 =cty
ct=ct ct; = ct3 ct1 = cty crronp=ctonp
cly =ty cty =ty
ctyon pyon p; =ct,on (p; onps) cty =ctpon (1)

Figure 5.13: Clock polymorphism - extended type system - equivalence judgment

compound. Atomic clock types are either the base clock base, which denotes the (1) stream,
or some clock type variable a. A compound clock is always of the form ct on p, with p an
ultimately periodic integer word. Note that all the clock types of Chapter 3 can be expressed in
the new grammar by prefixing them with base and shifting the periodic words to the right. A
clock context A is a list of bounded clock type variables. Figure 5.12 gives the precise definition
of the set FV(_) of free clock type variables appearing in a clock type, type or typing context.

Clock type equivalence A first question we need to address is clock equivalence. In Chap-
ter 3, the equivalence of two clock types ct; and ct, was easy since we could simply test the
equivalence of the exact representation of ct; and ct; as ultimately periodic words nf(ct;)
and nf(ct,). In the richer clock type language of this section, having an explicit judgment
expressing that two clock types are equivalent will prove more convenient. Figure 5.13 gives
the (untyped) equivalence judgment ct; = ct,. The rules are simple. They express that clock
type equivalence is an equivalence relation and is thus reflexive, symmetric and transitive, that
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nf(base) = (base, (1)) r(ct) = rwhere(r,p)=nf(ct)
nf(a) = (a,(1)) p(ct) = pwhere (r,p)=nf(ct)
nf(ctonp) = (r,p’onp)where (r,p’)=nf(ct)

Figure 5.14: Clock polymorphism - clock type normalization

itis a congruence, that compositions of ultimately periodic clock types can be simplified and
that (1) is neutral for clock composition.

Remark 28. The equivalence judgment can be decided using the function nf(ct) given in Fig-
ure 5.14. This function computes the root r(ct) and periodic part p(ct) of a clock type ct, the
root being either base or a variable a. Two clock types are equivalent if they have the same root
and their periodic parts are equivalent in the sense of Chapter 2.

Well-formedness Now that the (clock) type language involves variables for which quantifiers
act as binders, their manipulation becomes more complicated and scoping issues appear. In
particular, we must be able to statically express that a clock type ct is well-formed in a given
clock context, which means that its free variables (of which there is at most one) appear in the
context. Since the clock context provides bounds for each variable, any well-formed clock type
denotes a set of bounded clocks. This notion of well-formedness must be extended to types in
the obvious manner: if all clock types appearing in a type are well-formed then so is the type.

Figure 5.15 presents the judgments that express well-formedness of clock types, types and
contexts. The judgment A + ct < n expresses that ct is bounded by 7 in the context A. Let us
explain its rules.

* The clock type base is well-formed in any context, and is binary (rule CTBASE).

* Rules CTVAR and CTWEAKEN are the usual variable and weakening rules expressed at
the clock type level.

e The bound of cton p is, in the worst case, the bound of ¢t multiplied by the maximum
integer in p, that is [ p]. This is what CTON expresses.

e Rule CTCONG express that boundedness is compatible with equivalence. This makes it
possible to refine the bound of a clock type by simplifying some of its ultimately periodic
words, for example.

The judgment A + ¢ type, whose rules are given in the lower part of Figure 5.15, expresses
that the type t is well-formed in clock context A. Basically, a type is well-formed if all its internal
clock types are well-formed; the bounded quantifier V(a < n).f adds a < n to A. A program
context is well-formed if all the types that appear in it are well-formed.

Auxiliary judgments Since the clock type language has changed we must update the defi-
nition of the adaptability, gathering and scattering judgments. The changes mostly consist

in changing the ADAPTSTREAM, UPSTREAM and DOWNSTREAM rules, which are the only one
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CTWEAKEN
CTBASE CTVAR A-ct<n a¢FTV(ct)
o+ base<1 Aa<nra<n Aa<n+ct<n'
CTON CTCONG
A+ct<n A-ct'<n ct=ct
Arctonp<nx|[p] Ar-cti<n
TYSTREAM TYPROD TYARROW TYFORALL
Arct<n A+t type A+t type A+t type A+ 1 type A, a<ntttype
A+ dt: ct type A+ 1 ® b type A+ 1 —o 1 type A+ V(a<n).ttype
Cr1xE CTXCONS
TXEMPTY ArFT ctx A+t type
A+ Octx AT, x:tctx

Figure 5.15: Clock polymorphism - extended type system - well-formedness judgments

that manipulate clock types. Their updated versions rely on the new clock adaptatability
judgment A + cty < ctp, clock gathering judgment A + cty 1. ctz, and clock scattering judg-
ment A + cty | ctp. The updated and new judgments are given in Figure 5.16.

The clock adaptability judgment consists in two rules. The first rule, ADAPTON, is the most
interesting one. It expresses a sufficient condition on the delay between ct on p; and ct on p».
If the largest integer in the clocks denoted by ct is bounded by 7, in the worst case the delay k
between p; and p;, should be decremented by n - 1. The second rule, ADAPTCONG, enables
the use of clock equivalence in adaptability judgments.

The clock gathering and scattering judgment have a dual structure. The most important
rules are the simplest ones, UPCKBASE and DOWNCKBASE. Rule UPCKBASE shows how the
base clock, gathering by ct, is mapped to ct itself. Dually, in DOWNCKBASE ct, scattered by itself,
is mapped to the base clock. Rules UPCKON and DOwWNCKON express that clock composition
is compatible with gathering and scattering. The last rules, UPCKCONG and DOWNCKCONG,
makes it possible to use clock equivalence in gathering and scattering judgments; note that
the gathered input clock and scattered output clock are tested for equivalence in the empty
context. The reason for this will become clear once we explain the updated RESCALE expression
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ADAPTSTREAM ADAPTPROD
cty =cton p; ch =cton p; Arct<n p1 <k P2 At <y t{ Aty <y té

AFdt:cty <pyi_pndt:cty A-h®b<y ot

ADAPTARROW
Arti<oly Art<ity

At —oty<iyt] — 1,

A+ cty T cty

OkFct; <my cty = cty[base/ct] A+ ctr <np

A+ cty Tt ct

Attt ‘and’ Artlgt ‘

UPSTREAM DOWNSTREAM UPPROD
Acty T clo A+ct 1o cty A+t 1o t{ A+t l'é

Ardt:cty T dt:cty Avrdt:cty e dtecty A-H Qb e t{ ® té

DOWNPROD UPARROW DOWNARROW
A-tilat], Artlet Artilatts  Arttet A-tilatti  Artlegty Arct<l

A-t1®blati®L

Al—tl—othctt{—Ol’é Al—tl—otzlctt{—oté

UPON DoOwNON
Attt A"ty t' Avctty, et At t” A"l t! Avctte ct
Attt A-tlgt
UprINV DoOwNINV
Artlegt  Awct' tobase Attt Awct' tobase
Arttet Attt
UPCONG DowNCONG
Attty ct=ct Artilgts ct=ct’
A-ntatl A-tfleb
AFT T
DOWNCTXEMPTY DoOwNCTXCONS DOWNCTXWEAKEN
ArT il Artlgt ArT T +tvalue  x¢dom(T")
ArOlgO AT, x:tlel x:t ArT,x:tel

Figure 5.16: Clock polymorphism - extended type system - auxiliary judgments
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VAR LAMBDA
+ T value A+t type AT, x:tre:t
A;T,x:t-x:t A;THfunx.e:t—t'
APP CONST
I-Iel, A;Ti-eit—t  AjTore:t Arct<n
A;Tree :t A;or s:dtof (s) = ct
SUB RESCALE
A;Tre:t  Art<pt A-ct<n ArT gD’ oTVre:t!  Art'tet
A;Tre:t A;Tre:t
CKGEN CKINST
Aa<n;Tre:t  a¢FTV(T) A;Tre:V(a<n).t Arct<n
A;Tre:V(a<n).t A;Trect:tla)ct]

Figure 5.17: Clock polymorphism - extended type system - main judgment

typing rule.

The type adaptability, gathering and scattering judgments are modified to use on the corre-
sponding notions on clocks. Existing rules are updated to pass the clock context along. Also,
for the gathering and scattering judgments rules UPCONG and DOWNCONG makes it possible
to reason up to equivalence on the clock type ct driving the local time scale. Furthermore, we
add the DOWNCTXWEAKEN rule which removes a binding when entering a local time scale. Its
presence makes it possible to remove bindings that cannot be scattered according to ct.

Main judgment The last part of the type system that has to be modified is the main expression
typing judgment. The judgment is modified to include a clock context A, leading to the
formulation A; '+ e: t. The new rules are in Figure 5.17. There are three main changes. First,
the clock context is passed along in every existing rule. It is handled in an intuitionistic fashion,
as seen for example in rule App where A is duplicated. Second, rules which make clock types
appear from nowhere, such as CONST, must ensure that they are well-formed in the current
clock context. Also, the RESCALE rule types its body in the empty clock context: polymorphic
clock variables defined outside are not available inside the local time scale. Third, we add the
traditional rules for polymorphic generalization and instantiation, CKGEN and CKINST. For
generalization, the generalized variable a should not appear free in the types of the program
context I', as in ordinary generalization. For instantiation, the clock type ct being substituted
in the type must be well-formed in A. The operation ¢[a/ct] is the usual capture-avoiding
substitution, applied to types and clock types.
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Syntactic properties To develop the typed semantics of polymorphic clock types in a rigor-
ous manner, we need to state some formal results relating the typing and well-formedness
judgments. This is necessary since the synchronous semantics no longer interprets arbitrary
types as domains, but limit this interpretation to well-formed types, or more precisely to
well-formedness derivations. The results needed are the following.

Property 47. Given derivations d, =: (A,a<n+ t type) and d, ::: (A+ ct< n), one may build a
derivation subst(dy, dz) == (A, a < n+t type).

Property48. IfA+T ctx andT +~T1®T', hold, one may derive A+T ctx and A+ T, type.
Property 49. IfA + t <:i t holds, one may derive A+ t type and A+ t' type.

Property 50. IfA + t 1. t' holds, one may derivec + t type, A+ ct typen and A+ t' type. Dually,
if A+t et holds, one may derive A+ t type, A+ ct typen and o+ t' type. Similarly for contexts.

These properties are used to prove that the main typing judgment only produces well-
formed terms. More precisely, for a typing derivation A; T+ e: £, we need to express that I'
and t are well-formed in A. In practice, it is inconvenient to manipulate two judgments, one
for contexts and one for type. This motivates the introduction of a compound judgment A -
I' — t wf whose only rule is given below.

ArT ctx A+t type
AT — twi

The main syntactic result on well-typed expressions can now be stated as follows.

Property 51. Any derivation d of the judgment A; '+ e: t can be examined to build a deriva-
tionwf(d:=: (A;T+e:t)) of AT — t wf.

Proof. Straightforward induction on d. The proof relies on a similar property on the separation
judgment: given derivations of A I' ctx andI' - I'; ®I'», one may build derivations of A - I'; ctx
and A +T'; ctx. The case of the CKINST rule uses Property 47. O

We now have all the tools needed to discuss the impact of clock polymorphism on the typed
semantics. This is the subject of the next subsection.

5.3.2 Typed Semantics

The typed semantics we have adopted for the basic language described in Chapter 3 follows
a simple scheme. In this chapter, the expressions that could be proved to inhabit type ¢ with
free variables in I were naturally interpreted as continuous functions from the domain S[I'] to
the domain S[[¢]. The introduction of clock polymorphism complicates this matter a lot. Now
that clock types and thus types contain free variables, a type no longer denotes a domain but
rather a family of domains indexed by the interpretation of its free variables. For instance, the
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type bool :: @ does not represent a domain but rather some kind of function that associates to
any clock w corresponding to @ the domain CStream ,(S[bool]).

The remaining problem is the interpretation of the type V¥ (a < n).t, which should somehow
turn a function from clocks to domains into a domain. It happens that this is a traditional ques-
tion arising in the semantic analysis of dependent and polymorphic type theories in domains;
indeed, our polymorphic type constructor can be seen as a dependent function from Ck to
something. The rest of this subsection explains how the general solution of this problem can
be adapted to suit our need, without delving too much on details. Its understanding is not
required for the rest of the thesis. We start with the required dose of category theory.

Category-theoretic background Given two categories C; and C,, we write C; x C; for the
product category whose objects (resp. morphisms) are pairs of objects (resp. morphisms)
from C; and C,, and composition is performed componentwise. We write Fst, Snd for the first
and second projection functors from C; x C, to C; and C,, respectively.

Any partial order P can be seen as a category with at most one morphism between two
objects. More precisely, its objects are the elements of |P| and there is one morphism be-
tween x, x’ € |P| if and only if x < x’. Abusing notation, we write x < x’ for the corresponding
morphism in P, seen as a category. From this point of view, a predomain (CPO) is a cate-
gory with (small) directed colimits, and a domain (pointed CPO) has an initial object. View-
ing (pre)domains as categories makes it possible to speak of functors coming from or going
to a (pre)domain. The definition of a functor, specialized to the case where both source and
target categories are partial orders, boils down to that of a monotonic function.

The category CPO has complete partial orders as objects and continuous functions as
morphisms. We know that it is cartesian-closed. The subcategory CPOE? of CPO has the same
objects but embedding-projection pairs A < B as morphisms between two cpos A and B.

Given a domain D, a functor F : D - CPOFF associates to any element x of D a CPO F(x),
and to any x < x’ an embedding-projection pair F(x < x’): F(x) < F(x"). Such a functor can
be seen as a family of domains indexed by D in a natural way. Our main goal is to transform
this functor into a domain, using a construction originally due to Grothendieck and special-
ized for the semantics of dependent types by a variety of authors, including Ehrhard [1988]
and Coquand, Gunter, and Winskel [1989]. We base most of our description on the latter
account.

Given a functor F, we construct a domain X F as follows. Its carrier is the set of pairs (x, y)
where x € D and y € F(x). Its ordering relation is given by (x, y) <sr (x', ') whenever x <p x’
and F(x <p x')(y) <p(x) ¥'- Its least element LyF is (1p, Lp(,,))- This domain should be
thought of as a kind of disjoint union of all the domains F(x). There is a natural continuous
function p from XF to D that maps (x, y) to x. We sometimes call p together with XF a fibration,
with D its base. The inverse image p~1(x) of x € D is called the fiber of x. Now, the domain IT1F
is the sub-domain of D =, X F restricted to functions s such that p o s = idp. Such functions
are called sections. A section is thus a function that maps to each element x of D an element of
the form (x, y) of ZF in a continuous manner. Thus a section selects for each element of D an
element in its fiber.
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S[A] . CPO

S[o] = {4
S[A,x<n] = S[A]xCk

(a) - Interpretation of clock contexts

S[AF ct<n] e S[A]=.Ck
S[o+base<1] = A6.(1)%
S[A,a<n+a<n] = 7

S[A,a<nrct<n] S[A+ct<n]om
S[AFctonu(v)<nx[u(v)]] (Aw.wonu(v)?)oS[A+ ct<n]
S[AF ct< n] = S[Arct' <n]

(b) - Interpretation of clock well-formedness

Figure 5.18: Clock polymorphism - typed semantics - interpretation of clock types

Following Coquand et al. [Coquand et al., 1989, 3.4], we extend the above construction
to handle functors with additional parameters. Given two domains D;, D, and a functor
in D; x D, — CPO®?, we define the functor IT°'F in D; -~ CPO®® as follows. Its action on
objects is given by

(HDIF) (xl) = H(AXZ.F()Q, )Cz))

the A-abstraction being understood here as simply notation. Its action on morphisms is

m

(TIP1F)(x1 <p, x}) (TIP1F) (x1) < (TIP1F) ()
(MP1F) (x1 <p, x)E(s)(x2) = F(x1<p, X}, X2 <p, x2) (s(x2))
(P1F) (x1 <p, x{)B(2)(x2) = F(x1<p, x{, %2 <p, x2)R(#(x2))

with (e,p)L=eand (e, p)R = p.

It is convenient for describing the semantics of types to define the pairing and expo-
nential constructions on functors representing families of domains indexed by a domain.
For F and G functors from the same domain to CPOE?, we define the two functors F x G
and F =, G. Their action on objects given “pointwise” by (F x G)(x) = F(x) x G(x) and (F =
G)(x) = F(x) = G(x). Their action on morphisms is given by (F x G)(x) = F(x) x G(x)
and (F =, G)(x) = F(x) = G(x). The pairing and exponentiation of embedding-projection
pairs has been defined in Section 3.3.1. Finally, given any domains D; and D», the constant
functor Constp, : D; - CPO®P maps any element of D, to D, and any morphism x <p, x’ to
the trivial embedding-projection pair (idp,, idp, ).

Interpreting clock types In Chapter 3 we did interpret clock types as elements of Ck, since
each clock type denoted a unique clock. Now that clock types contain free variables, we
interpret them as functions from (the interpretation of) their free variables to the domain Ck.
More precisely, we use once again the traditional solution of interpreting derivations rather
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S[AF t type] : S[A] - CPOFP

S[A+ dt:: ct type] :%Zﬁﬂ (S[A+ ct< n])
S[A+ 1 ® 1, type] S[A+ 1 type] xS[A+ 1, type]
S[A+ 11 — 1, type] S[A+ 1 type] = S[A+ £, type]
S[A+V(a<n).ttype] TSIAIS[A, a < -t type]

CStream

(a) - Interpretation of well-formed types

S[A T ctx] :  S[A] - CPOF?
S[AFoctx] = Consty,,
S[AFT,x: tctx] S[AFT ctx] xS[A+ t type]

(b) - Interpretation of well-formed program contexts

S[AFT —twf] : S[A]-CPOFF
S[AFT —twf] = S[ArT ctx] =.S[A+ t type]

(c) - Interpretation of the well-formedness judgment

Figure 5.19: Clock polymorphism - typed semantics - interpretation of types and contexts

than raw clock types. A clock context A is interpreted as a big tuple of clocks, and a well-formed
clock A+ ct < n is interpreted as a continuous function form S[A] to Ck. The corresponding
definitions are given in Figure 5.18.

Interpreting types The interpretation of types is where the new typed semantics departs
radically from the previous one. We interpret a derivation of the judgment A - ¢ type as a
functor from S[A] to CPOF? using the previously introduced category-theoretical arsenal.
The only remaining ingredient we need is the most specific to our case: it is the functor
needed to interpret a type drt :: ct. Given any pair of clocks w, w’, we know how to build
the domains CStream,, (D) and CStream (D). Let us observe that we can move between
these two domains using the repack,, and repack,, functions. A crucial observation is that
when w © w’, then these two functions form an embedding-projection pair. We can thus define
the following functor.

CSl‘reamg2 (feD;=.Ck) : D;-CPO®
(CStreamy,? f)(x) = CStream ¢(y)(D2)
(CStreamgff) (x<x") (repack(,/), repacky )

This is a functor from the domain D; to the category of embedding-projection pairs. It is
parametrized by a function f mapping an element of D, to a clock. In practice the domain D,
will be the interpretation of a clock context A and the function f the interpretation of a
judgment A + ct< n.
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Figure 5.19 (a) gives the interpretation of types as functors. The functor defined above is
used for the case of stream types. Pairing and exponentiation of functors handle the product
and arrow cases. Polymorphic clock types are interpreted as sections using the parametrized
domain of sections described earlier. Figure 5.19 (b) and (c) gives the simpler interpretation
of the remaining well-formedness judgments. As usual contexts correspond to products and
complete derivations A +I" — ¢ wf to functions.

Interpreting programs The interpretation of programs is a variation of that given in Chap-
ter 3. The main idea is to interpret derivations of A; T + e:  as sections of S[A+ T — 1 wf].
Remember that the latter judgment can be derived from the former using Property 51. Note
that programs are still interpret as elements of a domain. This leads to the type signature below.

S[A;Tre:t] € HUS[wf(A;THe:t)]

We do not give the precise definition of this interpretation but rather explain the general
principles at work. From the semantics point of view, typing rules can be grouped into two
distinct families.

The first group consists in typing rules where the clock context A does not change and
is simply passed along. This covers all the preexisting rules from Chapter 3. To give the
semantics of this group one builds the usual cartesian-closed combinators handling products
and exponentials fibrewise. This means, informally, that they live in the fiber above a fixed 6 ¢
S[A]. Let us briefly describe some operators found in our section construction kit. All the
functors below are assumed to go from the same domain D to CPOE?.

e Pairing: given functors F;, F», Gy, G2 and sections s; € II(F; =, Gy), 52 € [1(F, = G2),
the pairing combinator (s; x s) is a section in I1((F; x F») = (G x G)). It is used for
instance in the interpretation of rule PAIR.

» Composition: given functors F, G, H and sections s; € [I(G = H) and s; € [I(F =, G),
one may build s; o s, € [I(F =, H). A basic building block, this combinator is used as
plumbing in the interpretation of most rules.

* Duplication: given a functor F, one may build the duplicating section Dupl belonging
to II((F x F) = F).! This combinator is used to duplicate values.

The definition of all the combinators above and others in the same group is simple since the
index 4 stays invariant. Thus, their action is given pointwise.

The second group is formed of the new rules CKGEN and CKINST which are related to
the clock context or polymorphic clock types. The interpretation of these rules rely on two
constructions. The first construction is a form of currying. Given two functors F : D —
CPO** and G : D; x D, -~ CPOFP, the operation turns a section s € I1((F o Fst) =, G) into

IThis construction is often written A or simply A in category theory texts, but we wish to avoid confusion
with clock contexts.
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a section Curry(s) € II(F =.I”1G). The second construction is, dually, a form of appli-
cation. Given two functors F : D; — CPO®* and G : D; x D, > CPOF? as well as a func-
tion f € D; = D,, the operation turns a section s € [I( F =, 1”1 G), into a section App(s, f)
belonging to I1(F = (idp,, Constcy)).

This concludes the description of the typed semantics of the polymorphic clock language.
There is nothing new here since the universal clock quantifier is basically a dependent product
with its domain restricted to clocks. Interested readers looking for a complete description
of the interpretation of dependent types in domains can find relevant details in Amadio and
Curien [1998, Chapter 11]. More information on fibrations and their use in categorical logic
can be found in the book of Jacobs [1999].

Remark 29. We have glossed over a lot of important details in the overview above. In particular,
we have not explained how the substitution operation appearing in rule CKINST is to be
handled. A formal handling of this question would probably benefit to the addition of explicit
clock type substitutions in the language. An explicit substitution o would be assigned a
type - 0 : A} = A, and be interpreted as a function S[o] € S[A;] =, S[Az]. Following an
important idea of categorical logic, such a function induces a base change transporting data
above S[A;] into data above S[A;]. This operation can then be used to build the interpretation
of Ap;T[o]+e: t[o] fromthe one of Aj;T+e: t.

5.3.3 Compilation

In contrast with the typed semantics, the compilation of polymorphic clock types does not
involve large changes. The idea is that the free clock type variables of an expression, described
by a clock context, give rise to new inputs in its translation. Well-formed clock types are
compiled to machines computing the successive value of the clock. Clock instantiation and
generalization have natural implementations as machines.

Translating types In Chapter 4, a bound for any clock type could be computed by the |_|
function. Uses of this function permeate the translation since it is used in a very basic way to
give the translation of the type dt :: ct. With polymorphic clock types, this function no longer
exists: it is replaced with the explicit presence of well-formedness judgments A + ct < n. Thus,
the compilation now acts on well-formed types and contexts, which ensures that we have
access to the proper boundedness judgments.

Figure 5.20 gives the translation of clock contexts, well-formed types and well-formed
contexts. A clock context is interpreted as a tuple of bounded integers. The interpretation of
types is the same as in Chapter 4, with two exceptions. First, as explained above the bound for
stream types dt :: ct is given by the judgment expressing the well-formedness of cf in A. Second,
polymorphic clock types have to be translated. Such a type of the form V(a < n).t is translated
into a higher-order machine processing an input in mint{n} and returning an output in (the
translation of) ¢. A program context I' is as always a product. Finally, a well-typed context/type
pair AT — ¢ wf is interpreted as a higher-order machine receiving (in curryfied form) two
inputs corresponding to A and I" and returning an output in ¢.
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(A

munit
(A) ® mint{n}

()

(A, a<n)

(a) Translation of clock contexts

A+t type

A+ dt: ct type)
A+ 1 ® t, type))
A+t — it type[)
ArV(a<n).ttype)

unit — (dt)[n]
A1 typeB (A F 1, type))
=

(A+t; type) B (A+ t2 type)
mint{n} 8 (A, a< n+ 1 type)

PN e NN
([

(b) Translation of types

munit
(AFT ctx) = (A+ £ type))

(A+octx)
(AFT,x:tctx)

(c) Translation of program contexts

(AFT —rwf) = (A) ® (ArTctx)) B (At type)

Figure 5.20: Clock polymorphism - compilation - types

Translating clock types The fact that clock contexts are handled in an intuitionistic fashion
in the type system comes from the fact that, morally, they only hold values and thus have no
inputs. This means that clock contexts can be duplicated and erased. Figure 5.21 (a) and (b)
give the corresponding machines.

The translation of a (well-formed) clock type A + ct < n is a machine with inputs in A and
an output inmint{n}. The translation of each rule is given in Figure 5.21 (c). Most cases are
handled using machines in ways that we have already explained. The base machine base
denotes a constant one. Weakening and variables are handled in the usual way, relying on the
intuitionistic nature of the context A. Clock composition is, as before, implemented by the
summation machine.

Translating auxiliary judgments Since we have changed the way we define the translation
of types, by definition the interpretation of all judgments have to be modified. For auxiliary
judgments the modifications are minimal. The only slightly significant changes happen in the
places where (ct) is replaced with (A + cz < n)). The design of the type system, together with the
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(A)e € M-
(o) e = midynit
(Aa<n)g = (A)g nfOrg,;ine{n}

(a) Clock context duplication

(Arct<n) e M(]ADE‘(]AD‘Z(]AD
(=32
(A, a<n)p

Midynitxunitxunit

((A), (A),mint{n},mint{n} — 0,2,1,3 )y,
2 ((A)p X mdupy;ngfny)

(b) Clock context erasure

(A+ct<n) € Ma)emnint{n}
(o+base<1)
(A,a<n+a<n)
(Aa<nrcr<n)

midynit || mconst,
(]ADE I mhoidmint{n}
(Arct<n') m my
where m; € Ma a<n)s(a)
m; =mhoneutr(y) @ (mforg,, X mhoidy))
@ ((A)*,mint{n}*, (A) » 1,0,2)p,
mhosume] BmaE (A+ct<n)

(A-ctonp<nx[p])

where m € Mysnt (n) @mint{[p]}[n]
m= mneutrinvmint{[lg]}[n]+
)

enrepl, (mpw,(0)
(A+ct<n) = (Arct'<n)

(c) Translation of clock type well-formedness

Figure 5.21: Clock polymorphism - compilation - clock types

(CrT1®T2) € Marctx)a(anrr ctx) = (a-T; ctx) assuming A+ T ctx
Art<pt) € Mpg (A type) s (At type)

(Arttet) € Mpymo-:type)[n]a(a-r type) Where A ct<n
(Artlat) € Mipywartype)s(o-r type)[n] Where Arct<n

Figure 5.22: Clock polymorphism - compilation - auxiliary judgments
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(]A;F'_e: tD € quf(A;D—e:t)D
(A;T,x:t-x:1) (A)g 1 (+T value)g 1 mhoid

(A;TrHee 1) = mhoev(y v B ((A;T1Fe:t—t') ® (A;Tare: 1))

@ ((A), (AD, (T1), (T2) = 0,2,1,3)po
[El ((]ADD (]F =1 ®F2|))

(A; o s:drof(s) = ct) my B ((Arct<n)rm) e (A)p
where m; € M(]A[)E\thof(s)[)
my = (A)g I mconstg
Mz € Musne(n) m (dtof () 8 (dtof (s))[ n 1]
ma = (EOYE(apor(s)[nl)~ ! MSEULE f07(5))+)

o (mint{n}*, (drof (s))*, (dtof (s)[n])” ~ 2,0,1)

(A;TrHe:t') = (Art<yt) @ (mhoidy B (A;THe:t))
Bl ((]ADD mhoidqu)
(A;THe:t) = (A+t'1et) @ (mhoidgy ® (m @ ((Arct<n) ®mhoidr))))

®((A)p B (8 T 4o T')) ® ((A)p = mhoid p))
where m € Myine(n} w () [n]e () [n]

m= mhoreplqr,l) qt,D((]D; I'+e: t') @ mhoneutrr))
(Aa<n;Tre:t) @ ((A),mint{n},(T) - 0,2,1)p,
(A;Tre:V(a<n).t) @ (mint{n} (), (A) = 1,2,0) 10
@ ((A+ ct<n) ®mhoid ) g(r)) @ ((A)p ® mhoidp))

(A;THe:V(a<n).t)
(A;THe:t[a/ct])

Figure 5.23: Clock polymorphism - compilation - expressions

syntactic properties given at the end of Section 5.3.1, ensure that such a derivation is always
available. Figure 5.22 gives the type of the new translation functions.

Translating expressions Figure 5.23 gives the translation of the judgment A; T+ e: f. The
generated higher-order machine has (A]) and (A + T ctx]) as inputs and (A + ¢ ctx) as output.
This is actually well-defined because of Property 51. The modifications are straightforward
as they mostly consist in routing the values of free clock variables into premises and auxiliary
judgments, duplicating or erasing them as needed. The only new rules, clock generalization
and instantiation, are respectively compiled to a form of currying and a form of application.
More precisely, the CKGEN rule is a form of currying akin to the FUN rule, but this time acting
on the program context, while CKINST is a form of application akin to App.
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5.3.4 Discussion

Unit delays A core operator of Lustre and Lucid Synchrone is the initialized delay opera-
tor £bysg, s being the initial content of the delay. The untyped semantics of this operator simply
adds s in front of its input stream, and is thus just a stream constructor. This is reminiscent of
the registers present in synchronous circuits. Using polymorphic clock types we can express
its usual typing rule as found in Lustre or Lucid Synchrone. In these languages the clock of its
input is the same as the clock of its output.

fby, : V(a<l)int:a—int:a
fby, = funx.mergel(0)nx

The typing derivation of this program with the type above requires the application of the
subsumption rule on x. In other words, there is a buffer that transforms the clock type a of x
into @ on 0(1). Thus, when endowed with their usual clock type, delay operators correspond
to one-place buffers. Note that this type is not as good as one could hope, since

fby, : V(a<l)int:aon0(l) —int:a

is also valid but strictly more general. The traditional typing rule of delays is particularly
problematic when one wishes to handle causality through clock types since it adds artificial
dependencies to what was originally the only buffering operator of synchronous language. We
will discuss this matter and related ones in Section 6.2.

Local time scales As explained before, clock polymorphism offers a new, distinct dimension
of reuse compared to local time scales. Local time scales are restrictive because they affect the
free variables of an expression—in other words, because they only apply to closed programs.
The CKINST rule suffers from no such restriction. Clock polymorphism makes it possible to
give a piece of code a generic clock type which can then be specialized later, in a part of the
program that is not known yet. Thus, clock polymorphism is more modular.

Remark 30. A related point is the fact that in the updated RESCALE rule the premise typing the
expression inside a local time scale require that the clock context be empty. This is because
free clock variables are conceptually inputs to the expression but cannot be scattered.

On the other hand, local time scales are sometimes less limiting than polymorphism.
We illustrate this point through the example of the program p defined below. This program
computes the classic stream 0.1.2... of natural numbers as the fixpoint of function f.

p:ct def fix f (A) ¢ty < ctoon0(1)
fictp—ct; € funx.merge1(0)0 (1+x) (B) chr <yt

The clock types appearing in the type of f must obey the constraints given above. Constraint (A)
comes from the typing rule of merge, combined with the possible use of adaptability/subtyping,
while constraint (B) comes from the typing rule of fixpoints.
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ctz=ct (1)<10(1)
ct=cton (1) cton0(1)=cton0(1) o+cton(1)<:i41-; cton0(1)
o+ ct<;cton0(1)

(@)

a=za (1) <:10(1)
a=aon(1) aon0(1)=aon0(1) a<lraon(1)<:i,1-; aon0(1)
a<lr+a<)aon0(l)

(b)
O I—.E.l'l,alj O; m—'}a.:base o l—beIsé Yot CL m
o;oFp:ct
(c)
agndﬂl—.mlam D;m—';a‘:base aSndl—”l;aseTaa a<ngra<ng

alng,o-p:a

o;oFp:V(a<ng).a

(d)

Figure 5.24: Clock polymorphism - example derivations

Let us first discuss the clock type assignments for p and f that do not involve the use of
the RESCALE rule. In this case ct = ct, and the problem boils down to the search for clock types
satisfying constraints (A) and (B).

The immediate, boring solution is to take ct = ct, = base and ct; =base on 0(1). In the world
of binary clocks this is by definition the “best” solution since it has the highest throughput and
no latency. More generally, fix any binary closed clock type ct = ct, and take ct; = cton 0(1).
This gives a solution to the system above since we have o - ¢t <:; cton 0(1) by the derivation (a)
of Figure 5.24. The fact that ct is binary and thus bounded by 1 matters in the application of
rule ADAPTON, where this bound is highlighted in red.

To go one step further we can use polymorphic clock types to generalize the previous rea-
soning, replacing the arbitrary binary clock ct with a variable @ bounded by 1. This would give
to p the polymorphic clock type V(a < 1).a. The corresponding derivation of @ <:; @ on 0(1),
assuming a < 1, is given in Figure 5.24 (b).

Unfortunately, as soon as a clock w features an integer larger than one, w <:; w on0(1)®
cannot hold. This implies that the program p cannot be assigned a clock type bounded by 2 or
more by solving the constraint system above. Yet, local time scales can be used to circumvent
this limitation. Using the RESCALE rule, one may assign any closed integer clock type ct
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to p: first solve the constraint system with ct, = base as before, and then introduce a local time
scale driven by ct. This is shown in Figure 5.24 (c).

This solution can be further enriched by combining local time scales with bounded quantifi-
cation, giving p a polymorphic type V(a < ny).a, for a fixed n,. The corresponding derivation
is shown in Figure 5.24 (d). Such a type may later be instantiated modularly. This shows that
local time scales and clock polymorphism can be combined to achieve new type assignments.

Unbounded polymorphism The latest example may look a bit unsatisfying. While in the
derivation of Figure 5.24 (b) the clock type variable a must be bounded to ensure that the
fixpoint is productive, this is not the case in derivation Figure 5.24 (d): the bound n appearing
in the later is arbitrary.

To express this problem in a more formal way, let us remark that derivations (a), (c) and (d)
are in fact meta-derivations, since they feature a meta-variables ct and n. Thus these really
represent sets of concrete derivations. The crucial property is that derivation (b) internalizes
the meta-derivation (a) in the sense that any concrete instance of (a) can be expressed inside
the type system by instantiating « with ct. In contrast, there are concrete instances of (c) that
cannot be expressed by instantiating a with ct, namely those where n. > n,;. In other words, (d)
does not internalize (c).

It is clear that our type language is too weak to be able to internalize (c) completely, as
the bound 7, on ¢t may be an arbitrary integer, and is thus itself unbounded. The concrete
effect of this limitation is that the program p has received a type which forbids legitimate uses.
More precisely, this is a case where inlining p in its caller may turn an ill-typed program into a
well-typed one.

The solution to this problem should be clear: introduce unbounded quantification. In fact,
a simple way to do so is to see the unbounded case as a special form of the bounded one, by
allowing “infinite” integers oo to appear as bounds. Looking back at the type system, the only
place where boundedness really matters is rule ADAPTON in Figure 5.16, where the bound n
refines the delay k between p; and p» as k + 1 — n. Taking n = oo gives k+1 - o0 =0, which is
indeed sound. With such “infinite” bounds, one may modify the derivation (d) to give p the
type V(a < oo ).a which now internalizes all the concrete instances of (c).

This shows that unbounded polymorphism is a sound addition to the type system that
actually increases its expressiveness. The trouble is that it breaks the finite-state nature of our
compilation scheme as one no longer has a static bound on the lists appearing in the machine
implementing p, or on the number of steps p performs. The requirement for type-driven
modular code generation here conflicts with the expressiveness of the type system. We will
discuss this point in Chapter 6.

5.4 Dependent Clock Types

The last extension is the most invasive one. Up to now we have focused on languages in
which (closed) clocks types denote ultimately periodic clocks. A concrete manifestation of this
fact is that programs in pAS cannot exhibit data-dependent control: the convergence of the
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output streams of a program only depends on the convergence of its input streams, never on
their values. One may think of such programs as exhibiting a form of uniform continuity.

In this section we lift this restriction by considering arbitrary dependent clock types, as
found for instance in Lucid Synchrone, in addition to the usual ultimately periodic words. This
leads to a more complex system where expressions may appear in clock types. Informally, such
a system makes it possible to pass, compute, or return clock types from one part of a program
to another. Streams can now be computed on clocks that depend on arbitrary conditions,
including inputs. As usual, the price to pay for this expressiveness is the relatively obtuse nature
of the type system, which has very limited knowledge of clock types involving expressions. In
particular, clock type equivalence boils down to syntactic equality of expressions in general.

The rest of this section presents this system as an extension of the polymorphic one given
in the previous section. This is done in order to keep the amount of modifications as low as
possible. We avoid describing its typed semantics or compilation to state machines since it is a
variation on the ideas outlined in the previous section. Instead, we spend some time proving
syntactic properties of the type system showing that types are well-formedness and that typing
derivations respect lexical scope. We finish with a discussion of the design of the system and
features that would be required in a more practical language.

5.4.1 Syntax and Untyped Semantics

The syntax of clock types in Section 5.3 had compound clock types of the form ct on p. De-
pendent clock types generalize this to cf on e, where e is an arbitrary expression denoting a
stream of integers. As expected, this modification has a deep impact on the syntax of types and
typing judgments. It also leads to changes in the syntax of expressions. They are summed up
in Figure 5.25. The free variables and free type variables of clock types, types, and contexts are
defined in the usual manner.

Expressions A first, minimal change is the displacement of ultimately periodic words from
clock types to expressions. This makes the new clock types strictly more expressive than the
old ones. Since constant streams are a special case of periodic words, we remove them for the
grammar. Their new typing rule will be a strict generalization of the CONST one given in the
previous section. Another related modification is the removal of the fixed periodic word p from
the syntax of the stream merging and sampling operators. Using dependent types and local
time scales the typing rules for these operators can be internalized. However, to be able to
do so for stream fusion we need a binary negation operator not on streams. It is assumed to
belong to the set of operators op.

The last change to the syntax of expressions is a purely technical one. We add explicit
abstraction and application of clock type variables. These constructs explicitly mark where
generalization and instantiation of polymorphic clock types occur. Their presence in the syntax
makes sure that the free variables of an expression include the free variables of clock types it
contains. This is necessary for the type system to be sound.
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Figure 5.25: Dependent clock types - modified syntax

207

Types We replace dt :: ct with {n} : ct, the type of streams of numbers belonging to [0, n]. It
is necessary to have such bounds now that expressions of stream type appear in clock types,
which are necessarily bounded. As expected, we also add dependent products (functions) and
sums (pairs) to types. They make it possible to abstract over stream expressions appearing in
types and thus offer new forms of modularity.

Untyped semantics The semantics of the new and modified constructs is unremarkable and
can be deduced from the previous chapters. Abstraction and application of polymorphic clock
types are interpreted as the identity function since they are transparent in the untyped world.
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Ccl1 = cly Cly = Cl3 clp = ¢l ct] = cty ct] = cty
ct=ct cty = ct3 cty = cty ctyone=ctone cty on pj on py = ctyon (py onpy)
cty = cty cty1 =cty [p]<1
cty =ctpon (1) cty on (not p) = ct, onp

Figure 5.26: Dependent clock types - type system - modified clock-type equivalence judgment

SEPEMPTY SEPCONTRACT
I'-Try®r) + t value
OrF0O®O Ox:t-T,x:t@0,x: ¢
SEPLEFT SEPRIGHT
I'+Try®ly  xé¢dom(Ty)  FV(r)cdom(Ty) I'~Ty®ly  x¢dom(Ty)  FV(t)cdom(T2)
Ix:t-T1,x: 101 Ix:t-T1®0,x: ¢t

Figure 5.27: Dependent clock types - type system - modified value and splitting judgments

5.4.2 Type System

The extended type system is based on the polymorphic one presented in the previous section.
This latter system was in fact designed so that the modifications necessary to handle dependent
clocks are actually minimal. One of the main difference is that nearly all judgments are
now mutually recursive; for instance, the clock-type well-formedness judgment depends
on the expression typing judgment, and vice versa. We must also pay special attention to
scoping restrictions as well as complications arising from the conjoint presence of linearity and
dependent types. In particular, we force expressions appearing in clock types to be evaluated
in intuitionistic contexts.

Clock type equivalence Figure 5.26 gives the new rules for the clock type equivalence judg-
ment. These are mostly similar to the ones given in Figure 5.13, the only change being that
words have been replaced with expressions in the congruence rule. Note that we still allow “al-
gebraic” reasoning on ultimately periodic words. Without this rule, clock type equivalence
would boil down to plain syntactic equality. The last rule is also new, and assumes that the
operator not can be simplified when it applies to a binary word.

Remark 31. As usual in dependent type systems, syntactic equality of expressions should be
tested modulo a-conversion. We do not reach this level of details here.

Intuitionistic contexts, values, splitting As explained above, to simplify the system we will
actually restrict the expressions appearing in clocks to be valid in intuitionistic contexts. What
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CTBASE CTVAR CTWEAKEII\I
+ T value + T value A;TrHct<n a ¢ FTV(ct)
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A;T+=ctone<ny xny A;THct1<n

TYSTREAM TYPROD TYARROW
A;TrHct<n A; T+ 1 type A; T+ 1o type A; T+ 1y type A; T+ o type
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CTXEMPTY CTXCONS
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A+ 0Octx A-T,x:tctx

Figure 5.28: Dependent clock types - type system - modified well-formedness judgments

is an intuitionistic context? It is a context which can freely be duplicated, or in other words
that is a value. The type value judgment itself is not modified; dependent products and sums
are not values. This leads to the formal definition below.

Definition 21 (Largest intuitionistic subcontext). We say thatI"' is an intuitionistic subcontext
of T whenT T ®I"'. Thelargest intuitionistic subcontextT') of T is such that any other intuition-
istic subcontext of T is also an intuitionistic subcontext of I'\. This subcontext ') always exists
and is unique.

It is not difficult to actually compute I'; from I' since the value judgment is decidable: simply
remove all the bindings to types which are not values, or that are out of scope. To make our
formulas easier to read, we often write I'y, for (I'y);, and so on.

The context splitting judgment has to be adapted to handle the presence of free program
variables in types. More precisely, we add a new premise to the SEPLEFT and SEPRIGHT rules
in order to check that we do not create ill-formed contexts and respect lexical scope. This is
shown in Figure 5.27.
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Well-formedness Figure 5.28 gives the extended well-formedness judgments for clock types,
types and contexts. Since clock types now incorporate expressions, the first two judgments
depend on the program context I'.

In the clock type boundedness judgment, the program context is passed along in all rules
but CTON. The leaf rules CTBASE and CTVAR enforce that I is a value. Rule CTON is the only
one that changes in an interesting way. It is now a generalization of the previous version where
the expression e replaces the word p. Thus, one should be able to type e in I" and obtain the
type that was previously expected of p.

The type well-formedness judgments evolves in a similar fashion. Existing rules transmit
the program context to their premises. A dependent product IT(x: {n} :: ct).t is well-formed
just if  is well-formed in the context enriched with x: {n} : ct, and if ct itself is well-formed.
The same is true of dependent sums.

Finally, as before a context is well-formed if all the types it contains are. The only remarkable
point is that we check the well-formedness of each type in an intuitionistic context derived
from I', rather than I itself.

Auxiliary judgments Figure 5.29 gives the modified auxiliary judgments. As before, the
changes mostly consist in transmitting to premises the previously absent context I'. This
implicitly forces I to be a value context, since it must be duplicable. Note that the formula-
tion of clock type equivalence as an untyped judgment makes it possible to keep the ADAPT-
STREAM, UPSTREAM and DOWNSTREAM rules as it. In the latter two rules the clocks appearing
inside the local time scale have to be well-formed in the empty program context, as expected.

Main judgment Figure 5.30 gives the judgment for well-typed expressions. We have given all
the rules rather than just the modified ones, which are the majority anyway. The modifications
add support for dependent types; this requires the reinforcement and addition of several
premises related to scoping. We also need to pass intuitionistic parts of program contexts to
the auxiliary judgments. Lastly, we showcase the power of dependent types by giving nicer,
more uniform types to operators when and merge. Let us describe each rule.

* Rules VAR, PAIR and VAR are the same as in Figure 5.17.

e The rules LAMBDA and LETPAIR have additional scope restrictions which prevent the
variables x and y added to the context to escape through the return type of the rule.

e The rules that rely on well-formedness judgments pass them an intuitionistic part of
their program contexts. This is the case for SUB, RESCALE and CKINST for instance.

* Now that type abstraction and application operators have been added the rules CKGEN
and CKINST become syntax-directed.

* The rules for ultimately periodic words p, operators op, not, merge, and when are ex-
pressed using polymorphic and dependent types. Note that this was not possible for
stream merging and sampling before as one needed to abstract on an actual piece of
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Figure 5.29: Dependent clock types - type system - modified auxiliary judgments
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Figure 5.30: Dependent clock types - type system - modified main judgment
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Figure 5.31: Dependent clock types - free variables in expressions, clock types, and types

program, unlike in polymorphic clocks. We will go back to this point at the end of the
section. The OP rule assumes that the function drof (op) gives the type of the arguments
for the operator op.

* Finally, we have actual dependent products and sums. They are endowed with two rules
each, and each of these rule is an adaptation of the corresponding non-dependent rule;
their name reflects this fact, with DFUN corresponding to FUN, and so on. The rules
themselves are the usual ones found in dependent type theories, except that they express
how dependence is restricted to intuitionistic expressions. This shows in the premise
handling the argument in DAPP or the first component of the pair in DPAIR.

This concludes the description of the type system, which is the most complex part of this
extension. We do not discuss its typed semantics, which can be constructed using the same
techniques as in Section 5.3, at the price of much sweat. The compilation to machines is
also straightforward: dependent products and sums are translated to ordinary higher-order
machine types, which makes their compilation basically the same as their non-dependent
counterparts. We will rather spend some time on some meta-theoretical results to prove that
the typing rules enjoy good properties. This is not completely obvious given the amount of
details in the handling of contexts and binders.

5.4.3 Syntactic results

Our main goal in the rest of this section is to prove two modest theorems that will increase
our confidence in the fact that the type system is actually well-behaved. The first theorem
expresses that the type system only assigns well-formed types. The second theorem expresses
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that it respects lexical scope. Proving the latter result is actually difficult, since we have defined
neither the typed nor untyped semantics precisely. We content ourselves with a partial result
showing that, informally, two contexts equivalent up to lexical scope are basically equivalent
from the point of view of typing derivations. Most intermediate proofs are straightforward
inductions and thus we omit them.

Free variables We begin with some technical properties relating the free variables of clock
types, types, and expressions with typing contexts appearing in the derivations of the well-
formedness or typing judgments.

Property 52. Two equivalent clock types have the same free variables.
ct=ct' = FV(ct)=FV(ct)
Property 53. Two adaptable types have the same free variables.
A;TrHt<pt! = FV(t)=FV(t)

Property 54. Ift' is the image of the type t in a local time scale driven by ct—that is t' gathers
fo t or t scatters to t'—then the free variables of t are exactly those of t’ and ct combined.

AT Tt t! = FV(t')=FV(t)uFV(ct)
AN;T;T -t gt = FV(t)=FV(t')UFV(ct)

Property 55. The free variables of a well-formed clock type are included into the domain of its
typing context, and similarly for types.

A;Trct<n = FV(ct)<dom(T)
A;Trttype = FV(t)<dom(T)

Property 56. The free variables of both a well-typed expression and. its type are included in the
domain of its typing context.

A;Tre:t = FV(e)uFV(t)cdom(T)

Note that since the well-formedness and typing judgments are mutually inductive, Prop-
erties 55 and 56 have to be proved together by mutual induction. We have stated the results
separately only for clarity and easier reference.

Weakening The next properties deal with weakening. The first property shows that weaken-
ing is admissible in the well-formedness judgments for clock types and types.

Property 57. Let t an arbitrary value type. Then the following properties hold.

A; T+t type

{A,Fl—ctén = AT x:t¢ e
x{ FV(r') A (4

) : <
¢ FV(ct) = A;ILx:trct<n {
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The second property shows that from any derivation done in a context I', x : £ with x not
free in the underlying clock type, type, or expression, one can extract a derivation in I'. This is
in some sense the converse of weakening.

Property 58. Let t be a type. Then the following properties hold.

AN;T,x:tct<n A;T,x:t+1t type A;T,x:tre:t!
x ¢ FV(ct) x¢FV(t) x¢ FV(e)
= A;Trct<n = A; T+t type = AN;Tre:t

Well-formedness We are nearly ready to state and prove the first theorem, showing that the
typing judgment builds well-formed types out of well-formed contexts. Before that we need to
show a last series of technical properties handling auxiliary judgments.

Property 59. Sub-contexts of a well-formed context are well-formed.

{ A+T ctx

[T ®T, A+T; ctx forallie{1,2}

Conversely, a type well-formed in a sub-context is well-formed in the original context.

{A;Fil—tlypeforanyie{l,z} L AT type

| R R )
Property 60. Adaptable types are well-formed.

. . !
{A,Fl—t<.kt S AT type

A; T+t type
Property 61. Gathered and scattered types are well-formed.

AT T gt

AN;T;T =ttt
{ Tet AT - £ type = o; "+t type

;T - £ type = N; T+t type {

Additionally, context Scattering preserves well-formedness.

!/
{A'_Fl“r = orI'ctx

ArT ctx

Property 62. Substituting well-formed types for variables preserves well-formedness.

{ A;T,x:{n}:=ctr+t type

A;Tyke:{n}=ct = A;T+'[x]/e] type

Property 63. Any type appearing in front of a context is well-formed in this same context.

ArT,x:tctx = A;(T,x:t)+ttype
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This last technical property below is actually important. It depends crucially on the fact
that x cannot appear in ¢: observe for instance thatin x: {1} :: base, x: {1} :: base on x it does
not hold. We can now prove the expected theorem.

Theorem 9. Typing derivations build well-formed types out of well-formed contexts.

ArT ctx
AiTre:t } = A; I+t type

Proof. The proof proceeds by induction on the typing derivation. We will not delve into this
rather technical detail, but rather explain informally the most interesting cases. Other cases
can be proved using similar ideas, sometimes at the cost of new technical lemmas.

* Case VAR: this is exactly Property 63.

* Case WEAKEN: we know that A +TI' ctx and thus A; '+ ¢’ type by induction. Since ¢ is a
value and x ¢ FV(r), we conclude A; T, x: t+ t’ type by Property 57.

 Case FUN: The fact that 7 is well-formed in 'y and x ¢ FV(¢) gives A+ T, x: t ctx. From
this and the induction hypothesis we obtain A; T, x: ¢+ ¢’ type. Since x ¢ FV(t'), it
follows from Property 63 and Property 58 that ¢ is well-formed in I'.

e Case App: from the first part Property 59 we deduce A + I'yy ctx and A + I’y ctx. Thus
by induction we obtain A; 'y + ; type and A; T'p + £, type. We conclude by the second
part of Property 59.

* Case SUB: combine Property 60, the induction hypothesis, and Property 59.
* Case RESCALE: combine Property 61 and the induction hypothesis.

* Case DFUN: the first premises of the rule give the arguments needed to show that I', x :
{n} = ctis well-formed in A. From this we obtain A+ I', x: {n} : ct type t by induction,
from which we conclude A+ Ty typeIl(x: {n} : ct).t using rule TYDPROD.

* Case DAPP: this is exactly Property 62. O

Lexical context equivalence The second theorem is supposed to show that the type system
respects lexical scope. As usual, since we interpret typing derivations with explicit weaken-
ing and separation this is not completely immediate, in particular now that types include
expressions and thus variables. In Chapter 3 we did prove this result by showing that the
typed semantics refines the untyped semantics (Theorem 6), which respects lexical scope by
construction. However we cannot follow this route again since we have not described this
semantics for the language given in this section.

To be able to state a version of this theorem, we introduce a notion of lexical context
equivalence, or simply context equivalence. Informally, two contexts I'! and I'? are lexically
equivalent up to a finite set of variables S, written I'' ~g I'>, when they have the same rightmost

[31/03/16, 09:44]



5.4. DEPENDENT CLOCK TYPES 217

EMPTY JUNKL JUNKR EQ
T~sT'  x¢S  +tvalue T~sI"  x¢S  +tvalue I~sT"  FV(t)cS
O~gO [,x:t~gI’ T~gT/ x:t F,x:t~SU{x}F',x:t

Figure 5.32: Dependent clock types - lexical context equivalence

bindings for all variables in S. The precise definition of this judgment is given in Figure 5.32.
Two empty contexts are equivalent up to any set. The JUNKL and JUNKR rules show that
variables not belonging to S can be freely added to one context or the other. The added variable
should be bound to a value type since we want lexical equivalence to preserve provability
of the well-typedness judgment. Finally, the EQ rule is the most important one: it makes it
possible to actually prove that a variable x belongs to S in a non-empty context, as its most
recent appearances in both I'' and I'? bind it to the same type ¢. Note that I'! and I'> must also
be equivalent modulo the free variables of ¢.

The lexical context equivalence relation enjoys the technical properties below. All will be
used to prove the second theorem.

Property 64. Any two contexts are equivalent up to the empty set.

Property 65. Context equivalence up to S is an equivalence relation, for any fixed S.
Property 66. Supposel’,x:t~sI" orl'~sT',x:t. ThenT ~g (,, T".

Property 67. Supposel,x:t~gI" orU ~sT',x:t withx ¢S. ThenT ~gT".

Property 68. Two contexts equivalent up to S; U S, are equivalent up to Sy and up to S».

Note that the converse property is not true. For a counterexample take I' = x: ¢,y : ¢/
andI'=y:t/,x: twith §; = {x} and S, = {y}.
Lexical scope As before, we must prove a host of technical properties showing that the
auxiliary judgments of the type system play well with context equivalence.

Property 69. Any context equivalent to a value context is itself a value context.

T value

[l g I } = + I value

Property 70. A derivation of the separation judgment in a certain context can be transformed
into a derivation in any context equivalent to the first one.

I-Tiel; 322 I2-T2Qr3
[lagI? V22| T~ T% forallie{1,2}
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Conversely, if two pairs of subcontexts are equivalent up to Sy and S», their parent contexts are
equivalent up to S U S,.

I'-Ti®TL forallie{1,2} } ) )
I}~ T forallie{1,2} = s, T

Property 71. The largest intuitionistic subcontexts of two contexts equivalent up to some S are
themselves also equivalent up to S.

I ~gI2 =T ~gT?

Property 72. A derivation of the clock-type well-formedness judgment for ct in a certain context
can be transformed into a derivation in any context equivalent to the first one up to the free
variables of ct. The bound is conserved.

A;Tl-ct<n

= A;T2rct<n
T~ gy (o) T }

Property 73. A derivation of the type well-formedness judgment for t in a certain context can be
transformed into a derivation in any context equivalent to the first one up to the free variables
of t.

A; Tl et type

= A; T2+t type
I! ~FV(t) 2 } typ

Property 74. A derivation of the adaptability judgment from t to t' in a certain context can be
transformed into a derivation in any context equivalent to the first one up to the free variables
of t (or t’ since they are the same).

A; TV p<e o

=N T2 <t
I~ gy T2 }

Property 75. A derivation of the scattering judgment from t to t' in certain pair of contexts can
be transformed into a derivation into any pair of contexts equivalent to the first one up to the
free variables of t for the first component and t' for the second. Similarly for gathering.

AT T et AT T Ftte !
CivpynTe = ATos T m bl Divpyny o = AT Ty =it O
I~ | A I’ ~ I/
1VFV(t') L2 17FV(t) 12

A similar property also holds for scattered contexts. For any clock type ct and finite set of
variables S, the following property holds.

Ai—Flictf’l } , { AN;To;Th -t t
= dJIv. 2
N 2\ I ~sT}

The above properties express that auxiliary judgments respect the context equivalence
relation in some sense. Thanks to them we can finally prove the second theorem of this section,
which is the analogue of these properties for the main typing judgment.
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Theorem 10. Given a typing derivation fore: t in a contextT'" and a context I’? equivalent to T
up to the free variables of e and t, one may build a typing derivation fore: t inT?.

A;Tl-e:t

= A;T?+e:t
T ~pv(e)urv(s) T2 }

Proof. We proceed by induction over the derivation.
e Case VAR: we have I'l, x: t ~ (xyurv(n T 2. We proceed by induction over this equivalence.

— Case EMPTY: absurd.

- Case JUNKL: absurd since x € {x}.

— Case JUNKR: we have I'2 =T2', y: ¢/ with x # y, ¢’ avalue type and y ¢ FV(t), together
with TH x: ¢ ~ (x)UFV () 2", From the latter property and the (inner) induction
hypothesis we obtain a derivation of A; T2’ - x: ¢. Since y ¢ FV(x) UFV(t) and ¢’ is
a value type, we may apply rule WEAKEN to derive A; T? + x: .

— Case EQ: we have I'2 =T2, x: r with I'! ~EV(Y) I2’. By Property 69 we know that I'2’
is a value context, and can thus derive A; T2, x: £+ x : ¢ through the VAR rule.

* Case WEAKEN: we have T'!, x: ¢ ~py(o)upv(s) I?. From the premise x ¢ FV(e)u FV(t')
and Property 67 we know that ' ~ FV(e)UFV(1') ['2. The induction hypothesis thus gives a
derivation of A; I'’? + e: t. This is enough to conclude.

» Case LAMBDA: we have I'! ~(FV(e)~{x))UFV(£)UFV(t') 2. Using the context equivalence
rule EQ we deduce I'!, x: t ~ Fv(e)urv(r) I'% x: t. The induction hypothesis thus gives a
derivation of A; T2, x: ¢+ e: t’. We also have a derivation of A; I'? - ¢ type by Property 73.
From this we can reapply LAMBDA to derive A; T2+ fun (x:¢).e:t— ¢’

» Case App: straightforward application of Property 70 and Property 68 combined with the
induction hypothesis.

¢ Case PAIR: similar to App.
e Case LETPAIR: similar to a combination of FUN and APP.

* Case Fix: we have I'! ~ gy ()L pv(1)upv(r) T2 By Property 71 and Property 68, T'1y ~py(;1) Tar.
We derive A; 'y + ¢ type by Property 73. On the other hand the induction hypothesis
gives A; I', - e: t. From this we can conclude using rule Fix.

e Case PWORD, NoOT, OP, MERGE, WHEN: immediate.

* Case SUB: we have I'" ~py (o) py(r) [, By Property 53 we have FV(t) = FV(¢') and
we thus apply the induction hypothesis to derive A; T? + e: t. By Property 74 we de-
rive A; T2 + t < t'. We can thus derive A; T2 + e: t/ using rule SUB.
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* Case RESCALE: we have I'' ~ gy (o) pv(cryurv(r) T2+ By Property 75 there exists a context r2’
such that A T2 |, T2’ with TV ~EV(e)UFV(1) I2’. By Property 54 we know that FV(t')
FV(t), we have T'!' ~EV(e)UFV (1) 12" and can thus obtain a derivation of o; I'?' - e: ' by
induction. Thus by Property 75 again there exists a derivation of A; I2; T2 ¢/ 1., t, from
which we derive A; T? + e: t by RESCALE.

e Case CKGEN: immediate by induction.

* Case CKINST: straightforward application of Property 71 and the induction hypothesis.
* Case DFUN: similar to FUN.

* Case DAPP: similar to APP.

e Case DPAIR: similar to DFUN and PAIR.

* Case LETDPAIR: similar to DAPP and LETPAIR. O

As for the first theorem, strictly speaking all the previous properties as well as the theorem
must be proved simultaneously by mutual induction. This concludes this preliminary study of
the meta-theoretic properties of dependent clock types.

Remark 32. Observe how in the proof of Theorem 10 the derivation we build only differs from
the original one by the occurrences of the weakening rule. We could make this notion formal
as another equivalence relation, this time between derivations of the main typing judgment.
Two derivations would be equivalent if their conclusion holds in equivalent contexts and they
only differ by the amount and positions of the weakening rule. Armed with such a definition
we could state and prove a result showing that any two derivations in equivalent contexts are
themselves equivalent. This only holds because the system of Figure 5.30 is syntax-directed.

5.4.4 Discussion

We finish this section with a high-level discussion of dependent clock types and their ad-
vantages as well as limitations. First we give some examples of applications and the added
expressiveness of the system compared to the previous ones in this thesis. Then we briefly
compare polymorphic and dependent clock types, showing how they are complementary
features. We finish with a comparison of our system with the one present in Lucid Synchrone.

Usage As alluded to in the beginning of this section, dependent clock types makes it possible
to express data-dependent sampling and merging conditions. In particular, dependent prod-
ucts makes it possible to write functions whose output streams have clocks depending on an
input. This makes them strictly more expressive than the systems featuring only ultimately
periodic words and polymorphic clock types. The example below shows a simple situation
exploiting this newfound expressiveness.
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We start with a function that does not involve dependent clock types but is polymorphic.
This function csum given below computes the cumulative sum of its input, a stream of 8-bit
integers. To make its definition more readable we omit clock type abstractions and applications
and use constants rather than ultimately periodic words.

csum : V(a<1).{255}:a— {255} a
sum = fun(x:{255}:a).fix (fun(o:aon0(1)).x+merge 1(0)00)

Using sum we now define a generic sampled cumulative sum function scsum that receives a
stream of booleans and a stream of bytes, and produces a stream of bytes. It simply computes
the cumulative sum of its second argument sampled by its first argument.

scsum : TI(c:{1}:base).{255} :: base — {255} :: base on c
scsum = fun(c:{1}:base)(x:{1}:base).csum (when c x)

Dependent clock types can be combined with previously introduced features to old types in
new ways. For instance, imagine that we want to compute the sampled cumulative sum of a
stream with a fixed, ultimately periodic sampling pattern, with some change of scale applied.
The function oddsum computes the cumulative sum of the elements of its input of odd rank. It
introduces a local time scale to actually compute one element of output per time step, at the
price of consuming its input twice as fast.

oddsum : {255} :baseon (2)— {255} : base
oddsum = Tbaseon(z) (f (0 1))

Polymorphism and dependence From the type system design point of view, polymorphic
and dependent clocks are orthogonal: one may perfectly have one without the other. The
system presented in this section offers both to show that it is not difficult to combine them.

The key difference between dependent products and clock quantification is that the latter
only exists at the type level. Indeed, rule DFUN types lambda-abstractions appearing in
the “raw” source code, and thus characterizes untyped behavior. In particular, dependent
products may only be introduced when the program syntax contains a function. In contrast,
rule CKGEN is syntax-directed only for technical reasons and its untyped semantics is the
identity function. In other words, clock quantification can be introduced (and eliminated) at
any point. The fact that polymorphism only makes sense at the typed level explains why clock
type variables belong to their own namespace, disjoint from the one of program variables.

This difference between the two constructs should have an impact on the design of a prac-
tical languages based on the ideas of this thesis. While dependent types should be introduced
by (dedicated?) binders written by the programmer, we believe that polymorphic clock types
should probably be inferred by default, as in ML-like languages.

Comparison with Lucid Synchrone As alluded to in the beginning of this section, this is not
the first proposal for a synchronous language with dependent clocks. Indeed, we are indebted

to the work on Lucid Synchrone [Caspi and Pouzet, 1996]. The main difference between the
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system presented in this section and the one proposed by Caspi and Pouzet—apart from the
orthogonal fact that we handle integer clocks—is our close adherence to the usual metatheory
of dependent types a la Martin-Lof, as well as the presence of linearity. In contrast, the solution
proposed in Caspi and Pouzet [1996] and its variations implemented in the successive versions
of the Lucid Synchrone compiler is more practical. In particular, the authors adapt an idea
originally proposed by Laufer and Odersky for adding abstract data types to ML in order to
recover type inference in a robust manner. Our proposal is a calculus rather than a language: it
is regular and relatively simple, but the questions remains as to whether it is usable and
implementable in practice.
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Chapter 6

Perspectives

This last chapter concludes the thesis with a general discussion of the links between our work
and the broader world of programming languages. Section 6.1 opens the chapter with a discus-
sion of related works, focused mainly on the links with existing synchronous and functional
languages. We briefly touch upon the connection with models for the cyclic scheduling of
streaming systems such as the so-called Synchronous Dataflow Graphs. Section 6.2 describes
what we believe are the most important questions this thesis has given rise to. Some of them
are related to the practical issues a usable language based on integer clocks and higher-order
linearity would have to face. Others are more theoretical and could lead to a better under-
standing of the intrinsic nature of clocks. The practical and theoretical problems are closely
intertwined. Finally, Section 6.3 concludes this final chapter by a discussion of the lessons we
have learned during the writing of this manuscript, as well as long-term goals for this line of
research.

6.1 Related Work

6.1.1 Functional Synchronous Languages

The languages presented in this thesis all belong to the family of synchronous functional
languages originating from Lustre [Caspi et al., 1987]. They share the common characteristics
of being stream-oriented domain-specific languages compiled to finite-state machines. We
give a short account of their history before explaining the benefits of our proposal over the
state of the art.

Lustre Lustre [Caspi et al., 1987] borrows from the Lucid dataflow language of Ashcroft
and Wadge [1977] the idea of streams processing. However, the original Lucid requires a
complicated implementation strategy to deal with the fact that it manipulates infinite streams
in an unrestricted way. This makes it unfit for critical systems. Lustre restricts Lucid to
synchronous stream functions, where the elements of rank i in output streams depend at most
on the elements of rank i in input streams. This is checked by what is to our knowledge the
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first instance of a clock calculus, introduced in the same paper; clocks were later studied in
depth by Caspi [1992]. The compiler also enforces that all definitions are productive (absence
of deadlock) by verifying that every recursive stream definition is guarded by a constructor,
which in Lustre corresponds to the delay operator.

Lustre is the ancestor of AcidS. It is a mature language usable in practice which offers
useful and pragmatic features that our development lacks, such as a macro-like system for
static programming (including static recursion) or integration with model-checking tools. Its
static analyses are not expressed as type-like systems, and are inherently non-modular. The
compilation of Lustre is traditionally viewed as a global process that compiles a complete
program at once [Halbwachs et al., 1991]. In contrast we insist on separate compilation,
modularity, and explain code generation in a type-directed manner.

Lucid Synchrone While Lustre introduced several new ideas and techniques, its expres-
siveness is relatively low compared to mainstream functional languages. To remediate this
fact, Caspi and Pouzet [1996] introduce Lucid Synchrone, a synchronous functional language
bringing Lustre closer to the ML tradition through the addition of higher-order functions
and pattern matching. The language was then extended over the years with new high-level
constructs such as hierarchical state machines [Colaco et al., 2005] and signals [Colaco et al.,
2006]. Another specificity is the formulation of all static analyses needed for the compilation of
synchronous programs as type systems, such as the clock calculus [Colaco and Pouzet, 2003],
causality analysis [Cuoq and Pouzet, 2001], and initialization analysis [Cola¢o and Pouzet,
2002]. The latter checks that the unspecified elements added to streams by uninitialized delay
operators do not influence the results of computations.

In contrast with Lucid Synchrone, AcidS is purely geared towards stream processing and
lacks the constructs used for writing control-dominated code in Lucid Synchrone, such as
hierarchical automata or signals. These constructs ultimately rely on the presence of a modu-
lar reinitialization operator, which we do not know how to handle; we discuss this operator
in the next section. On the other hand, the type system of AcidS is arguably simpler than
the conjunction of the clocking, initialization, and causality type systems of Lucid Synchrone.
The simplicity of the whole thing makes it possible to give a full formal description of the
compilation process, from the untyped semantics to code generation, in a handful of pages. To
our knowledge no similar treatment for Lucid Synchrone has appeared.

Another difference lies in the handling of higher-order functions. In Lucid Synchrone
unrestricted higher-order functions are available, in contrast with even the most expressive
systems in Chapter 5. The price to pay is that Lucid Synchrone compiles to OCaml and
relies on its dynamic memory management and garbage collection facilities. In our proposal
linearity makes it possible to reconcile higher-order functions with static memory usage. A last
difference pertaining to functions is that in Lucid Synchrone one may send a function over a
signal, which in effect creates a pseudostream of functions. The streams of AcidS are restricted
to scalars or first-order data types. Note however that in Lucid Synchrone the free variables of
a function transmitted over a signal are forced to be constant.

Finally, and as expressed in Chapter 4, it is possible to understand the clock-directed
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compilation scheme of Biernacki et al. [2008] as the composition of a source-to-source pass,
which introduces new binary local time scales as guards, and normal software code generation.
This shows that local time scales, even when not explicitly exposed to the programmer, are
actually useful to streamline the compilation process. Expressing the generation of guards as a
source-to-source transformation might help with formal proofs of compiler correctness.

n-synchrony and Lucy-n Lucid Synchrone is a relatively large language. In its third incarna-
tion [Pouzet, 2006], it is probably the richest synchronous functional language available. Yet, it
shares with Lustre the preeminence of the delay operator, which is a one-place buffer (register)
with a programmer-specified initial value.! This operator is trivial from the clock point of
view: its typing rule asks for its inputs and outputs to have the same clock type. Thus, in Lustre
and Lucid Synchrone, clock types enforce that no implicit buffering happen.

Of course, programmers may use the delay operator to implement more complex buffering
behaviors by hand. In practice however, since delays and complex clock types do not mix well,
streams computed according to complicated conditions are frequently filled with “junk” values
so that their clock stays simple. The programmer then has to know the exact rank of actually
valid elements and sample or buffer the resulting stream accordingly.

The work on n-synchrony [Cohen et al., 2006] arises from the observation that this program-
ming style is too low-level for some programs. In particular, multimedia processing frequently
involves periodic computations for which it is very error-prone to implement complex buffers
by hand. In n-synchronous language clock types reveal quantitative information about clocks
so that the compiler can actually decide whether it is possible to buffer a stream into another.
Lucy-n [Mandel et al., 2010] implements the n-synchronous point of view in a simplified vari-
ant of Lucid Synchrone endowed with an explicit buffering construct. Its compiler implements
sophisticated clock type inference algorithms [Cohen et al., 2008; Mandel and Plateau, 2012].
Another example of a language that fits within the n-synchronous framework is Prelude [Forget
et al., 2008], which is from the clock typing point of view an interesting special case of Lucy-n.

Lucy-n is the closest relative to the languages present in this thesis and several key concepts
of AcidS, such as clock adaptability, originate from its metatheory. We believe that the main
conceptual contributions of Lucy-n are the following. First, it introduced the idea that clock
types were not only a tool to reject programs but also made it possible to drive the code
generation process, an idea that is instrumental in the design of integer clocks and local time
scales. Second, it managed to separate the orthogonal concepts of initialization and buffering
which were tied together by the delay operator in Lustre or Lucid Synchrone. This has the
immediate benefit that the dedicated initialization analysis of Lucid Synchrone disappears,
as it is now completely subsumed by clock typing. This separation also paves the way for the
clock-based handling of causality enabled by local time scales.

From a technical point of view, as a language Lucy-n is in fact equivalent to the first-order
and binary fragment of AcidS, with the node and clock polymorphism extensions of Chapter 5,
and with an explicit Curry-style construct for buffering. It is important that while the presence
of an explicit buffering construct is probably important in practice, it makes no difference

IThe initial value may be the special value nilin the case of so-called uninitialized delays.
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for the metatheoretical point of view. An important part of the work on Lucy-n has focused
on the design of usable algorithms for clock type inference [Cohen et al., 2008; Mandel and
Plateau, 2012; Plateau, 2010]. We have completely neglected this aspect up to now, and will
discuss it at length in the next section. Also, code generation for Lucy-n, while supposedly a
straightforward variation of the traditional clock-directed scheme [Biernacki et al., 2008], had
never been actually fleshed out. Chapter 4 may now serve as a reference for this point.

6.1.2 Other Synchronous Languages

In this thesis we have only studied functional synchronous languages in the vein of Lustre. Let
us still say a word of the synchronous languages that do not belong to this tradition.

Extrinsic and intrinsic synchrony The two other original synchronous languages are Es-
terel [Berry and Gonthier, 1992] and Signal [Le Guernic et al., 1991]. Esterel, in its first incarna-
tion, is an imperative and concurrent language whose original strength is in the implementa-
tion of control-dominated code. Its most recent version, Esterel v7 [Esterel Technologies, 2005],
is much more expressive. For example, it includes as a sublanguage the control-free fragment
of Lustre.? We discuss its compilation to circuits, which has been thoroughly studied, in the
next paragraph. Signal, while closer to Lustre than the original Esterel, is more expressive since
Signal programs describe relations rather than functions on streams. The price to pay for this
increased flexibility is that code generation becomes more difficult.

In our opinion, an important difference between Esterel and Signal on the one hand,
and recent dialects of Lustre on the other, is that the former assumes an intrinsic notion of
time, while in the latter it is an extrinsic notion.? In both Esterel and Signal, time is explicit
in programs and dealt with directly by the programmer. For instance, in Esterel one may
write “pause” statements and react to the absence of signals, and in Signal relations may make
the values produced by a program depend on clocks. Contrast with Lucid Synchrone, Lucy-n,
or AcidS, in which it is impossible for a program to observe the clock of a stream. In these
three languages, the reaction at which a given computation occurs is entirely and uniquely
determined by clock typing, and hence is external, or extrinsic. This is especially visible in a
language such as AcidS, where distinct typing derivations for the same program may lead to
very different temporal behaviors. Interestingly, the control-free fragment of Lustre admits
both intrinsic and extrinsic interpretations.

Whether time is intrinsic or extrinsic has a deep impact on a synchronous language. From
the theoretical side, languages with extrinsic time tend to take a time-free semantics as the
reference one; this is the untyped semantics of Chapter 3 or the so-called “Kahn” semantics
of Pouzet [2006] or Mandel et al. [2010]. From the practical side, extrinsic time makes clock
inference much more feasible. In a language with clocks but intrinsic time such as Signal, as-
signing different clock types to the same program may lead to unrelated final results. Moreover,

2 We call “control-free” the fragment of Lustre without stream sampling or merging.
3 Strictly speaking, time in the original Lustre is also intrinsic because of the current operator. This construct
has been removed from recent Lustre dialects such as SCADES6 or Heptagon.
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being able to react instantaneously to the absence of a signal complicates the generation of
efficient distributed code [Potop-Butucaru et al., 2006]. Yet, in some situations intrinsic time is
more appropriate and natural; this is certainly the case when programming control-dominated
synchronous circuits, for instance.

To conclude, we would like to emphasize that programs written in extrinsic synchronous
languages can be thought of as parametric over the underlying time scale: the result of execu-
tion is essentially unaffected by changes in computation rates, as expressed formally by Theo-
rem 6. This is why a construct such as local time scales could be introduced. Some authors
assert that the ability to react to absence, which strongly weakens this form of parametricity, is
part of the very essence of synchrony; witness for instance the following definition, extracted
from Benveniste et al. [2000]. Emphasis is ours.

There have been several attempts to characterize the essentials of the synchronous
paradigm. With some experience, we feel that the following features are indeed
essential and sufficient for characterizing this paradigm: 1/ Programs progress via
an infinite sequence of reactions [...] 2/ Within a reaction, decisions can be taken
on the basis of the absence of some events [...] 3/ Communication is performed via
instantaneous broadcast.

If this is indeed the case, then we believe that extrinsic synchronous languages ought to be
called synchronized rather than synchronouslanguages.

Synchronous languages and circuits The close match between the original synchronous
languages and digital synchronous circuits makes the idea of using the former to program the
latter very natural, and this thesis takes another step in this general direction. However, we
stress that the present work only studies a relatively small part of the problem, centered around
an abstract view of circuits as stream processors. In particular, we have neglected interesting
and difficult problems that arise in a practical language for circuits, such as language design,
optimization, or verification questions. For example, AcidS currently lacks some high-level lin-
guistic constructs found in other synchronous languages, such as hierarchical state machines,
preemption, or reinitialization. We rather focus on the exploration of space/time trade-offs
at the language level, which has perhaps been less explored in synchronous languages, as
remarked by Berry [2007, Section 5].

Let us briefly mention related work addressing the design and implementation of syn-
chronous languages dedicated to circuits. On the Lustre side, researchers have mostly focused
on the generation of efficient software code, with the exception of Rocheteau [1992], as already
discussed in Chapter 4. In contrast, the use of Esterel in hardware design has been thoroughly
investigated, including specific language extensions (e.g., [Berry and Sentovich, 2001]), opti-
mization of the generated circuits (e.g., [Sentovich et al., 1996]), and formal verification. The
seventh version of the language [Esterel Technologies, 2005] combines these works and others
to offer a rich circuit design environment which is able to describe both data paths and control
logic. Berry et al. [2003] demonstrate its use for the design of a system mixing hardware and
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software. The current reference for the compilation of Esterel is the already mentioned book
by Potop-Butucaru et al. [2007].

Local time scales in other languages Benveniste et al. [1992] propose a denotational se-
mantics based on streams and clocks for Signal programs. While their definition of clocks is
restricted to binary ones, since they are defined as strictly-increasing index functions, they
introduce a multiplexing operation that is similar to the post-composition with an integer
clock. The multiplexing of a clock by an integer signal creates a new clock which intuitively
goes “faster” than the original one. The theory is complicated by the fact that integer signals
are not clocks, and that clocks are defined on varying time bases, which the multiplexing
operator changes. Allowing arbitrary integers in clocks as in this thesis makes the theory more
uniform, as everything can be expressed using clock composition. In particular, it appears that
Theorem 2 in [Benveniste et al., 1992, Section 4.3.3] boils down to the fact that any clock can be
expressed uniquely as the composition of a strictly positive and binary one. Additionally, as far
as we know multiplexing was not conceived as an operation to be performed on programs in
addition to clocks. To the best of our knowledge, it was never actually put into practice as a
language feature, and the connections with loop generation and space-time trade-offs were
not made.

Another related line of thought is the introduction of time refinement in the imperative
synchronous language Quartz [Gemiinde et al., 2013] and in the functional reactive language
ReactiveML [Mandel et al., 2013]. The latter work was a direct inspiration for local time
scales. ReactiveML [Mandel and Pouzet, 2005] is a higher-order language mixing ML-style
programming with the reactive model of Boussinot and De Simone [1996]. In broad strokes,
the reactive model of Boussinot is a variation on Esterel where instantaneous reaction to
absence is forbidden. In such a language all programs are causal by construction. This makes
it easier to add dynamic process creation and termination. Time refinement was added to
ReactiveML by Mandel et al. [2013] and provides a clock domain construct that is very much
like our local time scale. A clock domain is a piece of code that goes faster than the outside
world. In accordance with the philosophy of the language, clock domains are completely
dynamic. The amount of local steps a domain performs for a given global step is determined
by the code running inside the domain, in contrast with local time scales. No attempt is made
to statically schedule programs or to check that they can be implemented within bounded
memory. This means in particular that clock domains scales are not guaranteed to cooperate.
The proposed type system still enforces two safety properties. First, signals defined locally to a
domain cannot escape to the outside world. Second, the code running inside a domain may
not react instantaneously to signals defined in the slower global time scale. This latter issue is
not a problem in our setting.

6.1.3 Dataflow Languages

All synchronous languages involve a notion of discrete time but differ in whether they are
oriented towards stream processing. Let us now consider the other side of the spectrum, where
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programming is based on streams or similar lazy data structures, but where the notion of time
plays no important role, the so-called dataflow languages.

StreamlIt We have already evoked Lucid [Ashcroft and Wadge, 1977], one of the original
dataflow languages, and its influence on Lustre and its descendants—including AcidS. A more
recent dataflow language is Streamlt [Thies et al., 2002]. While its authors conceived Lucid as a
general purpose programming language and were intent on replacing conventional imperative
programming [Wadge and Ashcroft, 1985], Streamlt is fully devoted to the programming of
high-performance streaming applications such as multimedia processing. The idea is that a
domain-specific language makes programming easier but still exposes more information to the
compiler than traditionally available. This information should enable optimizations that are in
practice out of reach of compilers for low-level languages such as C, such as whole-program
automatic parallelization.

Streamlt is a two-level language. The top-level part of StreamlIt is a declarative description
of the structure of a program, which is an assemblage of processes called actors. Technically,
Streamlt program gives rise to a Synchronous Dataflow Graph (SDF) of Lee and Messerschmitt
[1987], or more precisely to a Cyclo-Static Dataflow Graph (CSDF) of Bilsen et al. [1996]. We
will discuss these models in a moment, for now let us only say that (C)SDF graphs are special
cases of Kahn process networks where communication information is statically known. The
low-level part of Streamlt describes the internals of each actor. An actor is defined by a piece of
first-order imperative code for its transition function together with the description of its private,
internal state. The imperative code may feature loops and arrays. The transition function
is annotated with periodic production and consumption information for all its inputs and
outputs. Such a program is analyzed by the StreamIt compiler, scheduled, and translated into
sequential or parallel code.

Streamlt and AcidS both describe computation rhythms of as periodic words, and use
this information to generate code. The StreamlIt authors have focused on the optimization
and scheduling problems posed by its compilation [Thies, 2009; Gordon, 2010], which are
invisible to the programmer. In contrast, we have focused on the orthogonal matter of devising
a precise language for schedules in the guise of integer clocks and local time scales. This
language should serve as an interface between the programmer and the compiler, which is
necessary in a modular compilation setting. Another difference is that our language is safe: well-
typed programs cannot encounter runtime errors. The StreamlIt compiler does not attempt to
check that the imperative code of an actor respects its declared production and consumption
rates. Finally, one could say that Streamlt is in a sense lower-level: many benchmarks in the
Streamlt distribution have actors with non-trivial transition functions that, in a sense, have
been scheduled manually by the programmer. As a consequence, idiomatic StreamlIt programs
tend to directly expose less dependencies to the compiler than AcidS programs.

Remark 33. The work of Thies et al. on the phased scheduling of StreamlIt programs [Thies
et al., 2002] looks for schedules in which some activations have been regrouped in order to
improve code size while minimizing buffering requirements. The resulting schedules bear a
certain resemblance to ultimately periodic integer clocks and generate nested loops.
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Model Authors Communication patterns
Synchronous Dataflow (SDF) Lee and Messerschmitt [1987] | Constant words
Cyclo-Static Dataflow (CSDF) Bilsen et al. [1996] Strictly periodic words
Thresholded Cyclo-Static Dataflow (TCSDF) | Bodin [2013] Ultimately periodic words
Scenario-Aware Dataflow (SADF) Theelen et al. [2006] Markov chains

Table 6.1: Some scheduled dataflow models

Polyhedral languages Like Streamlt, those languages focus on the generation of efficient
code from high-level descriptions of dataflow-like programs. While languages such as Al-
pha [Le Verge et al., 1991], ArrayOL [Demeure et al., 1995] and CRP [Feautrier, 2006] do not
manipulate streams, their compilation focuses on the problem of turning a program computing
lazily over an unbounded (or very large) piece of data into a sequential or parallel piece of code
that can be efficiently implemented on a finite computer or circuit. These languages are based
on the polyhedral model [Feautrier, 1992a,b] which provides an expressive multidimensional
setting for scheduling and code generation [Bastoul, 2004]. Like Streamlt, these languages
focus on the search for good schedules rather than on the study of such schedules as objects
exposed to the programmer and integrated into the language. Most of them also reject separate
compilation, with the notable exception of CRP.

Other languages Other dataflow languages include the Ptolemy framework, developed by
Lee and his students in Berkeley [Eker et al., 2003], and the Orcc [Yviquel et al., 2013] imple-
mentation of CAL [Eker and Janneck, 2003]. They are more expressive than both AcidS and
the aforementioned scheduled dataflow languages. For instance, RVC-CAL is able to express
non-determinism. The price to pay is that, in general, programs written in these languages
have to be interpreted, making them unfit for critical systems or circuits. Static scheduling is
viewed as a best-effort optimization that is not exposed to the programmer, in contrast with
the clock types of synchronous languages.

6.1.4 Models for Streaming Systems

Schedulable dataflow Streamlt is partly founded on (C)SDF graphs. Such graphs belong
to a family of formalisms used for the analysis of streaming systems. This area is generally
considered to spark from the Synchronous Dataflow Graphs of Lee and Messerschmitt [1987],
but its roots go back at least to the Computation Graphs of Karp and Miller [1966] and to the
Even Graphs of Commoner et al. [1971], the latter being a subclass of Petri Nets. We will call
such models schedulable dataflow for the lack of a standard name.

All these works represent a static Kahn network as a finite graph where nodes correspond
to processes and edges to channels. The graph is supplemented with quantitative information
including at least the initial occupancy of each channel and, for each actor, the amount of data
consumed and produced by its firing. The exact format of this information depends on the
formalism used; we recall some of them in Table 6.1, in order of increasing expressiveness.
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Figure 6.1: Encoding SDF graphs as inequations on clocks

The literature has mostly focused on performance and scheduling analyses enabled by the
availability of such static information.

An essential difference between schedulable dataflow models and the synchronous pro-
gramming world is a difference of objectives. From the point of view of schedulable dataflow,
the interest of clock types is the close integration of scheduling inside the programming lan-
guage. This integration provided by the type-based approach has several benefits. First, it
exposes schedules to the programmer via a precise language. Second, clock types are modular
in the sense that they express the precise interface between a subprogram and its calling
context. Third, one may use them to explain the generation of statically-scheduled code in a
precise manner, as in Chapter 4. Furthermore, separate compilation is built-in, alleviating the
need for ad hoc extensions such as in Tripakis et al. [2013].

The problem of scheduling a (C)SDF graph is equivalent to solving a system of inequations
over ultimately periodic integer words. Figure 6.1 gives an example of this correspondence for
SDF graphs. The left side of the figure describes the graph. Round nodes correspond to actors
and square nodes to initialized buffers. The number in a square node gives the amount of
initialization data and the numbers on edges model data consumed and produced by one firing
of the corresponding actor. The right upper side of the figure gives the system of inequations
on clocks. Each actor x gives rise to an unknown clock wy which models its schedule. Each
channel where a producer x writes p values, a consumer y reads c values and initialized with n
initial values gives rise to an inequation wy on (p)® <:; wy on (c)® on0"(1)®. The use of 1-
adaptability is consistent with the usual semantics of schedulable dataflow graphs, where no
instantaneous communication may occur. The lower right side gives a possible solution to the
system. The fact that such a solution exists guarantees that the underlying SDF is deadlock-free,
since all its words have non-zero rates. This encoding readily adapts to CSDF or Thresholded
CSDF graphs.

This thesis proposes new operations that were, to our knowledge, never considered in
schedulable dataflow models. Traditional scheduling techniques search for solutions within
the set of binary words, where a process is only fired once per global time step. In fact, authors
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with a background in Petri nets (e.g., Benabid-Najjar et al. [2012]) typically add additional non-
reentrance constraints that forbid multiple firings of the same actor per time step, and thus
reject integer clocks from the start. This comes from the fact that, in the SDF setting, it is
generally assumed that actors fired at the same time step execute in a completely independent
fashion. From this point of view, simultaneous firings of the same actor correspond to parallel
execution, which is problematic if the actor is stateful. Concerning local time scales, rescaling
by a constant strictly positive clock corresponds to unfolding, which has been used by several
authors [Parhi and Messerschmitt, 1991; Chao and Sha, 1997]. More general cases have not
been studied, as far as we know. This might come from the fact that they become needed
when one wants to compose separate programs, which has traditionally not been a focus in
the schedulable dataflow community.

An important criticism of our work is that its algorithmic side is nearly non-existent com-
pared to the wealth of proposals available for schedulable dataflow graphs and related for-
malisms. Powerful optimization and analysis techniques for (C)SDF graphs abound, including
for instance scheduling techniques that balance throughput and buffer sizes [Bodin et al., 2013].
Such a technique would correspond to a clock type inference algorithm in our setting; we
will discuss this question in Section 6.2. We believe that most of the literature on schedulable
dataflow could be reused and studied from the clock typing point of view, and therefore that
the two approaches are complementary rather than in competition.

Modeling languages Beyond schedulable dataflow lies the question of documenting, model-
ing, and analyzing arbitrary systems that involve timing and causality issues. This problem
is very general, and thus a large number of approaches have been proposed. Let us only
mention the Clock Constraint Specification Language (CCSL) of André and Mallet [Mallet, 2008;
André, 2009]. CCSL provides a rich language of operators and relations to describe timing and
causality constraints which are partly inspired from the original work on n-synchrony [Cohen
et al., 2006], including ultimately periodic binary clocks. It has recently been used to analyze
and schedule stream-processing systems [Mallet et al., 2010; Yin et al., 2013]. Like schedulable
dataflow models, such works are generally more concerned with modeling and analysis than
with programming and code generation.

6.1.5 Functional Programming

Most of the languages we have discussed up to this point are first-order, with the exception
of Lucid Synchrone and ReactiveML. We now turn to work proposed by the programming
language community at large, and in particular to functional programming languages. Since
the literature is huge, we focus on the work related to the design and implementation of reactive
systems and digital circuits.

Functional Reactive Programming The ability to program with streams and other infinite
data structures is intrinsic to higher-order lazy functional languages, which should therefore
be relevant programming reactive systems. Indeed, in an influential paper Elliott and Hudak
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[1997] propose Fran, a Haskell library dedicated to Functional Reactive Programming (FRP).
The lazy nature of Haskell makes describing time-varying behaviors simple, and they are easily
composed through dedicated combinators. As a library, Fran integrates well with the rest of
the language. Unfortunately, the expressiveness of Haskell is both a blessing and a curse: a
well-known problem of traditional FRP is that it makes it too easy to leak memory by retaining
history from the past indefinitely. Various solutions to this problem have been proposed, some
abandoning the first-class nature of time-varying values [Wan et al., 2002; Nilsson et al., 2002],
while more recent ones use dedicated type systems inspired from modal logic to keep the
amount of retained history in check [Jeffrey, 2012; Jeltsch, 2012; Krishnaswami, 2013].

A difference between traditional FRP and synchronous languages is that the latter seek to
enforce that programs have finite state, and if it is the case to generate such an implemen-
tation. This motivates the use of type systems which by their very nature reject some good
programs, favoring safety over expressiveness. With the more recent FRP systems that rely
on dedicated type systems, this distinction is less clear cut. In particular, some aspects of the
type system proposed by Krishnaswami [2013], such as its fixpoint rule inherited from modal
logic, looks similar to ours. The proposed implementation technique is also very reminiscent
of synchronous programming. Yet, the idea that a program may receive distinct types that
drive the code generation process is absent from this line of work, which also does not accept
stream functions whose untyped semantics is not length-preserving. On the other hand, the
language of Krishnaswami handles general user-declared time-varying data types, including
but not limited to streams.

Functional programming for circuits Predating FRP by more than a decade, another line of
work concerns the use of functional programming languages to describe and reason about
digital circuits. Gammie [2013] surveys this area.

An important class of languages dedicated to circuits are domain-specific ones embedded
into a functional host language as libraries. The idea is that functional programs using such
libraries are actually circuit generators which, when run, produce a complete netlist. This
netlist can then be passed to the usual synthesis flow. The Lava language [Bjesse et al., 1998],
already mentioned in Chapter 3, is the poster-child for this approach. Programming circuit
generators in a high-level language is convenient, making it easy, for example, to program a
whole family of circuits parametrized over its number of inputs as a single Haskell function.
Similarly, recursive circuits are simply recursive Haskell functions. All these features are not
available in the languages proposed in this thesis. Another difference is that Lava is able to
describe layout constraints, which are integral to a design targeting traditional VLSI, but do not
accept the complicated stream functions accepted in our system. Thus, we would argue that
Lava sits at a a lower-level of abstraction than AcidS where the programmer directly programs
a circuit. Sheeran [2005] recounts the history of languages in the style of Lava, including
predecessors and successors.

The Ruby language of Jones and Sheeran [1991] is a higher-order relational language
tailored to the description of regular circuits. As for Signal, Ruby programs denote relations
rather than functions, which makes the language very expressive, but non-executable in
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general. Ruby is particularly apt at refinement, transforming abstract, naive programs into more
concrete ones until an executable and efficient form is reached. Sheeran [1988] investigates
the use for refinement for implementing the classic circuit transformations known as retiming
and slowdown. Slowdown consists in adding a number of registers everywhere to a circuit,
which in effect makes it compute on several distinct interleaved streams. Thus, conceptually,
this transformation turns a single circuit into several slower ones. Slowdown is different
from rescaling and buffering; its integration in our setting should be possible, and exhibit
interactions between clocks and linearity.

Lava and its descendants, as well as Ruby, describe circuits where timing behavior is
fixed by the designer, while in AcidS this is decided by clock types. This makes our work
closer to the so-called High-Level Synthesis work, which seeks to compile timing-independent
descriptions to digital hardware. While most of the works in this area apply to imperative
languages such as C or C++, some authors have considered functional languages closer to our
work. A first example is the Statically Allocated Functional Language (SAFL) of Mycroft and
Sharp [2000]. SAFL is a first-order call-by-value language in which recursion may only occur
in tail position. There is no restriction on linearity but the compiler has to count its number
of calls in the whole program, breaking separate compilation. Mycroft and Sharp investigate
program transformations resulting in space-time trade-offs similar to the ones that can be
achieved using local time scales and integer clocks. The fact that our transformations are
characterized through a type system has the advantage of reducing the correctness of each
transformation to the soundness of the type system. Another example which was a direct
inspiration for our handling of higher-order functions is the Geometry of Synthesis of Ghica
and his collaborators [Ghica, 2007; Ghica and Smith, 2010, 2011; Ghica et al., 2011]. We have
already discussed it in detail at the end of Chapter 4.

Productivity in Type Theory The type systems proposed in this thesis rule out programs that
do not define infinite streams. The same need arises in type theories with coinductive objects,
where partial definitions need to be rejected to preserve logical consistency. Following Nakano
[2000], various authors (e.g., [Appel et al., 2007; Krishnaswami and Benton, 2011; Birkedal et al.,
2012; Atkey and McBride, 2013; Bizjak et al., 2016]) have built type-based productivity checkers
into programming languages or proof assistants. The basic idea dates back to the Godel-Lob
logic of provability. Predicates are enriched with a “later” modality > such that the formula > P
denotes the truth of P at the next time step. Productive recursive definitions are then allowed
by the presence of an axiom fix: (> P = P) = P, which is very similar to our Fix rule. This
axiom is sometimes called the Lob or Godel-Lob rule. We call modal type theories the type
theories that are based on a “later”-like modality and the Lob rule.

In contrast with the clock type systems exposed in this thesis, modal type theories aim at
generality and relative simplicity. For instance, they allow arbitrary coinductive types, such as
infinite trees. In contrast, clock type systems only handle stream transformers. On the other
hand, clock type systems describe fine-grained aspects of operational behavior that are not
captured by current modal type theories. This is what enables the use of clock for generating
finite-state code. Also, modal type theories have a more Church-style outlook than us: types
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come first, and typing is generally not regarded as a refinement process that brings additional
information about untyped programs.

6.1.6 Circuit Design

Latency-Insensitive Design In general, inserting a register in a synchronous digital circuit
completely changes its final result. This makes it difficult to tweak the number and position
of registers in a circuit to improve its performance, or to compose two circuits that have
been designed separately. Carloni et al. [2001] proposed to work around this limitation by
making circuits tolerate the insertion of arbitrary delays on datapaths. Such circuits are
called Latency-Insensitive Designs (LIDs). Under mild hypotheses, a digital synchronous
circuit can be enclosed within control logic that makes it latency-insensitive. LIDs can be
composed using dynamic (e.g., Carloni et al. [2001]; Cortadella et al. [2006]; Cao et al. [2015])
or static (e.g., Boucaron et al. [2007]; Carmona et al. [2011]) scheduling. Compared to ordinary
circuits, latency-insensitive ones can be optimized and analyzed in novel ways [Bufistov et al.,
2008; Oms et al., 2010].

The goals and methods of this line of work are very close to n-synchrony. Indeed, we like
to think that Latency-Insensitive Design is the study of efficient implementation and analysis
techniques for Kahn Process Networks implemented in hardware. In fact, Lucy-n has been
used to model statically-scheduled latency-insensitive designs [Mandel et al., 2011], and de
Simone and his students have used ultimately periodic clocks [Boucaron et al., 2007; Millo and
De Simone, 2012] to study LIDs. Like Lucy-n, well-typed pAS programs give rise to statically-
scheduled circuits that are latency-insensitive by construction. Moreover, one can see this
thesis as extending the idea of modular circuit design to circuits that are not only insensitive to
variations in time but also to variations in space. From a more technical point of view, LIDs
also ask the question of mixing dynamic and static scheduling. We will discuss this point in
more details in Section 6.2.

High-Level Synthesis Let us finish with a quick word of traditional High-Level Synthesis.
Coussy et al. [2009] provide an introduction. The generation of an efficient digital circuit from
a piece of C code, for instance, is a difficult problem which requires powerful static analyses,
language restrictions, and aggressive optimizers. High-Level Synthesizers typically work as
black boxes whose inner working is difficult to understand by the programmer. The remarks
we made for schedulable dataflow models apply: clock types and integer clocks offer a precise
and clean language shared between the programmer and the compiler. They also express what
it means for a schedule to be valid for a given program, and the corresponding code generation
scheme, from the heuristics searching for such a schedule. A variant of AcidS might serve as a
good intermediate language in a High-Level Synthesis tool flow, but this idea remains to be
investigated.
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6.2 Future Work

In this section we discuss future research directions, improvements, and issues we have not
tackled yet. Some of these questions are practical and need to be addressed before a realistic
implementation of AcidsS is possible, while others are more theoretical in nature; some are
halfway between theory and practice. We begin with the more practical side before moving on
to theoretical matters.

6.2.1 Practical Aspects

The languages presented in Chapter 3 and the extensions in Chapter 5 are in a sense ready to
be implemented. One can simply propose a Church-style syntax for the language akin to the
one in Section 5.4, with explicit type abstractions and applications, local time scales, as well as
Lucy-n-style buffers for introducing adaptability constraints. This makes type-checking simple.
One may then compile the resulting fully typed digital circuits using the code generation
scheme of Chapter 4.

Unfortunately, this approach does not result in a usable programming language. First,
the amount of code needed to type a program is potentially very large and difficult to find.
This mandates some amount of type inference. Second, the expressiveness of the language is
questionable. Third, in practice one may sometimes want to generate software code rather
than circuits, an issue we have not discussed yet. We now discuss each of these questions in
turn, including complete or partial solutions to some of them.

Type Inference

Up to now we have not discussed at all the issue of type inference. In the setting of Chapter 3, a
type inference procedure can be understood formally as a computable partial function taking a
program e and a context I" and returning a type ¢ and a derivation of I' - e: . This may involve
finding the clock types of polymorphic operators such as constants, introducing adaptability
constraints through the SUB rule, and inferring local time scales together with their driving
clock types. While we do not have a complete solution to this problem, the design space is
partly understood.

In the case of ultimately periodic binary clocks and in the absence of local time scales, type
inference has been thoroughly investigated by Plateau and collaborators [Cohen et al., 2008;
Mandel and Plateau, 2012; Plateau, 2010]. Since the type system reasons up to equivalence of
clock types, type inference involves algebraic manipulations of ultimately periodic words. A
raw source program gives rise to a set of adaptability and equality constraints on types, which
is then reduced to a set of equations and inequations over ultimately periodic words. The
real difficulty lies in the resolution of such a system; various trade-offs between precision and
efficiency have been explored. Any solution to the constraints on ultimately periodic word
immediately gives rise to a solution at the level of types. It is then simple to elaborate the
program into an explicitly typed form.
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Figure 6.2: Systems of ultimately periodic words

This approach can be extended to infer type instantiations and subtyping (adaptability) in
the polymorphic system of Section 5.3. As before a source program gives rise to a canonical
set of constraints on words, which may now contain arbitrary natural numbers. The precise
syntax of a system of constraints S is given in Figure 6.2 (a). A system is formed of a finite
list of constraints C. A constraint is either a k-adaptability constraint, coming from implicit
applications of the subtyping rule or fixpoints, or an equality constraint. Constraints involve
either an unknown ¢ composed with a constant word p on the right, or simply a constant p.
As usual, constraints without unknowns can simply be removed once their validity has been
verified. A simple example of constraint system is given in Figure 6.2 (b), together with one
possible solution.

We have experimented with techniques for solving such systems, including a preliminary
implementation. Our initial approach is to extend to the general integer case the concrete
resolution algorithm of Mandel and Plateau [2012]. Briefly, this algorithm reduces the system of
constraints to an Integer Linear Programming (ILP) problem whose variables are the positions
of 1 in unknowns words. The inequalities in the integer linear program encode the adaptability,
equality and boundedness constraints from the word system, but also enforce that the integer
variables actually describe well-formed words. The generation of inequalities has to be slightly
modified to allow general integer words; for instance, the original technique enforces that the
positions of successive ones are strictly increasing. This is no longer necessary with integer
clocks, where several ones may be placed at the same position, indicating that an integer larger
than one occurs there. One may encode various optimization goals as the objective function of
the resulting linear program, as expressed in Mandel and Plateau [2012, Section 5.3].

While this algorithm is practical for small programs, it leads to linear programs exponen-
tial in the size of the original system. Since Integer Linear Programming is NP-hard, this is
prohibitively expensive for larger programs. The abstract resolution algorithm of Cohen et al.
[2008] is much more efficient. It replaces each word with its envelope, which is a pair of lines
bounding the cumulative sum of the clock from below and above. This leads to an abstracted
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system of constraints whose unknowns and constants are both envelopes, and can be solved
by a linear program of proportional size. A solution to the abstract system consists in an enve-
lope per unknown, and any word which belongs to this envelope is a solution of the original
concrete system. This approach should readily adapt with integer clocks too, as remarked
by Plateau [2010, Section 11.1.1] in the conclusion of her PhD thesis, but we have not developed
nor implemented her insights yet.

Another approach to the resolution of ultimately periodic word would consist in adopting
techniques from the schedulable dataflow community. As a first step in this direction, we are
currently studying the scheduling techniques proposed by Bodin et al. [2013] for cyclo-static
dataflow graphs in an n-synchronous perspective. It seems that most of the development
therein carries over to our setting, including their key notion of precedence constraints over
activations. Many details remain to be ironed out however.

Finally, let us go back to the level of types and typing derivations. The reduction of a
typing problem to a system of constraints following the syntax of Figure 6.2 (a) only handles
subtyping and clock instantiations, which are not the only typing constructs that need to be
handled. First, we need to decide when to introduce polymorphic clock quantification. A
simple solution would be to adopt ML-style polymorphism, where types are restricted to rank
one polymorphism and generalized only at let bindings. The inference of local time scales
is a more complex question. It may be more reasonable not to infer them, at least in a first
implementation. Finally, we expect the inference of bounded exponentials of Section 5.1
to be straightforward. Since the language does not contain recursive functions or usage
polymorphism, we may simply count the number of occurrences of each identifier. Node
declarations should pose no particular problem since they are not first-class objects and their
typing is syntax-directed: type inference should reduce to type checking.

Expressiveness

In this thesis we have focused more on the formal study of our proposed extensions, showing
in particular how they make clock typing more uniform and modular, rather than on pro-
gramming concrete applications and programs. As such, it is probable that AcidS is not a very
convenient programming language without further extensions, even taking into account the
developments in Chapter 5. Even if the precise design of such extensions should go hand-in-
hand with the development of realistic programs, we now discuss some broad ideas related to
both types and terms.

A first remark is that the type system presented in Section 5.4 is relatively inflexible. While
more expressive than both Lustre and the ultimately periodic part of Lucy-n taken separately,
this system is basically unable to say anything about clock types containing expressions that
are not words. The authors of Lucy-n have proposed to expose the envelopes of the previous
subsection to the programmer, in addition to their role as technical devices in abstract resolu-
tion. This leads to a clock type language that is able to express non-strictly periodic rhythms
yet restrictive enough for the compiler to do algebraic reasoning. We wish to extend this idea
first by clarifying some semantics issues that appear when one adds envelopes in clock types,
then by designing other quantitative abstractions as well as a way to combine them together.
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Another important issue is the design of an actual set of useful constructions and operators
on streams. We have deliberately left the set of operators op unspecified in earlier chapters,
since they are orthogonal to the type soundness and compilation issues under study. In practice,
a realistic language targeting circuits should have a rich library of arithmetic operators and
types handling several integer widths. It is possible that to be really convenient a language
featuring such expressive types should have dedicated subtyping rules injecting inhabitants of
narrow integer types into wider ones.

A more interesting and specific issue is the question of array handling. Since the beginning
of this thesis we have only considered arrays with suspicion: one of the original ideas behind in-
teger clocks was to generate efficient array-processing software code without mentioning them
in the source language. In particular, it was felt that the complexity of optimizing functional
arrays into traditional imperative code (e.g., Gérard et al. [2012]) could be sidestepped using a
clock-based scheme. It is true that, using the work presented in this thesis, a programmer may
generate distinct array-processing code from the same program with the guarantee that they
compute the same final result. However, the generated code will not necessarily be efficient, as
we will discuss later in this section. More importantly, arrays have a striking feature compared
to streams: they allow random access to their elements. This is probably more convenient in
lots of code, compared to expressing complicated access patterns using stream sampling and
merging.

To add arrays to AcidS in practice, one can introduce a type dt[ n] similar the one present
in the language of machines to the grammars of data types dt, as well as array indexing. The
indices can be bounded using the bounded integer type appearing in Section 5.4. Interestingly,
arrays integrate well with integer clocks. Consider the following operators.

vec, : dt:cton(n)—dt[n]:ct
strp, ¢ dt[n]:ct—dt:cton(n)

The idea is that vec, transforms a stream of, say, integers into a “shorter” stream of arrays of
integers, and conversely for str;,. Integer clocks makes it easy to express the action of such
operators on clock types, and the data representation of Chapter 4 makes their compilation
almost trivial: they simply correspond to the gathering and scattering machines.

The question of the amount of inference required from the compiler is not yet decided,
as shown in the previous paragraph. In any case, it is probably useful to have explicit buffer
operators corresponding to a Church-style SUB rule, as in Lucy-n. Initialized buffers are also
an interesting possibility, since they are very easy to add to the type system and probably leads
to the generation of better code. We will soon come back to this later point.

A difficult point is the reinitialization operator introduced in Lucid Synchrone and later
adopted in modern Lustre dialects such as Heptagon or SCADES6. Earlier we have mentioned
that this operator is at the heart of important high-level constructs such as hierarchical state-
machines. Unfortunately, in our opinion its semantics is unclear, which makes understanding
its interaction with n-synchronous clock types difficult. For instance, assuming that f is an
expression of type (10) — (0 1), how can we understand f every (1 0), which intuitively
expresses that we reinitialize f at every even time steps? Should its type be (110) — (00 1), or
possibly (1) — (0)? Can we reinitialize things that are not functions? It is possible that a type
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system such as the one proposed by Hamon and Pouzet [2000] for controlling reinitializations
could be added to AcidS; but they do not give an untyped semantics for the operator, which
makes it hard to really understand.

Code Generation

Generating correct software code While Chapter 4 gives a blueprint for writing a compiler
from AcidS to a hardware description language, it does not completely explain compilation
to software language such as C. The issue lies in the feedback machine used to compile
higher-order functions. While this machine has a direct implementation as a circuit, its
implementation as software is difficult. In a lazy language such as Haskell, it can be simulated
using the usual recursive definition of a fixpoint from the host language. Moreover, this is
a modular implementation in the sense that the combinator implementing the feedback
machine mfb%i mr, (M) is independent from the implementation of the wrapped machine m.
This does not work in a call-by-value language such as C since their semantics preclude

recursively-defined values.

One possible solution is to translate the final circuit into sequential C code using techniques
like those traditionally found in Esterel compilers [Potop-Butucaru et al., 2007]. This breaks
separate compilation. A more modular approach would be to avoid the Int() construction
altogether and apply the usual closure-conversion transformation. Fortunately, the number of
closures needed for each function is statically bounded because of the linear type system, and
thus garbage collection is not needed. One may even allocate closures at compilation time,
avoiding dynamic memory allocation.

Bypassing the Int() construction step reduces drastically the number of feedback machine
in the output code. The only remaining feedback loops come from the compilation of the Fix
rule and thus of source-level recursive definitions. Fortunately, the additional premises of
the Fix rule makes their compilation easy. We will now explain it with an example. Assume
that we have a library of ring buffers implementing at least the interface given in Figure 6.3 (a).
The source code to be compiled is given in Figure 6.3 (b); the function f is abstract, and g is
the prototypical fixpoint computation. Figure 6.3 (b) gives a simplified and idealized version of
the C code generated for this fixpoint computation.

In this example each piece of code is compiled to three elements: a structure representing
its internal state, a function allocating and initializing this internal state, and a transition
function. The first part of the code gives the declarations of the corresponding objects for f.
The second part gives the corresponding definitions for g. The internal state of g, g_mem,
is composed of the state for the call to f, the buffer involved in the adaptability premise of
the Fix rule, and an integer field holding the current value of the clock 0(1)®. The initialization
function creates an instance of this record with an initially empty buffer and the field wip0O
set to 1, the first value of 0(1). In accordance with the Fix rule, at every time step the buffer
contains the latest output of f; the first call to g_step reads nothing from it, but we know from
the type of f that at this point f_step does not depend on its input anyway.
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struct buffer;

struct buffer xbuffer_alloc(size_t n);

void buffer_write(struct buffer %, const int *src, size_t n);
void buffer_read(struct buffer *, int xdst, size_t n);

(a) - Buffer abstract data type
f int:0(1) —int: (1) g : int:(1)
= .. g = fixf

(b) - Example of fixpoint computation

// Declarations for f : int :: @(1) -o int :: (1)

struct f_mem;
struct f_mem xf_alloc();
void f_step(struct f_mem *mem, int inp, int *out);

// Definitions for g : int :: (1)
struct g_mem // Internal state of g
{
struct f_mem *f_mem; // Memory for the application of f
struct buffer xfb_buff; // Buffer from the fixpoint rule
int wopil; // Current value of 0(1)
1
struct g_mem xg_alloc() // State allocation function of g
{
struct g_mem *mem = malloc(sizeof *mem);
mem->f_mem = f_alloc(); // Create the state of f
mem->fb_buff = buffer_alloc(1); // Create a 1-place buffer
mem->wlpl = 0; // Set first value of 0(1)
3

void g_step(struct g_mem *mem, int #%out) // Transition function of g

{

int inp_ck, inp, out;

inp_ck = mem->w0@pl; mem->wOpl = 1; // Compute current value of 0(1)
buffer_read(mem->fb_buff, &inp, inp_ck); // Read previous output
f_step(mem->f_mem, inp, &out); // Compute current output
buffer_write(mem->fb_buff, &out, 1); // Store current output

return out; // Return current output

(c) - Generated C code for example (b)

Figure 6.3: Generating C code - buffers and fixpoints
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struct f_mem {
int x;

3

struct f_mem *f_alloc() {
struct f_mem *mem = malloc(sizeof #*mem);

node f() returns (x : int :: base; mem->x = 0
y : int :: base) ’
let return mem;
y = x +1; ’
te)l( O Ty void f_step(struct f_mem x*mem,
int %ox, int =*oy)
{
*0X = mem->Xx;
*0y = *ox + 1;
mem->X = *0Yy;
}
(a) - Heptagon/Lustre source code (b) - Generated C code

Figure 6.4: Generating C code - intra-step scheduling in Heptagon

[ @e)
[ = T fix(fun(x:(01),y:0(01)).(merge1(0)0y,1+x):(10)®(01))

Figure 6.5: Generating C code - intra-step scheduling reflected in clock types

Generating efficient software code Generating good code will require specific optimiza-
tions in addition to those already discussed in Section 4.5. More specifically, our use of local
time scales to avoid the traditional intra-step scheduling raises serious efficiency questions.
Consider the Lustre node in Figure 6.4 (a). Its two outputs denote the streams of natural
numbers and of strictly positive natural numbers, respectively. The C code generated by the
Heptagon [Delaval et al., 2012] compiler looks basically like the one given in Figure 6.4 (b),
up to uninteresting technical details. It produces one element per time step for each stream.
Figure 6.5 gives a version of this program in pAS, using a small amount of syntactic sugar, type
annotations, and an explicit local time scale.

Looking carefully at the clock types of x and y, we see that they reflect the intra-step
scheduling performed by the Heptagon compiler. The goal is now to exploit this information to
obtain code similar to the one in Figure 6.4 (b). To show that this is not completely trivial, Fig-
ure 6.6 features the code that could be generated by a naive AcidS compiler. Its state consists
in two counters implementing ultimately periodic words, and two integers implementing
the one-place buffers that correspond to the premise + (10)®(01) <:;; (01)®0(0 1) in the
fixpoint rule. The body of the transition function consists in a counted loop implementing the
local time scale driven by (2)®. Its body can be decomposed into four main parts. The first
three parts implement the fixpoint compilation scheme as in Figure 6.3. Lines 21-30 read the
previous outputs of the fixpoint, computing the required clock (0 1)® and 0(0 1)®. Remark
how we have assume that the compiler is smart enough to compute (0 1)® using the loop
index; this is not immediate either. Lines 31-41 implement the body of the fixpoint. Remember
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struct f_mem {
int wipoe; // 1(0)
int wepol; // 0(0 1)

int b1,
int b2;
b
struct f_mem *xf_alloc()
{
struct f_mem *mem = malloc(sizeof *mem);
mem->wlpd = 1;
mem->w@pod1l = 0;
return mem;
3

void f_step(struct f_mem *mem, int *ox, int =*oy)
{
int x, y, nx, ny, y_ck;
for (int i = 0@; i < 2; ++i) {
// Fixpoint: read previous output x on (@ 1)
if (i == 1) x = mem->b1;
// Compute current value of 0(0 1)
y_ck = (mem->w@p@1 > 1) && (mem->wOp@1 % 2 == 0);
if (mem->w@pd1 < 2) mem->wOpOl++;
// Fixpoint: read previous output y on 0(0 1)
if (y_ck == 1) y = mem->b2;
// Merge: driven by (1 0)
if (i == 0) {
if (mem->wipo == 1) {
mem->wipd = 0;
nx = 0;
} else
nx =y;

// Operator: driven by (@ 1)

if (i == 1) ny = x + 1;

// Fixpoint: store current output x on (1 90)

if (i == @) mem->b1 = nx;

// Fixpoint: store current output y on (0 1)

if (i == 1) mem->b2 = ny;

// Local time scale: gather x from (1 0) to (1)
if (i == @) *ox = nx;

// Local time scale: gather y from (0 1) to (1)
if (i == 1) %oy = ny;

Figure 6.6: Generating C code - intra-step scheduling in AcidS - semi-naive
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struct f_mem {
int wipo; // 1(0)

int b2;
3
struct f_mem *f_alloc()
{
struct f_mem *mem = malloc(sizeof *mem);
mem->wlpd = 1;
return mem;
3

void f_step(struct f_mem *mem, int *ox, int =*xoy)

{
int x, y, nx, ny, y_ck, bl;
// First iteration
if (mem->wlp@ == Q) y = mem->b2;
if (mem->wip@ == 1) {
mem->wlp@® = 0;
nx = 0;
} else
nx =y;
*0X = nx;
b1 = nx;
// Second iteration
X = bil;
*oy = x + 1;
mem->b2 = y;
*oy = Y;
}

Figure 6.7: Generating C code - intra-step scheduling in AcidS - optimized

from Chapter 4 that compiling stream merging and pointwise operators generate new local
time scales because of their implicit clock-polymorphism. This is what the tests on lines 32 and
40 correspond to. Lines 42-47 store the current outputs of the fixpoint into the buffer. Finally,
lines 48-53 performs gathering, which is here particularly simple: one simply has to store each
current output of the fixpoint into the corresponding output of f at the proper time.

The code from Figure 6.6 is unsatisfactory. It is true that optimizing C compilers may
recover some amount of performance using traditional optimizations. For instance, in our
precise example it is clearly helpful to unroll the loop and perform constant folding and other
dataflow optimizations. However, this is only limited. First, on embedded platforms we may
not have a good enough optimizing C compiler at our disposal. Second, some optimizations
cannot be performed by the C compilers, barring whole-program compilation. One such
optimizations appears in the C code of Figure 6.6: the clock 0(0 1)¢ is actually redundant as it
can here be expressed in terms of 0(1)“. To see why, consider the effect of unrolling the local
time scale driven by (2). In the first iteration, we only see the elements of 0(0 1) of even rank,
that is 0(0 1)® when (1 0)® =0(1)“. This clock is the element-wise negation of 1(0)®, which
already appears as the argument of the stream merging operator. For the second iteration, we
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have 0(0 1)® when (0 1)® = (0)®. This equation implies that some conditions are always false
in the second iteration, and the corresponding if statements can thus be removed.

Figure 6.7 gives a new version of the C code implementing Figure 6.5. We have unrolled the
loop, removed statements which were only executed in one iteration from the other, optimized
some variables away, and performed the clock simplification explained above. We have left
some simple redundancies and useless variables to make the link with the previous code
clearer; they would be removed by any copy propagation pass. One interesting point is that the
buffer b1 has disappeared. It was in fact always empty at the end of a call to £_step, as its only
role is to transmit data from the first iteration to the second one. One may implement such
behavior using a simple local variable. In contrast, the value stored into b2 survives from one
global time step to the next, and therefore this variable has to be part of the state record, as in
the code generated by Heptagon (Figure 6.4 (b)).

Remark 34. We believe that his example sheds light on the notion of local variable in syn-
chronous languages. The compilation of synchronous languages involves both transient
storage, corresponding to wires (in circuits) or local variables (in software), and persistent
storage, that is registers (in circuits) or state variables (in software). In existing languages,
an expression is implemented through a register if and only if it is a delay in Lustre/Lucid
Synchrone, or buffer in Lucy-n. In contrast, in AcidS a buffer can sometimes be implemented
as a local variable, provided it is observed at a sufficiently high level of granularity. Local time
scales makes it possible to control this granularity, hiding internal steps and thus transforming
persistent storage into transient storage, as in our example. Thus the fact that a variable is local
or not depends on the clock at which it can be observed rather than on a syntactic criterion.

One may argue that the code in Figure 6.7 is not yet as satisfying as the one in Figure 6.4 (b),
even after copy propagation has been performed. Indeed, it features some unnecessary state
and control related to the fact that, conceptually, the code generated by Heptagon has pre-
computed some results used in the first time step. The solution is probably to add an initialized
buffering operator generalizing £by to the n-synchronous setting. Using such an operator it
should be possible to generate code comparable to the one produced by existing compilers in
the case of Lustre-like programs.

This discussion and illustration of the optimizations needed for sequential code generation
shows that much work remains to be done. While we do not have a good grip on which
optimizations are important and which are redundant with the ones provided by optimizing C
compilers, we feel that the unrolling of local time scales is promising and should be investigated
further. Its interaction with clock types should allow for further optimizations.

Modular compilation All along this thesis we have defended the dogma of modularity, un-
derstood in the sense of separate compilation. But separate compilation actually consists
in two different properties, separate type checking and separate code generation. The first
property is actually a general property of type systems: the type of a program is only deter-
mined by the type of its constituent, not by their bodies. In practice, this property is not true of
languages with macro systems such as C++ templates or the static recursion of Lustre, where it
is impossible to type-check programs without a first phase of global program rewriting. The
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second property is more restrictive, as it means that changing the body of a subprogram does
not cause the recompilation of the surrounding context as long as its type does not change.

Separate code generation is actually an expensive property when targeting circuits. This
comes from the fact that circuits not only have finite state, but state whose size is statically
bounded syntactically. Indeed, we have excluded several very useful type constructors from
the type systems of Chapter 5 because of our insistence on separate code generation. These
type formers include unbounded clock polymorphism and unbounded exponentials, but also
other forms of polymorphism such as the usual “data” parametric polymorphism. One cannot
generate a unique piece of circuit for a program with such a type, since they can be called from
arbitrary many contexts needing different physical data representations.

In practice the value of such features may outweigh the benefits of completely separate
code generation. The general solution is to introduce a dedicated linking process that would
inline and specialize nodes with such types, making them disappear before code generation.
Note that in contrast with the removal of higher-order features from a functional language,
such transformations are type-directed local reductions that do not require a form of global
rewriting. The handling of nodes of monomorphic or bounded type would still be modular.

Parallelism A last and more speculative subject is the generation of parallel software code
from AcidS programs. At first sight it may seem trivial: any program, even an ill-typed one, has
a natural interpretation as a Kahn network. In addition, the type system provides sufficient
buffer sizes for well-typed programs. There is thus no technical difficulty running AcidS
programs on top of any runtime implementing the Kahn model. The difficulty is rather in
the generation of good parallel code. This question differs from the traditional issues of
distribution (e.g., Girault [2005]) or real-time scheduling (e.g., Forget et al. [2008]) of Lustre
programs. We do not wish to add explicit parallel programming constructs [Cohen et al., 2012]
either. Lustre-like languages encourage very fine-grained code with lots of tightly-coupled
dependencies. This is not good for parallelism, as even efficient runtime systems struggle
when buried under huge numbers of very short tasks. Moreover, on modern platforms it is
actually beneficial to communicate large chunks of data sparingly rather than frequently but
by small amounts [Lé et al., 2013].

A potentially important feature of integer clocks is that they are actually capable of express-
ing trade-offs between computation and synchronization that matter in parallel programs. In
fact, this was one of the original motivations for their introduction. As an example, a program-
mer can easily introduce buffering to turn a stream of clock (1) into one of clock (00 3)®
which may be processed faster in practice. Similarly, creating a local time scale driven by a fast
clock makes it possible to increase the computation/synchronization ratio of a piece of code,
while being sure that its functional semantics is preserved.

The addition of actual parallel programming features to AcidS raises a lot of questions,
from a practical but also theoretical point of view. Can we design a language where parts of
programs are dynamically-scheduled and others are sequential and statically-scheduled? How
should the boundaries between such parts be delimited? Should the compiler, informed with
clocking information, try to set this frontier, seen as an automatic parallelization problem?
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Figure 6.8: Principality - type containment for polymorphic clock types

What should these boundaries look like as syntactic as well as semantic features? Could such a
multi-mode language lead to a more elegant source-to-source formulation of compilation?
These issues remain to be investigated, and a practical parallel code generator will have to wait
for the availability of a good sequential code generator.

6.2.2 Theoretical Aspects

We finish this section with a discussion of the theoretical properties of the type system from
the point of view of modularity, as well as improved formulations of the semantics of AcidS.

Clocks and Types

The design of a practical type system as well as type inference engine for AcidS raises the
issue of the relationship between an untyped program and its set of possible types and typing
derivations. This raises two different issues, one being syntactic and the other syntactic.

Principality A well-known property a type system may enjoy is the existence of principal
types. A principal type is the most general type for a given program in a fixed typing environ-
ment in the sense that any other type is an instance of the principal one. The precise definition
of the instance relation between types depends on the system under consideration; for more
details and nuance we refer the reader to Wells [2002].# In the best case the principal type of a
program can actually be computed, a famous example being the Damas-Milner type system
used in ML. This tends to make type inference more robust and predictable.

To discuss the issue of principality in our systems, we first need to fix a reasonable instance
relationship between clock types. We focus on the polymorphic type system of Section 5.3

“The paper of Wells is actually about the more general notion of principal typings, but principal types are also
discussed at length.
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since it strikes a good balance between simplicity and expressiveness. The fype containment
relation characterizes the clock transformations that can be applied to a typed program. It is
expressed as a judgment holding in a fixed pair of typing contexts A and I'; we write A; T'+— £ > t/.
A derivation of A; T'+ t > t' encodes a way of turning any derivation of A;T'+ e: ¢/ into one
of A; T+ e: t. Thus, a type inference engine focused on modularity should maximize the
inferred types, and principality can be understood as the existence a largest type for any fixed
well-typed program.

The rules of the type containment judgment are given in Figure 6.8. Most of them are ad-
ministrative, expressing that it is a preorder and a congruence with regard to type constructors.
The interesting rules express that type containment includes adaptability, the creation of local
time scales, and the instantiation of polymorphic types.

Remark 35. This definition of type containment describes type transformations related to
clocks. It is also possible to define a containment relation characterizing transformations
related to the system with bounded exponentials of Section 5.1. We have not studied the
corresponding notion of principality.

The type systems proposed in this thesis do not have principal types. Let us begin with
the monomorphic clock type system of uAS (Chapter 3). The type containment relation
of Figure 6.8 adapts to this simpler system by removing clock contexts and rules related to
quantifiers. The fact that this system does not have principal types can be seen by examin-
ing the program fun (x,y).(x,y), introduced in the thesis of Gonthier [1988], which we will
henceforth call gon. The problem with gon here is that while its two outputs are completely
independent, any monomorphic type will add unwanted dependencies between them. For
example, the type (1) ® (1) — (1) ® (1) makes the second output depend on the first output,
and thus cannot be turned into the type 0(1) ® (1) — 0(1) ® (1) which is also valid for gon.
Bounded polymorphic clock types solve this problem by assigning to gon a type such as

V(ap<m).V(az<n).a1®@a; ~a;®a;

with n; and n; fixed constants, which clearly reflects the independence of x and y. Unfor-
tunately, the presence of bounds on polymorphic variables break principality again. In the
type above the choice of n; and n, are arbitrary, and will thus forbid valid instantiations of the
corresponding type variables. This defect also affects the dependent clock types of Section 5.4.

Unbounded polymorphism, as proposed in the conclusion of Section 5.3, is able to as-
sign the type V(a; <00).V(a2<o0).a1 ® @y — @1 ® a to the function gon. This type would
actually be principal for such a system. One may wonder whether a system with unbounded
polymorphism has principal types in general. Unfortunately this is not the case. We explain
why using an example proposed by Raymond [1988] in his master thesis. Call ray the pro-
gram fun (x,y).(and(x,y),y), and being the usual boolean conjunction lifted elementwise.
Its first output depends on both of its inputs while the second output only depends on the
first input. Let us call cty, cty, ctp, and ctq the clock types of %, y and of the first and second
outputs respectively. In a language such as uAS or Lucy-n, ct, and ct, must both be adaptable
to ctp, and thus synchronizable. It is also clear that ct, must be synchronizable with ct,. Since
synchronizability is an equivalence relation, this implies that all four clock types must be
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synchronizable. Since we want to fix buffer sizes locally, we must fix those synchronizable clock
types at this point. There are lots of choices, including for instance V(a < o0).a®a —-a®a
and variations. Unfortunately, none of them are principal. In any case, the synchronizability
constraints force all the clock types to have the same root, and thus express that the second
output may depend on the first input, which is untrue. This is problematic, since there exists
fixpoint computations that are rejected by one of these choices but accepted for the other.

This example can be understood as an intrinsic limitation of (n-)synchrony. Finite buffers
introduce back-pressure dependencies: production depends on the availability of free space in
the buffer, and thus on consumption. The shape and amount of back-pressure dependencies
is determined by the size of the buffer rather than by the semantics of the untyped program. In
the ray program, fixing buffer sizes introduce dependencies of the second output on the first
input. In general, such dependencies need not exist, and thus no principal type exists.

This example illustrates a defect of our work: our type system mixes finiteness and causality,
which are unrelated issues. We may abandon finiteness and thus synchronizability constraints,
which leaves us only with the precedence relation. Clocks ordered by precedence form a
lattice, in contrast with clocks ordered by adaptability. Thus, we could imagine having a least
upper bound operator U in clock types. In such a system, the function ray could receive the
type V(a1 <00).Y (a2 <00).a1 ® az — (a1 Uay) ® @y which captures exactly the dependencies
between inputs and outputs. The interest of such a type is debatable: one may argue that it
reveals too much information about the inner workings of the program. In any case, this type
should be principal for ray in a system which does not deal with the finiteness of buffers.

To conclude this discussion, we believe that this example illustrates how in a language
where causality and scheduling are captured inside types, the existence of principal types is
intimately related to modular scheduling [Raymond, 1988; Pouzet and Raymond, 2010]. We
feel that the nonexistence of principal types caused by finiteness constraints is a limitation of
synchrony, and prevents truly modular scheduling in our setting. It should be noted, however,
that our approach schedules more programs than traditional techniques [Pouzet and Raymond,
2010] can handle. Finally, and from a more philosophical point of view, this illustrates once
again that finiteness is often at odds with true modularity.

Completeness Principality is a syntactic property of a type system. In our case, types are
mostly approximations of clocks, which are semantic, non-computable objects. Clocks de-
scribe the growth of streams and make it possible to capture the semantics of stream functions,
as explained in Chapter 2. One may wonder whether an analogue of the best clock type exists in
the semantic setting: can we define a notion of best clock characterizing a stream function, and
study its (in)existence? Gérard [2013] has studied this question in the third part of his thesis.
We believe that his work could be revisited with integer clocks and local time scales in mind.

Semantics

Category theory In Chapter 3 and Chapter 4 we have given two separate interpretations
of typing derivations. The first one was the synchronous denotational semantics defined in
terms of domains. The second one was the compilation to higher-order macro-machines. We
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strongly suspect that these two translations are actually the same interpretation in disguise
and should thus be unified. Indeed, each translation can for the most part be explained as
the interpretation of a program in a symmetric monoidal closed category (SMCC) where,
for instance, value types correspond to comonoid objects. In the case of the synchronous
semantics, this construction is somewhat obscured by the fact that the monoidal category of
domains is actually cartesian. The categorical viewpoint would also justify retrospectively the
organization of Chapter 4, decomposing the compilation process factors as the construction of
a closed category of macro-machines from the non-closed monoidal category of machines
followed by the generic interpretation of pAS into an SMCC with adequate structure.

The difficulty in giving a convincing categorical semantics for our language is one of
axiomatization. We do not yet know what should be the structure required of a SMCC to
interpret clock-related constructions, and in particular local time scales. An interesting lead is
to remark that rescaling is fundamentally a substitution operation of a special kind occurring
in types. This suggests interpreting it using fibrational techniques, as for ordinary parametric
polymorphism, with the RESCALE rule corresponding to a change of base operation.

Type theory Another kind of improvement for the mathematical development present in
this thesis would be to express them in a computer proof assistant based on dependent types.
Most chapters of this thesis are already written in an informal type-theoretical framework, and
we believe that moving from informal to formal would not be a very large step. Concretely, we
contemplate the formalization of yAS and its derivatives in the style of Chapman [2009]. This
would enable longer-term projects such as the development of a certified compiler.

Beyond streams

A last, more speculative research direction consists in seeking connections with other fields of
programming language theory. We are particularly interested in investigating the relationship
between synchronous compilation and the strictness analysis and deforestation optimization
of lazy functional programs. The link between the two appears to be folklore in some parts of
the synchronous and functional programming communities. For instance, one may read the
following paragraph in Caspi and Pouzet [1996].

Lazy evaluating this program is costly: intermediate lists are allocated and de-
allocated by the Garbage Collector during execution. On the contrary, the syn-
chronous dataflow compilers translate it into a sequential program with bounded
memory and response time. One could say that these compilers transform the
call-by-need evaluation into a call-by-value one.

The connection between synchrony and the call-by-value evaluation strategy was also high-
lighted by Krishnaswami [2013] in more recent work. But, as far as we know, there is no
systematic investigation of this link, which remains unclear at the moment. Another possibility
is to understand synchronous compilation as a very specific kind of incrementalization of
a stream function. Indeed, the resulting state machine is able to process streams chunk-by-
chunk, while in the untyped semantics the whole output has to be recomputed each time
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a new input is received. In any case, we believe that explaining synchronous compilation
within a larger semantic framework may help with its extension to more expressive languages,
including the ability to handle richer data types than streams.

6.3 Conclusion

In this thesis we have proposed a higher-order functional programming language called AcidS
in which programs manipulate infinite streams of data. Each program has a natural interpreta-
tion as a Kahn process network, a well-known model of deterministic parallel computation.
The language is endowed with a type system, called clock typing, which rejects programs that
deadlock or cannot be executed within a finite amount of memory. This system works by
establishing a notion of discrete time step through the whole program, following the tradition
of synchronous languages. In a well-typed program each stream is paired with a clock, which
is a mathematical object assigning to every element a time step at which it has to be com-
puted. Well-typed programs are compiled to ordinary finite-state digital circuits. The role of
typing information is not only to reject ill-behaved programs but also to drive code generation,
influencing the shape of the final circuit in a precise way.

Several elements set our work apart from previous synchronous languages. First, in AcidS
several elements of a stream may be computed during the same time step, which manifests
by the fact that clocks are streams of integers rather than streams of booleans. The existing
theory of clocks extends smoothly to this new setting. Second, the language offers a local time
scale construct which hides from the outside some of the steps performed by a subprogram.
Third, we enforce a linear discipline on higher-order functions, which must be used a statically
bounded amount of times.

The combination of such features has a profound effect on the theory and practice of the
type system. The linear nature of higher-order functions makes their modular compilation to
circuits possible. Local time scales offer a new kind of modularity in synchronous functional
languages; their ability to abstract precise timing information is instrumental in the integration
of causality (deadlock-freedom) into types. Integer clocks give a high-level description of
space/time trade-offs in the implementation of the same source program. In addition, having
a unified type system that captures all the properties needed for the compilation to circuits
makes the full formal description of the language tractable. This thesis provided a complete de-
scription of a synchronous functional language, its type system, and type-directed compilation
function, including soundness proofs.
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Résumé

Cette these traite de la conception et implémentation
d’un langage de programmation pour les systemes de
traitement de flux en temps réel, comme l'encodage
vidéo. Le modele des réseaux de Kahn est bien adapté
a ce domaine et y est couramment utilisé. Dans ce
modele, un programme consiste en un ensemble de
processus paralleles communicant a travers des files
mono-producteur, mono-consommateur. La force du
modele réside en son déterminisme.

Les langages synchrones fonctionnels comme Lustre
sont dédiés aux systemes embarqués critiques. Un pro-
gramme Lustre définit un réseau de Kahn synchrone
qui peut étre exécuté avec des files bornées et sans blo-
cage. Cette propriété est garantie par un systeme de
types dédié, le calcul d’horloge, qui établit une échelle
de temps globale a un programme. Cette échelle de
temps globale est utilisée pour définir les horloges, sé-
quences booléennes indiquant pour chaque file, et a
chaque pas de temps, si un processus produit ou con-
somme une donnée. Cette information sert non seule-
ment a assurer la synchronie mais également a générer
du logiciel ou matériel a état fini.

Nous proposons et étudions les horloges entieres, une
généralisation des horloges booléennes autorisant des
entiers naturels arbitrairement grands. Les horloges
entieres décrivent la production ou consommation de
plusieurs valeurs depuis une méme file au cours d'un
instant. Nous les utilisons pour définir la construc-
tion d’échelle de temps locale, qui peut masquer des
pas de temps cachés par un sous-programme au con-
texte englobant.

Ces principes sont intégrés a un calcul d’horloge pour
un langage fonctionnel d’ordre supérieur. Nous étu-
dions ses propriétés et prouvons en particulier que les
programmes bien typés ne bloquent pas. Nous com-
pilons les programmes typés vers des circuits numéri-
ques synchrones en adaptant le schéma de génération
de code dirigé par les horloges de Lustre. Linformation
de typage controle certains compromis entre temps et
espace dans les circuits générés.

Mots-clés

Langages de programmation fonctionnels; langages
de programmation synchrones; systemes de types;
compilation; circuits numériques synchrones.

Abstract

This thesis addresses the design and implementation
of a programming language for real-time streaming ap-
plications, such as video decoding. The model of Kahn
process networks is a natural fit for this area and has
been used extensively. In this model, a program consists
in a set of parallel processes communicating via single
reader, single writer queues. The strength of the model
lies in its determinism.

Synchronous functional languages such as Lustre are
dedicated to critical embedded systems. A Lustre pro-
gram defines a synchronous Kahn process network, that
is, which can be executed using finite queues and with-
out deadlocks. This is enforced by a dedicated type sys-
tem, the clock calculus, which establishes a global time
scale throughout a program. The global time scale is
used to define clocks: per-queue boolean sequences in-
dicating, for each time step, whether a process produces
or consumes a token in the queue. This information is
used both for enforcing synchrony and for generating
finite-state software or hardware.

We propose and study integer clocks, a generalization
of boolean clocks featuring arbitrarily big natural num-
bers. Integer clocks model the production or consump-
tion of several values from the same queue in the course
of a time step. We then rely on integer clocks to define
the local time scale construction, which may hide time
steps performed by a sub-program from the surround-
ing context.

These principles are integrated into a clock calculus for
a higher-order functional language. We study its prop-
erties, proving among other results that well-typed pro-
grams do not deadlock. We adjust the clock-directed
code generation scheme of Lustre to generate finite-state
digital synchronous circuits from typed programs. The
typing information controls certain trade-offs between
time and space in the generated circuits.

Keywords

Functional programming languages; synchronous
programming languages; type systems; compilation;
digital synchronous circuits.
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