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Abstract

A key characteristic of today’s high performance computipgtems is a physically distributed memory, which makes
the efficient management of locality essential for takingsatiage of the performance enhancements offered by these
architectures. Currently, the standard technique forpamgiing such systems involves the extension of traditional
sequential programming languages with explicit messagsipg libraries, in a processor-centric model for program
ming and execution. It is commonly understood that this mmogning paradigm results in complex, brittle, and
error-prone programs, due to the way in which algorithmsamdmunication are inextricably interwoven.

This paper describes a new approach to locality awarendéssh focuses on data distributions in high-productivity
languages. Data distributions provide an abstract spatdit of the partitioning of large-scale data collectioosas
memory units, supporting coarse-grain parallel compaadind locality of access at a high level of abstraction. Our
design, which is based on a new programming language calege, is motivated by the need to provide a high-
productivity paradigm for the development of efficient aedigable parallel code. We present an object-oriented
framework that allows the explicit specification of the mimgpof elements in a collection to memory units, the
control of the arrangement of elements within such units,définition of sequential and parallel iteration over col-
lections, and the formulation of specialized allocatiofigies as required for advanced applications. The resualt is
concise high-productivity programming model that segalgorithms from data representation and enables reuse
of distributions, allocation policies, and data structure

1 Introduction

One of the characteristic features of today’s high perferceacomputing systems is a physically distributed mem-
ory. Efficient management of locality is essential for megtkey performance requirements for these architectures.
The standard technique for dealing with this issue has wagbthe extension of traditional sequential programming
languages such as Fortran, C, and C++ with explicit mespagsing, in the context of a processor-centric view of
parallel computation. This has resulted in complex andrggrone programs in which algorithms and communication
are inextricably interwoven.

Existing object-oriented languages, such as Java and G#df8limited to supporting shared-memory concur-
rency [36] or synchronous request-response distributegpating €.9, RMI [41]). These models do not address
locality concerns in non-uniform memory access (NUMA) aoament computing. The High Performance Fortran
(HPF) family of languages provide a high level of supportdontrolling locality by associating a set of built-in distr
butions with arrays, while delegating the generation ofiekpnessage passing code to the compiler/runtime system.
However, these languages have the disadvantages of beistraioed by the semantics of their base language, of
providing just a single level of data parallelism, and ofoigting only a limited range of distributions. Despite some
successes [46, 33], they have not been broadly acceptee lngén community.

To fill the gap between these solutions, the HPC communitgdfi@danguage that provides support for a global
view of distributed data aggregates, to improve programpneductivity and relieve scientific programmers from
the burden of introducing per-processor communicationdstdil managementinto their algorithms. Yet, the parallel



programming expert must be able to implement distributionthese data aggregates in order to optimize their lgcalit
and implementation in ways that will benefit a specific altjon at hand when standard distributions fail them.

This paper describes the design of a powerful facility fofirdeg new data distributions in the context of an
object-oriented language. The specific base languageeelier that purpose is Chapel, a high-productivity languag
developed in the Cascade project [6, 8, 13]. User-definadhiisons increase the power of the underlying language
similar to the way function definitions raise the operatidegel of a programming language: new data distributions
can be generated as first-class objects in a language-ptbframework, placed in a library, passed to functions, and
reused in array declarations. In the simplest case, théfaion of a new distribution can consist of just a few lines
of code to define mappings between the global indices of agdatature and memory; in contrast, a sophisticated
user (or distribution writer) can control the internal repentation and layout of data to an almost arbitrary degree,
allowing even the expression of auxiliary structures tgpijcused for distributed sparse matrix data.

Specifically, our distribution framework is designed to |sog:

e The mapping of arbitrary data collections to units of loali

¢ the specification of user-defined mappings exploiting kieolgke of data structures and their access patterns,
¢ the capability to control the layout (allocation) of datahin units of locality,

e orthogonality between distributions and algorithms,

¢ the uniform expression of computation for both dense andsspdata structures, and

e reusability and extensibility of the data mapping machinigself, as well as of the common data mapping
patterns occurring in various application domains.

Our approach is the first that addresses these issues cety@ed consistently at a high level of abstraction; in
contrast to the current programming paradigm that explioinages data locality and the related aspects of synchro-
nization, communication, and thread management at a léa® ¢o what assembly programming was for sequential
languages. The challenge is to allow the programmer higél-tontrol of data locality based on the knowledge of the
problem without unnecessarily burdening the expressigheflgorithm with low-level detail, and achieving target
code performance similar to that of manually parallelizesbpams.

Data locality is expressed via first-class objects catlistiibutions Distributions apply to collections of indices
represented bglomainswhich determine howarraysassociated with a domain are to be mapped and allocatedsacros
abstract units of uniform memory access callechles Chapel offers ampenconcept of distributions, defined by a
set of classes which establish the interface between thgraomomer and the compiler. Components of distributions
are overridable by the user, at different levels of abswacwith varying degrees of difficulty. Well-known regular
standard distributions can be specified along with arbyitiraegular distributions using the same uniform framework
There are no built-in distributions in our approach. Indtehe vision is that Chapel will be an open source program-
ming language, with an open distribution interface, whittbves experts and non-experts to design new distribution
classes and support the construction of distribution tibsathat can be further reused, extended, and optimizetd. Da
parallel computations are expressedfvia al | loops, which concurrently iterate over domains.

The rest of this paper is organized as follows. After summiagirelated research efforts and their relationship to
our work in Section 2, we establish the conceptual and rastatifoundation for the discussion of distributions in
Section 3. Section 4 shows how distributions can be definedused in Chapel, illustrating the power of our
framework for specifying new distributions with a set of i@asingly complex examples. Section 5 discusses key
implementation issues related to the source-to-souresslation of such features into locality-aware data-paetall
code. Finally, Section 6 states the main conclusion of tipepand summarizes future directions of research.

2 Related Work

Our work builds on research performed by many groups ovegdilsedecades. IVTRAN [40], developed for the SIMD
architecture ILLIAC IV, was an early language providing Imgvel control of data distributions. With the advance



of distributed-memory systems in the 1980s, a new classta-parallel languagewas explored. In such languages
the large data structures in an application are laid outsadifte memories of a distributed-memory parallel machine.
The subcomponents of these distributed data structurethearbe operated upon in parallel on all processors. Kali
[37] was the first language to introduce distribution deati@ns in the context of distributed-memory architectures
together with a simple mechanism for user-defined distidst Fortran D [21], Vienna Fortran [9], and Connection
Machine Fortran [1], the major predecessors of the HighdPeréince Fortran [26, 38, 4] effort, all offered facilities
for combining multi-dimensional array declarations witie specification of a data distribution or alignment. Severa
other academic as well as commercial projects also comdsibio the understanding necessary for the development of
data parallel languages and the required compilation tolyy [24, 19, 3, 25, 30, 39, 43, 44, 45, 28, 12, 42, 5, 14,
31, 23]. More recently, High Performance Java [35] and a rermobparallel Matlab versions [11] have extended their
base languages with high-level distribution specificatiofihe ZPL [7] language supports dimensional distributions
organized into types, which give the compiler the informmatneeded to generate loop nests and communication,
abstracting the details of the distribution from the corapsl knowledge.

These languages largely rely on a set of built-in mechanisatwh as reguldslockandblock-cyclicdistributions,
as well as limited features for irregular distributionsglswasgeneral blockandindirect A major step for defining
more general distribution classes was proposed in the Yi&antran language specification [48], which introduced
a capability for user-defined mappings from Fortran arrayes $et of abstract processors, and for user-defined align-
ments between arrays. Distribution classes more generalttte standard distributions include the Kelp library [20]
and the generalized multipartitioning scheme implemeirtéRice University’'s dHPF compiler [15]. The VSIPL++
Library [29] provides C++ classes and functions for a setafidard distributions, with some user-level control.

The class of partitioned global address space (PGAS) layeguiacludes Co-Array Fortran [17], Unified Parallel
C (UPC) [27], and Titanium [47]. These languages each pmuidet of abstractions for communicating between
multiple instances of a single source text running on distimocessors, and represent a reasonable productivity im-
provement over lower-level communication libraries lik€MHowever, they rely on a processor-centric programming
model that requires the user to manually decompose thairddatctures and control flow into per-processor chunks.
The one exception to this is UPC, which has support for blogaiic distributions of one-dimensional arrays over a
one-dimensional set of processaditwa¢ady, and a stylizedipc forall loop that supports an affinity expression to map
iterations to threads.

Closer to the goals represented by Chapel are two languagekged along with Chapel in DARPA's High Pro-
ductivity Computing Systems (HPCS) program: X10 [10] andtfess [2]. Both these languages provide built-in
distributions as well as the possibility to create new thstions from existing ones. However, they do not contain
features for specifying user-defined distributions analay. Furthermore, X10'®cality rule requires an explicit
distinction between local and remote accesses to be madelpragrammer at the source language level.

The key differences between existing work and our approachbe summarized as follows. First, we provide
a general object-oriented framework for the specificatibnser-defined distributions, integrated into an advanced
high-productivity parallel language. Secondly, our fravoek allows the flexible formulation of data distributions,
locale-internal data arrangements, and associated ¢on&chanisms at a high level of abstraction, tuned to the
properties of architectures and applications. This ersstanget code performance that is otherwise achievable only
via low-level control.

3 Conceptual Framework

In this section we provide a conceptual framework for disttions, which will be used throughout the paper for the
specification of their high-level semantics. The lowerelamechanisms provided in the language for controlling the
layout of distributed data will later, in Sections 4.5 andl, 3ead to a refinement of this framework.



3.1 The Chapel Abstract Machine

The Chapel Abstract Machine containsiamory componeand aprocessing componerach execution of a Chapel
program on the abstract machine is associated with a regitmraemory component, called tlesecution locale set
and an unbounded, dynamically managed sé¢h@adsin the processing component.

The execution locale sets a non-empty finite set of identickdcalesdetermined at the time program execution
begins. Locales are units of uniform memory access to whath and threads can be mapped. Accesses of a thread to
data are calletbcal if thread and data are mapped to the same localeretsete. In terms of performance metrics,

a local access is assumed to incur less overhead than a recoetss.

3.2 Domains

Domains represent a central element of Chapel, linkingxsé¢s, distributions, arrays, and iterators. They geizeral
features present in other languages, such as HEFiplate§26] and ZPL'sregions[7]. Specifically, adomain is a
first-class entity, whose principal aspects are:

e An index set which is a finite set of names for identifying components wags. Of special importance for
scientific computation are therithmetic domainswhose index sets are Cartesian products of sets of integer
numbers that form an arithmetic sequence. Their structuseriilar to that of Fortran 90 arrays, withrank—
known at compile time—that specifies the number of dimersidiowever, index sets in Chapel can be more
general, such as instances of a class representing nodesiirsauctured grid.

e A distribution which specifies a global mapping from the domain’s index®étcales in the execution locale
set, as well as the local arrangement of indices and daténvitbales.

e A set of associatedrrays which are mappings from the domain’s index set to compowaridbles of a given
type. Arrays are allocated according to the domain’s distion. Due to the generality of index sets and types
in Chapel the notion of an array is a more powerful concept ttsacounterparts in traditional languages.

Conceptually, an array iglwaysassociated with a domain. However, the language allows ¢letadhtion of
arrays together with their index set and distribution, withreference to a domain. We speak in this context of
independenarrays.

e lterators which are functions defined over the index set of a domain,beaused to control the execution of
sequential and parallel loops.

While every domain has a well-defined index set at any timésoéxistence, its other components are optional.
For example, a domain used only for accessing locales ingramomay have the index set as its sole component.
3.3 Index Mappings

This section introduces a basic terminology used for madadistributions.

Definition: Let X, Y denote finite, non-empty sets.
1. Anindex mapping from X to Y is a total functionf : X — P(Y'), whereP(Y") denotes the powerset bf.
2. fis calledproper iff f(z) # ¢ forallz € X.

3. For a proper index mapping, from X to Y, the setf(X) :={y € Y | 3z € X : y € f(x)} is called the
image of X underjf.

4. Given a proper index mapping, from X to Y, theinverse mapping f—!, is the inverse of the relation in
X x Y defined byf: forally e Y : f~1(y) :={z € X |y € f(x)}. If f(X) =Y, thenf~!is a properindex
mapping fromY” to X.



5. A proper index mapping igeplication-free iff | f(x) |= 1 for all z € X. Such a function will be interpreted
as a total mappingf : X — Y, whenever this is more convenient. ffis surjective, thenf~! defines a
partition of X in the mathematical sense, where all elementX ahapped to the samg € Y belong to the
same equivalence class.

3.4 Data Distribution for Domains and Arrays

A data distribution is defined for a domain, whose index séeisg distributed, and a subset of the execution locale
set, which serves as the target of the distribution. The congponents of a distribution are two functions referred to
as theglobal mappingand thdayout both of which are defined over the domain’s index set. Thbalmapping is an
index mapping from the domain’s index set to the target kesalvhile the layout maps indices to locations of the locale
associated with them via the global mapping, thus allowlregdpecification of locale-internal data arrangements.

From a programmer’s perspective, the global mapping is thegsy component of a distribution and must be
explicitly specified any time a distribution is defined. Imt@st, the specification of the layout may be left to the
system, which provides a default layout for any global magpiExplicit specification of the layout is required if
highly sophisticated data representation strategieodre applied, which are beyond the reach of automatic methods
such as for distributed sparse data structures. In sucheatba&slayout specification allows virtually complete cohtr
over the locale-internal allocation policy. This capdpiltan provide a significant performance gain in situations,
where there is a strong correlation between data accessnménd internal data structures reflecting properties of a
application that cannot be automatically recognized byctmapiler.

The data distribution defined for a domain is applied to athgs associated with the domain and controls their
allocation in memory!

3.4.1 Global Mapping

The global mapping of a domain to a set of target locales &sscdomain indices with locales. In the following
definition we assume a domdhwith index setl, which is distributed to a non-empty subse)C, of the execution
locale set.

Definition:
1. Theglobal mapping, ¢, of a data distribution foD is a proper index mapping frothto LOC.
2. D is called thesource domainof the distribution.
3. LOC is called thearget locale setits domain is called thearget domain.
4. Theinverse§—!, of the global mapping is called tlwevnership function.
5

. Givenloc € LOC, 6—*(loc) is called thedistribution segmentof loc under the global mag.C

The distribution segment of a localec under the global map specifies the set of all indices in the source
domain,I, which are mapped toc via §. The imaged(I), of I unders is called theactual target locale sefor the
distribution. This must be a non-empty set. Howevés, not constrained to be surjective, which means éiat may
be a proper subset d¢fOC. In that case there exist empty distribution segments.

In general, different distribution segments may contaenittal elements. However, if the global mapping is
replication-free, then the distribution segments assediavith the actual target locale set are pairwise disjoirtt a
constitute a partition of .

Let A denote an array associated with domBinThen the mapping — §(:) for all i € I determines the set of
all locales on which the array component varialdlg), i € I, is to be allocated. Each such locale is calldtbane

IThe reader familiar with standard distributions suctblagk will notice here that index mappings provide a more powenfiechanism than
required since in these cases the global mapping functieayal associatesxactly ondocale with each index, and not an arbitrary non-empty set
of locales. However, our formalism has been chosen suclittteat also model replication, in the context of distribuscas well as alignments.



for A(7). For everyloc in the actual target locale sét,]), thelocal array segmentof loc for A is the representation
of the portion of4, A(5~!(loc)), which is associated with the distribution segmentcaf The way in which data are
stored in the local array segment is determined by the lagodthe array’s element type.

As mentioned above, in many cases of interest the global mgb a distribution is replication-free. However,
in some instances the mapping to a powerset is required. Erarimclude the replication of a “small” data structure
(such as a scalar) &l locales:0(i) = LOC for all i € I, the replication of one or more dimensions of an array across
locale dimensions (Section 4.3.2), and the generation piesof array elements in a halo (Section 4.4). In all these
cases, the decision to replicate is motivated by the goadaae the communicatio load, while accepting the penalty
of increased main memory consumption.

3.4.2 Layout

Thelayout of a data distribution specifies the locale-internal repnéstion of distribution segments and array data in
the context of a global mapping. Related functions incluéthods for accessing data and iterating over index sets.
A detailed discussion of the interface presented to the fasespecifying layout will be found in Sections 4.5.3
and 5.1. Here we introduce only one basic function: Ty®ut mappingf a data distribution is an index mapping,
A, from the index set of a domain to a set of locations in theltodatermined by the global mapping.
For any arrayd and index € I, (i) and\(z) are the key components determining the location in whicmele
A(4) is stored.

4 Use and Definition of Distributions in Chapel

In this section, we outline the syntax and semantics of datitans for distributed domains and illustrate the rela-
tionships between domains, locales, distributions, analyar These features can be understood without requiring
knowledge ohowdistributions can be defined by the user.

4.1 Domain Declarations

A typical declaration of a distributed domain has the form:
var D. domai ntype [dist_spec] [onclause] [= index.init];

where (1)Dis the identifier of a domain of typgonai n_t ype; (2) the index set oD is obtained by evaluating the
expression ndex_i ni t ; and (3) the distribution of the domain is specifieddiyst _spec. The source and target
locale sets of the distribution are respectively deterchiag the index set dd and the locale set obtained from the
on_cl ause.

Details of these components will be discussed in the folhgygubsections.

4.2 Language Representation of Locale Sets and the on-Claus

In a Chapel program, the execution locale set is represémptdte predefined rank 1 array of locales declared as:

const Local es: [1..numlocal es] |ocal e,

wherenuml ocal es is a predefined integer variable initialized with the numbilocales in the execution locale
set, and ocal e is a predefined type. The initialization bbcal es is performed implicitly at the time program
execution starts. The rank 1 domain with whicbcalesis associated is called tretandard locale domairand its
index set, [1..nunocales], thestandard locale index set

In principle, the access to the execution locale set pravleLocal es is sufficient to express any program-
controlled mapping of data or threads to locales. Howevas, often convenient to reflect structural properties of
the domain’s index set in the target locale set, for exanfalestributions for a multi-dimensional domain need to be



specified on a dimensional basis (see Section 4.3.2). Thiscgn be met by allowing the reshapinglafcal es to

a locale array based on a new target locale domain. Reshagdnvolve a simple mapping between the standard
locale domain and the new domain as well as other array apasasuch as subscripting, slicing, and subsequence
selection. For example, if the value @iml ocal es is 1000, a new target locale array, 4a3D, can be initialized

by reshapind.ocal es as a two-dimensional array with index set [1..100,1..10]:

const L2D: domain(2)=[1..100,1..10]; /* new target |ocale domain of rank 2 */
const t2D: [L2D] | ocal e = reshape(Local es); /* new target locale array */

The mapping between the standard locale domain, [1..1@0@]the new domairi,2D, is based on lexicographic
ordering. Specificallyt 2D(i, j) serves as an alias bbcal es((i — 1) « 10+ j) forall 1 <4 < 100,1 < 5 < 10.

In a Chapel program, linearly ordered sets of locales carxpkcély specified in the context of distributions or
statements by thiear get _expr of anon-clause syntactically specified asn t ar get _expr . For example, let us
add to the code above declarations for new domains:

const D1: domain(1) distributed (...) on Locales = [1..n1];
const D2: domain(2) distributed(...) on t2D = [1..n1,1..n2];
const D3: domain(3) distributed (...) on Local es(1..numlocales/2) =[1..n1,1..n2,1..n3];

Here, domain®1 andD2 are declared as arithmetic domains of respective ranks 2 amtich are distributed to
locale arrays of corresponding ranks. DomBof rank 3 is distributed to a one-dimensional subsdt@tal es.
The on-clause in declarations is optional, with the defdefined ason Local es.

An example for the use of an on-clause in the context of ars@teis given below. The Chapfarall statement
specifies a parallel iteration over all elements of a donsdimdex set:

forall i in DL on(D2(i,1) { ...}

Let 02 denote a replication-free global mapping of the distributior domainD2. The semantics enforced by the
on-clause is then that the thread for iteratiomust be executed on the localg(i, 1) for all 7 in the index set of
domainD1. The establishment of such a relationship between thraatla distribution is calledffinity .

4.3 Basic Distribution Specification for Global Mappings

This section discusses the use of distributions in the gbofelomain declarations. We deal here only with the global
mapping and ignore the layout, assuming an appropriateliéda the locale-internal data arrangements.

A distribution is determined as an instance of a user-defaudntlass of the predefined cldaisst ri buti on
by evaluating theli st _spec component of the declaration (Section 4.1) in the contetti@domain index set and
the target locale set. The syntactic specification of aibigion for an arithmetic domain can be either whole or di-
mensional. Awhole distribution specificationses a single distribution class (and mapping functiongtermnine the
global mapping of the source index set, independent ofrigetre. In contrast, dimensional distribution specifica-
tion contains a list of component specifications, each of whiels$®ciated with one dimension of a multi-dimensional
source index set. Each component specification indepegaliermines a distribution class and mapping function
for the associated dimension.

An orthogonal classification distinguishes between diveatdirect specification of a distribution. directspecifi-
cation provides direct information about the propertiethefdistribution via references to distribution classanses,
while anindirect or alignment specificatioderives a distribution indirectly by referring to a domaireeoray with an
already defined distribution.



const n1 = 1000000;

class WC: Distribution {/* MCis introduced as subclass of the predefined class Distribution */

const z: integer; /* bl ock size */
const ntl: integer =... /* nunber of target |ocales */

/* global map for a sinplified block-cyclic distribution with block size z>1;
the type of argunent i is the type of the indices in the source domain: */
function map(i:index(source)): locale {return Local es(mod(ceil (i/z-1)+1,ntl));}

}

class MyB: Distribution {
const bl: integer =...; [/* block length */
/* global map for a sinplified regular block distribution with block Iength bl: */
function map(i: index(source)): locale {return Local es(ceil (i/bl));}

}

const DIC. domain(1) distributed (MyC(z=100))=[1..n1];

const D1B: domain(1) distributed (MyB) on Local es(1..numl ocal es/ 10)=[1..n1];
var Al: [D1C] float;

var A2: [D1B] float;

Figure 1: Example: Whole distributions based on user-défgiebal mappings.

4.3.1 Whole Distribution Specification

A whole distribution can be applied to any type of domain. It specifies the dididbwf the whole index set of the
domain via a singléistribution elementA direct whole distribution has the form:

distributed (di stri buti on_el enent)

where adistribution elemenis given asC(aq, . . ., a,, ), with C designating a distribution class, aad . .., a,, deter-
mining a set of argument expressions. Based on the distibetement, a fully specified distribution is computed
as an instance of clasd by retrieving the source index set and the target localerset the context in which the
distribution element occurs. Such a distribution elemgictiledproper.

The example in Figure 1 illustrates whole distribution sfieations based on user-defined distributions introduced
in the simplest possible way, by just defining the global niagfunction and leaving everything else to the system.
We need to emphasize here that this isgmaplest not necessarily the best approach. The compiler/runtyses
can, in principle, automatically invert the global mappfagction, but in many cases (including this example) it will
be much more effective if the user overrides the systemigeavdefault by an explicit specification of the inverted
function.

Assumenuml ocal es=1000 in the example. We outline simplified definitions of two distition classesiyC
and MyB, both introduced as subclasses of the base dasg ri buti on. MyC can be used to distribute one-
dimensional arithmetic domains in a block-cyclic fashiwiitly block-lengthz), while MyB represents a regular one-
dimensional block distributiorD1CandD1B are declared as one-dimensional domains with the same sadegiven
as [1..1000000], but different distributions: the disttibn of D1C is specified by an instance of clagC, with

z initialized to 100. The global mapping function is evaluhte the context given by the index set bt and the
execution locale set representedlmcal es. The global mappings, is determined as

§(i) := mod([ 1&51,1000) forall i, 1 < i < 1000000



This is the specification of a block-cyclic distribution tviblock sizez=100. For example, index 876543 is mapped
to localeLocal es(766), whose distribution segment is given as

§71(766) == {i | i = j = 100000 + 76501 + I, for all j, I such thab < j < 9,1 < I < 99}

The distribution oD1B is specified by an instance bf/B and evaluated in the context of the target locale set
Local es(1..100). The global mapping for this distribution is detéred as:

§(i) := [ 1esg | forallé, 1 < i < 1000000
where the block lengthl , is 10000. The distribution segments are given as
57 Y(loc) :== {i | (loc — 1) * bl + 1..loc * b} for all localesLocal es(loc); 1 < loc < 100.

Finally, A1 andA2 are arrays of floating point numbers whose index sets andldisbns are respectively deter-
mined by the associated domalbsC andD1B.

4.3.2 Dimensional Distribution Specification

Dimensional distributions can be applied to arithmetic domains of arbitrary rank. Aedidimensional distribution
can be specified in the form:

distributed (di st ri buti on_el ement-1i st)

where thedi st ri buti on_el enent -1 i st containsn elements for source domains of rankwhich are associ-
ated from left to right with the dimensions of the source idet. A distribution element can be either proper, as for
whole distributions, or an asterisk, “*”, signifying thdti$ dimension does not influence the global mapping func-
tion. In this case we also say informally that “this dimemsi® not distributed”. Each proper element links a single
dimension of the source index set to a single dimension dfattget locale set, providing a distribution for this pair.
The association between source and target dimensionsfrmed from left to right, skipping non-distributed

dimensions. The distribution for the whole index set of thendin is constructed by composing the mappings of the
distributed dimensions.

Definition: Consider a dimensional distribution, where the index seghefsource domaib is given as a regular
arithmeticn-dimensional Cartesian product of integer intervals; I; x ... x I,,, withn > 1. Thelist(dy, ..., d),
whered; is the j-th distributed dimension ob, counting from left to right, is called theequence of distributed
dimensions where0 < m < n. Similarly, letD’, the target locale domain, be aftdimensional Cartesian product
of integerintervals]’ = I; x ... x I',, wheren/ > 1. Then:

n’s

1. mis called therank of the dimensional distribution and must satisfiy:< n’'.

2. The distributed dimensions @b, I,,,...,1,,,, are one-to-one mapped from left to right to the target local
dimensiond], ..., I/,. For each such pair, a global mapping functiég),, is determined by instantiating the
distribution clas€”,, , and evaluating itsnapfunction in the context of index séf;, and target index sdf, .

3. Foreach = (i1,...,in) € L1 0(31,...,0n) = {(#,...,i0,) € ' |Vk,1 <k <m:i) €dq,(iq,)} O

Figure 2 illustrates examples for dimensional distribngiin Chapel. We assunmiy C andMy B as introduced above,
and furthermorenuml ocal es=1000,n1=1000000,n2=10,n3=16,n4=8,mM.=100, m2=10, andnm8=4. Two
locale arrays are used for specifying distribution targ@tsLocal es, representing the standard locale index set, and
(2)t 2d, alocale array of rank 2 with index set [1..100,1..10].

The distribution foiD2 is a dimensional distribution of rank 1, with distributiolagsMy B associated with the first
dimension. The global distribution function is determiredollows:

§(i1,i2) = [4] forall (i1,42) € [1..100000, 1..10]



class WyC: Distribution {...}
class WB: Distribution {...}
var nl, n2, n3, n4, nml, n2, nS;

read(nl, n2, n3, n4, ml, n2, nB);

const L2D: domain(2) = [1..nl, 1..n2];

const t2D: [L2D] local e = reshape(Local es);

var D2: domain(2) distributed (M/B(), *) on Locales = [1..nl1, 1..n2];

var A3: [1..n3, 1..n4] float distributed (M/B(), MyC(z = 1)) on t2D(1..n8, 1..nB);

Figure 2: Dimensional distributions example.

A3 is a two-dimensional independent array with index set §1118], which is distributed to the locales subset
I'=t 2D( 1. . 4, 1. . 4) using an instance dfly B in the first dimension (with a block length of 4), andMfC( z=1)
in the second dimension. The distribution function and tis&idution segments can be specified as follows:

d(Axk+1i2):=(k+1,mod(ia—1,4)+1)forall0 <k <3,1<1<4,1<i3<8
The distribution segments are given as
7L, dh) = (4 (i) — 1) + 1.4x4),i5..8by4) forall 1 < if,i) <4

We conclude this section with a few remarks on propertiesrmaedsional distributions. I’ > m, then the dimen-
sional distribution specification provides for an impliggplication of data across’ — m target locale dimensions.
The semantics of implicit replication requires all copiésaaeplicated data item to have identical values. The idea
behind this feature is to trade memory space for access $ysmahverting non-local data accesses to local accesses,
at the cost of additional memory space and updates. Our agipriollows closely the one implemented in Vienna
Fortran [9, 48]. Replication of this type can be also handléf@rently: for example, ZPL [7] introduces explicitly
declaredlood dimensionfor this purpose.

Finally, there are two important special cases for dimaraidistributions, which are respectively characterized b
m = n andm = 0. If m = n, then all source dimensions are distributed, and the segyén . . ., d,,) of distributed
dimensions is given a4, ...,n). If m = 0, then no source dimension is distributed, a&(d, . ..,i,) = I’ for all
indices of the source domain, i.€.is totally replicated.

4.3.3 Alignment

Indirect distributions or alignments allow the specification of a distribution based upon anotierady defined
distribution. Alignment supports productivity and help®iaing clerical errors by allowing the reuse of distrilmurts
or their components within a well-defined syntactic framekwo

Alignment can be expressed in Chapel in a number of ways. Tdst general mechanism is provided by user-
defined distributions. In this section, we slightly modifyetpreviously introduced syntax for direct distributioresp
ifications to cover alignment: (1) the keywontistributed is replaced byaligned and (2) distribution elements are
replaced byalignment elementsvhich do not refer to distribution classes but rather teadiy distributed domains
or arrays. No on-clause is provided in the context of alignhspecifications, since the target locale set is derived
together with the rest of the distribution information frahe alignment elements. In analogy to direct distribution
specifications, alignment specifications haweleleand adimensionalariant.
We illustrate alignment by a simple example. Figure 3 déssria program fragment for dense matrix-vector multi-
plication. Mat is a rank 2 arithmetic domain with index set [1..m,1..n], woows are distributed across all locales
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var m n; /* dinension bounds */
read(m n);

const Mat: domain(2) distributed (M/B, *) =[1..m 1..n];
const Row. domain(1) distributed (*) = Mat(2);
const Col : domain(1) aligned(Mat (1)) = Mat(1));

var A: [Mat] float;
var v: [Row] float;
var s: [Col] float;

read(A);
read(v);

s = sum(dim=2) [(i,j) in Mat] A(i,j) * v(j);
Figure 3: Matrix vector multiplication with row distribun.

usingMyB. The domairRow, an arithmetic domain of rank 1, is defined as a projectiomefdecond dimension of
Mat . Its index set is determined as [1..n], and it is totally iegiled across all locales. Finally, dom&al of rank 1
is alignedwith the first dimension of Mat: this means that foralf 1..m the global mapping fo€ol (7) is identical
to that ofMat (¢, j) for arbitraryj.

4.4 Halos

Our approach provides a set of language features orienteddthe concept oflaalofor a given data structure. These
features support the user-directed optimization of conioation for that data structure in a region of the program by
allowing:

1. the explicit allocation of copies of non-local elemeritthe data structure in a locale,
2. the explicit management of coherency between such cape¢heir home, and
3. the replacement of all non-local references to the datatsire by local references.

In a sense, this presents a departure from the stated gola¢ @Zhapel distribution language to avoid explicit
management of communication in a program. However, by usithgs the experienced programmer may significantly
improve the communication behavior of a target program kplating knowledge about the application that cannot
be automatically derived by the compiler or runtime systéva.expect that these features will be used in cases where
performance is extremely critical.

Details of the conceptual framework for halos are describedTechnical Report [16].

4.5 User-Defined Specification of Distributions

The Chapel programmer does not necessarily need insighthiatdetails of the specification and the inner workings
of a distribution in order taseit successfully in an application. A predefined distribaticlass can be used by
just attaching an instance of it to a domain or array dedtamags long as the construct is syntactically valid and it
semantic constraints are satisfied. This applies to angaliibn, may it be standard or tuned to a class of applicatio
exploiting their special properties. Apart from the knoslde of the interface the programmer only needs guidance for
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the effective use of the distribution in view of the array ldeations in the program and the related access patterns in
algorithms. A key innovation in Chapel is that the languagms the specification of arbitrary distributions. There
are no built-in distributions as part of the language andgatoee known to the compiler: any distribution required in a
program must be explicitly defined and—if to be reused—stara library.

In this section we introduce the framework for the speciiicabf user-defined distributions. In a sense, these
features can be considered to be at a lower level of absiratiian the rest of Chapel since their implementation
interacts with architectural features at a lower level tteother abstractions addressed in the Chapel sourcedgagu
We can think of specializedistribution writers(which of course can be the application developers therasgheing
in charge of developing distribution libraries tuned to tequirements of applications.

We begin by explaining the interface of the distributiomfiework in Section 4.5.1. Distributions can be essentially
specified at two levels, one of which deals only with the glabapping while the other uses in addition an explicit
layout to control in detail the arrangement of data at thaldinternal level. In the first case (Section 4.5.2), tretesy
provides by default all functionality required for the aligion and management of distributions and distributealyarr
based on the user-specified global mapping (and, in mossctse specification of its inverseMyB andMyC, as
introduced in Figure 1, illustrate the simplest case fos thption. The explicit use of a layout specification will be
explained subsequently in Section 4.5.3 by a highly spieeidbanded distribution

4.5.1 Main Classes

The distribution framework provides the distribution weritvith tools for supplying application-specific functidita
to the compiler and runtime system via a set of predefinedpbbbke classes with an overridable interface.

The base classes involved incluBemai n, Di stri buti on, andLocal Segnent , which are shown in Fig-
ure 4 together with public methods. We focus here on the maintfonality required in this section, omitting some
details that will be used and explained in examples.

A more complete specification of these classes (includiag tirivate components) will be provided in Section 5.

TheDonmi n class supports the built-in features for domains in theulaigg. Two general iterators are associated
with each domain: the sequentfabr and the parallef or al | iterator. The public metho@et Di stri buti on
provides access to the domain'’s distribution, widét Par ent links a subdomain to its parent. A call of the method
ext ent yields the number of elements in the domain’s index set.

The core component of the framework is thiest ri but i on base class. Any user-defined distribution class
is a subclass obi stri buti on. Theget Sour ce method yields the source domain of the distribution, while
theget Tar get Donmi n andget Tar get Local es methods respectively yield the target domain and the target
locale set. Tharap method represents the global mapping from source indicéar¢®t locales? The iterator
Di st Seglterator(loc) produces the elements in the distribution segment assodcisith localel oc, as a
sequence of source domain indices. Finally, the fundBenDi st ri buti onSegnent , applied to a localé¢ oc,
yields the domain associated with the distribution segroéhbc.

The global mapping is the only method that must be alwaysifipgdy the distribution writer when specifying
a new distribution. In addition, the user will in general yide explicit specifications obi st Segl t er at or and
Get Di stri buti onSegnent, although the system, in principle, can determine thesetioms by automatically
inverting themap function. In most cases, the specification of these funstiyra knowledgable user will significantly
enhance performance.

ThelLocal Segnent class, a subclass @bnai n, is a predefined class that provides a default representatio
distributions and associated array data in locales. A sépamstance of this class is created on every locale in the
target locale set of a distribution. This class can be ogterrif the user wants explicit control of either mechanism.
The functionget Local e yields the locale for a specific instancelafcal Segnent . Letl oc denote such a locale:
we discuss the properties of the particular instandeoafal Segnent for this locale: The value of the public variable
Local Domai n is the domain for the representation of local array datadalkel oc. Each array associated with the
source domain of the distribution is represented in lotale by a separate array over the domabcal Domai n. 3

2The generic type constructondex, when applied to a domain, yields its index type.
3The constraint that all local array segments associatel aviistribution have identical structure can be weakenethduding local array
segments into the user interface.
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class Domai n {

iterator for (): IndexType; /* sequential iterator */
iterator forall (): I ndexType; /* parallel iterator */

function GetDistribution(): Distribution; /* distribution of the domain */
function Get Parent (): Donai n; /* parent domain */

function extent(): integer; /* size of the index set */
}
class Di stribution {

var source: Domain; /* the source domain to be distributed */
var target: Domain; /* the target |ocale domain */

function get Source(): Domai n;

function get Tar get Domai n(): Domi n;

function get Target Local es(): [target] |ocale;

function map(i: index(source)): locale;

iterator DistSeglterator(loc: index(target)): index(source));
function GetDistributionSegnent (I oc: index(target)): Domain;

}

class Local Segment: Donmain {
var Local Domai n: Domai n; /* local data domain */
function get Local e(): | ocale; /* locale associated with an instance of this class */
function | ayout (i: index(source)): index(Local Domain);

function set Local Domai n(1 d: Domai n);
function get Local Domai n() ;

}

Figure 4: Base classes of the distribution framework: putdimponents

For sophisticated problems, such as the representatioistobdted sparse matrices, the user may need to generate
a set of persistent auxiliary data structures in each ladcadeipport an efficient representation of the distributind a

the mapping from global to locale-internal indices. Fipathel ayout function maps a global source index (that

in the given context can be assumed to be in the distribuggment associated withoc) to the associated index in
Local Donai n.

4.5.2 User-Specified Global Mapping

We discuss here an example for user-defined distributiomshndeals with the global mapping and leaves the arrange-
ment of locale-internal data structures as well as the diefimof the layout mapping to the system. The minimum
specification for practical purposes consists of the défimibf a subclass obi st ri buti on, combined with a
definition of the methodsap, Di st Segl t er at or, andGet Di stri buti onSegnent .

The example considered here, in Figure 5, is a variant of yleiccdistribution introduced in Figure 1. For
simplicity we consider here only the case where the blocktlers 1, and source as well as target domains are
arithmetic index sets of rank 1, defining a contiguous irgko¥ integer indices beginning with 1.

The Di st Segl t er at or in this specification first determines the number of elementhe source domain,
which is assigned t&N. Secondly, it determinek as the number of the locale to whiéh st Segl t er at or is
applied. The iterator successively generates the aritbraetjuence of all values of the forin+ j % ntl, where
j=0,1,...andk + j*xntl < N.

TheGet Di stri buti onSegnment function is similar, except that it produces as its value mdn of rank 1,
whose index set is determined by the elements in the aritbiseguence discussed above.
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class MyC1: Distribution {
const ntl: integer=-- /* nunber of target |ocales */

function map(i:index(source): locale {return Local es(nod(i-1,ntl)+1);}
iterator Di st Seglterator(loc: index(target)): index(source) {

const N integer = getSource().extent;

const k: integer = |ocal e.i ndex(l oc);

for i in k..N by ntl { yield(i); }

function GetDistributionSegnent (I oc: index(target)): Domain {
const N: integer = getSource().extent;
const k: integer = |ocal e.i ndex(l oc);
return (k.. N by ntl)

}
}

const DI1C1: domain(1) distributed (M/CL()) on Local es(1..4) = 1..16;
var Al: [D1Cl] fl oat;

Figure 5: A cyclic distribution

For the distribution 0D1C1 we obtain:§(:) = mod(i — 1,4) + 1 forall i, 1 < i < 16. The distribution segments can
be specified asi—!(k) = k..16 by 4 for 1 < k < 4.

4.5.3 User-Specified Layout

In this section, we illustrate the actions required for tsmcified layout through a detailed example describing an
irregular banded distribution for a square matrix. The gqmation determines specialized structures for auxil@aa
and the actual array storage in each target locale.

Example: Irregular Banded Distribution

In this example! we study ébanded distributiorfor a square matrix of order. The problem is specified as follows:
Let A denote an array associated with arithmetic dom@jrof rank 2 with index set [1..n, 1..n]. For the purpose of
this example we define for all = 2,3, ..., 2 * n thediagonal DI AG? as the sequence of all indicésj) of D such
thatd = i + j, starting either with an element in the top row or the righstremlumn, and proceeding diagonally from
top down and from right to left.

In the example of Figure 6, where= 9, the diagonals are identified &4 AG?, DIAG3, ..., DIAG'®, where,
e.g.’
DIAG? = (/(1,1)/)
DIAG® = (/(1,4), (2,3), (3,2), (4,1)/), and
DIAGYS = /((7,9), (8,8), (9,7)/).

Now assumeé > 1 to denote dandwidth andp the number of target locales in the distribution to be carcséd.
This distribution is characterized as follows:

1. Starting withd = 2, diagonalsDIAG?, DIAG*+!, ..., DIAG?T*~! are mapped thocal es(1). Sim-
ilarly, the nextb diagonals are mapped tacal es(2), and so on, in a cyclic pattern: after the fibst p
diagonals have been mapped to locdlesal es( 1) throughLocal es( p), the process continues for diag-
onalb x p + 1 with a mapping td_ocal es( 1), etc.

4This problem has been proposed by Brad Chamberlain from i@y
5A sequence of elements, . . ., ., is denoted in Chapel in the for@iz, . .., zm /).
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Figure 6: A banded distribution

This results in the following global mapping for indéx j) € [1..n, 1..n]: §(7,5) = ((i +j—2)/b+ 1) modp.
In the matrix of Figure 6, we assunbe= 3 andp = 4. Thend(7,6) = 4 (this element belongs tB1AG*3),
ando(8,9) = 2. For everyk € 1..p, the distribution segments are determined as:

§Yk) ={(,5) | (t*xp+k—1)xb+2<i+j<min(2xn,(t*p+k)xb+1),wheret =0, 1, ...}

In the matrix of Figure 6, the resulting distribution segitseare (locales numbered from 1 to 4):

e 5~1(1) contains the elements R AG?, DIAG?, DIAG*, DIAG**, DIAG'>, DIAG'®
e §~1(2) contains the elements I AG®, DIAG®, DIAG", DIAG'", DIAG*®
e 571(3) contains the elements RIAG®, DIAG®, DIAG'°
e 571(4) contains the elements DI AG', DIAG'?, DIAG'3
2. The layout is specified as follows. Lkt1 < k£ < p, denote the number of an arbitrary locale used in this

distribution, andDI AGS_k a domain, whose index set is the set of all diagonals mappkdi®d. Then we
choose to represent the local domain associatedmdih the irregular product domain (see [13], p.115):

[DIAGS_k] domain (1)

For eachi € DIAGS_k the associated subdomain is defined a&ngth(d), wherelength(d) is the number

of indices in diagonatl. Thus, an indexi, j) in diagonalDI AG? can be locally accessed inin the form
(d,1), wherel is the position of(4, j) in DIAG¢, and positions are counted starting with 1. For example, the
element(7, 6) belonging to diagonabI AG*? is mapped to locale 4, and can be locally accessed thereevia th
pair (13,4).

Figure 7 illustrates a program fragment containing the glaleclarations in the context of a banded array. Below we
show the specifications of the claBanded, which defines the global mapping, and of the clBaaded_Layout ,
which determines the locale-internal data arrangement.
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class Banded: Distribution {
const b: integer;
const n: integer = getSource()(1).extent();
const p: integer = getTargetLocal es().extent();
const ndi ags: integer = 2*n-1;
var firstDiagsinDS: [1..p] domain(1); /* first in every block of b diagonals */
var diagsinDS: [1..p] seq(integer)= nil; /* set of all diagonals in distribution segnments */
constructor Banded() {
forall k in 1..p {
firstDiagsinDs(k) = (k-1)*b + 2 .. ndiags by b*p;
forall d in firstDiagslnDs(k) diagslnDs(k) = diagslnDs(k) # d..nin(d+b-1,2*n);
}
}

function map(i, j: integer): locale { return Locales(mod((i +j - 2)/b + 1, p)); }
/* auxiliary functions: */
/* first conmponent of first elenment in diagonal d: */
function first.(d: index(diagD)): integer{return (if (d<=n+1) then 1 else d-n); }
/* nunber of elenments in diagonal d: */
function | ength(d: index(diagD)): integer){return (if (d<=n+1) then d-1 else 2*n-d+1);}
/* indices of elements in diagonal d: */
function diag(d: index(diagD)): seq(integer, integer){
var AD. seq(integer, integer) = nil;
for s in 0..length(d) - 1 { AD= AD # (firsti(d) +s, d - firsti(d) - s); }

return AD,

}

iterator Di stSeglterator(loc: locale): index(source) {
const k: integer = |ocal edindex(loc);

for d in diagsinDS {for i in first.i(d)..first.(d)+ ength(d)-1 yield(i, d-i);}
}
}

class Banded_Layout: Local Segnent {
const | oc: | ocal e=this. getLocal e();
const k: integer = |ocal e.i ndex(l oc);
const DI AGSk: domain = Banded. di agsl nDS(k); /* diagonals in distribution segment |oc */

/* Local Domai n specifies the |ocal index donmain of all arrays associated with D. Here we
chose an irregul ar product domain that binds each | ocal diagonal to an arithmetic donmain
of rank 1:*/

const Local Domai n = [ DI AGSk] domain(1);

constructor Banded_Layout () forall d in DI AGSk Local Domai n(d)=1.. Banded. | engt h(d);

function layout (i, j: integer): index(Local Domain) {

/* Assunme k to be the locale index for (i,j), i.e., Banded.map(i,j)=k. The | ayout function
perfornms the mapping (i,j) — (d,l), where d=i+j is the diagonal to which (i,j)
bel ongs, and | is the position of (i,j) in the set of all indices belonging to d: */
return this.index(i + j, i - Banded.first.i(i +j) + 1);

}

4.5.4 Distributed Sparse Data Structures

In terms of building the distribution, the generation of arge structure differs from that of a dense domain in at least
the following points:

e Itis necessary to deal with two domains and their interi@tehips: the algorithm writer formulates the program
based on the original dense domain, indexing arrays in the saay as if they were dense. In contrast, the actual
data representation and implementation of the algorittebased on the sparse subdomain.
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type el t Type;

const n : integer = /*order of matrix */
const bw. integer = .. / *bandwi dt h of distribution */
const p : integer = .. /*nunber of |ocales used: we assune 1 < p < numlocales */
const D domain(2) distributed (Banded( b=bw) , Banded Layout ()) on Locales[1..p]=[1..n,1..n];

const di agD: domain(1)=2..2*n; /* the indices in this domain identify the diagonals of D */

iterator across_di agonal (d: index(diagD)): (integer,integer) {
for i in Banded.first.(d)..Banded.first_(d) + Banded.length(d) -1 { yield(i,d-i) };
}

var A: [D eltType;
var dx: (integer,integer);

forall d in diagD {
for dx in across.diagonal (d) { ... A(dx)= ... }

Figure 7: Program using banded array

¢ In many approaches used in practice, the distribution ierdghed in two steps: First, the dense domain is
distributed, i.e., a mapping is defined &dr indices of that domain, including the ones associated vethes. In
general, this will resultin an irregular partition, reflict the sparsity pattern and communication considerations
Secondly, the resulting local segments are representad assparse format, such as CRS (compressed row
storage).

Our framework is general enough to deal with most aspectdoptoblem. In particular, the mechanisms provided
for extending thé.ocal Segnent andLocal Arr aySegnent classes allow the construction of persistent auxiliary
structures supporting sparse matrices. An open reseah iis the automatic generation of efficient code exploiting
these specialized data structures based on algorithmstiedlggformulated in terms of the dense domain. Details are
described in [16].

5 Implementation

This section discusses our strategy for the implementatfahe distribution framework interface, along with the
supporting compiler and runtime structures.

Our framework exposes to the distribution writer a set oflwlefined interface functions that can be overridden
to express application-specific functionality and optiatians. At the same time, the system conceals low-level dis-
tribution aspects such as the distinction between locatamibte accesses, communication, and synchronization, and
provides efficient default solutions for standard situagio

The compiler uses rewrite rules based on the user-visildefates, as well as a set of low-level structures and
mechanisms which are not visible to the user, to perform acesto-source transformation of Chapel locality-aware
code into explicitly distributed code augmented with conmication calls. In a sense, the distribution class interfac
plays the role of anediatorbetween the program-specific functionality and compilansformations and optimiza-
tions.

Arrays and domains are implemented as standard Chapel awdsing the Chapel language itself. Arrays spe-
cialize an abstradr r ay class, while domains specialize an abstiamtai n class.
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Figure 8: Data-parallel execution model

Chapel supports both task and data parallelism. Here, wesfon the data parallel model: Figure 8 depicts a
typical transformation of &or al | loop, where one thread per locale involved in the computatiGcpawned upon
encounteringthéor al | statement. These are heavyweight threads, which accauddose-grain data parallelism.

Within each locale, light-weight threads may be spawnedsmheduled depending on the locale-internal configura-
tion.

As an example, we return to the cyclic distribution discdsse-igure 5 of Section 4.5.2. The global map for the
distribution of D1LC1 was determined a¥i) = mod(i — 1,4) + 1 (i,1 < i < 16), and the distribution segments are
givenas:d— (1) = {1,5,9,13},61(2) = {2,6,10,14},61(3) = {3,7,11,15},ands ' (4) = {4, 8,12, 16}.

Thus, each locale stores exactly 4 elements of akiayvhose indices are determined by the distribution segments

TheLocal Donmi ns of the distribution segments are all defined by default ds Wwith the associated default layout
function performing the nessary index conversion:

layout(i) = [ foralli,1 < i < 16

Figure 9 outlines the local representations generatedibeample.
Data references are classifiedlasal if the compiler can assert that the data reside in the sanadelas the
executing thread; otherwise they are considgyietbal This reflects the fact that Chapel programs can access data
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Figure 9: Local representations for cyclic(1) distribatio

without taking into account the locality of acce$lthough for regular codes compiler analyses can ofterrgjgtsh
between local and remote accesses, using this informatiahé optimization of communication [34, 32], in general
this decision can only be made at execution time. In suchscfmeexample when accessing irregular data structures,
optimization of communication must be based on runtimeyeisl

Most partitioned global address space (PGAS) languageb,asi Co-Array Fortran [17] or X10 [10], deal with
this issue by making an explicit distinction between loaad @on-local accesses at theurce level This creates a
burden for the programmer but makes it easier for the comigilgenerate efficient code.

We have developed a general translation scheme for the dediflgh idioms in Chapel. Our scheme primarily
addresses (1) the processing of domain declarationsdimgjulistribution and local layout assertions, (2) arragiae

rations over distributed domains, (3) array referenceaffiays associated with user-defined distributed domaiiris, a
(4) the transformation dfor al | loops.

5.1 Interfaces

Domains, arrays and distributions, as well as classesgeptiag locale-internal data structures are elementsen th
Chapel program universe. These classes make up the distrilftamework.

5.1.1 The Domain Class

A Chapel domain is implemented as a generic Chapel clxasai n. We illustrate its interface—which is a com-
bination of programmer-visible and system-internal fimts—in Figure 10. The parts of the interface visible to the
programmer are underlined.

The Domai n class is parameterized by ithdexType, theSt or ageType, and theLocal Segnent Type. The

I ndexType specifies the type associated with the domain’s index seé Stlor ageType is a generic type that
allows for the differentiation between the types of “steagsed for different kinds of domains. It controls the
representation of the index set as well as the represemsaticthe arrays or subdomains associated with the domain,
and provides a standard interface for allocation, inseyt@md deletion of items. ThHeocal Segnent Type is the

61n certain contexts the language allows the programmerseralocality with a special attribute, in order to enhanegfigrmance.
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class Domai n {
/* the domain keeps lists of the arrays and subdonmmins attached to it, so that
consi stency is guaranteed upon changes in its state: */
var arrays : List(eltType = Observer(T = I ndexType));
var subdonmins: List(eltType = Cbserver(T = | ndexType));

type | ndexType; /* type of the domain’s indices */
type StorageType;
type Local Segnent Type;

var storage: StorageType;

/* associate an array with the domain: */

function attachArray(array: Cbserver(T = I ndexType));

/* terminate the association of an array with the domain: */

function detachArray(array: Cbserver(T = IndexType));

function attachSubDomai n(subdomai n: Cbserver (T = | ndexType));

function det achSubDomai n( subdomai n: Observer (T = | ndexType));

function setDistribution(dist : Distribution); /* define the domain's distribution */

iterator for () : IndexType,
iterator forall () : I ndexType;

function getDistribution(): Distribution; /* determine distribution of the domain */
function GetParent(): Domain; /* determ ne parent domain */
function extent() : integer; /* determine the size of the index set */

Figure 10: TheDonai n class

type of the local segment associated with the domain. Theaaseoverride this by providing Bocal Segnent
specialization and defininglaocal Domai n for it. For the user-providedocal Domai n, this type is defined by
the user-provided specification. Otherwise, tloeal Domai nType defaults to the type of the parent domain with
indices defined by the corresponding distribution segment.

A distributedDonai n contains a reference to ti# st r i but i on class instance with which it is associated in
the program. Thget Di st ri buti on method provides access to this instance. For every donhersyistem pro-
vides default sequential and parallel iterators. The andf or al I methods allow the expression of special behavior
by overriding these defaults.

We are using thebserver patterif[22], p.293) to describe the relationship between domaitstheir associated
arrays or subdomains. In this pattern, changes in the stateubjectare automaticallpbservedy a set ofobserver
objects that will maintain their state consistent with tketes of the subject. Here, the domain is a subject and the
associated arrays and subdomains are its observers. Angelirathe state of the domain, such as the addition or
deletion of indices in a domain, is reflected in the assodiateays and subdomains.

5.1.2 The Array Class

A Chapel array is defined on a domain and does not directlyifypeata structure or storage constraints—such con-
straints are embedded in the domain. Arrays are implemest&hapel classes, with specialized behavior depending
on the domain. The following code excerpt illustrates a $ifiied interface with the distinction between user-visible
and non-visible functions.
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class Array : Observer {

type el t Type;
type Donui nType;
type StorageType;

var domain : Domai nType;
var storage : StorageType;

iterator for () : Donmai nType. | ndexType;
iterator forall() : Domai nType. | ndexType;

function get (i: Domai nType. | ndexType): eltType {return storage.get(i);}
function set (i: Domai nType. | ndexType, v: eltType) {storage.put(i, v);}

function gl obal Access(i: index(Domai nType. | ndexType): Donmi nType. | ndexType;
function | ocal Access(loc: locale,i: Domai nType. | ndexType): Domai nType. | ndexType;

}

An array is parameterized with (1) a typsl, t Type, common to all its elements, (2) the type of the domain,
Domai nType, itis defined over, and, (3) the storage typeor ageType, which depends on the associated domain.
The parameterization with the storage type allows the refisode across different array types, and provides a
standard interface for allocation, addition, and deletibitems.

The functionsgl obal Access andl ocal Access determine the location of an array element in a locale.
Whereagl obal Access can be used in an arbitrary contexgcal Access exploits the reduced cost of local ac-
cesses in a case where the compiler can assert locality. rolgegmmer does not have direct access to such low-level
functionality: however, the specification of the distrilomt, the domain structure, and the iterators are mechanisms
which the programmer can use to control the efficiency of ik&iduted execution.

The programmer can override the default order of iteratiotinef or andf or al | iterators. This can be useful
in the case when an array is not explicitly defined on a domain.

5.1.3 The Distribution Class

Chapel distributions are explicitly defined in a program. igtiibution type is implemented as a Chapel class, which
specializes the base cld3isst ri but i on.

The interface provided b st ri buti on is depicted in the code excerpt below. Heseur ce andt ar get
respectively denote the source and target domains of thrébdison.

class Distribution {
var source: Domain; /* source domain */
var target: Domain; /* target locale domain */

function get Source(): Donai n;
function get Tar get Domai n(): Donai n;
function get Target Local es(): [target] | ocale;

function set Source(dom Domai n);
function set Tar get Domai n(dom Domai n) ;
function set Target Local es(l ocales: [target] locale);

function map(i: index(source)): |ocale;
iterator DistSeglterator(loc: index(target)): index(source);
function Get Di stributi onSegnent (1 oc: index(target)): Domin;
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The key function a user has to supply for any specified digfiol is the global mapping functiomap. The
I ayout function in a local segment is a way for the user to specifal@cdressing explicitly. The combination of
these two functions specifies a unique mapping between alglodex and an on-locale index.

TheDi st Segl t er at or iterator determines for each target locale the indicesenctirresponding distribution
segment. It can be constructed by default based on the mapdarand the storage type of the local domain, using
an exhaustive search based onritag@ function. The following code excerptillustrates this:

iterator Di stribution.DistSeglterator(loc: |ocale): source.lndexType {

forall i in getSource() on loc
if (map(i) == loc) then yield(i);

The system-provided version relieves the user from thedsuad providing such an iterator. However, regular
distributions for which the distribution segment is synibally computable may not perform well with the system-
provided iterator. In this case, the user can override thever of the iterator.

An additional function provided by default Get Di st ri but i onSegnent . This function, when applied to a
locale,l oc, yields a domain representing the distribution segment &ar. As before, we note that (1) the system
provides a default version for this function, and (2) that tepresentation of the index set of that domain depends on
the type of the domain and can be controlled by the user.

5.1.4 Local Segment and Local Array Segment

ThelLocal Segnent andLocal ArraySegnent classes are respectively subclasses oCweai n andAr r ay
classes, describing the representation of distributigmsats and associated local array segments in the targéd$oc
of a distribution. These are low-level structures constituithe backbone of implementing distributions and adhigv
locality. Their role is mostly visible in code transfornais for locality-aware execution.

class Local Segnment: Domain {
var Local Domai n: Domai n;
var loc: locale;
var dom Donai n;

function getlLocale(): locale; /* locale associated with an instance of this class */
function | ayout (i: index(source)) : index(Local Domain);

function set Local Domai n(|1 d: Domai n) ;
function get Local Domai n();

}

class Local ArraySegnment : Array {

function getArray(): Array;
function get Local Segment (): Local Segnent ;

var array : Array,
var | ocal Segnent : Local Segnent;

}

A Local Segnent extends thédonai n class by adding variables whose values referencé ¢t), the locale
which owns the segment, (Bar ent Domai n, the parent domain for which it is defined, and (®)cal Donmai n,
the domain of all local array segments associated with tseeillition. This variable can be explicitly defined by the
distribution writer; the default assigns a domain with thens type as the parent domain and an index set defined by
the distribution segment.
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The Local ArraySegnent extends théAr r ay class by adding variables whose values reference the parent
array descriptor and the associated instandsoafal Segnent , whoseLocal Donai n is used to allocate the local
array data.

5.2 Program Transformation

This section illustrates a source-to-source transfondtiom locality-aware features provided by Chapel to a lewe
level version of the code, in which the internal componeithe interface become visible, and the execution locale
set as well as the representation of distributions andibliged arrays are made explicit. The generated program can
analyze the locality property of array accesses and insemtsponding optimizations whenever locality of access ca
be asserted in the compiler.

This lower-level code version is expressed using Chapglmamted by a pseudo-language construct that helps
to deal with the following situation: given a distributiofi@domain and its set of target locales, we need to declare
and manipulate auxiliary runtime variables which are alted in each target locale. Such variables are used for the
representation of the distribution in the individual lcesil as well as for the representation of the associated local
array segments. For example, all variables in an instandbedfocal Segrment class discussed in the previous
Section 5.1.4, such dsoc, dom andLocal Domai n, belong in this category. The same is true for the components
belonging to instances dfocal Arr aySegnent . We need not only to declare these local variable instarimes,
also to access them while iterating over the set of all tagpsties. While all this can in principle be expressed in
Chapel, we introduce thgrivate construct to allow a more concise and easily readable fatiom. The syntax and
semantics of this construct can be outlined as follows:

PRIVATE [localewvariable in |ocaleset] {
private_vari abl e.decl arati ons
privateforalls

}

Here, thd ocal e vari abl e is a variable implicitly declared of tydecale, thel ocal e_set is an expression
yielding a sequence of locales, 4a@C, in the execution locale set (usually, the target local®tatdistribution), and
privat e_vari abl e_decl ar at i ons denotes a sequence of one or more variable declarationagbatormal
Chapel syntax. The specific convention here is that an instaheach of these variables is allocateéath localan
LOC. Finally,pri vat e_f or al | s is a sequence of one or more priviteall statements, which are a variant of the
Chapefforall. Each privatdorall is of the form: forall 1 ocal evariable { statement };, wherest at enent is a
Chapel statement that will normally access one or more ofdhi@bles declared in the construct. This is a short form
of the Chapeforall statement

forall 1ocal evariable in LOC on |ocal evari abl e statenent _ext;

wherest at ement _ext isidentical tost at enment , except that each occurrence of a variable is implicitlylifjed
with an instance of theocal e_vari abl e.

Figure 11 shows a source program fragment containing affifezences to two arrays in a forall loop, together with
the transformed code. The two domains involved are assumbdve the same index setset , however they are
distributed using instances of two potentially differergtdbution classes. The target locale sets used by these tw
distributions are identical, and determined by the valueydfocal es.

In line 6 of the transformed code, a new domaiaDom is created by calling the constructor of the domain
with parameters derived from the corresponding domainadatibn in the source program. In line 7, a distribution
is created as an instance of cladd st as determined by line 1 of the source program and the targalds; this
distribution is associated with the new domain. The arracdptor_nyAis created in line 8.

Similar actions are performed in lines 9 to 11 fbDomand_nyB.

The subsequeptr i vat e construct declares instances of the variabd@3onioc Seg (line 12) andbDomLoc Seg
(line 13) for each target locale, which respectively représghe local segments for the distributions associateld wit
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Source Code

N

10.

class XDist: Distribution {...} /* declaration of distribution class XDist */
class YDist: Distribution {...} /* declaration of distribution class YDist */
type T; /* array el ement type */

var nyLocal eDom: domain(...)=...; /* target domain */
var mylLocal es : [nyLocal eDonj |ocale=...; /* target |locale set */

var aDom: domain(...) distributed (XDist(...)) on nyLocal es=xset; /* domain declaration */
var nyA : [aDom T,; /* declaration of array nyA associated with donai n aDom */

var bDom: domain (...) distributed (YDist(...)) on nyLocal es = xset;
var nyB : [bDom T,; /* declaration of array nyB associated with donai n bDom */

forall i in abDom on aDon(i) {nyA(i) = nyB(i)}; /* owner conputes */

Transformed Code

N

12.
13.

14.
15.

16.
17.

18.

20.

21.

22.

class XDist: Distribution{...}
class YDist: Distribution{...}
type T;

var _nyLocal eDom: Donmain = Domain(...);
var _nylLocales : [._nmyLocal eDoni locale = ...;

var _abDom: Domain = Domain(...);
_aDom set Di stri bution(XDi st (source=_abDom target=_nyLocal eDomt ar get Local es=nyLocal es));
var nyA: Array = Array(.aDom eltType = T);

var _bDom: Domain = Domain(...);
_bDom set Di stri bution(YDi st (source=bDom target=_nyLocal eDomtargetLocal es=nylLocal es));
var nyB : Array = Array(_-bDom eltType = T);

PRIVATE [loc in _nyLocales] {
var _aDonmlLocSeg: -aDom Local Segnent Type;
var _bDonlocSeg: _bDom Local Segnent Type;
forall 1oc {
_aDonLocSeg= Local Segrent (| oc, .aDom _aDom get Di stri buti on(). get Local Domai n(loc));
_bDomLocSeg= Local Segnent (| oc, bDom _bDom get Di stri buti on(). get Local Donai n(l oc));

}
}

PRIVATE [l oc in _nyLocal es] {
var | ocMA : _nyA Local ArraySegnent Type;
var | ocMyB : _nyB. Local ArraySegnent Type;
forall 1oc {
| ocMWA = Local ArraySegnent (_nyA, _aDonlocSeg);
1 ocM/B = Local ArraySegnent (.nyB, _bDonlocSeg);

}
}
forall 1oc in _myLocal es {
if (equal (_aDom _bDon) /* identical distributions */
then forall i in _aDonlocSeg
1 ocMWA. set (.l ocM/A. | ocal Access(loc,i), JocMB.get(JlocMB.Iocal Access(i)));
else forall i in _aDomlocSeg
| ocMWA. set (.l ocM/A. | ocal Access(loc,i), ] ocMB. get (1 ocMB.gl obal Access(i)));
}

Figure 11: Source program and its transformed code
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domains_.aDomand _bDom They are initialized in the followind or al | loop via calls to thd.ocal Segnent
constructor in lines 14 and 15. The local segments defaalsygstem-defined class with.@cal Domai n.

The nextpr i vat e construct creates and initializes the local array segm@nes 16 through 19), based on the
defaultLocal Segnent and itsLocal Donai n.

Line 20 starts a parallel loop over the locales and, withthdacale, a parallel loop iterates over the local segment
corresponding to the main iteration domain. Treclause specifieswner computes.e., computation takes place on
the locale where the elements ofy A(i ) are placed.

In line 21, if the domains of arraysry A and_ny B are identical (implying identical distributions), thenlpiocal
accesses are generated. This check is non-trivial and may some time penalty. However, it can be optimized and
performed ahead of time, possibly in parallel with other paiations. Otherwise, in loop 22, accessels toe global
and thus, less efficient. Pointer analysis or user-providiedmation can help optimizing the global accesses.

5.3 Performance

A modern programming language for HPC systems will only beepted by the user community if the performance
of its target programs matches the best performance of nigmaeaallelized programs, such as those written using
the MPI library. Since the implementation of Chapel has reitheen completed at the time this paper is written, no
guantitative data can be provided here. However, key dewaf our design have been made with that goal in mind.
We summarize here the most relevant issues:

e Generality of the Programming Model
The HPF family of languages, as well as most other data phfatiguages, focus solely on the data-parallel
model of computation. In contrast, Chapel provides higlelléanguage support for data as well as task paral-
lelism.

e Generality of Global Mappings
Most parallel languages are restricted to a small set of-bustandard distributions. If such languages are
used in the context of advanced applications dealing wittgirlar data structures, the solution is necessarily
suboptimal. The restriction to block and block-cyclic distitions in HPF-1 was decisive in leading to its failure
to be accepted by a broad community [26, 33].

e High-Level Control of Locale-Internal Data Layout
Our framework provides detailed control of locale-intdmhata structures, as well as the formulation of user-
defined local or global iterators. These features permitthrestruction of auxiliary data structures needed for
distributed sparse data representations and their efficianipulation.

¢ Interaction Between Compiler and Framework

We expect that the above-mentioned interfaces provide dhgpiter with enough information for generating
target code that is decisively better than that producedifF. Only practical experimentation will show if
the interface is rich enough to compete with manually peliakéd programs. Furthermore, in situation where
compile-time knowledge is not available (such as for deieimy the halos and communication schedules for
sweeps over irregular meshes), runtime analyses and aramstions must be applied independent of the ap-
proach used. Our support for halos, for example, reflectg slesely the communication management needed
in such situations.

6 Conclusion

This paper presented an approach to the design and implatieenstrategy for language constructs in the context
of user-defined data distributions. This work has been barddhapel, an explicitly parallel high-productivity pro-
gramming language. It was motivated by the need to provideibanguage and system support for productively
writing parallel programs. An implementation of the langa&ased on a source-to-source transformation is currently
in progress.
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A number of issues have not been discussed in this paper dipade and time limitations. These include the full
syntactic details of the specification of distributions #abuts, the capability of user-defined distributions teafy
general alignments, and the definition and implementatiarser-defined halos.

There are also some areas in which work is currently in pssgiiecluding the efficient management of distribu-
tions under a set of domain operations defined in the languhgeptimization of runtime support for the dynamic
management of distributions and the dynamic optimizatiocoonmunication for irregular problems along the lines
of the inspector/executor approach.

Finally, it is appropriate to mention that, in principle rdtamework is generic. Although it has been defined with
Chapel as the base language, exploiting its extensive sufgpalomains and object-oriented programming, it could
also be redefined with moderate effort in the context of papaoibject-oriented languages such as Java or C++.
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