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Open Science

Open Science Philosophy

Open science encompasses unrestricted access to scientific research articles, access to data from public
research, and collaborative research enabled by information and communication technology tools, models,
and incentives. Broadening access to scientific research publications and data is at the heart of open science.
The objective of open science is to make research outputs and its potential benefits available to the entire
world and in the hands of as many as possible:

e Open science promotes a more accurate verification of scientific research results. Scientific inquiry and
discovery can be sped up by combining the tools of science and information technologies. Open science
will benefit society and researchers by providing faster, easier, and more efficient availability of
research outputs.

Open science reduces duplication in collecting, creating, transferring, and re-using scientific material.

Open science increases productivity in an era of tight budgets.

Open science results in great innovation potential and increased consumer choice from public research.
Open science promotes public trust in science. Greater citizen engagement leads to active participation
in scientific experiments and data collection.

Open Science Index

The Open Science Index (OSI) currently provides access to over thirty thousand full-text journal articles
and is working with member and non-member organizations to review policies to promote and assess open
science. As part of the open science philosophy, and by making open science a reality; OSI is conducting
an assessment of the impact of open science principles and restructuring the guidelines for access to
scientific research. As digitalization continues to accelerate science, Open science and big data hold
enormous promise and present new challenges for policymakers, scientific institutions, and individual
researchers.

OSl s helping the global scientific research community discover, evaluate, and access high-quality research
output. Renowned for its editorially curated and refereed collection of the highest-quality publications, OSI
has always been and will remain free-of-charge.

OSI provides an efficient and thorough discovery process to the open science research database and
provides links and free access to full-text articles. There are 50 open access journal categories that are
curated and refereed by international scientific committees, the in-house editorial team, and trusted partners.
Since its inception in 2007, OSI has made more than thirty thousand peer-reviewed open access full-text
journal articles (PDF versions) freely available online without cost, barriers, or restrictions.

Open Science Access

With the Open Science Index, researchers can discover and access trusted peer-reviewed open access full-
text scientific research articles with confidence. OSI helps researchers find appropriate non-profit open
access journals to publish their work.

OSI gives one-click access to online full-text PDFs and expands the reach to global society by giving users
free access from anywhere around the globe. Through cutting-edge open science collaboration, in an

innovative public partnership, the non-profit OSI is devoted to making science open and reusable.

To learn more, visit online at waset.org
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Open Society

An open society allows individuals to change their roles and to benefit from corresponding changes in
status. Open science depends to a greater or lesser extent on digital technologies and innovations in
structural processes by an open society. When realized, open science research and innovation can create
investment opportunities for new and better products and services and therefore increase competitiveness
and employment. Open science research and innovation is a key component of thematic open science
priorities. Central to the open science digital infrastructure is enabling industry to benefit from digital
technology and to underpin scientific advances through the development of an open society. Open science
research and innovation can also contribute to society as a global actor because scientific relations can
flourish even where global relations are strained. Open science has a critical role across many areas of
decision making in providing evidence that helps understand the risks and benefits of different open science
choices. Digital technology is making the conduct of open science and innovation more collaborative, more
global, and more open to global citizens. Open society must embrace these changes and reinforce its
position as the leading power for science, for new ideas, and for investing sustainably in the future.

It is apparent in open society that the way science works is fundamentally changing, and an equally
significant transformation is taking place in how organizations and societies innovate. The advent of digital
technology is making research and innovation more open, collaborative, and global. These exchanges are
leading open society to develop open science and to set goals for research and innovation priority. Open
science goals are materializing in the development of scientific research and innovation platforms and
greater acceptance of scientific data generated by open science research. Open science research and
innovation do not need help from open society to come up with great ideas, but the level of success ideas
ultimately reach is undoubtedly influenced by regulation, financing, public support, and market access.
Open society is playing a crucial role in improving all these success factors.

Open Science

Open science represents a new approach to the scientific process based on cooperative work and new ways
of diffusing knowledge by using digital technologies and collaborative tools. These innovations capture a
systemic change to the way science and research have been carried out for the last fifty years. Science is
shifting from the standard practice of publishing research results in scientific publications after the research
and reviews are completed. The shift is towards sharing and using all available knowledge at an earlier
stage in the research process. Open science is to science what digital technology is to social and economic
transactions: allowing end users to be producers of ideas, relations, and services and in doing so, enabling
new working models, new social relationships and leading to a new modus operandi for science. Open
science is as important and disruptive as e-commerce has been for the retail industry. Just like e-commerce,
the open science research paradigm shift affects the whole business cycle of doing science and research.
From the selection of research subjects to the carrying out of research, to its use and re-use, to the role of
universities, and that of publishers are all dramatically changed. Just as the internet and globalization have
profoundly changed the way we do business, interact socially, consume culture, and buy goods, these
changes are now profoundly impacting how one does research and science.

The discussion on broadening the footprint of science and on novel ways to produce and spread knowledge
gradually evolved from two global trends: Open Access and Open Source. The former refers to online,
peer-reviewed scholarly outputs, which are free to read, with limited or no copyright and licensing
restrictions, while open source refers to software created without any proprietary restriction and which can
be accessed and freely used. Although open access became primarily associated with a particular publishing
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or scientific dissemination practice, open access already sought to induce a broader practice that includes
the general re-use of all kinds of research products, not just publications or data. It is only more recently
that open science has coalesced into the concept of a transformed scientific practice, shifting the focus of
researchers' activity from publishing as fast as possible to sharing knowledge as early as possible. Open
science is defined as the idea that scientific knowledge of all kinds should be openly shared as early as is
practical in the discovery process. As a result, the way science is done in the future will look significantly
different from the way it is done now. Open science is the ongoing evolution in the modus operandi of
doing research and organizing science. This evolution is enabled by digital technology and is driven by
both the globalization of the scientific community and increasing public demand to address the societal
challenges of our times. Open science entails the ongoing transitions in the way research is performed,
researchers collaborate, knowledge is shared, and science is organized.

Open science impacts the entire research cycle, from the inception of research to its publication, and on
how this cycle is organized. The outer circle reflects the new interconnected nature of open science, while
the inner circle shows the entire scientific process, from the conceptualization of research ideas to
publishing. Each step in the scientific process is linked to ongoing changes brought about by open science,
including the emergence of alternative systems to establish a scientific reputation; changes in the way
quality and impact of research are evaluated; the growing use of scientific blogs; open annotation; and open
access to data and publications. All institutions involved in science are affected, including research
organizations, research councils, and funding bodies. The trends are irreversible, and they have already
grown well beyond individual projects. Theses changes predominantly result from a bottom-up process
driven by a growing number of researchers who increasingly employ social media in their research and
initiate globally coordinated research projects while sharing results at an early stage in the research process.

Open science is encompassed in five schools of thought:

the infrastructure school, concerned with technological architecture

the public school, concerned with the accessibility of knowledge creation
the measurement school, concerned with alternative impact assessment
the democratic school, concerned with access to knowledge

the pragmatic school, concerned with collaborative research

O O O O O

According to the measurement school, the reputation and evaluation of individual researchers are still
mainly based on citation-based metrics. The h-index is an author-level metric that attempts to measure both
the productivity and citation impact of the publications of a scientist or scholar. The impact factor is a
measure reflecting the average number of citations to articles published in an academic journal and is used
as a proxy for the relative importance of a journal.

Numerous criticisms have been made of citation-based metrics, primarily when used, and often misused, to
assess the performance of individual researchers. These metrics:

are often not applicable at the individual level

do not take into account the broader social and economic function of scientific research
are not adapted to the increased scale of research

cannot recognize new types of work that researchers are performing

O O O O

Web-based metrics for measuring research output, popularized as altmetrics, have recently received much
attention: some measure the impact at the article level, others make it possible to assess the many outcomes
of research in addition to the number of scientific articles and references. The current reputation and
evaluation system has to adapt to the new dynamics of open science and acknowledge and incentivize
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engagement in open science. Researchers engaging in open science have growing expectations that their
work, including intermediate products such as research data, will be better rewarded or taken into account
in their career development. Vice-versa, the use, and reuse of open data will require appropriate codes of
conduct requiring, for example, the proper acknowledgment of the original creator of the data.

These ongoing changes are progressively transforming scientific practices with innovative tools to facilitate
communication, collaboration, and data analysis. Researchers that increasingly work together to create
knowledge can employ online tools and create a shared space where creative conversation and collaboration
can occur. As a result, the problem-solving process can be faster, and the range of problems that can be
solved can be expanded. The ecosystem underpinning open science is evolving very rapidly. Social network
platforms for researchers already attract millions of users and are being used to begin and validate more
research projects.

Furthermore, the trends towards open access are redefining the framework conditions for science and thus
have an impact on how open innovation is produced by encouraging a more dynamic circulation of
knowledge. It can enable more science-based startups to emerge thanks to the exploitation of openly
accessible research results. Open science, however, does not mean free science. It is essential to ensure that
intellectual property is protected before making knowledge publicly available in order to subsequently
attract investments that can help translate research results into innovation. If this is taken into account, fuller
and broader access to scientific publications and research data can help to accelerate innovation.
Investments that boost research and innovation in open science would benefit society with fewer barriers
to knowledge transfer, open access to scientific research, and greater mobility of researchers. In this context,
open access can help overcome the barriers that innovative organizations face in accessing the results of
research funded by the public.

Open innovation

An open society is the largest producer of knowledge, but the phenomenon of open science is changing
every aspect of the scientific method by becoming more open, inclusive, and interdisciplinary. Ensuring
open society is at the forefront of open science means promoting open access to scientific data and
publications alongside the highest standards of research integrity. There are few forces in this globe as
engaging and unifying as science. The universal language of science maintains open channels of
communication globally. Open society can maximize its gains through maintaining its presence at the
highest level of scientific endeavor, and by promoting a competitive edge in the knowledge society of the
information age. The ideas and initiatives described in this publication can stimulate anyone interested in
open science research and innovation. It is designed to encourage debate and lead to new ideas on what and
open society should do, should not do, or do differently.

An open society can lead to a research powerhouse; however, open society rarely succeeds in turning
research into innovation and in getting research results to the global market. Open society must improve at
making the most of its innovation talent, and that is where open innovation comes into play. The basic
premise of open innovation is to open up the innovation process to all active players so that knowledge can
circulate more freely and be transformed into products and services that create new markets while fostering
a stronger culture of entreprencurship. Open innovation is defined as the use of purposive inflows and
outflows of knowledge to accelerate internal innovation. This original notion of open innovation was
primarily based on transferring knowledge, expertise, and even resources from one company or research
institution to another. This notion assumes that firms can and should use external ideas as well as internal
ideas, and internal and external paths to market, as they seek to improve their performance. The concept of
open innovation is continually evolving and is moving from linear, bilateral transactions and collaborations
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towards dynamic, networked, multi-collaborative innovation ecosystems. This means that a specific
innovation can no longer be seen as the result of predefined and isolated innovation activities but rather as
the outcome of a complex co-creation process involving knowledge flows across the entire economic and
social environment. This co-creation takes place in different parts of the innovation ecosystem and requires
knowledge exchange and absorptive capacities from all the actors involved, whether businesses, academia,
financial institutions, public authorities, or citizens.

Open innovation is a broad term, which encompasses several different nuances and approaches. Two main
elements underpin the most recent conceptions of open innovation: the users are in the spotlight and
invention becomes an innovation only if users become a part of the value creation process. Notions such as
user innovation emphasize the role of citizens and users in the innovation processes as distributed' sources
of knowledge. This kind of public engagement is one of the aims of open science research and innovation.
The term 'open' in these contexts has also been used as a synonym for 'user-centric'; creating a well-
functioning ecosystem that allows co-creation and becomes essential for open innovation. In this ecosystem,
relevant stakeholders are collaborating along and across industry and sector-specific value chains to co-
create solutions for socio-economic and business challenges. One important element to keep in mind when
discussing open innovation is that it cannot be defined in absolutely precise terms. It may be better to think
of it as a point on a continuum where there is a range of context-dependent innovation activities at different
stages, from research to development through to commercialization, and where some activities are more
open than others. Open innovation is gaining momentum thanks to new large-scale trends such as
digitalization and the mass participation and collaboration in innovation that it enables. The speed and scale
of digitalization are accelerating and transforming the way one designs, develops, and manufactures
products, the way one delivers services, and the products and services themselves. It is enabling innovative
processes and new ways of doing business, introducing new cross-sector value chains and infrastructures.

Open society must ensure that it capitalizes on the benefits that these developments promise for citizens in
terms of tackling societal challenges and boosting business and industry. Drawing on these trends, and with
the aim of helping build an open innovation ecosystem in open society, the open society's concept of open
innovation is characterized by:

o combining the power of ideas and knowledge from different actors to co-create new
products and find solutions to societal needs

o creating shared economic and social value, including a citizen and user-centric approach

o capitalizing on the implications of trends such as digitalization, mass participation, and
collaboration

In order to encourage the transition from linear knowledge transfer towards more dynamic knowledge
circulation, experts agree that it is essential to create and support an open innovation ecosystem that
facilitates the translation of knowledge into socio-economic value. In addition to the formal supply-side
elements such as research skills, excellent science, funding and intellectual property management, there is
also a need to concentrate on the demand side aspects of knowledge circulation, making sure that scientific
work corresponds to the needs of the users and that knowledge is findable, accessible, interpretable and
reusable. Open access to research results aims to make science more reliable, efficient, and responsive and
is the springboard for increased innovation opportunities, e.g. by enabling more science-based startups to
emerge. Prioritizing open science does not, however, automatically ensure that research results and
scientific knowledge are commercialized or transformed into socio-economic value. In order for this to
happen, open innovation must help to connect and exploit the results of open science and facilitate the faster
translation of discoveries into societal use and economic value.
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Collaborations with global partners represent important sources of knowledge circulation. The globalization
of research and innovation is not a new phenomenon, but it has intensified in the last decade, particularly
in terms of collaborative research, international technology production, and worldwide mobility of
researchers and innovative entrepreneurs. Global collaboration plays a significant role both in improving
the competitiveness of open innovation ecosystems and in fostering new knowledge production worldwide.
It ensures access to a broader set of competencies, resources, and skills wherever they are located, and it
yields positive impacts in terms of scientific quality and research results. Collaboration enables global
standard-setting, allows global challenges to be tackled more effectively, and facilitates participation in
global value chains and new and emerging markets.

To learn more, visit online at waset.org
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Scholarly Research Review

The scholarly research review is a multidimensional evaluation procedure in which standard peer review
models can be adapted in line with the ethos of scientific research, including accessible identities between
reviewer and author, publishing review reports and enabling greater participation in the peer review process.
Scholarly research review methods are employed to maintain standards of quality, improve performance,
provide credibility, and determine suitability for publication. Responsible Peer Review Procedure:
Responsible peer review ensures that scholarly research meets accepted disciplinary standards and ensures
the dissemination of only relevant findings, free from bias, unwarranted claims, and unacceptable
interpretations. Principles of responsible peer review:

* Honesty in all aspects of research

* Accountability in the conduct of research

* Professional courtesy and fairness in working with others
* Good stewardship of research on behalf of others

The responsibilities of peer review apply to scholarly researchers at all stages of peer review: Fairness,
Transparency, Independence, Appropriateness and Balance, Participation, Confidentiality, Impartiality,
Timeliness, Quality and Excellence, Professionalism, and Duty to Report.

Scholarly Research Review Traits:
* Scholarly Research Review Identities: Authors and reviewers are aware of each other’s identity

* Scholarly Research Review Reports: Review reports are published alongside the relevant article

* Scholarly Research Review Participation: The wider academic community is able to contribute to the
review process

* Scholarly Research Review Interaction: Direct reciprocal discussion between author(s) and reviewers,
and/or between reviewers, is allowed and encouraged

* Scholarly Research Pre-review Manuscripts: Manuscripts are made immediately available in advance of
any formal peer review procedures

* Scholarly Research Review Final-version Reviewing: Editorial revision of the language and format is
conducted on the final version of the manuscript for publication

* Scholarly Research Review Platforms: The scholarly research review process is independent of the final
publication of the manuscript and it is facilitated by a different organizational entity than the venue of
publication

All submitted manuscripts are subject to the scholarly research review process, in which there are three
stages of evaluation for consideration: pre-review manuscripts, chair-review presentation, and final-review
manuscripts. All submitted full text papers, that may still be withstand the editorial review process, are
presented in the conference proceedings. Manuscripts are tracked and all actions are logged by internal and
external reviewers according to publication policy. External reviewers’ editorial analysis consists of the
evaluation reports of the conference session chairs and participants in addition to online internal and
external reviewers’ reports. Based on completion of the scholarly research review process, those
manuscripts meeting the publication standards are published 10 days after the event date.

To learn more, visit online at waset.org
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Parallel pipelined CG Algorithm on Heterogeneous
Platforms

Sergey Kopysov, Nikita Nedozhogin, and Leonid Tonkov.

Abstract—The article presents a parallel iterative solver for large
sparse linear systems which can be used on a heterogeneous platform.
Traditionally, the problem of solving linear systems does not scale
well on multi-CPU/multi-GPUs clusters. For example, most of the
attempts to implement the classical conjugate gradient method were
at best counted in the same amount of time as the problem was
enlarged. The paper proposes the pipelined variant of the conjugate
gradient method (PCG), a formulation that is potentially better
suited for hybrid CPU/GPU computing since it requires only one
synchronization point per one iteration, instead of two for standard
CG. The standard and pipelined CG methods needs the vector entries
generated by current GPU and other GPUs for matrix-vector product.
So the communication between GPUs becomes a major performance
bottleneck on miltiGPU cluster. The article presents an approach to
minimize the communications between parallel parts of algorithms.
Additionally, computation and communication can be overlapped
to reduce the impact of data exchange. Using pipelined version
of the CG method with one synchronization point, the possibility
of asynchronous calculations and communications, load balancing
between the CPU and GPU for solving the large linear systems allows
for scalability. The algorithm is implemented with the combined use
of technologies: MPI, OpenMP and CUDA. We show that almost
optimum speed up on 8-CPU/2GPU may be reached (relatively to a
one GPU execution). The parallelized solver achieves a speedup of
up to 5.49 times on 16 NVIDIA Tesla GPUs, as compared to a one
GPU.

Keywords—Conjugate Gradient, GPU, parallel programming,
pipelined algorithm.

I. INTRODUCTION

IGHLY heterogeneous HPC platforms, where multicore
processors are coupled with graphics processing units
(GPUs), have been widely used in high performance comput-
ing as one approach to continuing performance improvement
while managing the new challenge of energy efficiency [1]. Al-
though some software packages and programming languages
could be used directly, the introduction of multicore processors
in HPC resulted in redesign of some critical software packages
and significant refactoring of some existing parallel applica-
tions. Computing accelerators are contained in the computing
nodes of supercomputers and are used quite successfully in
solving many computing problems despite the fact that the
central processor (CPU) is idle after running the core functions
on the accelerator.
Each architecture of the CPU and GPU has unique features
and, accordingly, is focused on solving certain tasks for which
typical, for example, high performance or low latency. Hybrid

S. Kopysov, N. Nedozhogin and L. Tonkov is with the Institute of
Mathematics, Information Technologies and Physics, Udmurt State University,
Izhevsk, Russia, e-mail: s.kopysov@gmail.com, Nedozhogin07@gmail.com,
letonkov @mail.ru

CPU/GPU computing is one method of realizing performance
gains independent of the iterative method used. With hybrid
CPU/GPU computing, we focus on separating the compu-
tationally intensive portions of the program among several
workers, taking into account their different productivity.

Currently, many parallel algorithms have been proposed that
provide high performance and scalability when solving large
sparse systems of equations on modern multiprocessor with a
hierarchical architecture.

In [2] proposes a combination of a hybrid CPU-GPU and a
pure GPU software implementation of a direct algorithm for
solving shifted linear systems with a large number of complex
shifts and multiple right-hand sides.

In [2] proposes one of the implementations of the software
of a direct algorithm for solving shifting linear systems with
a large number of complex shifts and multiple right-hand
sides. This implementation combines hybrid CPU and GPU
and a pure GPU software implementation. The construction
of hybrid solvers with a combination of direct and iterative
methods for solving SLAE allows the use of several levels of
parallelism [3]-[7]. The separate steps of the CG algorithm
are executed on a CPU or GPU, such as a preconditioner [8].

In [9] task scheduling on Multi-CPUs/Multi-GPUs plat-
forms for the classical CG from the PARALUTION library
is executed in the StarPU. It’s unified runtime system for
heterogeneous multicore architectures which is developed in
the INRIA laboratory (France).

Our team considered one of the approaches a hybrid method
for solving systems of equations of Schur complement by
preconditioned iterative methods from Krylov subspaces was
built and implemented when used together the cores of cen-
tral (CPU) and graphic processing units (GPU) [10]. The
classical preconditioned conjugate gradient method(PCG) [11]
was applied for the block ordered matrix and the separation
of calculations in matrix operations between the CPU and
one or more GPUs, when the system of equations in Schur
complement was solved in parallel.

The Krylov subspace methods are some of the most effec-
tive options for solving large-scale linear algebra problems.
However, the classical Krylov subspace algorithms do not
scale well on modern architectures due to the bottleneck re-
lated to synchronization of computations. Pipeline methods of
the Krylov subspace [12] with hidden communications provide
high parallel scalability due to the global communications
overlapping with computing, performing matrix-vector and dot
products. The first work on reducing communications was
related to a variant of the conjugate gradient method, having
one communication at each iteration [13], using the three-term

32
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recurrence relations CG [14].

The next stage of development was the emergence of
s-step methods from Krylov subspaces [15], in which the
iterative process in the s-block uses various bases of Krylov
subspaces. As a result, it was possible to reduce the number of
synchronization points to one per s iterations. However, for a
large number of processors (cores), communications can still
take significantly longer than computing a single matrix-vector
product. In [16] it was proposed a CG algorithm using auxil-
iary vectors and transferring a sequential dependence between
the computing of matrix-vector product and scalar products
of vectors. In this approach, the latency of communications is
replaced by additional calculations.

In this paper, we consider the pipelined variant, which is
potentially better for heterogeneous multi-CPUs/multi-GPUs
computing, since it requires only one synchronization point
per iteration, instead of two for standard CG.

This paper presents a pipeline technique for conjugate
gradient method and discusses its parallel implementation on
multi-CPU/multi-GPU platform for solving large sparse linear
systems.Hybrid parallel computing approaches are adopted to
significantly improve performance of the solver. Specifically,
we introduce a hybrid solution by fully utilizing multi-core
nodes available through multi-threading techniques by means
of OpenMP, and exploit an access to massively parallel
hardware through GPU-offloading with CUDA, in which data
are transfered to the GPU for processing. The combination
of GPU-offloading and CPU-threading is explored through a
hybrid CPU/GPU compute implementation.

In our work, we modify the basic CG algorithm to minimize
the cost of collective communication. A modified but math-
ematically equal variant of the conjugate gradient algorithm
is employed to reduce the cost of global communication. By
using the modified algorithm, the three vector dot products
in each iteration can be done simultaneously with only one
nonblocking collective communication that can be further
overlapped with other operations.

II. PIPELINED ALGORITHM OF THE CONJUGATE GRADIENT
METHOD

We consider now the pipelined version of the conjugate
gradient method, which is mathematically equivalent to the
classical form of the preconditioned CG method and has the
same convergence rate.

In this algorithm, the modification of the vectors r;4q,
Tj41, Sj+1, Pj+1 and matrix-vector products provides pipeline
computations. The computation of dot products (line 4) can
be overlapped with the computation of the product by the
preconditioner (line 2) and the matrix-vector product (line 3).
However, the number of triads in the algorithm increases to
eight, in contrast to three for the classic version and four in
[15]. In this case, a parallel computation of triads and two
dot products at the beginning of the iterative process and one
synchronization point is possible.

The pipelined version CG presented in this work can be
used with any preconditioner. There are two ways to organize
computations in the preconditioned pipelined CG, which pro-
vide a compromise between scalability and the total number

Algorithm 1 Pipelined algorithm CGwO.
1 r=b—Ax
u=M"'r
w = Au
7= (Tvu)
0= (w,u)
while ||7||2/]|b]|2 > ¢ do
m=M 1w
n=Am
if (j = 0) then
10 s=0
else
12 B=1/7
13 end if
4 a=7/0-Bn/a)
15 z=n+pzw=w—az,s=w+ps;r=r—as
16 p=u+pp;r=xz+ap;,q=m+ B¢, u=1u-+aq
7 Y% =m
18 v =(r,u); 6 = (w,u)
19 end while

O 0 NN N R W

—_
—_

of operations. Thus, the CG pipeline scheme is characterized
by a different order of computations, the presence of global
communication, which can overlap with local computations,
such as matrix-vector product and operations with a pre-
conditioner, and the possibility of organizing asynchronous
communications.

The two variants of the conjugate gradient method were
compared: the classical scheme and the pipelined one. Table I
presents the results of numerical experiments where the exe-
cution time of a sequential version of the classical CG and the
CGwO pipelined scheme (Algorithm 1) executed on the CPU
and GPU are shown. Note that in the variants for the GPU,
joint computation of all dot products of vectors in one kernel
function was implemented, independently of each other. For
this, when starting the CUDA kernel, the dimension of the
Grid hierarchy of CUDA threads was set in two-dimensional
form: 3 sets of blocks, each for performing computations on
its own pair of vectors. This allowed us to reduce the number
of exchanges between the CPU and GPU memory, combining
all the resulting scalars in one communication.

Matrices from the SuiteSparse Matrix Collection [17] were
used in the test computations. The right hand side vector was
formed as a row-wise sum of matrix elements. Thus, the solu-
tion of the system Ax = b, dimension N x N (with the number
of nonzero elements nnz) is a vector x = (1,1,...,1)%.

For systems of equations of small dimension, the solution
time on the CPU according to the classical CG scheme is
significantly less than the GPU execution time for the same
number of iterations (see Table I). For large systems, the costs
of synchronization and forwarding between the CPU and GPU
overlap with the speed of the GPU. In the pipelined version
of CGwO, the computational execution costs on the GPU are
reduced almost threefold for all the considered systems of
equations only due to the reduction of exchanges between the
GPU and the CPU in the computation of dot products.
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III. CG WITH THE COMBINED USE OF CPU AND GPU

Let us consider the application of the Algorithm 1 for
the parallel solution of super-large systems of equations on
computing nodes, each of which contains several CPUs and
GPUs. To solve SLAEs on several GPUs, we construct a
block pipelined algorithm for the conjugate gradient method.
On heterogeneous platform, data exchange between different
GPUs within the same computing node is carried out with
OpenMP technology, and the exchange between different
computing nodes is carried out by MPI technology.

For example, consider a node containing a central eight-
core processor and two graphics accelerators. The number of
OpenMP threads is selected by the number of available CPU
cores. The first two OpenMP threads are responsible for ex-
changing data and running on two GPUs. Threads 2—6 provide
computations on the CPU and can perform computations on
a block of the SLAE matrix. The last thread provides data
exchange with other computing nodes by MPIL.

A. Matrix partitioning

To divide the matrix A into blocks, we construct the graph
Ga(V,E), where V' = {i} is the set of vertices associated
with the row index of the matrix (the number of vertices is
equal to the number of rows of the matrix A); E = {(i,7)}
is the set of edges. Two vertices ¢ and j are considered to be
connected if the matrix A has a nonzero element with indices
¢ and j. The resulting graph is divided into subgraphs whose
number is d.

For example, to split a graph, you can use the [18] layer-
by-layer partitioning algorithm, which reduces communication
costs due to the need to exchange only with two neighboring
computing nodes.

After that, each vertex of the graph is assigned its own GPU
or CPU. On each computing unit, the vertices are divided into
internal and boundary. The latter are connected with at least
one vertex belonging to another subgraph.

After partitioning, each block Ay, of the original matrix A
contains the following submatrices:

o« A" _ matrix associated with the internal vertices;

. AE*”b’“], Ag’k”“’} — matrices associated with the internal

and boundary vertices;

. Ag”“bl] — matrix associated with the boundary vertices of

the k-th and [-th blocks.

Then the matrix A can be written in the following form:

Al glibd 0
A[lbl,h] A[lbl,bl] o 0 A[lbl,bd]

A = . . . .
0 0 . Agd-,id] Agdvbd]
0 A[dbd;bl] A&bdvid] A&bdvbd]

We divide the matrix-vector product n = Am into two

components by using the obtained partition:
_ 1<d

nb = ALb’“’“‘”]m}C—l—Z Agf’“’b’]m?, ni =
=1

ey

Here k corresponds to the computing device. The block
representation of the vectors involved in the algorithm is
inherited from the matrix partitioning. For example, the vector
m has the form m” = (mi,m},....mi,ml, ... .mi,mb).
The implementation of the matrix-vector product reduces the
cost of communication between blocks at each iteration of
conjugate gradient method. To perform this operation, an
exchange of vectors mz is required, the size of which is less
than the dimension of the initial vector m.

The partitioning of the preconditioner M is carried out in
a similar way.

B. Block pipelined algorithm

The matrix blocks were mapped on the available CPU and
GPU with the block partitioning of the matrix and vectors. The
number and size of blocks let on to map the load in accordance
with the performance of the computing units, including the
allocation of several blocks to one.

Let us represent parallel block scheme of the method CGwO
that is performed each k-th computing unit in the form of
Algorithm 2. Two parallel branches of this algorithm are
executed accordingly on the CPU and CPU/GPU. Operations
performed in parallel are shown in one line of the algorithm.
Vector operations on each computing unit occur in two stages,
for internal and boundary nodes. The designations of the
internal and boundary nodes for vectors are omitted, with the
exception of the matrix-vector multiplication. Dot products are
performed independently by each computing unit on its parts
of vectors. The summation of intermediate scalars occurs in
parallel threads responsible for communication, which is the
synchronization point at each iteration of the algorithm.

In block CGwO, compared to Algorithm 1, the precondi-
tioning step has been moved (line 7 to line 20). This is done
in order to combine vector operations on the computing unit
and the assembly of the vector parts of the right hand side to
perform matrix-vector multiplication in preconditioning. The
31 line on the right uses the ternary operator: if 7 = 0, then
B =0, in other cases 3 = ~1/7o. The subscript h is used for
vectors that are stored only in CPU memory.

C. MPI+OpenMP+CUDA programming model

Numerical experiments on the Algorithm 2 were carried
out on heterogeneous platform with various configuration of
computing nodes containing several CPUs and GPUs. In the
general case, the parallel computing on several heterogeneous
computing nodes containing one or more CPUs and sev-
eral GPUs is implemented by the combination of several
technologies: MPI, OpenMP and CUDA. In this article, the
approach is to properly divide the computational workload
between the CPU and the GPU, so that the CPU can aid the
GPU in sharing the computational costs. Our programming
strategy is based on implementation strategy, where a hybrid
MPI+CUDA+OpenMP programming model is used to realize
concurrent CPU+GPU computations. The principal concept for

A[zw;c] mi+ A[lk o] bthe strategy is to overlap computation with communication

using OpenMPs nested parallelism capability to generate two
independent groups of threads. The first thread group handles
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Algorithm 2 Block algorithm CGwO performed on k-th device

Require: Matrix partitioning into blocks A,

[ikik] A[lk ,b] Abkﬂk] Abkybl]

1 r=5>
2 u=M1tr

Parallel algorithm branches

(CPU V GPU);, CPU
3 wk = AF’““‘] ui + Al b 24 Assembly of the vectors u!

Abk,bk .ulli_’_Akbk,zk] ol 25 wh = E§<fz¢k lowb] cub
26 Copying wh on the GPUy,
5 wz = w,’i + wZ
6 m=M 1w 27 Assembly of the vectors mz
7 Y1, = (Mg, uk); Op = (Wi, ug) 28 Assembly d =, Ji; 1 =D Vik
8 while ||7||2/]|b]|2 >e do
ik ix] liw,bk] b

9 nk—A -my + A my, 1<d bb]
10 nb= b’“b"] 24— Akb’””‘] m, 29 nj, =32 1 ar A “my

30 Copying nh on the GPU

11 nZ:nZJrnZ

12 z=n+pz 31 =
13 w=w-—az 32
14 g=m-+ fq

15 s=w+pfs

16 p=u+pfp 33
17 x=x+ap

18 r=r—as

19 u=u+aq 34 Assembly vectors m;,

20 m=M"1w

2 =M 35
2y, = (rk,uk); Ok = (Wi, uk)

23 end while

Assembly of the vectors wy,

Assembly 6 = >, 0r; 11

((G3=0)70: /%)
a=7/(6 - Bmn/a)

b

b

=k Mk

the CUDA, MPI communication and computation of the halo
boundary points on the CPU using OpenMP threads. The
second thread group computes the interior points on the CPU.

Let us consider the software organization of computations
using as example some cluster, which includes two computing
nodes (8-CPU cores and 2-GPUs). Each computing node is
associated with a parallel MPI process. In a parallel process,
9 parallel OpenMP threads are generated, which is one more
than the available CPU cores. The eighth OpenMP thread
is responsible for communications between different com-
puting nodes (using MPI technology, vector assembly using
the Allgatherv function, adding scalars Allreduce) and
various GPUs. In the 2 Algorithm, the operations performed
by this thread are presented to the right. Zero and first
OpenMP threads are the host threads for one of the available
GPU devices and are responsible for transfer data between
the GPU/CPU (calls to asynchronous copying functions) and
auxiliary computations. Each available GPU device (further
considered as a computing unit) is associated with one of the
parallel OpenMP threads, which is responsible for transfer-
ring data between the GPU and CPU (calls to asynchronous
copy functions) and participates with the eighth treads in
matrix-vector product on boundary vertices (lines 25, 29 right
column). The remaining parallel threads (second to seventh)
perform the calculations as a separate computing unit for their
matrix block. The operations performed by computing units in

the 2 Algorithm are shown on the left.

The preconditioning in lines 2, 6 and 20 implies the use of
block matrix-vector multiplication of the form (1) considered
above.

IV. NUMERIC RESULTS

To evaluate the presented algorithm, two series of tests were
carried out: on synthetically generated matrices from HPCG
test [19] and matrices takes from the University of Florida
Sparse Matrix Collection [20].

A. Benchmarking with HPCG Matrices

The High Performance Conjugate Gradient (HPCG) [19] is
a benchmark program that solves a sparse linear system arising
in solving a three-dimensional heat diffusion problem. HPCG
intends to solve the linear system generated from the finite
difference discretization of the Poisson equation: — A u =
b , with homogeneous Dirichlet boundary conditions applied
along the boundary of a three-dimensional cubic domain 2.
Based on a semistructured mesh with equidistant mesh spaces
in the z, y and z directions, respectively, the discretization
employed in HPCG leads to a second-order accurate 27-point
stencil.

The resulting sparse linear system has the following prop-
erties: A — sparse matrix with 27 nonzero entries per row for
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Fig. 1. Scalability of the block algorithms CGwO by CPU and GPU

interior equations and 7 to 18 nonzero terms for boundary
equations; A — symmetric, positive definite, nonsingular
linear operator.

We generate a synthetic symmetric positive definite (SPD)
matrix A using an array-of-pointers-style compressed sparse
row format, an exact solution vector of all 1.0 values, a
corresponding right-hand-side vector b, and initial guess for x
of all 0.0 values. The sparsity pattern of the synthetic matrix
is really a regular 27-point 3-dimensional stencil pattern.

We tested one CPU performance on the Uran cluster based
on three typical data sizes, including:

1) 125 x 125 x 160, nnz = 66503662;
2) 160 x 160 x 201, nnz = 137318884;
3) 200 x 200 x 250, nnz = 267487792;
4) 250 x 250 x 310, nnz = 519219712,
5) 310 x 310 x 390, nnz = 1005862912;
6) 390 x 390 x 485, nnz = 1986735009;

In all variants, the pipelined version of CG converged in 43
iterations with ¢ equal to 10~%. For example, the solving time
of the first three data sizes on one OpenMP thread were 8.39,
17.41, 33.22 seconds, respectively. We were able to obtain the
result only for the first two sizes: 1.33, 2.72 when using single
GPU. The remaining data sizes is not placed in the memory
of one graphics accelerator. These results allow us to estimate
that the performance of one OpenMP thread is approximately
6.5 times lower than the performance of single GPU for the
linear system solving by the conjugate gradient method.

Performance metrices are executed and compared through
scalability studies and absolute runtime results. To estimate
the computational performance and the impact of MPI and
OpenMP communications, our numerical experiments were
executed with different numbers of CPUs and GPUs. The
results are shown in the diagrams 1 and 2. Each diagram
corresponds to the number of cluster nodes (n-CPU) involved
in the computations and the number of graphics accelerators
on each node (m-GPU).

The 3 diagram shows the results by subdomains for the
case when 2 GPUs are used per computational node. Here,
the matrix size of the linear system is approximately doubled.
It can be noted that, starting from a size equal to 10,000,000,
there is a good scalability of the algorithm. The problem
execution time remains practically unchanged by doubling the
problem size and doubling the number of subdomains.
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B. Benchmarking on the SuiteSparse Matrix Collection

The results of comparing two algorithms of the conjugate
gradient method on SLAESs containing test matrices [19] are
considered. The problems range from small matrices, used as
counter-examples to hypotheses in sparse matrix research, to
large test cases arising in large-scale computation.

In the standard PCG algorithm, three dot products need to be
done per iteration, with each one requiring a global collective
communication that may substantially degrade the scalability
at scale. In order to reduce the global communication over-
head, we employ a reformulated but mathematically equivalent
variant of the basic PCG algorithm, the pipelined Block PCG.

As shown in Algorithm 2, the pipelined PCG method has
two advantages. First, only one global reduction is required for
each iteration. Second, the global reduction can be overlapped
with the matrix-vector product and with the application of the
preconditioner.

Figure 4 presents the results of accelerating the block
algorithms of the conjugate gradient method, when divided

6sca M8 CGwo ]
fe12 CcG I112 CGwO
2 4|16 CG 116 CGwO ,
E
=%
n
2 . I I i
Inline_1 Fault_639 thermal2 Quenn_4147
Matrices
Fig. 4. Speedup of the block algorithms CG and CGwO
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into a larger number of blocks, accordingly 8, 12 and 16. To
compute the speedup, parallel application was run repeatedly
with different mapping of subdomains to several CPUs and
GPUs. For example, in the case of 12 subdomains, variants
were considered: 2 CPUs with 6 GPUs, 3 CPUs with 4 GPUs,
6 CPUs with 2 GPUs. The best time is shown.

The results of comparing two algorithms of the conjugate
gradient method on SLAEs containing test matrices are pre-
sented in Table I. The results are given for several types of
computing nodes using a single graphics accelerator.

The matrices are ordered by increasing the order of the
system of equations (V) and the number of nonzero elements
(nnz). Bold indicates the best time to solve the system in
each case. The pipelined algorithm CGwO showed a reduction
in execution time on small SLAEs which are characterized
by a small computing load, due to which a reduction in
communications provides less time. Note that the classic CG
algorithm was implemented based on CUBLAS, while the
CGwO variant uses matrix and vector operations of its own
GPU implementation.

For systems Inline_1 and Fault_639, the execution
time of the pipelined algorithm is 10 and 13.5% longer than the
block version of CG, which is associated with additional vector
operations that are not blocked by reduced communications.
With a decrease in the number of iterations, for example,
for solving a large system with G3_circuit) with an
approximately equal number of equations with thermal2,
the execution time of the CG and CGwO algorithms on
one GPU increases slightly. For the system (thermal2 and
G3_circuit)the increase in costs becomes more significant.

Table II presents the results of the block variant of the
algorithms for computing on several computing nodes for
systems with small dimension matrices. Here are the results
for 2 and 3 subdomains. Each subdomain was considered on
a separate computing node. Communications were carried out
using MPI technology. A significant influence of network char-
acteristics on the performance of block methods can be seen
in Table II for system of equations with matrix 1138_bus.
Computations for these SLAEs were performed at various
computing nodes with different throughput and latency of
the network. In numerical experiments on the CNs (partition
“debug”) connected by a Gigabit network, communication
costs significantly increase the execution time of the CG
algorithm. For example, in the variant 1138_bus on the
cluster partition “debug”, the execution time of the pipeline
algorithm is 3.6 times less (the line “debug” in Table II and any
row in Table I). Using the Infiniband 20 Gb/s communication
network reduces the execution time for all presented systems
of equations (lines “M2090” and “K40m”).

When reducing the computational load, a decrease in the
number of synchronization points and the consolidation of
transfers per transaction is more pronounced. This shows a
comparison of systems with matrices Kuu and Muu. Both
systems have an equal number of equations and nonzero ele-
ments, but the conditionality of these matrices is significantly
different and, as a consequence, the number of iterations in
the conjugate gradient method is different. Table I shows
that using the pipeline algorithm for the matrix Muu gives

speedup by 70 times, compared with the matrix Kuu, where
the speedup is only 2.8.

The speedup was considered relative to the option on one
GPU from Table I. An application that implements this algo-
rithm was executed in the exclusive mode of the computing
node but not of the network.

As can be seen from the presented results, the pipelined
CG shows the speedup greater than the classic version of
conjugate gradient method. Wherein, for the largest of the
considered matrices Quenn_4147, the speedup achieves 5.49
times, while the classical version gives 3.92 as maximum. For
the strongly sparse matrix thermal2, block algorithms don’t
give high speedup (maximum is 1.56), since the computational
load depends mainly on the number of the nonzero elements.

An analysis of the results showed that reducing the data size
due to the matrix partitioning and reducing the synchronization
points slightly decrease the impact of communication costs on
the total algorithm performance. Only the use of computing
nodes connected by Infiniband allowed us to get speedup
when computing on several computing nodes. The matrix
partitioning into blocks allowed to decrease the execution
time of the pipelined block algorithm in comparison with the
conjugate gradients on one node on the matrices Inline_1,
Fault_ 639 by reducing the computational load on one GPU.

Large systems thermal2, G3_circuit, solved by the
block of the CGwO algorithm, as well as the reduction
in communications costs and synchronization points, do not
overlap the increasing costs of additional vector operations.

V. CONCLUSION

The heterogeneous computing platforms containing and
sharing CPU + GPUs provide an effective solution to a wider
range of problems with high energy efficiency when CPU and
GPUs are uniformly loaded.

The parallel implementation of the solution of systems
of linear algebraic equations on a heterogeneous platform
was considered. The performance of parallel algorithms for
classical conjugate gradient method is significantly limited
by synchronization points when using the CPU and GPU
together. A pipelined algorithm of the conjugate gradient
method with one synchronization point was proposed. Also,
it is provided the possibility of asynchronous computations,
load balancing between several GPUs located both on the
same computing node and for a GPU cluster when solving
systems of large-dimensional equations. To further increase the
efficiency of calculations, it is supposed to study not only the
communication load of the algorithms but also the distributing
of the computational load between the CPU and GPU. To
obtain more reliable evaluation of communications costs, it is
necessary to conduct a series of computational experiments on
supercomputer with a completely exclusive mode of operation
and a large number of heterogeneous nodes.

The following conclusions can be drawn from the analysis
of data obtained during numerical experiments: the use of a
pipeline algorithm reduces communication costs, but increases
computational ones. For systems of small sizes or with a small
number of iterations, this reduces the execution time of the
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TABLE I
STATISTICS OF THE TEST PROBLEMS. PROBLEM NAMES, DIMENSIONS (/N), NUMBER OF NONZEROS (nnz), DEVICE TYPE (DT) AND PROBLEM ANALYSIS
IN TERMS OF THE TIMING IN SECONDS.

Matrix N nnz # iter. DT Time, s
CG CGwO
Plat362 362 5786 991 M2090 6.88E-01 3.07E-01
K40m 4.13E-01 3.12E-01
1138_bus 1138 4054 717 M2090 3.81E-01 1.84E-01
K40m 5.31E-01 2.01E-01
debug 6.82E-01 1.90E-01
Muu 7102 170134 12 M2090 2.64E-01 4.68E-03
K40m 3.31E-01 4.55E-03
Kuu 7102 340200 378 M2090 4.31E-01 1.31E-01
K40m 4.39E-01 1.35E-01
Pres_Poisson 14822 715804 661 M2090 6.72E-01 3.13E-01
K40m | 6.346E-01 2.73E-01
Inline_1 503712 36816342 5642 M2090 4.74E+01 | 5.17E+01
K40m | 3.06E+01 | 3.37E+01
Fault_639 638802 28614564 4444 M2090 3.83E+01 | 4.32E+01
K40m | 2.44E+01 | 2.77E+01
debug 2.44E+01 | 2.77E+01
thermal?2 1228045 8580313 2493 M2090 1.35E+01 | 1.82E+01
K40m | 8.33E+00 | 1.18E+01
G3_circuit 1585478 7660826 592 M2090 3.43E+00 | 4.32E+00
K40m | 1.94E+00 | 2.92E+00
Quenn_4147 4147110 | 399499284 8257 M2090 5.46E+02 | 5.78E+02
K40m | 3.55E+02 | 3.75E+02
TABLE II

TIME OF SOLVING BY THE BLOCK ALGORITHMS CG AND CGWO oN CPU/GPU,s.

Matrix/DT 5 CG/#blocks3 gGwO/#blockss
P1at362/M2090 | 1.55E+00 1.22E+00
/K40m | 1.92E+00 | 1.56E+00 1.28E+00 | 1.31E+00
1138_bus/M2090 | 1.84E+00 9.28E-01
/K40m | 1.90E+00 | 1.85E+00 1.03E+00 | 1.04E+00
/debug | 1.25E+01 5.36E+00
Muu/M2090 | 6.12E-01 2.29E-01
/K40m | 6.59E-01 | 5.64E-01 2.89E-01 2.88E-01
Kuu/M2090 | 1.30E+00 6.43E-01
/K40m | 1.29E+00 | 1.36E+00 6.81E-01 7.95E-01
Pres_Poisson/M2090 | 1.55E+00 9.57E-01
/K40m | 1.60E+00 | 1.66E+00 1.02E+00 | 1.19E+00
G3_circuit/M2090 | 4.27E+00 3.99E+00
/K40m | 4.04E+00 | 3.510E+00 | 3.27E+00 | 2.77E+00

algorithm when using a single GPU. For systems of large
dimensions, a reduction in execution time, in comparison with
CG, is possible only with a sufficiently small partition of the
matrix into blocks, in which the increased computing costs
overlap the communication decrease.

The proposed block algorithms, in addition to reducing the
execution time, allow solving large linear systems that requires
memory resources not provided by one GPU or computing
node. At the same time, the pipelined block algorithm reduces
the overall execution time by reducing synchronization points
and combining communications into one message.
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