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Abstract

Building correct and efficient message-passing parallel pro-
grams still poses many challenges. The incorrect use of
message-passing constructs can introduce deadlocks, and
a bad task decomposition will not achieve good speedups.
Current approaches focus either on correctness or efficiency,
but limited work has been done on ensuring both. In this
paper, we propose a new parallel programming framework,
PAlg, which is a first-order language with participant anno-
tations that ensures deadlock-freedom by construction. PAlg
programs are coupled with an abstraction of their communi-
cation structure, a global type from the theory of multiparty
session types (MPST). This global type serves as an output
for the programmer to assess the efficiency of their achieved
parallelisation. PAlg is implemented as an EDSL in Haskell,
from which we: 1. compile to low-level message-passing
C code; 2. compile to sequential C code, or interpret as se-
quential Haskell functions; and, 3. infer the communication
protocol followed by the compiled message-passing program.
We use the properties of global types to perform message
reordering optimisations to the compiled C code. We prove
the extensional equivalence of the compiled code, as well
as protocol compliance. We achieve linear speedups on a
shared-memory 12-core machine, and a speedup of 16 on a
2-node, 24-core NUMA.

Keywords multiparty session types, parallelism, arrows

1 Introduction

Structured parallel programming is a technique for parallel
programming that requires the use of high-level parallel
constructs, rather than low-level send/receive operations
[52; 62]. A popular approach to structured parallelism is
the use of algorithmic skeletons [20; 36], i.e. higher-order
functions that implement common patterns of parallelism.
Programming in terms of high-level constructs rather than
low-level send/receive operations is a successful way to avoid
common concurrency bugs by construction [38]. One limita-
tion of structured parallelism is that it restricts programmers
to use a set of fixed, predefined parallel constructs. This is
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problematic if a function does not match one of the avail-
able parallel constructs, or if a program needs to be ported
to an architecture where some of the skeletons have not
been implemented. Unlike previous structured parallelism
approaches, we do not require the existence of an underlying
library or implementation of common patterns of parallelism.

In this paper, we propose a structured parallel program-
ming framework whose front-end language is a first-order
language based on the algebra of programming [2; 3]. The
algebra of programming is a mathematical framework that
codifies the basic laws of algorithmics, and it has been suc-
cessfully applied to e.g. program calculation techniques [4],
datatype-generic programming [35], and parallel computing
[66]. Our framework produces message-passing parallel code
from program specifications written in the front-end lan-
guage. The programmer controls how the program is paral-
lelised by annotating the code with participant identifiers. To
make sure that the achieved parallelisation is satisfactory,
we produce as an output a formal description of the com-
munication protocol achieved by a particular parallelisation.
This formal description is a global type, introduced by Honda
et al. [42] in the theory of Multiparty Session Types (MPST).
We prove that the parallelisation, and any optimisation per-
formed to the low-level code respects the inferred protocol.
The properties of global types justify the message reordering
done by our back-end. In particular, we permute send and
receive operations whenever sending does not depend on the
values received. This is called asynchronous optimisation [57],
and removes unnecessary synchronisation, while remaining
communication-safe.

1.1 Overview

optimise . .
P code | generation protocol | inference

N typability N
Parallel Code (§5) = === == == = '| MPST (§4)

Figure 1. Overview

Our framework has three layers: (1) Parallel Algebraic Lan-
guage (PAlg), a point-free first-order language with partici-
pant annotations, which describe which process is in charge
of executing which part of the computation; (2) Message
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Passing Monad (Mp), a monadic language that represents
low-level message-passing parallel code, from which we gen-
erate parallel C code; and (3) global types (from MPST), a
formal description of the protocol followed by the output
Mp code. Fig. 1 shows how these layers interact. PAlg, high-
lighted in green, is the input to our framework; and Mp and
global types (MPST), highlighted in yellow, are the outputs.
We prove that the generated code behaves as prescribed by
the global type, and any low-level optimisation performed on
the generated code must respect the protocol. As an example,
we show below a parallel mergesort. mergesort.

1 msort :: (CVal a, CAlg f) => Int -> f [a] [a]

2 msort n = fix n $ \ms x -> vlet (vsize x) $ \sz ->
3 if sz <= 1 then x

4 else vlet (sz / 2) $ \sz2 ->

5 vlet (par ms $ vtake sz2 x) $ \x1 ->

6 vlet (par ms $ vdrop sz2 x) $ \xr ->

7

app merge $ pair (sz, pair (x1, xr))

The return type of msort, f [a] [al, is the type of first-order
programs that take lists of values [a], and return [a]. Con-
straint CAlg restricts the kind of operations that are allowed
in the function definition. The integer parameter to function
fix is used for rewriting the input programs, limiting the
depth of recursion unrolling. par is used to annotate the func-
tions that we want to run at different processes, and function
app is used to run functions at the same participant as their
inputs. In case this input comes from different participants,
first all values are gathered at any of them, and then the
function is applied. We can instantiate f either as a sequen-
tial program, as a parallel program, or as an MPST protocol.
We prove that the sequential program, and output parallel
programs are extensionally equal, and that the output parallel
program complies with the inferred protocol. For example,
interpreting msort 1 as a parallel program produces C code
that is extensionally equal to its sequential interpretation,
and behaves as the following protocol:

This is a depth 1 divide-and-conquer, where p; divides the
task, sends the sub-tasks to p; and ps3, and combines the
results. If the input is small, p; produces the result directly.

Our prototype implementation is a tagless-final encoding
[9] in Haskell of a point-free language. Constraint CAlg is
a first-order form of arrows [45; 61], with a syntactic sugar
layer that allows us to write code closer to (point-wise) id-
iomatic Haskell. The remainder of the paper focuses on the
language underlying CAlg.

Why Multiparty Session Types There are both practical
and theoretical advantages. On the theoretical side, the the-
ory of multiparty session types ensures deadlock-freedom and

David Castro-Perez and Nobuko Yoshida

protocol compliance. The MPST theory guarantees that the
code that we generate complies with the inferred protocol
(Theorem 5.2), which greatly simplifies the proof of exten-
sional equivalence (Theorem 5.3), by allowing us to focus on
representative traces, instead of all possible interleavings of
actions. On the practical side, we perform message reorder-
ing optimisation based on the global types [57]. Moreover,
an explicit representation of the communication protocol is
a valuable output for programmers, since it can be used to
assess a parallelisation. (Fig. 4).

1.2 Outline and Contributions

§2 defines the Algebraic Functional Language (Alg), a lan-
guage inspired by the algebra of programming, that we use
as a basis for our work; §3 proposes the Parallel Algebraic
Language (PAlg), our front-end language, as an extension
of Alg with participant annotations; §4 introduces a proto-
col inference relation that associates PAlg expressions with
MPST protocols, specified as global types. We prove that
the inferred protocols are deadlock-free: i.e. every send has
a matching receive. Moreover, we use the global types to
justify message reordering optimisations, while preserving
communication safety; §5 develops a translation scheme
which generates message-passing code from PAlg, that we
prove to preserve the extensionality of the input programs;
§6 demonstrates our approach using a number of examples.
We will provide as an artifact our working prototype im-
plementation, and the examples that we used in §6, with
instructions on how to replicate our experiments.

2 Algebraic Functional Language

This section describes the Algebraic Functional Language
(Alg) and its combinators. In functional programming lan-
guages, it is common to provide these combinators as ab-
stractions defined in a base language. For example, one such
combinator is the split function (A), also known as fanout, or
(888), in the arrow literature [45] and Control.Arrow Haskell
package [61]. Programming in terms of these combinators,
avoiding explicit mention of variables is known as point-free
programming. Another approach is to translate code writ-
ten in a pointed style, i.e. with explicit use of variables, to a
point-free style [23; 44]. This translation can be fully auto-
mated [23; 29]. In our approach, we define common point-
free combinators as syntactic constructs of Alg, and require
programs to be implemented in this style. Our implementa-
tion provides a layer of syntactic sugar for programmers to
refer to variables explicitly, as shown in msort in §1, but that
builds internally a point-free representation.

2.1 Syntax

Fi, F 55=||Ka|F1+F2|F1><F2
ab:=1|int|...la—bla+blaxb|Fal|uF

ef,e2 i=f|v|conste|id|ejoex|mi|erAex|ti|er Ve

| Fe|ing | outp | recy e ez
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In our syntax, fi, fa, ..., capture atomic functions, which
are functions of which we only know their types; vy, v, are
values of primitive types (e.g. integer and boolean); ey, €3, ...,
represent expressions; Fy, F,, ..., are functors; and a, b, ...,
are types. The syntax and semantics are standard [34; 53].

Constant, identity functions, and function composi-
tion are const, id and o respectively. Products are repre-
sented using the standard pair notation: if x : aand y : b, then
(x, y) : axb. The functions on product types are 7; and A, and
they represent, respectively, the projections, and the split
operation: (f A g)(x) = (f x,g x). Coproducts have two
constructors, the injections i;, that build values of type a+b.
The V combinator is the case operation: (f1 V f2)(1; x) = fi x.
Products and coproducts can be generalised to multiple argu-
ments: a X b X ¢ is isomorphic to a X (b X c¢), and to (ax b) X c.
We use [];¢[1,,) i as notation for the product of more than
two types; similarly we use ), for coproducts. The [] no-
tation binds tighter than any other construct. Whenever
Vi,j € I,a; = aj = a, we use the notation [], a as a syn-
onym for [[;¢[1,n) @i-

Functors are objects that take types into types, and func-
tions to functions, such that identities and compositions are
preserved. In this work, we focus on polynomial functors [31],
which are defined inductively: | is the identity functor, and
takes a type a to itself; Kb is the constant functor, and takes
any type to b; F; X F; is the product functor, and takes a type
ato F; aX F, a; F; + F, is the coproduct functor, and takes
a type to a coproduct type. A term F e behaves as mapping
term e to the | positions in F. For example, if F = Ka X | X |,
then applying F e to (x, y, z) yields (x, ey, e z).

Recursion is captured by combinators in, out, rec, and
type pF. We use standard isorecursive types [31; 47; 53],
where pF is isomorphic to FuF, and the isomorphism is given
by the combinators inp (roll) and outp (unroll). For any
polynomial functor F, yF, and strict functions inr and outr
are guaranteed to exist. In our implementation, inf is just
a constructor (like inj;). Recursion is recp e; e;, and it is
known as a hylomorphism [53]. A hylomorphism captures
a divide-and-conquer algorithm, with a structure described
by F, where e; is the conquer term and e; the divide term.
Using hylomorphisms requires us to work in a semantic
interpretation with algebraic compactness, i.e. in which car-
riers of initial F-algebras and terminal F-coalgebras coin-
cide (or are isomorphic). Hylomorphisms and exponentials
ap : (a > b) X a — b allow the definition of a general fix-
point operator [54]. Working with hylomorphisms implies
that our input programs may not terminate. We guarantee
that, given a terminating input program, we will not produce
a non-terminating parallelisation (Theorem 5.3).

Example 2.1 (MergeSort in Alg). Assume a type Ls of lists
of elements of type a. Functor T = K (Ls) + | X | captures
the recursive structure of ms : Ls — Ls. When splitting
some [ : Ls, we may find one of the two cases described by
T: an empty or singleton list, Ls, or a list of size > 2, that
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can be split in two halves Ls X Ls. Assume that a functions
spl: Ls — T Ls, and a function mrg : T Ls — Ls. We define
ms = recy mrg spl. By the definition of rec:

ms = rect (id V. mrg) spl = (id V. mrg) o T (rect mrg spl) o spl
= (id Vv mrg) o (id + (rect mrg spl) X (rect mrg spl)) o spl
= (id V mrg o (ms x ms)) o spl

Function ms first applies spl. Then, if the list was empty or
singleton, it returns the input unmodified. Otherwise, ms
applies recursively to the first and second halves. Finally,
mrg returns a pair of sorted lists.

3 Parallel Algebraic Language

In the previous section we introduced Alg, a point-free func-
tional language. In this section, we extend this language with
participant annotations. Annotations occur both at the type
and expression levels: at the type level, annotations represent
where the data of the respective type is; at the expression
level, it represents by whom the computation is performed.
This language extension is called PAlg.

The implicit dataflow of the Alg (or PAlg) constructs deter-
mines which interactions must take place to evaluate an an-
notated program. To illustrate this, we use the Cooley-Tukey
Fast-Fourier Transform algorithm [21]. The Cooley-Tukey
algorithm is based on the observation that an FFT of size n,
fft,, can be described as the combination of two FFTs of size
n/2. We focus its high-level structure:

(add@p; A sub@py) o ((fft,;/2@p3 0 1) A ((exp o fft;, j5)@p4 0 72))

Assume that the input is a pair of vectors that contain the
deinterleaved input, i.e. elements at even positions on the left,
and odd positions on the right. We first compute the fft of size
n/2 to the even and odd elements at p; and p4 respectively.
Then, the first half of the output is produced by adding the re-
sults pairwise (at p;), and the second half by subtracting them
(at p2). In order to evaluate this expression, we need to know
where is the input data. This is specified by the programmer
as an annotated type, which we call interface. Suppose that
the interface specifies that the even elements are at p, and the
odd elements at p’. The interface that represents this scenario
is (vec X vec)@(p X p’), i.e. an annotated pair of vectors, with
the first component at p, and the second component at p’.
By keeping track of the locations of the data, we obtain type
(vec X vec)@(p; X p2), which is the output (or codomain) in-
terface the PAlg expression. We also refer to the annotations
(e.g p1 X p2) as interfaces, whenever there is no ambiguity.
We write fft,, : (vec X vec)@(p X p’) — (vec X vec)@(p; X p2)
to represent the input and output interfaces of fft,,.
Consider now e;@p; V e;@ps. The output interface of this
expression is either p; or pz, depending on whether the input
is the result of applying 1; or 1. We represent such interfaces
using unions: e;@p; V e2@py : (a + b)@p — c@(p; U p2). Since
p contains a value of a sum type a+ b, p is responsible for no-
tifying both p; and p, which branch needs to be taken in the
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control flow. Incorrectly notifying the necessary participants
will produce incorrect parallelisations that might deadlock.
For example, consider the expression ey@pg o (e;@p; V e2@p2).
Assuming that the input at p, p needs to notify py, otherwise
po will be stuck. To avoid such cases, and to compute the
interfaces of an expression, we define a type system for PAlg.

3.1 Syntax of PAlg

I:=p|uI|IxI R:=I|RUVPR P:=R—-R
em=e@|[p@p||id|ece|ni|enel|sy|eve

The syntax of PAlg is that of Alg, extended with partici-
pant annotations (red). Note that certain Alg constructs can
only occur under annotations (e@p), e.g: in, out and rec. This
implies that recursive functions need to be annotated at a
single participant. To parallelise recursive functions, they
need first to be rewritten into a suitable form, and then an-
notate the resulting expression. At the moment, we support
automatic recursion unrolling up to a user-specified depth.
We provide an overview of the main syntactic constructs of
PAlg: annotations, interfaces, and annotated functions.

Annotations are ranged over by R, R’,... We define them
in two layers, I, or simple annotations that cannot contain
choices (U), and R. This way, we ensure that choices only oc-
cur at the topmost level. Simple annotations are: participant
ids p, that identify processes; products of interfaces I; X Iy;
and tagged interfaces 1; I, that keep track of the branch of the

choice that led to I. A choice R; uP R, describes an scenario
that is the result of a branch in the control flow, where a
value can be found at either Ry or R,. Here, p = p; - - - p, are
the participants whose behaviour depends on the path in the
control flow. Finally, arrows P of the form R; — R; represent
the input/output annotations of a parallel program.

Interfaces are annotated types. They range over A, B, ...,
and are of the form a@R, which means that values of type
a are distributed across R. We require annotated types to
be well-formed, WF(a@R), which implies that the structure
of a matches that of R. We write 7 to represent one-hole
contexts for interfaces, with 7 [p] representing the interface
that results of placing p at the hole in 7.

Annotated functions are ranged over by e, e’. The anno-
tations are introduced using e@p, where e is an unannotated
Alg expression, and p is a single participant identifier. These
annotations need to be set by the programmer, but their
introduction can be also automated. Additionally, we intro-
duce the choice point annotations: [p @ p]. This annotation
specifies that p performs a choice, and notifies p. Choice
points can be introduced fully automatically by collecting
all participants whose behaviour depends on the value of a
sum type.

3.2 Interfaces

An interface represents a state in a concurrent system: the
set of participants, and the types of the values that they
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contain. We use mappings from participants to values to
represent such states: V := [p + v],cp. The programmer,
additionally to writing an Alg (PAlg) expression, will need
to provide an input interface, i.e. where is the input to the
parallel program. Consider, for example, the interface int@p;.
Given a concurrent system with participants p, - - - pp, we
know that p; contains a value of type int: [+ p; > 42 ---].
An interface with a product of participants (a X b)@(p; X p2)
represents a state in which p; contains an element of type a,
and p, an element of type b, e.g a possible state represented
by (intxvec)@(pyXpz)is:[---p1 = 42---py = [1,1,2,...] ---].
An interface 1; I represents the same state as interface I, but
we statically know that this state was reached after an i-
th injection. Then, if a participant requires the value at I,
this participant will apply the necessary injections to the

received values. Finally, an interface a@(R; UP R,) means that
the state might be either R; or R, and that all participants p
should be notified of the state.

Well-formedness The above examples are of well-formed
interfaces: int@p;, (int X vec)@(p; X p2). Well-formedness en-
sures that interfaces represent valid states. Generally, a@R
is well-formed if a matches the structure of R. For example,
int@(p; X p2) is ill-formed, since a single integer cannot be
at two different participants. An interface a@(R; U R,) re-
quires that both a@R; and a@R; are well-formed. So, (vec X
vec)@((p1 X p2) U ps) is well-formed because we can have
vec@p; and vec@py, or (vec X vec)@ps. However, int@((p; X
p2) U p3) is ill-formed, because int@(p; X py) is ill-formed.

3.3 Typing of Parallel Algebraic Language

We introduce a relation that associates Alg expressions with
potential parallelisations PAlg, and their interfaces. This re-
lation can be seen as a type system for both Alg and PAlg.
As a type system for PAlg, this relation provides a way to
check or infer the output interface of some e. By using this
relation as a type system for Alg, we can explore potential
parallelisations of some input expression e. Additionally, the
type system ensures that all choice point annotations contain
every participant that depends on each particular choice.

Typing Rules A judgement of the formre=e: A — B
means that the PAlg expression e is one potential paral-
lelisation of the Alg expression e, with domain interface
A and codomain interface B. The intuition of a judgement
F e = e :a@R; — bE@R; is that the participants in e collec-
tively apply computation e to the value of type a distributed
across Ry, and produce a value of type b distributed across
R,. We sometimes omit e and write + e : A — B. We ensure
that given any e and e such that they are typeable against
interfaces a@R, — b@Rj, then e must have type a — b.

Lemma 3.1. Ife = e : a@R, — b@R;, thene :a — b.

The typing rules (Fig. 2) must ensure that the participants
involved in a choice are notified, and that Alg expressions
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are correctly expanded. Rule CHOICE specifies that a choice
point may be introduced at any point when a participant
contains a value of a sum-type. In such cases p sends the
tag of the sum-type value to any other participant whose
behaviour depends on it. After the choice point, the interface

is I[1; p] UP I[1, p], with the constraint that the participants
in 7 [p] must be in p. Rule ALT specifies that e must be the
parallelisation of e, considering both A; and A, as input in-
terfaces. The output interface is the union of B; and B,. Any
participant in e must be notified of the choice pids(e) C p,
to make sure that they perform the interactions that corre-
spond to the correct A;. Rule ALG specifies that given any e
and participant p, e@p is a valid parallelisation, with output
interface b@p. Finally, rule EXT is crucial for exploring po-
tential parallelisations. It states that if e is the parallelisation
of e,, and e, is extensionally equal to ej, then e is also a
parallelisation of e;. The undecidability of this rule requires
that the programmer specifies rewriting strategies both for
checking and inference.

Rewriting and Annotation Strategies We use rewrit-
ing strategies when exploring potential parallelisations of
functions. This is inference problem (2) below. Let ?i be
metavariables. The two inference problems that we are in-
terested in are: 1. Solving - e = e : A — ?0 obtains the
output interface for e, with input interface A. 2. Solutions
of - e = ?0 : A — ?1 are potential parallelisations of e,
and their output interface. Solving (1) is straightforward.
Problem (2) requires to decide how to introduce role annota-
tions (rule ALG), how to perform rewritings (rule ExT), and
where to introduce choice points (rule CHOICE). Introduc-
ing choice points is straightforward: we introduce them as
early as possible, as soon as an input interface contains a
sum-type at a participant. For introducing annotations and
doing Alg rewritings, the programmer has to specify annota-
tion and rewriting strategies. At the moment, our tool allows
the developer to introduce annotations explicitly, or to se-
lect sub-expressions that will be annotated with fresh new
participants. The rewriting strategies that our current imple-
mentation supports are unrollings of recursive definitions.
However, our tool is extensible: the equivalences used in the
rewritings are a parameter.

Example 3.2 (Mergesort). Consider the mergesort defini-
tion ms = recy mrg spl. Solutions to the inference problem
F ms = ?0 : Ls@py — ?1 provide the alternative parallelisa-
tions of ms. By choosing a rewriting strategy that unrolls ms
once, and annotates any remaining instances of ms at fresh
new participants, we produce the following PAlg expression:
F (id V (mrg o (ms X ms))) o spl
= (id V (mrg@p; o (ms@pz o m1@p1) A (ms@ps o 72@p1)))

o[p1 ® p1pzps] o splép;
: Ls@pg — Ls@p; UP1P2P3 | s@p,
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ALG ExT

Fe:a—b Fex=e:a@l — B €1 =Zext €2

ke = e@p:aCl — bep Fei=>e:a@fl — B
ALT

Fe=e:A; > B Fe=e:Ay > By A; #A; pids(e) CF

Fe=e:A; UﬁAzﬂBlUﬁBz

CHOICE
pids(Z[p]) € p _
WF(a@I[i; p]),i € [1,2] +Fe= e:a@(I[y p]UP Iy p]) = B

te=eo[p®dp]:ael[p] > B

Figure 2. Typing rules of PAlg (selected)

4 Multiparty Session Types for PAlg

The dataflow of the PAlg constructs determine the commu-
nication protocol of the annotated expression. However, it is
hard to manually check what this communication structure
is. Recall the mergesort PAlg expression of §3, ms, and sup-
pose that we want to produce a parallelisation for a 32-core
machine. Then, we might be interested in using a 5-unfolding
of ms, so that we have ms executing concurrently on all of
the cores. How do we know, for such cases, that we produced
a sensible parallelisation? As an example, suppose we use an
annotation strategy that produces the following code:
(id v (mrg@p; o (ms@pz o m1@p;) A (ms@p; o 72€p1)))
o[p1 @ p1pz] o spl@p; : Ls@py — Ls@p; UP1P2 Ls@p,

Notice that this example will run correctly, and produce the
expected result. However, the achieved PAlg expression is
not parallel! If we represent the implicit dataflow of this
expression as explicit communication, the reason becomes
apparent. We use global types from multiparty session types
to provide an explicit representation of the communication
structure of the program:

po — p1 : Ls. p1 = p2{u. end;

I3. p1 — p2 : Ls. p1 — p2 : Ls.ps — p1 : Ls X Ls. end}

This global type represents the following protocol: 1. par-
ticipant py sends a list to py; 2. p; sends to p; either i or
15, and if the label is 1, the protocol ends; 3. if p; sent i,
then p; sends to p, two lists, in two different interactions;
and 4. p, replies with a message to p; with a pair of lists.
It is clear from this protocol that p; and p; are dependent
on each others’ messages, and that p, cannot perform any
computation in parallel. The larger the expression is, the
harder avoiding these wrong annotations will become. By
changing the annotation strategy, we produce the following
parallel structure, where p, and ps can operate in parallel:
Po = p1 :Ls. pr = {pzps3} {u. end;

I2. p1 — p2 : Ls. p1 — p3 : Ls.pz = pi : Ls. p3 — p1 : Ls. end}

This abstraction of the communication protocol of an achieved
parallelisation is therefore useful as an output for the pro-
grammer. Additionally, these global types are a contract that
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can be enforced on the generated code. We use this for prov-
ing that our back-end is correct, but also for applying low-
level code optimisations (e.g. message reordering) guided
by this global type, ensuring that they do not introduce any
run-time error. For example, when we find in a global type
p1 — Pp2- p2 — p3, we mark the send/receive actions for p,
as point of potential optimisation. If the messages exchanged
do not depend on each other, we permute them, performing
first the send action, so that p; is not blocked by a receive
action. This is known as asynchronous optimisation [57].

4.1 Multiparty Session Types

Our global types are based on the most commonly used in the
literature [22]. We start with a set of participant identifiers,
P1, P2 --., and a set of labels, 11, iz, .... These are considered
as natural numbers: participant identifiers uniquely identify
an independent unit of computation, e.g. thread or process
ids; and labels are tags that differentiate branches in the
data/control flow. The syntax of global (G) and local (L) types
in MPST is given as:
G i=p1 = p2:a.G|p1 = {pj}jefa.n] : {ti-Gitier
| pX.G | X | end
L z=pXa).L|p?a).L|p&{tiLitier | {pj}jerz,n] ® {ti-Litier
| pX.L'| X | end

Global type p; = p2 : a.G denotes data interactions from
p1 to p2 with value of type a; Branching is represented by
P1 = {pj}jefz.n] ¢ {ti-Gi}ier with actions ¢; from p; to all
pj,j € [2,n]. end represents a termination of the protocol.
1X.G represents a recursive protocol, which is equivalent to
[¢X. G/X]G. We assume recursive types are guarded.

Each participant in G represents a different participant in
a parallel process. Local session types represent the commu-
nication actions performed by each participant, i.e. the role
of the participant. Since each participant has a unique role,
we sometimes refer to them interchangeably. The send type
p!{a).L expresses the action of sending of a value of type a
to p followed by interactions specified by L. The receive type
p?(a).L is the dual, where a value with type a is received
from p. The selection type represents the transmission to all
p; of label ¢; chosen in the set of labels (i € I) followed by L;.
The branching type is its dual. pids(G)/pids(L) denote the
set of participants that occur in G/L.

Projection We use a standard definition of projection that
uses the full merging operator [24; 27], which allows more
well-formed global types than the original projection rules
[42]. We write G | p for the projection of G onto the role
of p. We illustrate the projection with an interaction py —
p1 : a.G. The projection onto pg is p1!{a).(G [ po), the pro-
jection onto p; is po?(a).(G | p1), and the projection onto
any other role p is G [ p. Projection on choices is similar,
with the difference that whenever the role is not at the re-
ceiving or sending ends of the choice, the different branches
must be merged. Two local types can be merged when they
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CHOICE

Flp®pl < alb+clel[p] ~p— {p\ pHu. end; 1. end}

ALt AL
):e<=A1~G1 |:e<=A2~G2

Fee Al UP Ay ~ Gy UGy

Fe:a—>b

F e@p < a@l ~ [aCI ~ p]

[a@py ~ p2] = p1 = p2 : a. end, if p1 # p2; [a@p ~ p] = end;
[(a x b)e(Ig X I)) ~» p] = [a@l, ~» p]§ [b@I, ~» p]; and
[(a1 + a2)@(s; I) ~ p] = [a;@] ~ p]

Figure 3. Protocol Relation (selected)

are the same, or they branch on the same role, and their
continuations can be merged.

We use a standard definition of well-formedness that states
that a global type is well formed if ts projection on all its roles
is defined. We denote: WF(G) = Vp € pids(G),3L,G | p = L.

4.2 Protocol Relation

We introduce now the set of rules that associate a PAlg ex-
pression and domain interface with their global type (Fig.

3). We extend the syntax of global types with G; UP G, to
represent the external choices, i.e. G; are the continuations
for both branches of a previous choice that affects p. We also

extend the local types, and projection rules (G; upP Gy) =
Gy | pUP G, | p, and the notion of well-formedness. We

say that an external choice is well-formed, WF(G; UP Gy), if
WF(G;), WF(G,), and forallp ¢ p, G; | p = G2 | p. We omit
the annotation of the participants involved in the choice
whenever it is not needed. The relation F p &< A ~ (G, B)
specifies that the parallel code for p and input interface A
will behave as global type G, and output interface B (Fig. 3).
The rules are similar to the typing rules of PAlg.

Example 4.1 (Mergesort Protocol). The protocol for Exam-
ple 3.2 is obtained by solving:
F (id V (mrg@p; o (ms@p; o 71@p1) A (ms@ps3 o m2@p1))) © [p1 &
p1pzps3] o spl@p; < Ls@p; ~ ?0.
11.end; .
12.p1 = p2 : Ls.p1 = p3 : Ls.end ’
(end U (p2 = p1 : Ls. p3 = p1 : Ls.end))

p1 — {PZPS}{

11.end;
I12.p1 = p2 : Ls. — 1
=p1 = {pz2p3}{ P1—>p3:Ls. @
pz = p1 : Ls.

ps = p1 : Ls.end

4.3 Correctness

We guarantee that for e st. + e = e : A — B, with A
and B well-formed, there exists a protocol G and that it is
well-formed and deadlock-free.
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Lemma 4.2. [Existence of Associated Global Type] For all
WF(A), if+ e : A — B, then there exists G s.t.F e & A~ G.

Lemma 4.3. [Protocol Deadlock-Freedom] For all WF(A), if
te:A— BandF e & A ~ G, then WF(G).

Remark. Since the local type abstracts the behaviour of mul-
tiparty typed processes, a well-formed global type ensures
the end-point processes (programs) typed by that global type
are guaranteed to satisfy the properties (such as safety and
deadlock-freedom) of local types [27; 43].

5 Code Generation

This section addresses the problem of generating low-level
parallel code from PAlg expressions. We prove that the gen-
erated code complies with its inferred protocol, which has
several implications: (1) code generation does not introduce
any concurrency errors, and the parallel code is therefore
deadlock-free; and (2) we can prove that the generated code
is extensionally equal to the input expression by considering
only a representative trace, since any valid interleaving of
actions must respect this protocol. The target language of
our tool is an indexed monad, the Message Passing Monad
(Mp). From Mp, we implement our low-level C backend. We
implement an untyped version of Mp as a deep embedding
in Haskell, and session typing on top of it. This is suitable
for code generation: we only generate parallel code if the
monadic actions are typeable against the respective local
types. Our definition of Mp has significant differences to
other embeddings of session types in Haskell, such as the
Session monad by Neubauer and Thiemann [58]. First, our
Mp monad is deeply embedded in Haskell, and secondly, we
use type indices instead of an encoding of session types in
terms of type classes. Our approach is better suited for com-
pilation since we manipulate session types, and postpone
session typing until code generation.

5.1 Message Passing Monad

Mp comprises four basic operations: send, receive, choice
and branching, with a standard (asynchronous) semantics.
Additionally, for composing actions that depend on the same
choice, we introduce case expressions. Our definition of Mp
is based on the free monad construction:

v =x|(Wv)|yo|---|ev

m; :=retv|sendpuvm|recvpaf|selpv fi f2

| brn p m; my | case fi fo f i=Ax.m

Values v are either primitive values, tagged values i; v, pairs
of values, or the result of applying an Alg expression e to a
value. We use standard notation for the monadic unit (ret),
bind (»=) and Kleisli composition: fi>=f> = Ax. fi x>=/f5.
The message-passing constructs are standard, except sel,
brn and case, which are used for performing choices, and
composing actions that depend on the same choice.
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Each monadic computation f or m has a type m: Mp L a,
where a is the return type of m, and L is the type index of
Mp, and it represents the local type that corresponds to the
behaviour of the term m. There is almost a one to one cor-
respondence between the terms L and the monadic actions
m, so we omit the full definition. The types of the constructs
that deal with choices use a new type, W, that is isomorphic to
sum types, but that can only be constructed and eliminated
by using the corresponding monadic constructs:

selp:a+b—(a—>MpLic)— (b— MplLyca)
= Mp (B & {u1.L1s12.L2}) (c1 Wea)
brnp:MpLia; — MpLyay
= Mp (p & {11.L1;12.L2}) (a1 W az)
case: (a > MpLic)—> (b—>MpLyd)—>awb
— Mp (L1 U Ly) (cwd)
These constructs ensure that the tag used to build a W b
indeed corresponds to the correct branch of the right choice.
We use case to compose actions that depend on a previous
choice. While this treatment of & leads to unnecessary code
duplication, our back-end easily optimises cases where we
have case f f to avoid code duplication.

Parallel programs We define the basic constructs of PAlg
in a bottom-up way by manipulating parallel programs. Paral-
lel programs are mappings from participants to their monadic
action: E == [p; ¥ m;lier. lf m; : Mp L; a; for all i € I, then
we write [p; = m;lier : Mp [pi = Lilier [pi ¥ ailier-
The semantics of both local types and monadic actions is
defined in terms of such collections of actions or local types,
and shared queues of values W, or queues of types Q, e.g.
(E, W) ~»>¢ (E’, W’) is a transition from E to E’, and shared
queues W to W’ with observable action £. We prove a stan-
dard safety theorem (Theorem 5.1 below) that guarantees
that if a participant does a transition with some observable
action, then so does the type index.

Theorem 5.1. [Soundness] AssumeE: Mp CA,m: MpLa
and W : Q. Suppose (E[r > m], W) ~¢ (E[r — m'], W’).
Then there exists (C[r +— L], Q) —¢ (C[r — L'],Q’) such
that W’ : Q" andm’ : Mp L’ a.

Mp code generation The translation scheme for Mp code
generation is done recursively on the structure of PAlg ex-
pressions. It takes a PAlg expression e, an interface A, and
produces a mapping from all participants in e and A to their
respective monadic continuations. We write [e] (A), and
guarantee that [e] (A): A > Mp G B, ifF e & A ~ (G, B).
This means that if e induces protocol G with interfaces
A — B, then the generated code behaves as G, with in-
terfaces A and B. Code generation follows a similar struc-
ture to global type inference, and is defined by building
PAlg constructs as Mp parallel programs. For example, the
translation of e@p : a@l — B requires to define the in-
teractions from an interface I that gathers a type a at p:
(a@I ~ p) : a@I — Mp [a@I ~» p] (a@p). The definition
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is analogous to that of [a@] ~» p]. The remaining of the
translation is straightforward, so we skip the details.

We prove two main correctness results. We guarantee that
the generated code behaves as its inferred protocol (Theorem
5.2). We also guarantee that regardless of the annotations and
interfaces chosen for e, the parallel code always produces the
same result as the sequential implementation (Theorem 5.3).

Theorem 5.2. [Protocol Conformance of the Generated Code]
IfE e & A ~ G, then [e] (A) complies with protocol G.

Theorem 5.3. [Extensionality] Assume e = e : a@p — b@R
and x : a initially at p. If e x = y, then the execution of [e] (p)
also produces y, distributed across R.

Example 5.4 (MergeSort Code Generation). We show be-
low the code generation for ms (Example 3.2), with p; as
domain interface:
p1 — Ax. sel {p2, p3} (spl x) (Ax. ret x)
(Ax. send pz (71 x)>=Ay. send p3 (72 x)>=A_.
recv pz Lss=Ax. recv p3 Ls>3=Ay. ret (mrg (x,v)))
p2,3 — Ax. brn p; (ret x) (recv p; Ls>=Ax.send p; (ms x))

6 Parallel Algorithms and Evaluation

We evaluate our approach using a number of parallel al-
gorithms derived from Alg expressions, and the speedups
achieved. The purpose of this is twofold: (i) showing that
our approach achieves speedups for an input sequential al-
gorithm, with naive annotation strategies, and limited opti-
misations (Fig. 5), and (ii) illustrating the practical value of
providing a global type that describes the parallel strategy
achieved by a particular annotation strategy (Fig. 4). We run
all our experiments on 2 NUMA nodes, 12 cores per node
and 62GB of memory, using Intel Xeon CPU E5-2650 v4 @
2.20GHz chips. We run our experiments first restricting the
execution to a single node to avoid NUMA effects, and then
on the 2 NUMA nodes.

6.1 Benchmarks

Mergesort Mergesort is the usual divide-and-conquer al-
gorithm, using a tree-like parallel reduce.

Cooley-Tukey FFT We use a recursive Cooley-Tukey al-
gorithm. The algorithm starts by splitting the elements of
the list into those that are at even and odd positions. Then, it
recursively computes the FFT of them, and finally combines
the results. To generate a butterfly pattern, we use: products
of size n, to store the results of the subsequent interleav-
ings; product associativity to produce a perfect tree; and
asynchronous optimisations.

Dot Product The dot product algorithm zips the inputs,
multiplies them pairwise, and then adds them by folding the
result. We use products of size n to derive a scatter-gather.

David Castro-Perez and Nobuko Yoshida

po = {p1, p2} :
{11.po = p1:1+int.
p1 — po : pL. end,
12.po = p1: pL. po = p2 : pL.
p2 = p1: pUL. p1 = po : pL.
end

Mergesort

po = p1: pL. po = pz : pL.
po = p3 : pL. po = pa : pL.
p1 = p3:pL. ps = p1:pL.
p2 = p4 : pL. ps = p2 : pL.
p2 = p1: pL. p1 = p2 = pL.
p3 = p4 i pL. pg = p3 : pL.
end

FFT

Po = p1: pL. po = p2 = pL.
pPo — p3 [JL p2 = p3: int.
p1 = p3 :int. p3 = pg :int.
end

Dot Prod.

Figure 4. Benchmarks: potential parallelisations.

Additional Algorithms We implemented scalar prod, that
recursively splits a matrix into sub-matrices, distributes them
to different workers, and then multiplies their elements by a
scalar, and quicksort, with a divide-and-conquer structure.

6.2 Evaluation

We translate Mp monadic actions to C using pthreads and
shared buffers for communication, and we have a prelim-
inary compilation of the first-order sequential terms to C.
We compile the generated C code using gecc version 4.8.5.
We take the average of 50 repetitions for each benchmark.
Our benchmarks achieve reasonable speedups against the
sequential C implementations. Fig. 5 presents the speedups
against the number of participants for different input sizes,
and Fig. 6 present a summary of our speedups for large inputs
of size > 10°. We show below an analysis of these results, by
plotting the speedups against two factors: 1. the number of
participants (threads) produced by a particular annotation
and recursion unrolling, named K; and 2. the input size, e.g.
number of elements in the input list.

Increasing the number of threads (parameter K), increases
the speedups obtained, up to a certain value that depends on
the amount of available cores and the input size. For bench-
marks that work better with dynamic task creation, our tool
does not currently achieve good performance (e.g. quicksort).
For FFT, our tool produces the usual butterfly pattern from
a straightforward recursive definition, that we can achieve
a speedup of 12 when running on a single shared-memory
node. The rest of the examples are limited either by Amdahl’s
law (justified by their global types in Fig. 4), or by the over-
head of the communication and pthread creation with respect
to the cost of the computations, but still achieve speedups of
up to 7 and 8 on 12 cores. We can observe that there is a slow
down after creating a much larger number of participants
than the ones required. This usually depends on how evenly
we can distribute the data amongst workers, and whether
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Figure 5. Benchmark speedups, run in 2 NUMA nodes with 12 cores each. The X-axis is the number of workers of the parallel
program generated from a set of annotations and recursion unrolling. We show the results for 4 different input sizes.
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Speedups
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scalar

Figure 6. Achieved speedups

the amount of workers can be evenly scheduled to differ-
ent cores. We observe that we can achieve further speedups
when running our benchmarks in the 2 NUMA nodes. Over-
all, we observe that our annotation strategies enable good
speedups over the sequential implementation, with relatively
little effort. Global types can be used to detect optimisation
opportunities that yield efficient parallelisations, such as the
Butterfly topology in Fig. 4. Without message-reordering
based on the session types, FFT participant p; would need to
wait for p;’s message before sending its part to py, i.e. ps’s lo-
cal type would be p;?(pL). p1!{uL) . ... This means that p3’s
local computation would only become available to p; after

it p; finishes its own local computation, thus sequentialising
the code. Asynchronous permutations [16; 57] allow us to
permute such actions, and still have communication safety,
ie pr!(uL). p1?(uL). ... Global types capture the structure
of the parallelisation, which can in some cases be used to
justify the achieved speedups. For example, we can observe
that the mergesort global type contains a part that needs to
happen sequentially (py and the last merging point in p;),
and this will prevent us from achieving linear speedups.

7 Related Work

Lopez et al. [50] develop a verification framework for MPI/C
inspired by MPST by translating parameterised protocol
specifications to protocols in VCC [19]. They focus on verifi-
cation, not on code or protocol generation. Ng et al. [59; 60]
use parameterised MPST [25] to generate an MPI backbone
in C that encapsulates the whole protocol (i.e., every end-
point), and merges it with user-supplied computation ker-
nels. Several authors (e.g. [10]) generate skeleton API from
extensions of Scribble (www.scribble.org). Their approach
requires the protocol to be specified beforehand, and it is
not extracted from sequential code. Unlike ours, none of the
above work formally defines code generation or proves its
correctness.

Structured parallelism includes the use of high-level con-
structs in languages with implicit/data parallelism [5; 12—
15; 46; 64], algorithmic skeleton APIs [1; 18; 20; 36; 48], and
DSLs/APIs that compile to parallel code [8; 11; 28; 63; 69].
Besides safety, such approaches are often highly optimised.
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However, most rely on using a fixed, predetermined range of
patterns, typically by design with respect to their application
domains. By contrast, our work only relies on send/receive
operations, which makes it highly portable, and can be easily
extended to support further parallel structures by extend-
ing the annotation strategies. Optimisations for structured
parallel approaches also require to study and define a set
of equivalences between patterns [6; 7; 41]. In contrast, our
approach does not require the definition of new sets of equiv-
alences, since these are derived from program equivalences.
Lift is a new language for portable parallel code genera-
tion, based on a small set of expressive parallel primitives
[40; 67; 68]. Currently, their backend focuses on generat-
ing high-performance OpenCL code, while our approach
focuses on placing computations on different participants
of a concurrent/distributed system. Both approaches could
be combined: annotations can be used to generate a high-
level message-passing layer that distributes tasks to multiple
nodes in a GPU cluster, using the global type to minimise
communication costs; then, the code at each participant can
be compiled to high-performance GPU code using Lift.
Elliott exploits the idea of giving functional programs
multiple interpretations in different categories, and shows
examples of applications to multiple domains, including par-
allelism [29; 30]. Our approach is similar in the sense that we
allow the specifications of first-order functional programs
to have multiple different interpretations, but we focus on
generating parallel code, and provide a finer-grained con-
trol over the parallelisations by adding participant anno-
tations. There is a large body of literature in using pro-
gram equivalences to derive parallel implementations, e.g.
[17; 32; 37; 39; 49; 51; 55; 56; 65; 66]. Our framework is or-
thogonal, in that we focus on tying a low-level C back-end
with global types. Our front-end, however, supports some
basic form of rewritings, and we plan to extend it in the
future with more interesting ones from the literature.

8 Conclusions and Future Work

We have presented a novel approach to protocol inference
and code generation. By using this approach, we can reason
about extensionality of the parallel programs, and alternative
mappings of computations to participants. We produce the
parallel program global type, i.e. its communication protocol,
that acts as a contract for the low-level code, can be used to
pin-point potential optimisations, or assessing the suitabil-
ity of a parallelisation. This approach has several benefits:
1. our message-passing code is deadlock-free by construc-
tion, since it follows the data-flow of the program, and the
optimisations must respect the global type; 2. we prove that
our parallelisations are extensionally equivalent to the input
function. Additionally, PAlg code could be used for further
multiple purposes, such as parallel GPU/FPGA code genera-
tion, by combining our approach with other state of the art
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code generation techniques. We will study this for future
work.

Though our approach can already generate representative
parallel protocols, our framework is extensible. E.g. we can
extend our framework with dynamic participants to handle
dynamic task generation [26], and we plan to use this to
capture a wider range of communication patterns for paral-
lel computing, such as load-balancing or work-stealing. We
plan to study the extension of our back-end to heterogeneous
architectures, e.g. GPU clusters, or FPGAs. Our prototype
generates code that can achieve speedups against sequential
implementations, the optimisations that we support are very
basic, and our generated code can be very large. We plan to
introduce optimisations that reduce the amount messages
exchanged, further message reorderings guided by the global
type, and optimisations of the size of the generated code. Fi-
nally, we plan to study the instrumentation of global types to
estimate statically the speedups of different parallelisations,
and optimise communication costs.
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Further Definitions

A.1 Algebraic Functional Language
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Figure 7. Syntax and types of Alg.

A.1.1 Properties of Alg Constructs

Alg constructs are characterised by well-known properties.
Sum and product functions, are uniquely determined by their
universal properties. Composition and identity must satisfy

the

associativity and cancellation properties. These basic

properties are summarised in Fig. 9. Functors preserve iden-
tities and composition, and rec satisfy the hylomorphism
laws (Fig. 9b). The laws of hylomorphisms can be used to
perform some common program optimisations. For exam-

ple,

the well-known deforestation transformation can be
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Constant, Identity and Composition
conste=Ax.e id=Ax.x ejoey=Ax.e1 (e2x)
Products
i = A(x1,x2). xi, i € [1,2] e1 A ey =Ax. (e1 x, ez x)
e1 X ez =(e10m) A(ez 0 m2)
Coproducts
1 = Ax. inji x e1 V ez = A(inj; x). e; x

e1+ex=(110e1)V(1z0ez)

Functors
la=a Kab=a (FifF)a=FatFa te€{+Xx}
le=e Kae=id (FitF)e=F efFe
Recursion

inp = Ax. inp x outg = A(inf x). x
recrej eg = f where f =ejoF foe

Figure 8. Semantics of Alg combinators.

derived from the hylomorphism equation, and the prop-
erties of functors. Particularly, it is an instance of Equa-
tions A.11 and A.7 in Fig. 9. From the universal proper-
ties of A and V (Fig. 9a), a number of equivalences can
be derived, e.g.: m; 061 A ey = e;; (M oe) A(moe) = e
m Ay = id; (e1 X ez) o (e3 A eg) = (e1 0 e3) A (ez 0 ey);
egVeol =ep;(eor)Vieorn) = ey Vip = id; and
(e1Vez)o(es+ey) = (e;0e3) V(ea0eq) wherei € {1,2}. The
properties of combinators provide a formal framework for
equational reasoning that can be used as a basis for doing
program transformations [31; 34; 53]. These properties have
been used for parallelising functions, e.g. [17; 33; 55]. In this
paper, we use =y for the equations in 9, to distinguish them
from the syntactic equality (=).

A.2 Parallel Algebraic Language
A.2.1 Typing rules

Rules Ip, Comp, Proj; and SPLIT are standard. The main
feature of this type system is the use of eta-expanded sum-
types and unions of interfaces to deal with choices. Rule
CHoICE specifies that a choice point may be introduced at
any point when a participant contains a value of a sum-
type. In such cases p sends the tag of the sum-type value
to any other participant whose behaviour depends on it.

After the choice point, the interface is I[i; p] UP I, p], with
the constraint that the participants in 7 [p] must be in p.
Rule ALT specifies that e must be the parallelisation of e,
considering both A; and A; as input interfaces. The output
interface is the union of B; and B,. Any participant in e must
be notified of the choice pids(e) C p, to make sure that they
perform the interactions that correspond to the correct A;.
Rule Join is the same as rule Art, but we do not require
the participants in e to be notified of the choice, since the
input interface is the same in both branches of the choice.
Rule Inj; is used to tag an interface with the i-th injection.
Then, rule CAsE; specifies that if e; is the parallelisation of
e;, then e; V e is a parallelisation of e; V ey, given the tagged
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input interface i; I,. Note that e; with j # i is free in rule
Cask;. We solve these cases by unification (see rule ArT). If
this is not possible, this means that no branch in the control
flow will ever reach e;, and so we can set it to any arbitrary
parallelisation of e;, or even optimise e; away. Rule ALG
specifies that given any e and participant p, e@p is a valid
parallelisation, with output interface b@p. Finally, rule EXT is
crucial for exploring potential parallelisations. It states that
if e is the parallelisation of e;, and e; is extensionally equal
to ey, then e is also a parallelisation of e;. The undecidability
of this rule requires that the programmer specifies rewriting
strategies both for checking and inference.

Example A.1 (Rewriting and annotation strategies). We il-
lustrate how rewriting and annotation strategies work by
showing the mergesort (ms) example. Consider the merge-
sort definition ms = recy mrg spl. Solutions to the inference
problem + ms = ?0 : Ls@py — ?1 provide the alternative
parallelisations of ms. The only two rules that can be applied
are ALG or EXT. By rule ALG, we can annotate ms at some
pi: - ms = ms@p; : Ls@py — Ls@p;. Alternatively, we can
use the hylomorphism equation, and apply rule ExT:

ms = recy mrg spl = mrgoT msospl =mrgo
(id + ms X ms) o spl
We decide which of the rules to apply by querying a collec-
tion of rewriting hints, that we call rewriting strategy. This
collection of hints is of the form [e; : rwy,...], and must be
specified by the programmer. The rewritings rw; are essen-
tially proofs that e; =y e;, by applying equations in Fig.
9. Once a hint is used, it is removed from the collection of
hints. For the mergesort example, if we use the rewriting
strategy [ms : unroll 1], we will apply rule Ext, unroll the
hylomorphism equation once, and continue with an empty

strategy [].

F mrg o (id + ms X ms) o spl = 20 : Ls@py — ?1
ms =ext mrg o (id + ms X ms) o spl

Fms = 70 : Ls@py — ?1

With an empty rewriting strategy, the only possibility once
we find the atomic function spl is to use rule Arc. To select a
participant, we query the annotation strategy. The annotation
strategy is a collection of expressions that we require to place
at distinct participants. Suppose that our annotation strategy
is {spl}. Then, we would need to select a fresh participant
pi: + spl = spl@p; : Ls@pp — ((1 + a) + Ls X Ls)@p;. If the
annotation strategy does not contain spl, then we would
select any participant from the input interface, to minimise
the amount of messages exchanged: + spl = spl@py : Ls@py —
((1 + a) + Ls x Ls)@pg. Suppose that the annotation strategy is
{spl}. Then, after spl we have a sum type at p;. This requires
us to introduce a choice point:

1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430



1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485

CC *20, February 22-23, 2020, San Diego, CA, USA

idoe=eocid=¢e (A1)
F(epoey) =FejoF e (A.2)
Fid=id (A3)

David Castro-Perez and Nobuko Yoshida

ero(ezoes) =(e1oez)oes (A4
f=e1lhey & moe=e A moe=ep (A.5)
e=eVey &S eolp=e A eoig=ep (A.6)

(a) Basic Properties of Combinators

e3o0eq =id = (recp e e3) o (recy eq e2) = recp ej e

n:Fp — F; = recp, (e;on) ez = recy, e1 (70 ez)

ey strict Aejoes =es0Fej Aegoer =Fepoeg

(b) Hylomorphism Laws

Figure 9. Properties of point-free combinators

F mrgo (id + ms X ms) = ?0
:((1+a) + Ls x Ls)@(11 p1 U, p1) — ?1

{p1} €73

F mrgo (id + ms X ms) = ?0 o [p; & ?3]
:((1+a)+LsxLs)ep; — ?1 U 22

By collecting all constraints of the form {p;} C ?3, we can
fully determine what is the minimum list of participants ?3
that we require. To conclude our example, we show the end
result of applying the rest of the rules. The final structure
follows a divide-and-conquer parallel structure, that may
bypass p; and ps if the input list is empty or singleton.
F mrg o (id + ms X ms)
= mrg@p; o (id + (ms@pz o 71@p1) A (mMs@p3 o m@p1))

o[p1 @ p1p2p3] o spl€p;
: Ls@py — Ls@pj UP1PzP3 Ls@py

Definition A.2 (Product and Injection of Choice Interfaces).
We sometimes write A X B to represent the product of inter-
faces that contain choices. We do the product of the respec-

tive interfaces, after performing first the choices in A, and
then the choices in B:

(Ry UP Rp) X Ry = (R X R3) UP (R X Ry)
It X (Ry UP Ry) = (I X Ry) UP (I} X Rp)
We also write injections of interfaces that contain choices:

Li (R] Uﬁ Rz) =1 R1 Uﬁ Li Rg

Definition A.3 (Well-formedness of interfaces: WF(a@R)).
Interface a@R is well formed if R matches the structure of a:

WF(a;@I)
WF((a; + a2)@(i; 1))

WF(a@l;)  WF(beL)
WF((a X b)@([l X 12))

WF(a@p)

WF(a@R;)  WF(a@Ry)
WF(a@(R; UP Ry))

(A7) recp in out = id,F (A9)
(A.8) e1, ez strict = recp e ey strict (A.10)
= ejo(recr es eq) o ey = recp es eg (A.11)
Join
Fe=>e:A— B
re=e:AUPA— BUPB
Arr
Fe=e:A; — By
te=e:Ay — By Al # Ay pids(e) € 7
Fe=>e:A; UﬁAz — By UE)BZ
ALG ExT
Fe:a—b ey =e:a@l — B €1 ext €2

Fe = e@p:al — b@p e =e:a@l - B

Iny; Ip

Fij=1:a@l - a@(; 1) rid=>id:A—> A

Proj;
i€[1,2]

b = i (a1 X az2)@(Iy X L) — a;@l;

Comp

Feg=>e1:B—C ey =>ey:A— B

Fejoey=>ejoe:A—>C

CASE;
e =>ej:a;@l > B

FeirVe =e;Ves:(a;+az)e(; I) > B

SpLiT

ei=e1:a@l > B ke = ey:aCl - C

FeiAey = ey Aey:a@l - BXC

CHOICE _
Fe=e:a@[y p]UP I p]) > B
pids(Z[p]) € p tyAt(Z,a) =b+¢

te=eo[p®dp]:ael[p] —» B

Figure 10. Typing rules of PAlg

Definition A.4 (Projection Rules (G [ p) and Merging (L111Ly)).

For well-formed interfaces, we sometimes propagate the
annotation down the type structure, e.g. a@R; X b@R; is nota-
tion for (a X b)@(R; X R;). We also define sums of interfaces

a@R,; +P b@R, as notation for (a+b)a(y Ry UP 1, Ry).

Projection defines how to obtain the local type L of a partici-
pant p in a global type G: G | p.

(pr—=p2:a.G) [ p
p2!a). (G [ p) if p=p1 # p2
=1p1?%a). (G [ p) if p=p2 #ps1
1 Glp otherwise
(p1 = p2: {li.Gi}ier) [ P
p2 ® {l;.G; [ p} ifp=ps
=1p1&{li.Gi [ p} ifp=p:
Mier(Gi | p) otherwise
; (X (GCItn) ifCOMn=+X VY
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p & {li-Li}ieI Mp & {lj.L;-}jEJ
=p & {lx- Ly ML bkerng Y {U-Litieng Y {lm-Lm}menr
’UXLl HHX.LZZyX.(LlﬂLz) LNL=L

Projection onto a role is not necessarily defined. Particularly,
projecting p; — p2 : {l;.G;} onto p, with p # p; and p # p,
is only defined if the projection of all G; onto p can be merged.
Two local types can be merged only if they are the same, or
if they branch on the same role p, and their continuations
can be merged. For example, ps’s local type of the global
type: pX.p1 = p2{li.p2 = p3 : L.p1 = ps : 5.X, ly.ps =
p3 : Is.p1 = p3 : lg.end} is pX.ps & {L.p1 & {3.X}, 1y.p2 &
{ls.p1 & {ls.end}}}.

Definition A.5. LTS for Local Type Configurations

(C.Q) ~{(C, QY| C = [pi = Lilier Q = [pipj = wlier,jer
(Clpo = p1X{a). L], Qlpop1 +> w])

—PoPH@ (C[pg - L], Q[pop1 - a - w])
(Clpo = p1?(a). L], O[p1po > w - al)

—PoP1%(@) (C[pg > L], Qlp1po — wl)
(Clpo = p1 ® {ti.Li}ier]. Qlpop1 = wl)

—PoP1®li (C[pg > L;], Qlpop1 = 1 - w])
(Clpo = p1 & {ti-Li}ierl, Qlp1po = w - Li])

—PoPi&li (C[pg > L], Qlp1po = wl)

Definition A.6 (Interface projection: A | p). The projection
of interface A onto role p is the part of interface A that is
located at p. We define the projection for a@R inductively on
the structure of R:

a@po | p1 = {a, if po = p1; 1, otherwise}
(ax b)@(Ry X Rz) | p = (a€Ry [ p) X (beR; | p)
(a1 +a2)e(i; R) | p = (a;GR | p)
a@Ry UP Ry) [ p =
(aGRy) [ pW (a@Ry) [ p ifpep
a ifa’ = (a@Ry) [ p = (a@Ry) [ p

A.3 MPST

Definition A.7 (Label Broadcasting). We define a macro
that represents the broadcasting of a label to multiple partic-
ipants in a choice. We write

o p = {pj}tjein : {Li-Gitier for p — pi{ti.p — pa{u
«o.p = pniti.Gi} .. .}}ier; and
o {pi}ieri,n] ® {ti-Litier for pr ® {tip2 ® {t;....pn @
{ti-Li} .. }hier
It is straightforward to show that (p; — {p;}jes : {t:-Gi}ier) |
p2 = {pj}jes®{1i.Gi I p2tier,if p1 = p2,and (p1 — {p;}jes:
{ti.Gitier) | p2 = p1 & {1i.G; | patier, if p2 = p; for some
jeJ.
The relation F p & A ~ G associates p and A with the
global type G (Fig. 11).
Rules Ip, INJ;, ProJ;, and CASE; are straightforward. Rule
Comp associates two PAlg expressions with the sequencing
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of their respective global types, G; § G,. The sequencing
produces the global type that results of performing first Gy,
and then G,, by taking into account branching and choices:

endsG =G
(p1 = p2 :a.G1)§G2 = p1 = p2 : a.(G1 3 G2)
(p1 = p2{ti.G1}) $ G2 = p1 = p2{1:.G1 3 G2}
11.G1 11.G1 §G3
- $(G3UGy) =p1 =
(p1 — p2 {12.62})9( 3 UGa) = p1 = p2 {tz-G2$G4
(G1UG2)5(G3UGy) = (G13G3) U (G2 5Ga)

Rule CHOICE turns a choice point of p with dependencies
p into a global type choice: p notifies all participants in p
of the branch in the protocol that they need to take. Rule
ALT associates p with two protocols, G; and G,, whenever
the input interface is a choice of A; and A,. Each G; is the
continuation that corresponds to the i-th branch of the choice
that led to interface A;. Note that contrary to the typing
rules of Fig. 2, there is no rule Join. This is because Join
was only used to avoid adding too many participants to a
choice. However, at this point, these participants are known,
and specified at the choice points. Rule SPLIT associates a
split of PAlg expressions with the sequence of the respective
interactions. The rule uses [G2/end]G; instead of ¢, because
if Gy contains a global type choice, then the interactions
described by G, must be done after every branch in G;. Since
both G; and G, start from the same input interface, any
choice in either G; must be independent of any choice in the
other G;. Finally, rule ALG specifies that if the input interface
is a@l, and the expression is e@p, then the protocol comprises
the sequence of interactions from all participants in I to
participant p.

Example A.8 (Mergesort Protocol). Recall the PAlg expres-
sion inferred for ms in Example A.1:

F mrgo (id + ms X ms)
= mrg@p; o (id + (ms@py o 71@p1) A (ms@ps3 o m2@p1))
o[p1 ® p1p2ps] o splép;

: Ls@py — Ls@p; UP1P2P3 | s@p,
We need to solve F mrg@p; o (id + (ms@pz o 71@p1) A (ms@ps o
m2@p1)) © [p1 @ p1p2p3] o spl@p; « Ls@py ~ ?0.
The first step is a straightforward application of Comp. The
case for [p; ® p1pzps] is the result of applying rule CHOICE.
To help readability, we use different colors for the left and
the right branches:

F [p1 ® p1pzps]
< ((1+a)+ Ls x Ls)@p; ~ p1 = {p2p3}{u.end;z.end}

At this point, the input interface is:

((1 4 a) + Ls X Ls)@(1q p1) UPTP2P3 ((1 + a) + Ls X Ls)@(i2 p1)

This means that we need to obtain two sub-protocols, for
the left and the right branches respectively. The left branch is
solved by applying rule INy;, while the right branch is solved
by rules CasE, INJ,, SpLIT, COoMP and ALG:
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Ip Ing;

Fid < a@l ~end F; & a;@I ~end

Proj;
i€1,2]

E i & (a1 X az)@(; X I) ~ end

CHOICE

Elp@®p] < alb+clellp] ~p— {p\p}u. end; 1. end}

CASE;
E e; < ai@l ~G

EejVey=(ar+a2)(; I)~G

ALT

Fec A ~G Fec A ~Gy

Fec A UP Ay ~ G UGy

ALG
Fe:a—b

F e@p < a@l ~ [a€l ~ p]

Comp
Fepy=A~Gy Fei < B~G Fey:A— B
Feloep =A~Gr3Gy
SPLIT
Fej<=a@l~G; (i=1,2)

Ee1 A ey & a@l ~[Gy/end]Gy

[a@p1 ~ p2] = p1 = p2 : a. end, if p1 # p2; [a@p ~> p] = end;
[(ax b)e(Iq X Ip) ~ p] = [a@l, ~> p] § [bCI}, ~ p]; and
[(a1 + a2)@(s; I) ~ p] = [a;@] ~ p]

Figure 11. Protocol relation

F id + (ms@py o 71@p1) A (ms@ps3 o m2@p1)
< ((1+a)+ Ls xLs)e(s; p1) ~end
F id + (ms@py o 71@p1) A (ms@ps3 o m2@p1)
< ((1+a) + Ls x Ls)@(i2 p1) ~ p1 = pz : Ls.p1 = ps3 : Ls.end

The interface at this point is ((1 + a) + Ls X Ls)@(1; p; UP1PzP3
12 (p2 X p3)). For the last expression, mrg@p;, we produce the
following protocol: end U p2 = p1 : Ls.ps = p1 : Ls.end . This
is because, on the left branch, the input is still at p;, so no
communication is required. On the right branch, the input
is a product of lists, one at p, and another one at ps, and
so they need to communicate with p;. The final protocol is
obtained by applying sequencing;:
11.end;
p1 = {pzps} {lz.pl — p2: Ls.p1 = p3: Ls.end};
(end U(p2 = p1:Ls.p3 = p1: Ls.end))
11.end;
=p1 — {p2p3} {2.p1 = p2 : Ls.p1 = p3 : Ls.
p2 = p1 :Ls. p3 = pp : Ls.end
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[pr—e {7

P3
A4 Mp -

Mp comprises four basic operations: send, receive, choice
and branching, with a standard (asynchronous) semantics.
Additionally, for composing actions that depend on the same
choice, we introduce case expressions.

v =x|(v)|tov]|--|ev
m; s==retv | ms=f |sendpv|recvpal|selpv fi fo
| brn p my my | case fi fa f i=Ax.m

Values v are either primitive values, tagged values ; v, pairs
of values, or the result of applying an Alg expression e to a
value. We use standard notation for the monadic unit (ret)
and bind (s=). The term Ax. m is a monadic continuation.
We write A_. m when the continuation discards the result
of the previous monadic action. We use the standard Kleisli
composition: fi>=>fo = Ax. fi x>=f,.

The message-passing constructs are standard, except sel,
brn and case, which are used for performing choices, and
composing actions that depend on the same choice. We ex-
plain them in detail below. We include select and branching
as syntactic constructs to simplify the typeability of parallel
code against local types, but their semantics can be defined
in terms of standard pattern matching, plus send and receive
operations.

Each monadic computation f or m has a type m : Mp L q,
where a is the return type of m, and L is the type index
of Mp, and it represents the local type that corresponds
to the behaviour of the term m. There is almost a one to
one correspondence between the terms L and the monadic
actions m, so we refer the reader to Appendix A (Fig. 16) for
the full definition.

Composing Choices The types of the constructs that deal
with choices use a new type, W, that is isomorphic to sum
types, but that can only be constructed and eliminated by
using the following monadic constructs:

selp:a+b—(a—>MpLic)— (b— MplLycz)
— Mp (p & {11.L1312.L2}) (c1 Wca)
brnp:MpLia; — MpLyap
= Mp (p & {11.L1;12.L2}) (a1 W az)
case:(a > MpLic) > (b—->MpLyd) > awb
— Mp (L1 U Ly) (c W d)
These constructs ensure that the tag used to build awb indeed
corresponds to the correct branch of the right choice. We use
case to compose actions that depend on a previous choice. It
may seem that this treatment of & leads to unnecessary code
duplication, e.g. the only possibility to compose a single ac-
tion f after a branch is using case: brn p m; my>=case f f.
Our back-end easily optimises those cases to avoid code
duplication.
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By the definition of the monadic bind, when we compose
a branch or select with a case expression, the final local type

cannot contain U. To illustrate this, consider m; : Mp L; (a & b)
and f : aWb — Mp (Ly U L3) (c W d). Thelocal type of my>=f,

must be L; § (Ly U L3). But that is only defined if L; contains
a branch or select. Therefore, m;>=f;, is only well-typed if
f> is a case expression on the tag introduced by the topmost
branch or select of m;.

Parallel programs We define the basic constructs of PAlg
in a bottom-up way by manipulating parallel programs. Paral-
lel programs are mappings from participants to their monadic
action: E == [p; > m;]ier. Ifm; : Mp L; a; for alli € I, then
we write [p; = m;lier : Mp [pi = Lilier [pi & ailier.
The semantics of both local types and monadic actions is
defined in terms of such collections of actions or local types,
and shared queues of values W, or queues of types Q, e.g.
(E, W) ~¢ (E’, W’} is a transition from E to E’, and shared
queues W to W’ with observable action {. We prove a stan-
dard safety theorem (Theorem 5.1 below) that guarantees
that if a participant does a transition with some observable
action, then so does the type index.

Theorem 5.1. [Soundness] AssumeE : Mp CA,m:MpLa
and W : Q. Suppose (E[r > m], W) ~ (E[r — m'], W’).
Then there exists (C[r — L],Q) —¢ (C[r — L’],Q’) such
that W’ : Q' andm’ : Mp L’ a.

Notations and Operations for Parallel Programs We
simplify the notation for E, when all L; are projections of the
same global type, and the a; are projections of the same inter-
face. We define the projection of an interface at a participant,
A | p, to be the part of A that is at p (Appendix A.6). When-
ever we have m, : Mp (G [ p) (A | p) for all participants
in p € G, we use the notation [p + mp],epids() : Mp G A.
This means that the collection of all actions m,, behave as pre-
scribed by G, and produce their result in interface A. Finally, if
wehaveE=[p > f,: A p— Mp (G | p) (B | P)lpepias(c.
we writeE: A — Mp G B.

Parallel programs have a default value for participants
that are not in their domain. Unless otherwise specified,
this default value is the identity. For example, E(p) = f if
E=E[p+ f],and E(p) = Ax.ret x if p ¢ E. We specify the
default value using the underscore character as a key in the
mapping from participants to monadic actions: [_ — f].

Distributed Values and Execution We define the exe-
cution of a parallel program on a distributed value below.
A distributed value V : a@R is a mapping from partici-
pants to the value that they hold in the respective interface:
[pi = (vi : (a@R) [ pi)lier : (a@R). Additionally, we require
unit to be the default value, so if p ¢ pids(R), then V(p) = ().

Definition A.9 (Execution). Given E = [p; — fi]ier and
X = [pj ¥ xjljej, we define E(X) = [p; = fi X(pi)lier
with X(p;) = x; if i € J, or X(p;) = () otherwise. Given Y =
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[px ¥ Yk lkex, we say that P(X) executes to Y, P(X) ~* Y,
if there is a trace (P(X), 0) ~* ([p; > ret Y(p;)lier, 0). We
write P(X) = Y, whenever there is a unique Y s.t. for all Z,
P(X) ~* Z implies that Z = Y.

Composition and Identity Composition is defined as the
standard Kleisli composition, extended to parallel programs
as follows: Ey>>Ey = [p > E1(p)>=>E2(p)]pet,ue,. Then, E; o
E; = Ey>=E;. Identity is simply the empty program with just
the default value, id = [].

Splitand Projection The split operation is the participant-
wise split, and the i-th projection is the environment with
the projection i as the default value:

E1 A Ez2 = [p = Ax. E1(p) x3=Ay. E2(p) x>=Az. ret(y, z)|pek, Uk,

i = [+ Ax. ret (7; x)]

Case and Injection Case expressions will never occur dur-
ing code generation, since they will be resolved by choices.
Injections only tag a branch in the protocol, and so we define
them as the identity: 1; = [].

Choices Choices are performed by the participant holding
a value of a sum-type, and the tag is notified to the list
of participants that depend on them. The definition uses
functions get ;(x) and put ;(y, x) to extract the value of a
sum-type from the hole of a one-hole context 7 (§3.1), and
to replace the value at the hole respectively.

[Po ® pop1---Pn] =
po > Ax. sel (p1---pn) (get 7 (x))
(2y. ret (put 7(y. ))) (Ay. ret (put(y, x)))
p1 — Ax. brn p (ret x) (ret x);

pn > Ax. brn p (ret x) (ret x)

The presence of type ¥ means that we might require to
perform a case expression to inspect the result of a previous

choice: we define E; WP E, for this.
£ &P Ez = [p > Ax. case E1(p) E2(p)]pes U (E1 UE2) \ (B}

The definition of WP means that the participants involved
in a choice will perform a case expression to inspect which
branch they need to take, while the rest of the participants
will continue as specified by either E; or E,. Note (E; UE;)(p)
will produce Ey(p), if p € E; N E;. This will not be an issue
during code generation: any participant that is not involved
in a choice will have the same continuation in both branches.

A.5 Mp code generation

The translation scheme for Mp code generation (Fig. 12)
is done recursively on the structure of PAlg expressions. It
takes a PAlg expression e, an interface A, and produces a
mapping from all participants in e and A to their respective
monadic continuations. We write [e] (A), and guarantee that
[e] (A) : A — Mp G B, if F e & A ~ (G, B). This means
that if e induces protocol G with interfaces A — B, then
the generated code behaves as G, with interfaces A and B.
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Code generation follows a similar structure to global type
inference. For code generation, we require a partial function
cod(e, A) that infers the codomain interface of e using Fig. 2.
The translation to Mp requires to define the interactions
from an interface I that gathers a type a at p: (a@I ~ p) :
a@l — Mp [a@I ~» p] (a@p). The definition is analogous
to that of [a@I ~» p]. The remaining of the translation is
straightforward, built on top of the previous definitions.

(a@p1 ~ po) = [p1 — Ax.send x popo — A_.recv p; a]
((a1 + a2)@(1; I) ~ p) = (a;@I ~ p)>=[p > Ax. ret (1; x)]
((a x b)e(Iy x Ip) ~ p) = (a@l; ~ p)) x (b@I; ~> p)

>=[pi = A_ret(]p,; epids(I,xI)\ {p}

[id] (ael) =1 [14] (ael) = []

[eep] (a@I) = (a@I ~ p)>=>[p — Ax. ret (e x)]
[e1 & e2] (a€I) = [e1] (a@l) A [ez] (a€D)

[e1 0 e2] (A) [e2] (A)>= [e1] (cod(ez, A))

[e1 v e2] ((a1 + az)€(s; 1)) = [e;] (a;@I)
[7:] ((a x b)e(l; x I2)) =7
[lp ® p1] (a@Z [p]) =[p@p]

[e] (a@(R; UP Ry)) = [e] (a@Ry) &P [e] (a@R,)

Figure 12. Translating PAlg to Mp code.

Protocol Compliance Theorem 5.2 guarantees that the
generated code follows the protocol inferred using the re-
lation in Fig. 3. This fact is enough to guarantee that the
generated code is deadlock-free. Moreover, we can use it to
prove that the generated code is extensionally equal to the
input Alg expression. We state this in Theorem 5.3.

Theorem 5.2. [Protocol Conformance of the Generated Code]
IfE e & A ~ G, then [[e] (A) complies with protocol G.

This theorem is proved by induction on the structure of the
derivation =, and by the definition of [. This result guarantees
that the generated code corresponds to the protocol inferred
from e. Since the protocol inferred from e is deadlock-free,
then so is the generated code. See Appendix B.3.

Extensional Equivalence Additionally to deadlock-freedom

and protocol compliance, we prove that if e is the annotation
of e, then running the code generated from e on x produces
the same result as evaluating e on x. This guarantees that,
regardless of the annotations and interfaces chosen for e, the
parallel code always produces the same result as the sequential
implementation. We show the statement below, in Theorem
5.3, and refer to Appendix C for the full proof.

We specify the extensionality theorem on runnable parallel
programs, which are those with a single entry/exit point, i.e.
a master worker p, that starts the computation, and gathers
the results. Suppose we call this master worker p,,. Given
any e, we can guarantee that p,, is the entry point by setting
it to be the domain interface: + e : a@p,, — b@R. To make it
the exit point, we need to make sure that it is the codomain
interface. We can do this by forcing the participants in R to
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send their values to p,, as follows: + id@p,,0e : a@p,, — b@R.
However, and due to the presence of choices, the codomain
interface may contain U. For example, if e : a@p,,, — b@(I; UP
L), with I} # I, then + id@p,, o e : a@p,, — b@(pym, P Pm)s
with p,, € p. This means that b@(p,, UP pp,) | pm = bwb. To
obtain a single value of type b, we use function join : aWa —
a, which is equivalent to id V id for regular sum-types. We
lift it to a monadic action, join(R), to join all branches in R:

join(l) =]
Ax. ret (join x)]

join(R{UPRy) = join(Ry)wPjoin(Ry)>=[p
pep
Note that join(R; UP R,) is only defined if (a@R; [ p) =

(a@R, | p) for all roles. The runnable parallel program for
e : a@p,, — beR, J[e] (pm), is defined as follows:

Jlel (pm) = [id@ppm o €] (a@pm)>=[pm + join(R)].

Our extensionality statement specifies that executing the
runnable parallel program for e, with master p and value x,
produces value e x at p.

Theorem 5.3. [Extensionality] Assume e = e : a@p — b@R
and x : a initially at p. If e x = y, then the execution of [e] (p)
also produces y, distributed across R.

Example A.10 (MergeSort Code Generation). We start with
the annotated ms from Example A.1, and we use p; as master
role to avoid the initial communication from pg to p;:

pms = mrg@p; o (id + (ms@py o m1@p1) A (mMs@p3 o m2@p1))

o[p1 @ p1p2ps3] o spl@p; : Ls@p; — Ls@p; UP1P2P3 |s@p;

Note that [id@p; o pms]] would be equivalent to [pms] be-
cause the output interface is already of the form p; U py.
Therefore, for simplicity, we show [pms], and use it to pro-
duce the runnable parallel program. Fig. 14 show the code
generation process using a table, where the i-th column is the
current code for participant p;, and the last column shows
the expression and input interface that we are translating
next.
From this point, we need to produce the code for the two
branches. The left branch is straightforward, and is simply
Ax. ret x for all participants. The result for the right branch
is show in Fig. 15:

Next, we combine both branches using case, and compose
it with the previous result. To avoid unnecessarily pattern-
matching expressions such as case, we optimise the code
using rules of the form:

sel p fi fa»=case f3 fu = sel p (fiz=f3) (fa>=f1). Addition-
ally, we optimise all instances of e.g. (x, ()) using the fact
that TXa = a X 1 = a. We show below the code for all
pi, after composing it with join(p; UP'P2P3 p,), and applying
these optimisations. We use different colours to highlight
the different branches of the protocol:
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p1 > sel {p2, p3} (spl v) (Ax. ret (mrg (11 x))) (Ax. send py (71 x)==Ay. send p3 (72 x)>=1_.
recv pz Lss=Ax. recv p3 Ls>=7Ay. ret (mrg (12 (x,y))))>=Ax. ret (join x)

p2 — brn p; (ret x) (recv p; Ls>=Ax. ret (ms x)>=Ax. send p; x)>=Ax. ret (join x)

p3 > brn p; (ret x) (recv p; Ls>=Ax. ret (ms x)>=Ax. send p; x)>=Ax. ret (join x)

p1 > send pa (71 (v, v2))>=Ay. send p3 (712 (v1,v2))3=A_. recv py Ls>=Ax. recv p3 Ls>=1y.
ret (brz (mrg (12 (x,y))))>=Ax. ret (join x)

p2 > recv py Ls»=Ax. ret (ms x)>=Ax. send p; x>=Ax. ret (bry x)>=Ax. ret (join x)

p3 > recv p; Lss=Ax. ret (ms x)>=Ax. send p; x>=Ax. ret (bry x)>=Ax. ret (join x)

p1 P recv py Lss=Ax. recv ps Lss=Ay. ret (bry (mrg (12 (x,y))))s=Ax. ret (join x)
p2 > ret (ms v1)>=Ax. send p; x>=Ax. ret (bry x)>=Ax. ret (join x)
p3 > ret (ms vp)>=Ax. send p; x>=Ax. ret (bry x)>=Ax. ret (join x)

p1 > ret (mrg (12 (ms v1, ms vg))) = ret (mrg ((id + ms X ms)(spl v))) = ret (ms v)

p2 > ret () | p3 > ret ()

Figure 13. Step-by-step execution of the parallel code for ms. Input is [p; > v], with spl v = 1, (vy, v2).

1 p2 p3

Ax. ret x Ax. ret x

Ax. ret x

[spl@p1] (Lsepq)

Ax. ret (spl x) Ax. ret x

Ax. ret x

[lp1 ® p1pzp3]] (((1 + @) + Ls X Ls)@py)

Ax. ret (spl x)>=Ax.sel {pz, p3} Ax.brn {p;}
(Ax. ret x) (Ax. ret x) (Ax. ret x) (Ax. ret x)

Ax. brn {p1}
(Ax. ret x) (Ax. ret x)

[id+...](((1 +a)+ Ls X Ls)
@(11 p1 UPIP2P3 15 pr))

Figure 14. Example Translation

P1 p2

p3

Ax. ret (1 x)>=Ay. send p2 y>= A_.recv py Ls>=
Az. ret (;rp x)>=At. send p3 z>=  Ax. ret (ms x)3=Ax. ret (x, ()
Ar. ret(z, r)

A_.recv pj Ls>=
Ax. ret (ms x)>=Ax. ret ((), x)

[(ms@pz o m1@p1)A
(ms@p3 o m@p1)]((Ls X Ls)@py)

Figure 15. Right branch for mergesort.

p1 > Ax. sel {p2, p3} (spl x) (Ax. ret (mrg (11 x)))
(Ax. send p2 (1 x)>=Ay. send p3 (12 x)>=A_.
recv pz Lss=Ax. recv p3 Ls>=7Ay. ret (mrg (12 (x,y))))
s=Ax. ret (join x)
p2 — Ax. brn p; (ret x) (recv p1 Ls>=Ax. ret (ms x)>=Ax.
send p; x)>=Ax. ret (join x)
p3 — Ax. brn p; (ret x) (recv p; Ls>=Ax. ret (ms x)>=Ax.
send p; x)>=Ax. ret (join x)

We show in Figure 13 the step-by-step execution of this code
on distributed value [p; — v], with spl v = 15 (v1, v3). The
final result is equal to p; applying ms directly on the input.

Typing Mp against Local Types We define a relation be-
tween Mp code and the local type that captures their com-
munication behaviour (Fig. 16). We define a judgement of
the form T + m : Mp L a, where Mp L a is the type of an Mp
expression that conforms to protocol L and returns a value
of type a. The types are parameterised by a variable [ that
represents a local type continuation. The rules in Fig. 16 are
straightforward, since they relate in a one-to-one way to the
constructs of local types.

Semantics The operational semantics of Mp terms is stan-
dard, and mirrors that of the local type configurations in [27].

19

The operational semantics is defined as an LTS with transi-
tions of the form {[p; +> m;]icr, W) ~¢ ([p; > m;lier, W).
Here ¢ == pop1!{a) | pop1?(a) | pop1 @ i | pop1 & i; is the
observable action that takes place, and represents, respec-
tively, po sends to p; a value of type a, p; receives from py, po
sends label i to p;, and p; receives label i from py. We use the
special symbol € to represent that no communication took
place. Finally, W is a mapping from ordered pairs of roles
to unbounded buffers that contain the data sent between
participants.

Definition A.11. LTS for Mp Terms | (P, W) ~»¢ (P, W'} |,

P, W transitions to P’, W’ with action £. The transition rules
are defined in Fig. 17.

Similarly, we define (C,Q) —¢ (C’,Q’) for the LTS of
local type configurations (App. A). Here, C is a collection
of local types, C = [p; — Li]ier, and Q is a mapping from
ordered pairs of roles to unbounded buffers that contain types
of the data exchanged. We also say that W is compatible with
Q, W : Q, if for all pair p;p, if wy --- w, = W(p1p2) then
ap -+ ay = Q(p1p2), and for all i, w; : a;.

Definition A.12 (Get/Set for Types from One Hole Con-
texts). Whenever a role performs a choice, we have a type
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RET SEND

l'rv:a
I'+send rv: Mp (p!{a). end) 1

T'ro:a

I'tretv:Mpenda

ABs
I''x:a+rm:MpLb

T'rAx.m:a—> MpLb

Recv

T'+recvra:Mp (p?(a). end) a

BinD
I'tm:MpLia Trf:a—>MpLyb

Trms=f:Vlh. Mp(L1§L2) a

BrancH
T'tmqp: AAp Ly a1

T'+brnr m; my: Mp (r & {11.Ly; 12.L2}) (a1 W az)

T'tmy: ﬁv\p Ly ay

SELECT
F'rov:a+b
Fl-flza—>MpL161 FI—fz:b—)MpLzCz

Trselv {rj}jes fi f2: Mp ({pj}jey ® {11.L1; 12.L2}) (c1 W o)

CASE
ka1:a1—>MpL1b1 rl-f2:a2—>MpL2b2

rl—caseflfg:alkﬂazﬁMp(LlULz)(blkﬂbg)

Figure 16. Typing rules for Mp code.

with one hole, a@7 [p], with a sum-type at the hole (b + c)@p.
The code for p requires to extract the sum type from the
type a, and to set the value at the hole pointed by 7. This is
because p may occur deep in I [p] and, therefore a@J [p] [ p
may be different to b + c. We achieve this with the follow-
ing families of functions, get; : a — typeAt(Z,a), and
put; : ¢ X a — substTy(Z, a, c), where typeAt and substTy
get/set the type at the hole in 7.

B Deadlock-Freedom
B.1 Proof of Lemma 4.2

Lemma 4.2. [Existence of Associated Global Type] For all
WF(A), if- e : A — B, then there exists G s.t.F e & A~ G.

Proof. By induction on the structure of the derivation e :
A— B.

Case JOIN.F e = e : AUPA — BUP B.By the IH, F e &
A~G.Byrule AiT,Fe = AUP A~ GUG.

Case ALG. - e = e@p : a@] — b@p. By ALG, F e@r < a@] ~
[a@I ~> r].

Case INy;. By INJ;, F 1; & A ~ end.

Case ALT. F e = e : A; UP A, — B; UP By, with pids(e) C p.
By theIH,F e & A ~ Gy and F e & A; ~ G,. By AT,
Fece A1 UA) ~ Gy LJﬁ G.

Case Ip. By F id < a@I ~ end.
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Case CHOICE. + e = [p ® p] : a@I[p] — a@(I[y p] UP
I[1 p]). By rule CHOICE, F [p @ p] & a@I[p] ~ p —
{p} {u. end; 1. end}.

Case Proj;. By rule Proj;, F 1; & A; X Az ~ end.

Case COMP. I e; 0 e; = ej 0 e : A — C. This implies that
e = e :B— Candt e = e; : A — B. By the IH,
Fe & A~ Gy andF eg & B ~ Gy. We proceed by
induction on the size of B. The base case is b@I,. In this case,
A must be a@l}, so G; must not be U or contain any choices.
Therefore, G; § G, is defined, and equal to [G,/end]G;. If
B = b@(Ry; U Ryy), then G; = Gy U Gyy. There are two
cases: (1) G; = Gy U Gya, or (2) there is a choice in Gy, i.e.
Gy = [p = p{u. Gi1;12. Gz} /end]Gy. In the first case, we
have that F e; & a@R;; ~ Gy;, and F e, & a@Ry; ~ Gy,
which by the IH implies that Gy; § Gy; is defined. Therefore,
(G11 U G12) § (G21 U Gaz) = (Gi1 § Ga1) U (Grz § Gaz). In the
second case, there must be two sub-expressions of ey, eq;
and ey, s.t. e;; < a@l ~ G}, and ej; o [p & p] < deT[p] ~
p = p{u. Gi1;12. Gia}, with ey : d@I'[1; p] — D@Ry; and
e12 & d@I[1; p] ~ Gy;. By the IH, Gy; § G,; must be defined,
which implies that p — p{i1. Gi1;t2. Gi2} §(Gap U Gap) is
defined, and therefore G; § (Ga; U Ggy) is also defined.

Case CASE;. F e; Vey = e; Vey:1; A— B. By inversion,
e = e :A— B.BythelH, F e; & A~ G. By Casg;,
= e1 Ve & A~G.

Case SPLIT. Fget €1 A eg = e; A ey : a@l — B X C. By
inversion, + e; = e; : a@l — Bandt e; = e, : a@l — C.
By the IH, F e; & a@l ~ G; F e; & a@l ~ G;. Therefore,
Fe Aey < a@l ~ [Gg/end]G1. [m}

B.2 Proof of Lemma 4.3

Lemma 4.3. [Protocol Deadlock-Freedom] For all WF(A), if
te:A— BandE e & A~ G, then WF(G).

Proof. By induction on the structure of the derivation + e :
a@l — B.

Case JOIN. e = e : AUP A — BUP B, By case analysis,
the only possibility for G is that it is obtained via the JoIn
protocol rule: F e & AU A ~ G. By the Join typing rule,
Fe = e:A— B.By the JoIN protocol rule. F e <= AUP A ~
G U G. By the IH, WF(G), therefore WF(G U G).

Case ALG. e = e@p : a@l — b@p. By case analysis, F
e@p & a@l ~ [a@I ~» p]. By definition, WF([a@I ~» p]).

Case INJ;. F 1; & a@l ~ end. Trivial WF(end).

Case ALT.F e = e : A{UPA, — B,UPB,, with getRoles(e) C
pre=>e:A > B,re=>e:A; > By,and A # Ay. We
know, by a straightforward induction on the typing rules for
PAlg, thatif+ e : AJUPA, — B,and A; # A, then pids(4;) €
p. By the ALt protocol rule, F e & A; UP A, ~ G, UPG,, with
Fe«A ~ G Fe& Ay ~ G, By the IH, WF(G;) and
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(P,W) ~C (P, W)
(Plp = m], W)~ (P[p > m'], W)
(Plp > m3=f1, W) ~¢ (P[p > m'>=f], W)

P =[p; = milier
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W = [pipj = Wliel,jer

(Plp = ret vs=f], W) ~€ (P[p = f v], W)

(P[p1 > send pz (v : a)], W[pipz > w]) ~P1P2X@ (P[p; 5 ret ()], W[pipz = v - w])

(Plp1 + recv py al, W[pzp1 > w - v]) ~>PeP?(@ (P[p 1 ret v], W[pzp1 — w])

(Plpo > sel (1; v) {} f1 fol. W) ~€

(P[po—>sel(t; v){p1---pn} fi fol. Wlpop1>w]) ~>PoP1® (P[pg—>sel(s; v){pz2---pn} fi fol. Wlpop1—1i - wl)
(P[p1 = brn pz my mz], W[pzapy = w - [j]) ~>P2P1&li (P[py i m;ss= Ax. ret (br; x)], W[pzp1 — w])

(P[p1 > case fi fa (br; v)], W) ~»€

[
[
(P[po > fi v= Ax. ret (br; x)], W)
[
[

(Plp1 = fi 0], W)

Figure 17. Rules for the LTS of Mp terms

getpy(x) =x  gety(x) = get(m x)
put;1(x,y) =x  putp(x,y) = (puty(x, m y), 72 y)

gety r(x) = get;(m x)  get, r(x) = gety(x)
puty, 7 (x,y) = (m y, put 7 (x, 2 )

put,, 7(x,y) = put7(x,y)

Figure 18. Get/Set for Types from One Hole Contexts

WEF(G,). Since pids(G;) C pids(p) U pids(A;) U pids(Az) C
pids(r), WF(G; UP G,).
Case Ip. Trivial by WF(end).

Case CHOICE. + ¢ = e o [p@® p] : a@I[p] — B; U pBs,
where pids(e) C P, and 7[p] € p. By the Croice and
ALT typing rules, - e = e : a@f[; p] — B;. By inver-
sion, the protocol rule must be also CHOICE: F [p @ p| &
a@I[p] ~ p = p{u. Gi}iep,2)- By the CHOICE protocol
rule, F e & a@I[y p] ~ G;. By the IH, WF(G;). Since
pids(G;) C pids(e) U pids(Z[p) € P, then for all p’ € G,
(p = p{u. Gi}ierz) | p’ must be defined. Therefore,
WEF(p = p{ti. Gi}iefr,2))-

Case Proy;. Trivial by WF(end).

Case COMP. +F ejoe; = ejoey: A— C,witht e = e; :
B — Candt e; = e; : A — B. By inversion, the only
possible protocol rule is also Comp. Therefore, F e; 0 e; &
A~ Gy 3G, withF ey & A~GyandF e; & B ~ Gy.
By the IH, WF(G;) and WF(G;). Also, by the induction on
the derivation of F, we know that A; UP Ay, if A; # A,, then
pids(A;) C p. This implies that if G is Gy; UP Gy, then either
the projection onto p of Gy; is the same, or p € p. By the
CHoICE rule, G must be of the form G’[p — p{1;.Gi}ie[1,2]],
therefore, for for all p” € pids(Gy;), the projection of (G, ¢
(G11 UG12)) | p’ must be defined, which implies that G, § G,
is defined.

Case CASE;. + ey Ve, = e; Ve :a@( I) » Band E
e; V e; & a@(y; I) ~ G. By the Caskg; protocol and typing
rules, Fe; = A~ Gandt e; = e; : A— B. We conclude

by the IH that WF(G).

Case SPLIT. + e; Ae; = e; Aey : A — (bXc)@(R; X Ry)
and F e; A e; & A ~ [Gz/end]G;. By the IH, we know that
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WF(G;) and WF(G;). By straightforward induction on the
structure of Gy, if WF(G;), then WF([G;/end]G;). O

B.3 Proof of Theorem 5.2

Theorem 5.2. [Protocol Conformance of the Generated Code]
IfE e & A ~ G, then [e] (A) complies with protocol G.

Proof. By induction on the structure of the derivation F e <
A~G.

Case ALT. F e & A; UP Ay ~ G; UP Gy, with F e &
A ~ G, F e & A, ~ Gy By the IH, [e] (4) : (4; |
p) = Mp (G; | p) (Bi | p). Moreover, we know that if
p ¢ P, then [[e] (A1)(p) = [e] (A2)(p). and G, [ p = G2 | p.
Therefore, by the definition of E; W E,, [e] (A;) WP [e] (A,) :
Mp (G1 UP G,) (B UP By).

CaseIp. F id & a@l ~ end. By the definition of [ |,
[id] (a@I) =[] : a@] — Mp end a@l.

Case InJ;. F 1; & a@I ~ end. By definition, [1;] (4) =[] :
a@l — Mp end (a@(y; I)).

Case A1LG. F e@p, < a@l ~ [a@I ~» p.], withe : a — b.
We prove by straightforward induction on the structure of
I that f = (a@I ~» pg) : a@l — Mp [a@I ~» p.] (a@p.): if
I = p, then [p — Ax. send p. x, p. — A_. recv p a], which
clearly follows [a@p ~» p.];if I = I; X I, then a must be a; X
a,, and we have by the IH that (a;@[; ~ p.) : Mp [a;@I; ~
pel (a;@p.); and, finally, if I = ; I’, then a = a; + a, and
(a;@I ~ pe) : Mp [a;@ ~ p.] (a;@p.), which composed
with [p. — Ax. ret (i; x)] has type Mp [(a; + a2)@(y; I) ~
pe] (a1 + az)@y; pe)~

Case CoMP. F e; o e & A ~ G; § Gy. By the Comp rule,
E ey & A~ Gz and F e <« B ~ GlBytheIH, [[EQH(A) :
A — Mp G, Band [e;] (B) : B— Mp G; C. Since G, § G; is
well-formed, then [e,] (A)>= [e;] (B) : A = Mp (G, 3G,) C,
since for all p,
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[e2] (A) : AT p — Mp G, (B [ p)and [e;](B) : B |
p— Mp Gi (C [ p)sole](A)=[ei](B): Al p—
Mp (G1 §G2) (C | p).

Case CHOICE.

= [p®p| < aeZpc] ~ pe = {p}{1:. end}ieprzy
By the definition of [p & p],

p > Ax. sel {p} (get;(x)) (Ay. ret (put;(y, x)))

(Ay. ret (put 7 (y, x))),

which has type a@Z[p] | p — Mp ({3} & {1;. end}ics.2)),
and p’ € p, p’ — Ax. brn p (ret x) (ret x), which has type
a@I[p] [ p* = Mp (p & {1;. end};¢[1,2)). Therefore [p & p] :

a@I[p.] — Mp (p. = {pHu. end}ie[l,z]) a@(7 [y pcl uPP
Iii pel).

Case CASE;. F e Ve, & ((11 + az)@(l,’ I) ~ G. Then,
= e; & a;@l ~ G. By the IH, [[el-]] (a,@I) : (al@I) i Mp G B.
But by the definition of [ |, [e; V €3] ((a1 +a2)@(y; 1)) : (a1 +
az)@(y; 1)) » Mp G B.

Case Proj;. F m; & A1 X A; ~ end. By definition,

[m] (A1 xAz) = [
Mp end A;.

Case SPLIT. F e; A ey & A ~ [Gy/end]G;. Then, F e; &
A~ Gp,andF e; & A ~ G,. By the IH, [e1] (4) : A —
Mp G; B and [e;](A) : A — Mp G, C. By definition,

[e1 & e2] (A) = [e1] (A) & [e2] (A) :
A — Mp ([G2/end]Gy) (BX C). |

— Ax. ret (m; x)] : Af X Ay —

C Extensionality

Each monadic m represents the code for an individual pro-
cess. The parallel composition of the set of monadic actions
generated from a PAlg expression e : A — B, each applied
to the corresponding value of type v : A | p represents an
execution of the parallel algorithm on an input of type a, if
a@R = A. Recall from Sec. 5 that the transitions are of the
form (P, W) ~»¢ (P’ W’), where P is an environment that
contains the code executed by all roles that collaborate to
compute the parallel algorithm, and W represents the shared
unbounded buffers used by each pair of participants to com-
municate. We write w for such buffers, where 0 is the empty
buffer, v - w is the buffer w extended with value v at the
leftmost position, and w - v is the buffer w extended with
value v at the rightmost position.

Definition C.1 (Type buffers). We write Q = [p;p; —
qlier,jer, where g is a buffer of types, that can be either 0,
a - q or q - a. Note that values include singleton types that
represent labels: I; : ;. We say that a buffer w = v, --- v,
contains types g = a; -+ am, w : q if: n = m and v; : a; for
all i € [1, n]. We say that W : Q if for all pairs of roles, p;p;,
W(pip;) : Q(pip))-

Theorem 5.1. [Soundness] AssumeE : Mp CA,m:MpLa
and W : Q. Suppose (E[r > m], W) ~ (E[r — m’], W’).
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Then there exists (C[r +— L], Q) —¢ (C[r — L'],Q’) such
that W’ : Q" andm’ : Mp L’ a.

Proof. Straightforward induction on L;, and case analysis
on m; and the rules ~ and —, since there is a one-to-one
correspondence between the rules syntactic constructs in
Mp and the local types. For ~» we need to take several e
transitions until communication £ happens. O

Lemma C.2. Assume G, A, B,X : Ajand f; : A | p; —
Mp (G | pi) B | pi) foralli € I. Let P = [p; = filies then
there is a unique Y s.t. P(X) =Y.

Proof. Straightforward consequence of Lemma 5.1, and The-
orem 3.1 in [27]. We know that the traces for G can only
differ in the order of the actions, and that this order must
preserve the dependencies laid out by G. Therefore, there
the result of any possible execution must respect the data
dependencies specified by G. O

Lemma C.3. If (P,W) | X and (P,W) ~» (P’,W’), then
(P W)X

Theorem 5.3. [Extensionality] Assume e = e : a@p — b@R
and x : a initially at p. If e x = y, then the execution of [e] (p)
also produces y, distributed across R.

Proof. We prove the following generalised statement. Let
e:a—>bste=>e:A—>B,x:a, andis.t. §i(x) is defined.
Then, there is J, s.t. [e] (A)(ci\(x)) = 5]];([[6]] x). We define

5i(x) : A as follows:

5f(x_) = 51£x), o
i () = bif (35 (0)
5p(x) =[p > x]

S1x1,(x,y) = [p = 61,(x)(p) X S, (Y)(P)]pepids(nix1)

8, 1(1i x) = 81(x)
We proceed by induction on the structure of the derivation
te=e:A— B:

e Case JoIN. We have - e = e : AUP A - BUF’Bwitht
e = e : A — B.By definition, [e]] (AUPA) = [e] (A)wP
[e] (A). We have that SXLﬁA(x) = bf;, (6,(x)). Then,
by the induction hypothesis, there exists jst.
[el (AUP AL ()
= ([e] (A) &P [e] (4)) (br} &, (x))
= be? [e] (4) (8,)
= br?ﬁ (65([e] x))
_ siJ
=0, ,(le] x) ] ]
Case ALT. We havet e > e : Ay UP A, — B; UP B,
withre=>e: A > B,re=>e: Ay, > Byand A; #

Aj. Then, [e] (A; UP Az)(525U5A2(x)) = ([e] (A) &P
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[e] (A42) (b (8, (x)) = b [e] (4) (8%, (x)). Fi- 2. Vp'.p’ % p AP €, p’ > Ax. brn p (ret x) (ret x) 27
s nally, by the induction hypothesis, there exists  s.t. By case analysis, if get 7 (x) = 1; v, then we have: “r
2423 - R 20 R . 1. p = br; (put;(v,x)) 2478
2424 bf? [e] (Ai)(%i(x)) = br'i) & (B;i)([e] x) = 6'7(By UP 2.Vp,p’#pAp €p,p +o ret (br; x) 2479
2425 By)([e] x). . > _ hP _ 2480
2426 . Case[[ £LG. We have e = e@p : a@] — b@p, with T,-hls b clearl}g [)p ® Pl drpix) = bry Orty () 2481
2427 Fe:a — b. Then, [e@p] o; (61(x)) = [pi — (aCI ~ i plUPTLiz p] " 2482
2428 p) 81(x), by straightforward induction on I, there ex- O 2483
2429 ists a trace (([p; — (a@I ~ p)(p:)] 2484
2430 s=[p > Ax. ret(e x)]) 5;(x), W) ~Gm ([p; D Generated Code 2485
431 ret v;[, W’), with v; = () for all i s.t. p; # p, and We show now the generated code for mergesort, unrolling 2486
2432 vj = [e] x for p; = p. By Theorem 5.2, the only possi- the recursive function once. 2487
2433 ble interleavings of actions of [e@p] must follow the 2488
2434 protocol [a@I ~» p]. Since this implies that send/re- D.1 Input Alg expression 2489
2435 ceive operations must happen respecting the data de- 2490
2436 pendencies, any possible trace must yield the same fftTree :: forall n. SINat n -> Int 2491
2437 result. -> Tree n (D [Complex Double]) 2492
2438 Case INJ. F 1; = 1; : A — 1; A straightforward since :=> Tree n (D [Complex Double]) 2493
1] (A) (54 () = 8, alts x). FftTree SZ
2440 Case Ip. + id = id : A — A straightforward, since = lift (intlit SZ && (lit w &&& id) 2495
2441 [[id]] (A) (54(x)) = 84 (id x). >>> prim "baseFFT") 2496
2442 Case Proj.  71; = 7; : A} X Ay — A; straightforward, fftTree (SS x) w 2497
2443 since [[”iﬂ (A1 X Ay) (84,%4,(x)) = 8a,(m; x). = withCDict (cdictTree @(D [Complex Double]) x) 2498
2444 Case COMP. Fe;0e; = e;0ey: A— Cwitht e = $ 2499
2445 e;:B— CandF e; = e, : A — B. A straightforward {~ Recursive FFT to EVENS and ODDS-} 2500
2446 consequence of Theorem 5.2 is that if E; behaves as G, (fftTree x w 2501
2447 and E, as Gy, then (E; § E2)(X) = E5(E1(X)), since the xxx fftTree x (w + 2% tolnteger x)) 2502
2448 permutations of actions of E; § E, must respect G; § G,. {- Multiply right side by exponential —} 2503
2449 . > >>> id 2504
2450 Then, by the deﬁnltion of [[ H’ [[el ° ez]] (A)((S;‘(x)) - *x% mapTree x (lit ps2x &8&& id >>> mapExp) 2505
2451 [e:] (B) ([e2] (A) (8)(x))) By the induction hypoth- 0 2506
2452 . H _ j _ >>> 2507
2453 eils. le:] (B)([e2] (14{)(5A(x))) L (53([[62]] x) = {— zipWith add (swap arguments to force butterfly 2508
2454 52([[31]]([[32]] x)) = 52([[31 © 32]] x)). pattern 2509
2455 Case CASE;. We havetr e Ve, = e Vey:1; A— B, - &&& zipWith sub 2510
2456 with F e = €; A — B. Note that (5” A(x)) is only _} 2511
2457 defined if x = 1; x’. Then, by definition, zipTree x True 1lvl w addc 2512
2458 [[el v GZH (t; A) (6,; a(1; x7)) = [[eiﬂ (A) (8a(x")). &&& zipTree x False 1vl (w + 2" tolnteger Xx) 2513
2459 By the IH, [e;] (A) (da(x")) = 6(B)([e:] x") = 6(B)([e1V subc 2514
2460 e2] (1 x")) = (B)([e1 V e2] x). where 2515
2461 Case SpLiT. We have - e; Ae; = e; Aey: A— BXC, 1vl :: Int 2516
2462 withe; > e;: A — Candt e = e : A — C. 1vl = fromlInteger (tolnteger (SS x) + 1) 2517
2463 By definition, [[61 A eg]] (A) = [[elﬂ (A) A [[ez]] (A). By ps2x :: Int 2518
2464 Theorem 5.2, we know that this behaves as G; § G,, if ps2x = 2 * tolnteger (SS x) 2519
2465 p1 ~ Gy and p; ~ G,. Therefore, we assume again that 250
2466 the interleavings of the subtraces must not affect the fft :: SINat n -> (D [Complex Double]) :=> D [ 2521
2467 data dependencies. Then, Complex Double] 2522
2463 H fft n = 2523
2469 ([[ﬁel]](A) (5*‘(’?)) A ([e2] (4) (6460 = Sp([lea] x) & withCDict (cdictTree @(D [Complex Doublel) n) 2524
s SR(le] ) = Sl 5 ea] %) .
2471 Case CHOICE. We have + e = [p @ p| : a@I[p] — tsplit n deinterleave >>> fftTree n @ >>> tfold 2526
ji;j a@(Z'[1; p] UP I'[1; p]). We have two cases: chis n D(al?gir;i ?Sxel))ouble] - D [Complex j:;
s L p = Ax. sel (get 7(x)) {p}(Ay-put 7 (y x))(Ay-put 1 (y, x) poubte] T - P s
2475 23 2530
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fft5 = withSize 5 fft
Listing 1. Fragment of FFT.hs

D.2 Main C Code and Atomic Functions

These need to be implemented by the programmer.

#include "FFT.h"
#include <inttypes.h>
#include <errno.h>
#include <string.h>
#include <sys/time.h>
#include <stdlib.h>
#include <math.h>

#define REPETITIONS 50

#define BENCHMARKSEQ(s, f) { \
time = 0; \
time_diff = 0; \
time_old = 0; \
var = 0; \
for(int i=0; i<REPETITIONS; i++){ \
in = randvec(s, size); \
start = get_time(); \
out = f(in); \
end = get_time(); \
free_fftvec(in); \
time_diff = end - start; \
time_old = time; \
time += (time_diff - time)/(i+1); \
var += (time_diff - time) * (time_diff -
time_old); \
I\
printf("\tK: %d\n", s); \
printf("\t\tmean: %f\n", time); \
printf("\t\tstddev: %f\n", REPETITIONS<=1? 0:
var / (REPETITIONS - 1))); \

#define WARMUP(f) { \
for(int i=0; i<REPETITIONS; i++){ \
in = randvec(@, size); \

out = f(in); \
free_fftvec(in); \
A

}
double PI = atan2(1, 1) * 4;
int num_stages;

int num_workers;
vec_cplx_t **stages;

sqrt(
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vec_cplx_t zip_add(

pair_pair_int_int_pair_vec_cplx_vec_cplx_t in)
{

int 1vl = in.fst.fst;

int wid = in.fst.snd;

vec_cplx_t 1 = in.snd.fst;

vec_cplx_t r = in.snd.snd;

vec_cplx_t lout = stages[lvl][wid];

for(int i = 0; i < l.size; i++){
lout.elems[i] = l.elems[i] + r.elems[i];

}

return lout;

vec_cplx_t zip_sub(

pair_pair_int_int_pair_vec_cplx_vec_cplx_t in)
{

int 1vl = in.fst.fst;

int wid = in.fst.snd;

vec_cplx_t 1 = in.snd.fst;

vec_cplx_t r = in.snd.snd;

vec_cplx_t lout = stages[lvl][wid];

for(int i = 0; i < l.size; i++){
lout.elems[i] = l.elems[i] - r.elems[i];

}

return lout;

vec_cplx_t cat(pair_vec_cplx_vec_cplx_t in){
in.fst.size *= 2;
return in.fst;

3

void _fft(cplx_t buf[], cplx_t out[], int n, int
step)
{
if (step < n) {
_fft(out, buf, n, step x 2);
_fft(out + step, buf + step, n, step * 2);

for (int i = 0; 1 <n; i += 2 % step) {
cplx_t t = cexp(-I * PI *x i / n) x out[i +

stepl;
bufli / 2] = outl[i] + t;
buff(i + n)/2] = out[i] - t;

3
b

void show(const char * s, vec_cplx_t in) {
printf("%s", s);
for (int i = 9; i < in.size; i++)
if (!'cimag(in.elems[i]))
printf("%g", creal(in.elems[i]));

2586
2587
2588
2589
2590
2591
2592
2593
2594
2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2609
2610
2611
2612
2613
2614
2615
2616
2617
2618
2619
2620
2621
2622
2623
2624
2625
2626
2627
2628
2629
2630
2631
2632
2633
2634
2635
2636
2637
2638
2639
2640



2641
2642
2643
2644
2645
2646
2647
2648
2649
2650
2651
2652
2653
2654
2655
2656
2657
2658
2659
2660
2661
2662
2663
2664
2665
2666
2667
2668
2669
2670
2671
2672
2673
2674
2675
2676
2677
2678
2679
2680
2681
2682
2683
2684
2685
2686
2687
2688
2689
2690
2691
2692
2693
2694
2695

Compiling First-Order Functions to Session-Typed Parallel Code

else
printf("(%g, %g) ", creal(in.elems[i]), cimag(
in.elems[i]));
printf("\n");

void showstep(int stp, const char * s, vec_cplx_t
in) {
printf("%s", s);
for (int i = 0; i < in.size; i+=stp)
if (!cimag(in.elems[i]))
printf("%g", creal(in.elems[i]));
else
printf("(%g, %g) ", creal(in.elems[i]), cimag(
in.elems[i]));
printf("\n");

3

vec_cplx_t baseFFT(pair_int_pair_int_vec_cplx_t in
)

{
int 1vl = in.fst;
int wid = in.snd.fst;
cplx_t *buf = stages[lvl][wid].elems;
int n = in.snd.snd.size;

_fft(buf, in.snd.snd.elems, n, 1);

return stages[lvl][wid];

3

vec_cplx_t seqfft(vec_cplx_t in)

{
pair_int_pair_int_vec_cplx_t i = {1, {0, in}};
return baseFFT(i);

3

vec_cplx_t map_exp(pair_int_pair_int_vec_cplx_t iv

At

int i = iv.snd.fst;

int ps2x = iv.fst;

vec_cplx_t in = iv.snd.snd;

int step = i * in.size;

for(int k = 9; k < in.size; k++){
in.elems[k] = in.elems[k] * cexp (2 * - I *

PI x (k + step) / (ps2x * in.size));
}
return in;

3

void free_fftvec(){
for(int i = @0; i < num_stages; i++){
free(stages[i][@].elems);
free(stages[il);
25
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b

free(stages);

}

pair_vec_cplx_vec_cplx_t deinterleave(
pair_int_int_t iin){
int wl = iin.fst;
int wr = iin.snd;

int mid = stages[0][wl].size/2;
stages[1][wl].size = mid;

stages[1][wr].size = mid;
stages[1][wr].elems = stages[1][wl].elems + mid;

for(int i = 0; i < stages[@][wl].size; i+= 2){
stages[1]1[wl].elems[i/2] = stages[@][wl].elems
[il;
stages[1][wr].elems[i/2] = stages[0@][wl].elems
[i+1];

}

memcpy (stages[@][wl].elems, stages[1][wl].elems,
stages[@][wl].size * sizeof(cplx_t));

stages[@][wr].elems = stages[0][wl].elems + mid;

stages[@][wr].size = mid;

for (int i = 2; i < num_stages; i++){
memcpy (stages[i][wl].elems, stages[1][wl].
elems, stages[@][wl].size * sizeof(cplx_t))
stages[iJ[wl].size = mid;
stages[iJ[wr].elems = stages[i][wl].elems +
mid;
stages[i][wr].size = mid;
}
stages[@][wl].size = mid;
return (pair_vec_cplx_vec_cplx_t) { stages[0][wl
1, stages[@][wr] 3;

vec_cplx_t randvec(int depth, size_t s){
num_workers = depth <= 1? 1 : 1 << depth - 1;
num_stages = depth <= 1? 2 : 1 + depth ;
stages = (vec_cplx_t **)malloc(num_stages *

sizeof (vec_cplx_t x));
for (int i = 0; i < num_stages; i++){
stages[i] = (vec_cplx_t *)malloc(num_workers =*
sizeof (vec_cplx_t));
stages[i][0].elems = (cplx_t *)calloc(s, sizeof
(cplx_t));
}
stages[0][0].size = s;
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srand(time(NULL));

for (int 1 = 0; i <s; i++) {
double rand_r = (double)rand() / (double)
RAND_MAX;
double rand_i = (double)rand() / (double)
RAND_MAX;
stages[0][0@].elems[i] = rand_r + rand_i * I;

3

for(int j = 1; j < num_stages; j++) {
memcpy (stages[jI[0].elems, stages[0][0Q].
elems, s * sizeof(vec_cplx_t));
stages[j]1[@].size = s / num_workers;

for(int i = 0; i < num_stages; i++) {
for(int j = 1; j < num_workers; j++) {
stages[i][j] = stages[il[j-11;
3

return stages[0][0];

void usage(const char *nm){

printf("Usage: %s <input_size >\n", nm);
exit(-1);

int main(int argc, const char *argv[]) {

setbuf (stdout, NULL);
if (argc <= 1) {

usage(argv[0]);
}
char *endptr = NULL;
errno = 0;

size_t size = strtoimax(argv[1],&endptr,10);

size = (size_t) 1 << (long)ceil(log2(size));

size = size < 2567 256:size;

if (errno != 0) {
printf("%s", strerror(errno));
usage(argv[0]);

}

if (endptr != NULL && *endptr != 0) {
usage(argv[0]);

}

vec_cplx_t in, out;
/+ allocate memory +/
in = randvec(size, size);

/+ calling generated fft5 +/
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out = fft5(in);
show("Result: ", out);

free_fftvec();
}

D.3 Automatically Generated C Code

#ifndef __FFT__

#define __FFT__
#include<stdio.h>
#include<stdlib.h>
#include<pthread.h>
#include<complex.h>

typedef double _Complex cplx_t;

typedef struct vec_cplx {
cplx_t * elems; size_t size;
} vec_cplx_t;

typedef struct q_vec_cplx {

volatile unsigned int q_size;
int g_head;
int g_tail;
pthread_mutex_t g_mutex;
pthread_cond_t q_full;
pthread_cond_t qg_empty;
vec_cplx_t g_mem[1];

} g_vec_cplx_t;

void g_vec_cplx_put(g_vec_cplx_t *, vec_cplx_t);
vec_cplx_t g_vec_cplx_get(g_vec_cplx_t x);
typedef enum unit {
Unit
Y} unit_t;
typedef struct pair_int_vec_cplx {
int fst; vec_cplx_t snd;
} pair_int_vec_cplx_t;
typedef struct pair_int_pair_int_vec_cplx {
int fst; pair_int_vec_cplx_t snd;
} pair_int_pair_int_vec_cplx_t;
vec_cplx_t baseFFT(pair_int_pair_int_vec_cplx_t);
vec_cplx_t ffto(vec_cplx_t);

vec_cplx_t fft1(vec_cplx_t);

typedef struct pair_int_int {
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int fst; int snd;
} pair_int_int_t;

typedef struct pair_vec_cplx_vec_cplx {
vec_cplx_t fst; vec_cplx_t snd;

} pair_vec_cplx_vec_cplx_t;

pair_vec_cplx_vec_cplx_t deinterleave(
pair_int_int_t);

vec_cplx_t cat(pair_vec_cplx_vec_cplx_t);
typedef struct
pair_pair_int_int_pair_vec_cplx_vec_cplx {
pair_int_int_t fst;

pair_vec_cplx_vec_cplx_t snd;

pair_pair_int_int_pair_vec_cplx_vec_cplx_t

’

vec_cplx_t zip_add(
pair_pair_int_int_pair_vec_cplx_vec_cplx_t);

vec_cplx_t map_exp(pair_int_pair_int_vec_cplx_t);

vec_cplx_t zip_sub(
pair_pair_int_int_pair_vec_cplx_vec_cplx_t);

vec_cplx_t fft2(vec_cplx_t);
vec_cplx_t fft3(vec_cplx_t);
vec_cplx_t fft4(vec_cplx_t);
vec_cplx_t fft5(vec_cplx_t);
vec_cplx_t fft6(vec_cplx_t);
vec_cplx_t fft7(vec_cplx_t);
vec_cplx_t fft8(vec_cplx_t);

#endif

Listing 2. Generated FFT.h

#include "FFT.h"

g_vec_cplx_t cho = {
g_vec_cplx_t ch2 = {

g_vec_cplx_t ch3 = {0, o0, 0, { } };

vec_cplx_t fft2_part_0(vec_cplx_t v_s)
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pair_int_int_t v_t;

v_t.fst = 9;

v_t.snd = 1;
pair_vec_cplx_vec_cplx_t v_u;
v_u = deinterleave(v_t);
vec_cplx_t v_v;

v_v = v_u.fst;
q_vec_cplx_put(&cho, v_v);
vec_cplx_t v_w;

V_W = v_u.snd;
g_vec_cplx_put(&ch2, v_w);
vec_cplx_t v_x;

v_x = g_vec_cplx_get(&chl);
vec_cplx_t v_y;

v_y = q_vec_cplx_get(&ch3);
pair_vec_cplx_vec_cplx_t v_z;
v_z.fst = v_x;

v_z.snd = v_y;

vec_cplx_t v_aa;

v_aa = cat(v_z);

return v_aa;

g_vec_cplx_t ch4 = {0, 0, 0, { } };

g_vec_cplx_t ch5

{o,0,0{1}}

unit_t fft2_part_1()

{

vec_cplx_t v_ba;

v_ba = g_vec_cplx_get(&chd);
pair_int_pair_int_vec_cplx_t v_ca;
v_ca.fst = 1;

pair_int_vec_cplx_t v_da;

v_da.fst = 9;

v_da.snd = v_ba;

v_ca.snd = v_da;

vec_cplx_t v_ea;

v_ea = baseFFT(v_ca);
g_vec_cplx_put(&ch4, v_ea);
vec_cplx_t v_fa;

v_fa = g_vec_cplx_get(&ch5);

pair_pair_int_int_pair_vec_cplx_vec_cplx_t

v_ga;
pair_int_int_t v_ha;
v_ha.fst = 2;
v_ha.snd = 0;

v_ga.fst = v_ha;
pair_vec_cplx_vec_cplx_t v_ia;
v_ia.fst = v_ea;
v_ia.snd = v_fa;
v_ga.snd = v_ia;
vec_cplx_t v_ja;
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v_ja = zip_add(v_ga);
g_vec_cplx_put(&chl, v_ja);
return Unit;

unit_t fft2_part_2()

{

vec_cplx_t v_ka;
v_ka = g_vec_cplx_get(&ch2);
pair_int_pair_int_vec_cplx_t v_la;

v_la.fst = 1;
pair_int_vec_cplx_t v_ma;
v_ma.fst = 1;

v_ma.snd = v_ka;

v_la.snd = v_ma;

vec_cplx_t v_na;

v_na = baseFFT(v_la);

pair_int_pair_int_vec_cplx_t v_oa;

v_oa.fst = 2;

pair_int_vec_cplx_t v_pa;

v_pa.fst = 0;

v_pa.snd = v_na;

v_oa.snd = v_pa;

vec_cplx_t v_qga;

v_qga = map_exp(v_oa);

g_vec_cplx_put(&ch5, v_ga);

vec_cplx_t v_ra;

v_ra = g_vec_cplx_get(&ch4);

pair_pair_int_int_pair_vec_cplx_vec_cplx_t
v_sa;

pair_int_int_t v_ta;

v_ta.fst = 2;

v_ta.snd = 1;

v_sa.fst = v_ta;

pair_vec_cplx_vec_cplx_t v_ua;

v_ua.fst = v_ra;

v_ua.snd = v_qa;

v_sa.snd = v_ua;

vec_cplx_t v_va;

v_va = zip_sub(v_sa);

g_vec_cplx_put(&ch3, v_va);

return Unit;

void * fun_thread_1_1(void * arg)

{

fft2_part_1();
return NULL;

void * fun_thread_2(void * arg)

{

fft2_part_2();
return NULL;
28

David Castro-Perez and Nobuko Yoshida

vec_cplx_t fft2(vec_cplx_t v_wa)

{

vec_cplx_t v_xa;

pthread_t threadl;

pthread_t thread?2;

pthread_create(&threadl, NULL,
NULL) ;

pthread_create(&thread2, NULL,
NULL);

v_xa = fft2_part_0(v_wa);

pthread_join(threadl, NULL);

pthread_join(thread2, NULL);

return v_xa;

fun_thread_1_1,

fun_thread_2,

Listing 3. Fragment of generated FFT.c

E Artifact Appendix
E.1 Abstract

This artifact provides a prototype implementation of PAlg,
embedded in Haskell, along with a number of benchmarks
used to test the scalability of our approach. We provide
scripts to regenerate the execution time measurements that
we used in our paper. This will allow to evaluate our results
on any multi-core shared-memory architecture.

We also provide a small tutorial that is meant to guide
a programmer, step-by-step, in the implementation of a
message-passing parallel algorithm using our library. The
tutorial includes a guide on how to visualise the global types
that correspond to the achieved parallelisations, as well as
any asynchronous optimisations applicable to the generated
message-passing code.

E.2 Artifact check-list (meta-information)

Algorithm: Message-passing C code generation from first-
order Haskell functions. Global type inference of the com-
munication protocol followed by the parallelisation.
Program: Haskell libraries Language.CAlg,

noindent Language.CAlg.CSyn and dependencies, as well
as session-arrc, to compile to C Haskell functions built
using such libraries.

Compilation: GHC >= 8.6 && < 8.8, and C compiler that
supports C11.

Transformations: Compilation to C, and asynchronous
optimisation pass.

Binary: Source code and scripts included to generate the
binaries from the sources.

Data set: Included original run-time measurements for com-
parison.

Hardware: We used a 12-core Intel Xeon CPU E5-2650 v4
@ 2.20GHz. We recommend a shared-memory architecture,
with uniform access times, to measure the overheads of our
approach, not message latencies.
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e Execution: We include a script to run the benchmarks.

e Output: Benchmark execution times.

e Experiments: Small, representative benchmarks of com-
mon parallel algorithms.

¢ How much memory required (approximately)?: 64GB
for using the maximum benchmark input size.

e How much time is needed to complete experiments
(approximately)?: 5 days on the hardware stated in §E.3.2.

o Publicly available?: Yes.

e Code licenses (if publicly available)?: BSD-3.

E.3 Description
E.3.1 How delivered
We provide a docker image with the necessary dependencies: https:

/limperialcollegelondon.box.com/v/cc20-artifact-p43. After down-
loading, the image can be loaded using:

$ sudo docker load -i cc2@-artifact-p43.docker
To run the image, run the command:
$ sudo docker run -ti cc2@-artifact-p43

File README.md inside the docker image contains additional in-
structions. Our benchmarks, source code and scripts are also pub-
licly available on Github, in https://github.com/session-arr/session-
arr.

E.3.2 Hardware dependencies

We used a 12-core Intel Xeon CPU E5-2650 v4 @ 2.20GHz. We
recommend using a shared-memory architecture, with uniform ac-
cess times, to measure the overheads of our approach, not message
latencies.

E.3.3 Software dependencies

All our dependencies are listed in the Dockerfile in our public
repository. We list them below. To compile our tool:

1. GHC >= 8.6 (not tested with GHC >= 8.8)
2. stack Version 1.9.1
To run our experiments:
1. C compiler that supports C11 (tested with GCC >= 4.8 && <
8.3)
2. glibc (tested with versions >= 2.17 && < 2.29)
3. numactl
To generate the graphs:
1. python (== 2.7)
2. python-matplotlib (== 2)
3. python-pint (== 0.7)

E.3.4 Data sets

We include as part of the artifact the raw data that we obtained for
our benchmarks. These are included under
benchmarks/<bench_name>/data/t_<num_cores>, where
<num_cores> is either 12 or 24. There is additionally a file t_48,
that uses all full 24 cores + hyperthreading. The structure of the
files is:
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size: <size>

K: seq
mean: <avg_execution_time>
stddev: <std_dev>
K: 1
mean:
stddev:

Keyword size denotes the size of the inputs for the particular
benchmark. Keyword mean is the average execution time. Keyword
stddev is the standard deviation. We write K: to denote the number
of recursion unfoldings used to produce the parallel version.
Examples of global types for each benchmark are under

benchmarks/<bench_name>/protocol/
<bench_name>_<fun_name>.mpst, where <fun_name> is the func-
tion name in <bench_name>. hs that corresponds to this protocol.

E.4 Installation

Note: this section can be omitted if using our docker image.

We recommend using Stack (https://docs.haskellstack.org/en/stable/
README/#how-to-install). To build our tool:

$ git clone \
https://github.com/session-arr/session-arr

$ cd session-arr

$ stack build

There is no need to install the tool. However, to install it, run:
$ stack install

This will copy the binary session-arrc to a local directory,
usually ${HOME}/.local/bin.

Manual compilation and installation using GHC is also possible,
but we discourage it. Read session-arr/package.yaml to find
out which haskell packages are required.

E.5 Experiment workflow
E.5.1 Automatic
We included script session-arr/benchmark.sh to compile and
run all the benchmarks used in the paper. To customise the amount
of cores, the number of repetitions per experiment and the maxi-
mum input size, run:
$ CORES=<ncores> REPETITIONS=<nreps> \

MAXSIZE=<nsize> ./benchmark.sh

The defaults are:

1. CORES: number of physical cores on your machine
2. REPETITIONS: 50
3. MAXSIZE: 30

The script requires that MAXSIZE > 15.
Note: using MAXSIZE= 30 requires a machine with a large amount

of memory. We run our experiments on a machine with 64GB of
memory.
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E.5.2 Manual

Clone and build the repository:

$ git clone \
https://github.com/session-arr/session-arr

$ cd session-arr

$ stack build

Navigate to one of the benchmarks

$ cd examples/FFT

Here, there should be two files: FFT.hs and main.c.

$ 1s
FFT.hs main.c run.sh

To run our tool, run session-arrc using stack, with the .hs file
as input.

$ stack exec session-arrc -- FFT.hs

The tool should output the list of functions found in module FFT. hs
that are going to be compiled to C, and produce two files FFT. c and
FFT.h. The interface file contains the type definitions and function
signatures of the functions in FFT. c. Finally, compile main. c:

$ gcc FFT.c main.c -o bench -1lpthread -1m

To configure the number of repetitions, recompile the benchmark
as follows:
$ gcc FFT.c main.c -DREPETITIONS=<num_reps> \

-0 bench -1lpthread -1m

You may use run.sh to run the benchmark on a range of inputs.
The usage is:

$ ./run.sh <num_cores> <max_size>

For example, ./run.sh 2 10 will run the benchmark with sizes
2° and 2%, The maximum size must be > 9. To generate the
graphs, you need measurements using at least 7 different sizes, i.e.
size must be > 14.

Running each benchmark manually Pass a valid input size to
bench, the output looks as follows (run in a 4-core machine):

$ ./bench $((2%*17))
K: seq
mean: 0.039446
stddev: 0.000713

K: 4
mean: 0.011952
stddev: 0.000636

Save all execution times to files with the format described in §E.3 .4,
as follows:

$ mkdir data

$ echo "size: <sizel>" >> data/t_<num_cores>

$ ./bench <sizel> >> data/t_<num_cores>

$ ...

$ echo "size: <sizeN>" >> data/t_<num_cores>

$ ./bench <sizeN> >> data/t_<num_cores>
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Ensure that there are measurements with at least N > 14 sizes.

Plotting the speedups: Navigate to examples/. The speedups can
be plotted using scripts plotall.sh and plot.py, these will re-
generate the graphs used in our paper. The usage is
./plotall.sh BENCHMARK_DIR CORES, where CORES is the number
of cores used for the experimental workflow. For example:

$ ./plotall.sh FFT 4

This will generate the graphs for FFT run on 4 cores under
examples/plots.

E.6 Evaluation and expected result

If you followed the experiment workflow, you should find under
examples/plots a series of graphs with the speedups for each
benchmark. To visualise them, we recommend copying them to a
local directory, by running docker cp from outside the docker
container:

$ docker cp \
<NM>: /home/cc20-artifact/session-arr/examples/plots \
<DIR>

Here, <NM> is the container name obtained via docker ps -a, and
<DIR> is the destination path.

Outcome When run on similar hardware to the one that we de-
scribe in the paper, following our workflow, comparable speedups
and scalability to the ones that we reported in the paper should be
observed.

Note: for more reliable results, execution should be done outside
the docker container. Use the container to generate all C code, then
copy it running docker cp from outside the container, as well as
the necessary scripts run. sh, and proceed locally. If you decide to
run the experiments locally, please check §E.3.3 and ensure that
you have all required software.

E.7 Experiment customization

Several aspects can be customised in the benchmark source code,
execution scripts and compilation options:

e Annotations to functions in the .hs files should produce
different parallelisations.

e Files main.c can be compiled using different numbers of
repetitions using ~DREPETITIONS=<num_reps>.

o The script benchmark. sh can be run with such number of
repetitions, to reduce execution times. The maximum input
size for the benchmarks, and the number of cores can also
be customised:

$ cd session-arr

$ REPETITIONS=<num_reps> CORES=<cores> \
MAXSIZE=<max_size> ./benchmark.sh

E.8 Methodology
Submission, reviewing and badging methodology:

e http://cTuning.org/ae/submission-20190109.html

e http://cTuning.org/ae/reviewing-20190109.html

e https://www.acm.org/publications/policies/
artifact-review-badging
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