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Executive Summary
This document provides an overview of the specifications of the AllScale Core
API and the AllScale User API. It is intended to serve as a reference for
developers working in the AllScale environment. All information given here
represents the current state of work-in-progress within AllScale, and may change
in the future.
The AllScale API provides a façade of the AllScale environment towards end-user
applications. It aims at offering a minimal set of primitives to express
parallelism, data dependencies, and synchronization required within application
codes, while shielding the end-user from implementation details.
To achieve these goals, the API is split into two layers: The Core API and the User
API. The former provides a concise set of basic generic primitives (parallel
control flow, synchronization, communication). The User API builds on top of
these primitives to offer specialized primitives for specific use cases (parallel
loops, stencils, commonly used data structures such as grids, adaptive grids, and
unstructured meshes).

Copyright © AllScale Consortium Partners 2017
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2 Introduction
This document provides a complete overview of the specifications of the AllScale
Core API and the AllScale User API. It is intended to serve as a reference for
developers working in the AllScale environment.
The specifications given here represent the current state of the work-in-progress
within AllScale. It is not necessarily final or error-free, and might change in the
future.
This document adheres to the terminology and formalism established in D2.3
“AllScale System Architecture” and hence employs abstract data types (ADTs) to
gain the necessary level of abstraction required for conveying key information.
The presented signatures are to be adapted to C++’s idioms by deliverable D3.1
“API implementation for recursive parallelism”.
Section 3 provides a short overview of both the Core API and the User API and
their relationship. The Core API is covered in Section 4, while Section 5 details on
the User API.

3 Overview
The AllScale API is the façade of the AllScale Environment towards end-user
applications. It provides the necessary primitives to express parallelism, data
dependencies, and synchronization steps required within application codes. The
API is split into two layers:
 the AllScale Core API
 the AllScale User API
The Core API provides a concise set of basic generic primitives, comprising
parallel control flow, synchronization, and communication constructs. The User
API is harnessing the expressive power of the Core API to provide specialized
primitives for particular use cases, including basic constructs like parallel loops
as well as more sophisticated functionality offering efficient implementations of
e.g. stencil operations.
The next two sections will describe the two APIs.

4 Core API
The Core API is already presented in D2.3 “AllScale System Architecture” and will
only be briefly summarized here for completeness.

4.1 Prec
The AllScale Core API provides a single primitive for running concurrent tasks,
the prec operator. It is a higher order function combining three input functions.
𝑝𝑟𝑒𝑐(𝛼 → 𝑏𝑜𝑜𝑙, 𝛼 → 𝛽, (𝛼, 𝛼 → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉)
→ (𝛼 → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉)
Parameter Type
𝛼 → 𝑏𝑜𝑜𝑙

Description
Function testing for base case. If it returns true for
a given data of type 𝛼, this data will be processed
with the base case.

Copyright © AllScale Consortium Partners 2017
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𝛼→𝛽
(𝛼, 𝛼 → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉)
→
𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉

Function processing the base case.
Function processing the recursive step case.

4.2 Treetures
A treeture is a parameterized abstract data type that represents a handle on
parallel tasks.
Treetures provide the following operations:
Signature
𝑤𝑎𝑖𝑡(𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉) → 𝑢𝑛𝑖𝑡
𝑔𝑒𝑡(𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉) → 𝛼
𝑑𝑜𝑛𝑒(𝛼) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉

𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉,
𝑝𝑎𝑟 (𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉,) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛾〉
(𝛼, 𝛽) → 𝛾
𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉,
𝑠𝑒𝑞 (𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛽〉,) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛾〉
(𝛼, 𝛽) → 𝛾

Description
Waits for the referenced task to be
completed.
Waits for the referenced task to be
completed and return the result.
References a finished task that
produced the given value, i.e. convert a
value to a treeture holding that value.
Creates a new task waiting for the
result of the two given treetures and
computing a new result using the given
combination function; the subtasks are
processed in parallel.
Creates a new task waiting for the
result of the two given treetures and
computing a new result using the given
combination function; the subtasks are
processed in sequence.

4.3 Task References
A task reference is an abstract data type that can reference a subtask of a
treeture, thereby allowing fine-grained dependencies.
Task references provide the following operations:
Signature
𝑡𝑜𝑅𝑒𝑓(𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝛼〉) → 𝑡𝑟𝑒𝑓
𝑔𝑒𝑡𝐿𝑒𝑓𝑡(𝑡𝑟𝑒𝑓) → 𝑡𝑟𝑒𝑓
𝑔𝑒𝑡𝑅𝑖𝑔ℎ𝑡(𝑡𝑟𝑒𝑓) → 𝑡𝑟𝑒𝑓
𝑤𝑎𝑖𝑡(𝑡𝑟𝑒𝑓) → 𝑢𝑛𝑖𝑡
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Description
Converts a treeture to a task reference.
Obtains a reference to the (logical) left
sub-task of the referenced task.
Obtains a reference to the (logical)
right sub-task of the referenced task.
Waits for the referenced subtask to be
completed (blocking).
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4.4 Data Item
Each data structure managed by AllScale has to provide three components:
 A façade, implementing the interface to the data structure as seen by the
domain expert when utilizing it within an application
 A region type 𝑅, providing means to addressing parts of the data structure
 A fragment type 𝐹, implementation, capable of maintaining regions of the
overall data structure within a single address space of a device.
Since the façade implements the interface to the data structure as seen by the
domain expert, its specification is dependent on the data structure (see Section
5.2). The specification of regions and fragments is detailed in the following two
sections.
4.4.1 Region
For a region type 𝑅 the following operations need to be provided:
Signature
𝑢𝑛𝑖𝑜𝑛(𝑅, 𝑅) → 𝑅
𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡(𝑅, 𝑅) → 𝑅
𝑒𝑚𝑝𝑡𝑦(𝑅) → 𝑏𝑜𝑜𝑙
𝑝𝑎𝑐𝑘(𝑅) → 𝑎𝑟𝑐ℎ𝑖𝑣𝑒
𝑢𝑛𝑝𝑎𝑐𝑘(𝑎𝑟𝑐ℎ𝑖𝑣𝑒) → 𝑅

Description
Computes the union of the specified
regions.
Computes the intersection of the
specified regionsTests whether the specified region is
empty.
Packs the specified region to an archive
for transfer to another address space.
Unpacks the specified archive to a
region.

4.4.2 Fragment
For a fragment type 𝐹, the following operations need to be provided:
Signature
𝑐𝑟𝑒𝑎𝑡𝑒(𝑅) → 𝐹
𝑑𝑒𝑙𝑒𝑡𝑒(𝐹) → 𝑢𝑛𝑖𝑡
𝑟𝑒𝑠𝑖𝑧𝑒(𝐹, 𝑅) → 𝑢𝑛𝑖𝑡
𝑚𝑎𝑠𝑘(𝐹) → 𝛼
𝑒𝑥𝑡𝑟𝑎𝑐𝑡(𝐹, 𝑅) → 𝑎𝑟𝑐ℎ𝑖𝑣𝑒

𝑖𝑛𝑠𝑒𝑟𝑡(𝐹, 𝑅, 𝑎𝑟𝑐ℎ𝑖𝑣𝑒) → 𝑢𝑛𝑖𝑡

Copyright © AllScale Consortium Partners 2017

Description
Creates a fragment covering at least the
specified region.
Deletes the specified fragment.
Resizes the specified fragment to cover
at least the specified region.
Provides access to the data stores within
the specified fragment.
Extract the specified region of the
specified fragment and pack it into an
archive for transfer to another address
space.
Import the data within the specified
archive into the specified region of the
specified fragment.
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4.5 IO Primitives
AllScale provides two means for storage interaction:
 Stream-based, providing unordered input and output facilities
 Memory-mapped, providing efficient input-only facilities for random
access within large data sets
4.5.1 Stream-based
Stream-based IO provides atomic means for sequentially reading and writing
data entries from and to storage. The order of the entries in the stream is
undefined. Furthermore, written entries are guaranteed to be visible in the file
only when the application terminates.
Stream-based IO provides the following operations:
Signature
𝑟𝑒𝑎𝑑(𝑖𝑠𝑡𝑟𝑒𝑎𝑚) → 𝛼
𝑤𝑟𝑖𝑡𝑒(𝑜𝑠𝑡𝑟𝑒𝑎𝑚, 𝛼) → 𝑢𝑛𝑖𝑡

𝑐𝑟𝑒𝑎𝑡𝑒_𝑖𝑛(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑖𝑠𝑡𝑟𝑒𝑎𝑚

𝑐𝑟𝑒𝑎𝑡𝑒_𝑜𝑢𝑡(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑜𝑠𝑡𝑟𝑒𝑎𝑚

𝑔𝑒𝑡_𝑖𝑛(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑖𝑠𝑡𝑟𝑒𝑎𝑚

𝑔𝑒𝑡_𝑜𝑢𝑡(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑜𝑠𝑡𝑟𝑒𝑎𝑚

Description
Atomically reads an element of type 𝛼
from the given input stream.
Atomically writes the given element of
type 𝛼 to the given output stream, where
it will be visible eventually.
Opens an input file with the given name
and provides a stream to read from it;
the file format is implementation
specific and data may only be read and
written using the AllScale IO API.
Creates a new empty file under the given
name and provides an output stream to
write information to the file; the file
format is implementation specific and
may only be read using AllScale IO
primitives.
Obtains an input stream to a previously
opened input file which might be
concurrently read.
Obtains an output stream of a previously
opened output file which might be
concurrently written to.

4.5.2 Memory-mapped
Memory-mapped IO provides the means for efficient random read-only access of
sub-sets of larger data. Open files are available in the address spaces of all
AllScale runtime system processes.
Memory-mapped IO provides the following operations:
Signature
𝑜𝑝𝑒𝑛(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑚𝑚𝑓𝑖𝑙𝑒
𝑔𝑒𝑡(𝑠𝑡𝑟𝑖𝑛𝑔) → 𝑚𝑚𝑓𝑖𝑙𝑒
Copyright © AllScale Consortium Partners 2017

Description
Globally opens a memory mapped file
with the given path.
Obtains a reference to a previously
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𝑎𝑐𝑐𝑒𝑠𝑠(𝑚𝑚𝑓𝑖𝑙𝑒) → 𝛼
𝑐𝑙𝑜𝑠𝑒(𝑚𝑚𝑓𝑖𝑙𝑒) → 𝑢𝑛𝑖𝑡

opened memory mapped file.
Interprets the content of the memory
mapped file as a value of type 𝛼.
Globally closes a memory mapped file
such that it is no longer available for any
process in the application.

5 User API
5.1 Parallel Control Flow Constructs
5.1.1 Parallel Loops
A widely-used construct encountered in high performance applications are
parallel loops. They provide the means to perform computational work in an
iteration space in parallel at the cost of executing the individual iterations
concurrently and in an arbitrary order. To that end, the User API offers a parallel
loop construct for realizing data-parallel programming within the AllScale
environment.
Requirements
The following features need to be covered:
 iterate over a given iterator range and apply a function (loop body) for
elements in parallel
 support for fine-grained synchronization
Interface Specification
Let 𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟 be of RandomAccessIterator1 type of C++. As such, it needs to
provide operators for moving them to point to any element in constant time.
Then the pfor operator provides a parallel loop execution with the following
parameters:
Name
begin

Type
𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟

end

𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟

body

(𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟) → 𝛽

dependency

𝑑𝑒𝑝〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉

Description
Points to the inclusive beginning of the
range to be processed by the parallel
loop
Points to the exclusive end of the range
to be processed by the parallel loop
The function to be applied to each
iterator of the range [𝑏𝑒𝑔𝑖𝑛, 𝑒𝑛𝑑)
Optional dependency to use for finegrained synchronization

The pfor operator returns a loop reference 𝑙𝑜𝑜𝑝_𝑟𝑒𝑓〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉 to be used for
synchronization.

1

http://en.cppreference.com/w/cpp/concept/RandomAccessIterator
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While offering full loop synchronization, the User API also includes two functions
for establishing fine-grained dependencies to facilitate the removal of overly
strict global synchronization:
Name
toTreeture

Type
(𝑙𝑜𝑜𝑝_𝑟𝑒𝑓〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉)
→ 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉

one_on_one

(𝑙𝑜𝑜𝑝_𝑟𝑒𝑓〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉)
→ 𝑑𝑒𝑝〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉

neighborhood_sync

(𝑙𝑜𝑜𝑝_𝑟𝑒𝑓〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉)
→ 𝑑𝑒𝑝〈𝑖𝑡𝑒𝑟𝑎𝑡𝑜𝑟〉

Description
Provides a treeture for a given
loop reference to synchronize on
the entire loop
Forms a one-on-one dependency
where iteration 𝑖 of a new parallel
loop may be executed after
iteration 𝑖 of the given loop has
been completed.
Forms a neighborhood
dependency where iteration 𝑖 of a
new parallel loop may be
executed after iterations 𝑖 − 1, 𝑖,
and 𝑖 + 1 of the given loop have
been completed.

5.1.2 Recursive space/time decomposition
A frequently utilized template for large-scale high-performance applications are
stencils. In a stencil-based application, an update operation is iteratively applied
to the elements of an n-dimensional array of cells. Thereby, for each update, the
update operation is combining the previous values of cells within a locally
confined area surrounding the targeted cell location to obtain the updated value
for the targeted cell. Since these update operations within a single update step
(also known as timestep) are independent, this application pattern provides a
valuable source for parallelism within a correspondingly shaped application.
Furthermore, many HPC codes can be reduced to this kind of parallel pattern.
Due to its importance, the AllScale User API provides a generic framework for
stencil-like applications. The specification, as it is covered in this document, does
not put constraints on the internal implementation of this framework, and yet
defines its abstract interface – as it is required to be provided to potential endusers.
Requirements
The following features need to be covered:
 the support for operating on n-dimensional, regular data structures; in
particular, this must include grids as specified by Section 5.2.1.
 support for freely programmable update functions (also known as
kernels); among others, no upper limit on the special confinements of the
update operation may be imposed
 support for the specification of functions handling boundary elements,
which, due to their proximity to the edge of the underlying grid, cannot be
processed utilizing the main update function

Copyright © AllScale Consortium Partners 2017
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support for initialization code to be applied to individual cells before
starting the computation
support for finalization code to be applied to individual cells at the end of
the computation
support for introducing observer functions, which retrieve samples of
data for selected time steps and locations

Interface Specification
The stencil framework is – like the pfor operator – realized through a single,
generic stencil operator to be parameterized to customize its activities. In its
most generic form it has the following parameters:
Name
timesteps

Type
𝑖𝑛𝑡

size

𝑖𝑛𝑡 𝑛

kernel
function

(𝑖𝑛𝑡, 𝑖𝑛𝑡 𝑛 , 𝛼 𝑠1×…×𝑠𝑛 ) → 𝛼

kernel shape

(𝑖𝑛𝑡 𝑛 )∗

boundary
function

(𝑖𝑛𝑡, 𝑖𝑛𝑡 𝑛 , 𝛼 𝑠1×…×𝑠𝑛 ) → 𝛼

initialization
function

(𝑖𝑛𝑡 𝑛 ) → 𝛼

finalization
function

(𝑖𝑛𝑡 𝑛 , 𝛼) → 𝑢𝑛𝑖𝑡

observers

(𝑖𝑛𝑡, 𝑖𝑛𝑡 𝑛 ) → 𝑏𝑜𝑜𝑙 ∗
(
)
(𝑖𝑛𝑡, 𝑖𝑛𝑡 𝑛 , 𝛼) → 𝑢𝑛𝑖𝑡

Copyright © AllScale Consortium Partners 2017

Description
the number of time steps to be
computed
the spatial size 𝑠1 × … × 𝑠𝑛 of the
array to be processed, where 𝑛 is
the number of dimensions
the update (kernel) function,
accepting the current time stamp,
the current location, and the
current grid state as an input,
computing the resulting target
value;
a static list of relative offsets to
cells accessed by the kernel,
determining its shape; this
parameter must be a compiletime constant
the update function for boundary
cases, where some elements are
not within the grid; this one will
be invoked whenever one of the
input elements of the kernel is
outside the special size of the
internally maintained grid
a function computing the initial
value for a cell at a given
coordinate
a function consuming the value of
a cell at the end of a stencil based
computation
a list of pairs, where each element
describes an observer of the
computation; observers consist of
two functions: one to describe
interest in the result of a certain
12
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time step and location, and a
second to trigger the observation;
the length of the list of observers
must be a compile-time constant
Thereby, the generic type 𝛼 within those parameters is the element type to be
stored within the grid (e.g. temperature, air pressure, or the combination of
those).
The stencil implementation is responsible for
 creating internal data structures for maintaining the computation state
 initializing the state of each cell within this grid utilizing the initialization
function
 conducting updates on the internal state for the given number of time
steps utilizing the kernel and boundary functions, thereby ensuring that
no data dependency among the update operations is violated
 triggering observer functions as requested over the course of the
computation
 finishing the computation by applying the finalization function to each
element of the resulting grid state
 cleaning up internally created grid data structures.
The general stencil operator, as described above, may be wrapped utilizing a set
of simplified, more specialized operators providing default implementations for
some of the parameters. For instance, observers may be omitted by utilizing an
empty list of observers, finalization functions may be no-ops or initialization
functions may be based on default-initialization logic build into the C++
language.
The internal implementation of the stencil framework remains implementation
dependent.

5.2 Parallel Data Structures
To increase productivity when working with the User API, it provides three
common parallel data structure types – used by the pilot applications – that
match the specification in Section 4.4.
5.2.1 Grid
A data structure that is frequently encountered within high-performance codes
are n-dimensional arrays of values. While many programming languages support
such structures for arbitrary dimensions, C/C++ only supports one-dimensional,
dynamically sized arrays natively. Frequently, these arrays form the foundation
for the distribution of applications within distributed memory systems. Thus,
due to the lack of language support, the creation and management of these
structures is left to the user, forming a major obstacle for the usability of C++ on
distributed memory systems.
Requirements:
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To ease the use of C++ for use cases depending on such structures, the AllScale
User API shall provide a uniform Grid data structure providing the following
features:
 regular n-dimensional array whose size is defined dynamically at creation
 efficient read/write random access operators
 efficient scan operation (visiting all elements)
 type-parameterized in its element type and number of dimensions
 enforcing the serializability of its element types
 implementing AllScale’s data item concept to facilitate the distribution
and automated management of grid instances
Interface Specification:
Let 𝐺𝑟𝑖𝑑〈𝛼, 𝑛〉 be the abstract data type family implemented by the AllScale User
API to represent n-dimensional grids, where 𝛼 is a type variable specifying the
element type and 𝑛 the number of dimensions. Furthermore, let 𝑡𝑦𝑝𝑒〈𝛼〉 be the
meta type of type 𝛼. The following operations need to be defined on grids:
Name
create

destroy
read
write

scan

Type
(𝑡𝑦𝑝𝑒〈𝛼〉, 𝑖𝑛𝑡 𝑛 ) → 𝐺𝑟𝑖𝑑〈𝛼, 𝑛〉

Description
creates
a
new
ndimensional grid with
element type 𝛼 of the
given size;
(𝐺𝑟𝑖𝑑〈𝛼, 𝑛〉) → 𝑢𝑛𝑖𝑡
deletes the given grid
𝑛
(Grid〈𝛼, 𝑛〉, 𝑖𝑛𝑡 ) → 𝛼
reads an element from
the given grid, at the
specified coordinates
(Grid〈𝛼, 𝑛〉, 𝑖𝑛𝑡 𝑛 , 𝛼) → 𝑢𝑛𝑖𝑡
updates the element
within the given grid, at
the given coordinates to
the given value
n
𝑛 (𝑖𝑛𝑡 𝑛 )
(int , 𝑖𝑛𝑡 ,
→ 𝛽) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉 applies
the
given
function (in parallel) to
all elements of the given
interval in an arbitrary
order; given parameters
𝑎 and 𝑏 , the interval
includes
the
points
{𝑝 ∈ 𝑖𝑛𝑡 𝑛 |∀𝑖 ∈
[1. . 𝑛]𝑎𝑖 ≤ 𝑝𝑖 < 𝑏𝑖 } ; the
operations is performed
asynchronously and may
be synchronized up on
through the resulting
treeture

Due to the constraints of the data item concept, the Grid data structure is
required to provide façade, region and fragment implementations. The table
above is outlining the interface of the façade. The mathematical structure
selected for describing grid regions (explicit enumeration, bounding boxes,
Copyright © AllScale Consortium Partners 2017
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octagons, polyhedrals) is implementation dependent. However, static
parameters for selecting among the available region implementations should be
provided to facilitate algorithmic optimizations to be conducted by end users.
5.2.2 Adaptive Grid
An advanced variant of the Grid structure covered above also frequently
encountered within simulation code is the Adaptive Grid. In addition to the
properties of the Grid, the Adaptive Grid provides means to nest grids within
grid cells. For a given Adaptive Grid instance, each top-level grid cell contains an
identically structured fixed-length sequence of grids. The first of those contains a
single cell. Every consecutive grid contains a multiple number of cells per
dimension of its predecessor. Each top-level grid cell comprising the sequence of
its nested grids is referred to as an adaptive grid cell.
To facilitate the utilization of this advanced concept, an additional data structure
providing an implementation of it shall be offered by the AllScale User API.
Requirements:
The implementation of the Adaptive Grid as provided by the User API is required
to provide the following features:
 regular n-dimensional adaptive grid whose size is defined dynamically at
creation, comprising statically structured adaptive grid cells
 efficient read/write random access operators
 refinement and coarsening operations
 efficient scan operation
 type-parameterized in its element type, number of dimensions, and
structure of adaptive grid cells
 enforcing the serializability of its element types
 implementing AllScale’s data item concept to facilitate the distribution
and automated management of grid instances
Interface Specification:
Let 𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉 be the abstract data type family implemented by the
AllScale User API to represent n-dimensional adaptive grids, where 𝛼 is a type
variable specifying the element type, 𝑛 the number of dimensions, 𝑟1 , … , 𝑟𝑙 the
refinement factors, and 𝑙 the number of refinement levels. Thus, the size of the
grid at level 𝑖 is defined by
[1, … ,1] ∈ 𝑖𝑛𝑡 𝑛
𝑖𝑓 𝑖 = 0
𝑠(𝑖) = {
𝑠(𝑖 − 1) ∗ 𝑟𝑖
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
To address elements within an Adaptive Grid an extension of the Grid
coordinates is required. While elements within a Grid can be addressed using a
single coordinate of type 𝑖𝑛𝑡 𝑛 , within the adaptive grid addition information
regarding the location of the addressed element in the nested grid structure is
required. Thus, additional coordinates to navigate through those refinement
layers are required. Hence, to address an element within and adaptive grid, a
hierarchical coordinate of type
Copyright © AllScale Consortium Partners 2017
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(𝑖𝑛𝑡 𝑛 )+
is required. For instance, the coordinate
[[7,3], [2,4], [8,2]]
addresses the element located within the cell that can be reached by navigating
first to the top-level cell [7,3], continuing to cell [2,4] of its first refinement layer,
and ending up within cell [8,2] of the second refinement layer.
Let 𝑠𝑒𝑞〈𝑟1 , … , 𝑟𝑙 〉 be the static meta-type of a sequence of integers 𝑟1 , … , 𝑟𝑙 . The
following operations need to be defined on adaptive grids:
Name
create

destroy
read

write

refine

coarsen

Type
(𝑡𝑦𝑝𝑒〈𝛼〉, 𝑖𝑛𝑡 , 𝑠𝑒𝑞〈𝑟1 , … , 𝑟𝑙 〉)
→ 𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉

Description
creates
a
new
adaptive
grid
containing the given
element type, of the
given size, and grid
cell structure;
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉) → 𝑢𝑛𝑖𝑡
deletes the given
adaptive grid
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, (𝑖𝑛𝑡 𝑛 )+ ) → 𝛼
retrieves
the
elementary
value
stored within the
given adaptive grid at
the
specified
hierarchical
coordinates
𝑛
+
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, (𝑖𝑛𝑡 ) , 𝛼) → 𝑢𝑛𝑖𝑡 updates
the
elementary
value
stored within the
given adaptive grid at
the
specified
hierarchical
coordinates
𝑛
+
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, (𝑖𝑛𝑡 ) , 𝐺𝑟𝑖𝑑〈𝛼, 𝑛〉) refines the resolution
→ 𝑢𝑛𝑖𝑡
of a cell within the
given adaptive grid
addressed by the
given
hierarchical
coordinate
by
refining
the
resolution
and
inserting the given
grid data as the
refined information
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, (𝑖𝑛𝑡 𝑛 )+ , 𝛼) → 𝑢𝑛𝑖𝑡 coarsens
the
resolution of a cell
𝑛
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getLevel

scan

within the given
adaptive
grid
addressed by the
given
hierarchical
coordinate
by
coarsening
the
resolution
and
inserting the given
value
as
the
coarsened
information
(𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, (𝑖𝑛𝑡 𝑛 )+ ) → 𝑖𝑛𝑡
obtains the currently
active
resolution
level at the specified
hierarchical
grid
position;
(𝑖𝑛𝑡 𝑛 , 𝑖𝑛𝑡 𝑛 , 𝐴𝐺𝑟𝑖𝑑〈𝛼, 𝑛, [𝑟1 , . . , 𝑟𝑙 ]〉, ((𝑖𝑛𝑡 𝑛 )+ ) applies the given
→ 𝛽) → 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉
function (in parallel)
to
all
active
hierarchical
coordinates within
the given interval in
an arbitrary order;
given the first two
parameters 𝑎 and 𝑏 ,
and the set of active
hierarchical
addresses
𝐴 ⊂ (𝑖𝑛𝑡 𝑛 )+
in the given adaptive
gird, the interval
includes the points
{[𝑝, … ] ∈ 𝐴|∀𝑖 ∈
[1. . 𝑛]𝑎𝑖 ≤ 𝑝𝑖 < 𝑏𝑖 } ;
the operations is
performed
asynchronously and
may be synchronized
up on through the
resulting treeture

Due to the constraints of the data item concept, the Adaptive Grid data structure
is required to provide façade, region and fragment implementations. The table
above is outlining the interface of the façade. The mathematical structure
selected for describing adaptive grid regions (explicit enumeration, bounding
boxes, octagons, polyhedrals) is implementation dependent. However, static
parameters for selecting among the available region implementations should be
provided to facilitate algorithmic optimizations to be conducted by end users.
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5.2.3 Mesh
The Mesh data structure is designed to represent a graph structure of multiple
node types that are connected through various types of edges. Furthermore, a
Mesh may consist of several layers, which describe the same graph in different
levels of detail. Hierarchical edges may connect the same nodes of different
layers.
Beside the topological information maintained by Mesh instances, means to
maintain attributes associated to nodes, edges, and hierarchical edges within a
Mesh need to be included. For instance, node IDs, coordinates, volumes,
temperatures, and other domain space specific properties may be incorporated
through this facility.
Requirements:
The implementation of the Mesh as provided by the User API is required to
provide the following features:
 a representation of a mesh structure parameterized by its nodes, edges,
hierarchical edges and number of layers
 an associated data structure to attach attributes to the nodes of meshes
 means to build meshes by incrementally adding nodes, edges, and
hierarchical edges
 efficient operators to navigate the mesh structure
 efficient operators to retrieve and update attributes associated to nodes
 efficient operators for iterating over all nodes or edges of a given type on
a given level
 enforcing the serializability of its attribute types
 implementing AllScale’s data item concept to facilitate the distribution
and automated management of Mesh instances
Interface Specification:
Let 𝑛1 , … , 𝑛𝑚 be a list of node types, 𝑒1 , … , 𝑒𝑘 ∈ {𝑛1 , … , 𝑛𝑚 }2 be a list of edge
types, and ℎ1 , … , ℎ𝑜 ∈ {𝑛1 , … , 𝑛𝑚 }2 be a list of hierarchical edge types. Then the
type
𝑀𝑒𝑠ℎ〈[𝑛1 , … , 𝑛𝑚 ], [𝑒1 , … , 𝑒𝑘 ], [ℎ1 , … , ℎ𝑜 ], 𝑙〉
represents the type of a Mesh structure including the given node, edge, and
hierarchical edge types on 𝑙 layers. Furthermore, let
𝑖𝑑〈𝛼, 𝑙〉
be an identifier for an element of type 𝛼 on layer 𝑙 within a Mesh – thus the type
of ID utilized for addressing nodes, edges, or hierarchical edges within meshes.
Also, let
𝑀𝐷𝑎𝑡𝑎〈𝑛, 𝑙, 𝛼〉
be the type of an attribute collection associating values of type 𝛼 to nodes of type
𝑛 located on layer 𝑙 of some mesh instance. Finally, let
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𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈[𝑛1 , … , 𝑛𝑚 ], [𝑒1 , … , 𝑒𝑘 ], [ℎ1 , … , ℎ𝑜 ], 𝑙〉
be the type of construction utility for creating meshes.
The following operations need to be defined on the types introduced above. For
the mesh builder those comprise:
Name
create

destroy
addNode

link
link

toMesh

Type
(𝑡𝑦𝑝𝑒〈𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉〉)
→ 𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈𝑛, 𝑒, ℎ, 𝑙〉

Description
creates a builder
for the given
mesh
type;
initially, the mesh
under
construction is
left empty
(𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈𝑛, 𝑒, ℎ, 𝑙〉) → 𝑢𝑛𝑖𝑡
destroys
a
builder instance
(𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈[𝑛1 , … , 𝑛𝑚 ], 𝑒, ℎ, 𝑙〉,
creates a new
𝑡𝑦𝑝𝑒〈𝑛〉, 𝑡𝑦𝑝𝑒〈𝑖〉) → 𝑖𝑑〈𝑛, 𝑖〉
node of the given
type 𝑛 on the
given
level 𝑖
within the mesh
under
construction
(𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈𝑛, [(𝑛1𝑎 , 𝑛1𝑏 ), … , (𝑛𝑘𝑎 , 𝑛𝑘𝑏 )], ℎ, 𝑙〉, adds an edge to
𝑖𝑑〈𝑛𝑖𝑎 , 𝑗〉, 𝑖𝑑〈𝑛𝑖𝑏 , 𝑗〉) → 𝑢𝑛𝑖𝑡
the mesh under
construction
(𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈𝑛, 𝑒, [(𝑛1𝑎 , 𝑛1𝑏 ), … , (𝑛𝑜𝑎 , 𝑛𝑜𝑏 )], 𝑙〉, adds
a
𝑖𝑑〈𝑛𝑖𝑎 , 𝑗 + 1〉, 𝑖𝑑〈𝑛𝑖𝑏 , 𝑗〉) → 𝑢𝑛𝑖𝑡
hierarchical edge
to
the
mesh
under
construction
(𝑀𝐵𝑢𝑖𝑙𝑑𝑒𝑟〈𝑛, 𝑒, ℎ, 𝑙〉)
obtains a copy of
→ 𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉
the mesh under
construction

For the Mesh data structure itself, covering the topological information of the
processed mesh, the following operations have to be provided:
Name
store
load

destroy

Type
(𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉) → 𝑏𝑦𝑡𝑒 ∗

(

𝑏𝑦𝑡𝑒 ∗ ,
) → 𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉
𝑡𝑦𝑝𝑒〈𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉〉

(𝑀𝑒𝑠ℎ〈𝑛, 𝑒, ℎ, 𝑙〉) → 𝑢𝑛𝑖𝑡
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converts a given
mesh into a byte
array (serialization)
converts a given
byte array into a
mesh
(deserialization)
destroys a mesh
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getNeighbors

getParents

𝑀𝑒𝑠ℎ〈𝑛, [(𝑛1𝑎 , 𝑛1𝑏 ), … , (𝑛𝑘𝑎 , 𝑛𝑘𝑏 )], ℎ, 𝑙〉
𝑡𝑦𝑝𝑒〈(𝑛𝑖𝑎 , 𝑛𝑖𝑏 )〉
(
)
𝑖𝑑〈𝑛𝑖𝑎 , 𝑗〉
→ 𝑖𝑑〈𝑛𝑖𝑏 , 𝑗〉∗
𝑀𝑒𝑠ℎ〈𝑛, 𝑒, [(ℎ1𝑎 , ℎ1𝑏 ), … , (ℎ𝑜𝑎 , ℎ𝑜𝑏 )], 𝑙〉
𝑡𝑦𝑝𝑒〈(ℎ𝑖𝑎 , ℎ𝑖𝑏 )〉
(
)
𝑖𝑑〈ℎ𝑖𝑎 , 𝑗〉
→ 𝑖𝑑〈ℎ𝑖𝑏 , 𝑗 + 1〉∗

getChildren

𝑀𝑒𝑠ℎ〈𝑛, 𝑒, [(ℎ1𝑎 , ℎ1𝑏 ), … , (ℎ𝑜𝑎 , ℎ𝑜𝑏 )], 𝑙〉
𝑡𝑦𝑝𝑒〈(ℎ𝑖𝑎 , ℎ𝑖𝑏 )〉
(
)
𝑖𝑑〈ℎ𝑖𝑏 , 𝑗〉
→ 𝑖𝑑〈ℎ𝑖𝑎 , 𝑗 − 1〉∗

scan

𝑀𝑒𝑠ℎ〈[𝑛1 , . . , 𝑛𝑚 ], 𝑒, ℎ, 𝑙〉
𝑡𝑦𝑝𝑒〈𝑛𝑖 〉
𝑡𝑦𝑝𝑒〈𝑗〉
(𝑖𝑑〈𝑛
(
)
𝑖 , 𝑗〉) → 𝛽
→ 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉

scan

𝑀𝑒𝑠ℎ〈𝑛, [(𝑛1𝑎 , 𝑛1𝑏 ), … , (𝑛𝑘𝑎 , 𝑛𝑘𝑏 )], ℎ, 𝑙〉
𝑡𝑦𝑝𝑒〈(𝑛𝑖𝑎 , 𝑛𝑖𝑏 )〉
𝑡𝑦𝑝𝑒〈𝑗〉
(𝑖𝑑〈𝑛𝑖𝑎 , 𝑗〉, 𝑖𝑑〈𝑛𝑖𝑏 , 𝑗〉) → 𝛽
(
)
→ 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉

scan

𝑀𝑒𝑠ℎ〈𝑛, 𝑒, [(𝑛1𝑎 , 𝑛1𝑏 ), … , (𝑛𝑜𝑎 , 𝑛𝑜𝑏 )], 𝑙〉
𝑡𝑦𝑝𝑒〈(𝑛𝑖𝑎 , 𝑛𝑖𝑏 )〉
𝑡𝑦𝑝𝑒〈𝑗〉
(𝑖𝑑〈𝑛𝑖𝑎 , 𝑗 + 1〉, 𝑖𝑑〈𝑛𝑖𝑏 , 𝑗〉) → 𝛽
(
)
→ 𝑡𝑟𝑒𝑒𝑡𝑢𝑟𝑒〈𝑢𝑛𝑖𝑡〉

obtains a list of
neighbors of a given
node following a
given kind of edge
obtains a list of
parents of a given
node following a
given
kind
of
hierarchical edge
obtains a list of
children of a given
node following a
given
kind
of
hierarchical edge
applies a given
operation to every
instance
of
a
selected node type
on a selected level
within the given
mesh
applies a given
operation to every
instance
of
a
selected edge type
on a selected level
within the given
mesh
applies a given
operation to every
instance
of
a
selected
hierarchical
edge
type on a selected
pair of adjacent
levels within the
given mesh

Finally, for attribute stores (MData) the following list of operators have to be
offered:
Name
create

Type
𝑀𝑒𝑠ℎ〈[𝑛1 , . . , 𝑛𝑚 ], 𝑒, ℎ, 𝑙〉
𝑡𝑦𝑝𝑒〈𝑛𝑖 〉
𝑡𝑦𝑝𝑒〈𝑗〉
𝑡𝑦𝑝𝑒〈𝛼〉
(
)
→ 𝑀𝐷𝑎𝑡𝑎〈𝑛𝑖 , 𝑗, 𝛼〉
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Description
creates an attribute
storage associating a
value of type 𝛼 to each
node instance of type 𝑛𝑖
on layer 𝑗 present in the
given mesh
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destroy

(𝑀𝐷𝑎𝑡𝑎〈𝑛, 𝑙, 𝛼〉) → 𝑢𝑛𝑖𝑡

read

(𝑀𝐷𝑎𝑡𝑎〈𝑛, 𝑙, 𝛼〉, 𝑖𝑑〈𝑛, 𝑙〉) → 𝛼

write

(𝑀𝐷𝑎𝑡𝑎〈𝑛, 𝑙, 𝛼〉, 𝑖𝑑〈𝑛, 𝑙〉, 𝛼)
→ 𝑢𝑛𝑖𝑡

deletes
the
given
attribute storage
retrieves the value of an
attribute associated to
the given node form the
given attribute store
updates the value of an
attribute associated to
the given node in the
given attribute store

Due to the constraints of the data item concept, the Mesh data structure and the
MData type is required to provide façade, region and fragment implementations.
The table above is outlining the interface of their façades. The mathematical
structure selected for describing regions – thus subgraphs of the mesh and parts
of the data store – are implementation dependent. However, static parameters
for selecting among the available region implementations shall be provided to
facilitate algorithmic optimizations to be conducted by end users.
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